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Twenty-fourth Annual Conference of the Physics and Chemistry of 
Semiconductor Interfaces 

Under the direction of 
Q. R. Schulte 

Institute for Postdoctoral Studies 
P. O. Box 36 

Scottsdale, Arizona 85252-0036 

Conference 
The Twenty-fourth Annual Conference on the Physics and Chemistry of Semi- 

conductor Interfaces was held in Research Triangle Park, North Carolina in January 
of 1997, and was attended by over 100 workers in the field of semiconductor interfaces, 
with researchers from all over the world. 

The conference featured extensive discussion sessions and a workshop format, 
and was judged a success by its attendees — largely because it facilitated informal 
discussions among the attendees, and especially involving young attendees (e.g., 
graduate students) interacting with senior scientists. 

Publications 
The Proceedings of the conference are enclosed, and feature the papers presented 

which have been published in the Journal of Vacuum Science and Technology. 

Expenditures of funds 
The following represents the expenditure of Department of Defense funds for 

this conference: 
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Microstructure control in semiconductor metallization 
J. M. E. Harper3' and K. P. Rodbell 
IBM T. J. Watson Research Center, Yorktown Heights, New York 10598 

(Received 24 April 1997; accepted 25 April 1997) 

The microstructure of semiconductor metallization is becoming increasingly important as linewidths 
decrease below 0.5 pm. At these dimensions, reliability and performance are greatly influenced by 
specific microstructural features rather than only by the average material properties. In this article, 
we address the prospects for controlling the microstructure of thin film interconnection metals as 
linewidths are predicted to decrease below 0.1 /xm by the year 2010. First, we evaluate the sources 
of energy available to drive microstructure changes in thin films, both during and after deposition. 
The internal energy sources considered are grain boundaries, interfaces, surfaces, strain, 
solidification, crystallization, solute precipitation, and phase transformations, with energy densities 
ranging from less than 1 meV/atom to greater than 100 meV/atom. The external energy sources 
considered are particle bombardment during deposition, mechanical deformation, and radiation 
damage, which may deliver energies greater than 100 eV/atom. Second, we review examples of 
microstructure changes in terms of these energy sources. These examples include the dependence of 
Al-Cu and Ti fiber texture on the roughness of Si02, orientation change and abnormal Cu grain 
growth coupled to the precipitation of Co in Cu-Co alloys, and in-plane orientation selection during 
phase transformation of TiSi2 in very narrow lines. A substantial degree of microstructure control is 
also achieved in films deposited with off-normal incidence energetic particle bombardment, which 
has been used to produce both in-plane and out-of-plane crystallographic orientations in metals (Mo, 
Nb), nitrides (A1N), and oxides (Zr02). Drawing on these examples, we discuss the prospects for 
microstructure control in future semiconductor metallization with respect to the list of energy 
sources, the decreasing dimensions, and the changing fabrication processes. One mechanism in 
particular, discontinuous precipitation of supersaturated solute atoms, is highlighted as having a 
substantial amount of stored energy available to drive microstructure evolution, and may provide a 
means to more fully control the microstructure of semiconductor metallization. © 1997 American 
Vacuum Society. [S0734-211X(97)09904-6] 

I. INTRODUCTION 

The Semiconductor Industry Association (SIA) predicts1 

that the minimum width of interconnection wiring in semi- 
conductor metallization will decrease below 0.25 fim by the 
year 2000, and below 0.1 fim by the year 2010, as shown in 
Fig. 1. Also, the number of metal levels and the chip size 
will continue to increase, while the metal aspect ratio 
(height/width) is predicted to reach 4:1 by the year 2010 
(Fig. 1). Even if these trends are not followed exactly, the 
need to gain control over the microstructure of conductor 
materials is still becoming more important. In current silicon 
interconnection structures, shown schematically in Fig. 2, the 
metal wiring levels (Ml, M2, etc.) are fabricated from an 
Al-Cu alloy (typically Al-0.5 wt %Cu) embedded in Si02 

insulation using a process sequence of blanket metal deposi- 
tion followed by lithographic patterning, metal reactive ion 
etching (RIE), and Si02 deposition.2 Multilevel interconnec- 
tion structures include additional materials, shown in Fig. 2, 
such as tungsten interlevel studs and metal layers above and 
below the Al-Cu wiring. These layers may interact with the 

"'Electronic mail: harperj@watson.ibm.com 

Al-Cu conductor, forming, for example, Al3Ti from the re- 
action of Ti "over/under" layers with the Al. The micro- 
structure of the Al-Cu alloy films is largely determined by 
the process of deposition onto a planar surface. Typically, 
sputter deposited Al-Cu alloy films have a monomodal grain 
size distribution, with a strong crystallographic orientation in 
which (111) planes are parallel to the substrate surface, re- 
ferred to as (111) fiber texture.3 Upon annealing to 400 CC, a 
common procedure in device fabrication, the grain sizes in- 
crease, while the grain size distribution remains monomodal, 
characteristic of "normal" grain growth.4 The (111) texture 
also becomes more well defined and a strong (111) texture 
has been shown to be important in determining the reliability 
of Al-Cu metallization patterned by RIE. For example, the 
electromigration lifetime of Al-Cu metallization increases as 
the strength of the (111) texture increases.5-7 It has also been 
shown that electromigration failure sites (hillocks and voids) 
are associated with grains that differ substantially from (111) 
orientation, and that the misorientation dependence of grain 
boundary diffusivity is an important parameter.8 

As the semiconductor industry is moving towards using 
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FIG. 1. Chart of the trends in minimum interconnect width and aspect ratio 
in semiconductor metallization from 1995 to 2010 (Ref. 1). 

copper interconnection wiring for decreased resistivity,9 the 
crystallographic texture of Cu thin films has been examined 
and was found to have a more complex behavior than that of 
Al-Cu.4'10 With Cu thin films, the texture is not always 
strongly (111), and the presence of (200) or (220) oriented 
grains and twins is frequently observed. ' Also, the grain 
size distribution is often bimodal, with evidence of abnormal 
grain growth occurring during annealing, during which some 
grains  grow  substantially larger than the  average grain 
size 4,11,12 Copper alloys have shown some unusual effects 
including dramatic grain growth and texture changes upon 
annealing at temperatures well below 400 °C.13 As a further 
complication, the process for fabricating copper interconnec- 
tions differs greatly from that for Al-Cu since there is no 
acceptable RIE process available for Cu. The process being 
developed for Cu interconnections, referred to as the dama- 
scene process, includes masking and etching the insulator, 
followed by Cu deposition into the patterned insulator and 
removal of the excess Cu by chemical-mechanical planariza- 
tion (CMP). A typical structure (Fig. 3) includes Cu wiring 
levels (Ml, M2, etc.) with underlying liner materials contain- 
ing metals such as Ti, Ta, W, or their nitrides to provide 
adhesion and diffusion barrier properties.14 These properties 
are important as copper is integrated with new interlevel in- 
sulators such as polyimides (shown as PI in Fig. 3). A 
"single damascene" structure is illustrated in Fig. 3, in 

FIG. 2. Schematic diagram of a multilevel interconnection structure on 
CMOS device using Al-Cu alloy metallization in Si02 insulation. 

FIG. 3. Schematic diagram of a multilevel interconnection structure on a 
CMOS device using Cu metallization in polyimide (PI) insulation. 

which a Cu interlevel stud is formed as a separate process 
step. Also under development is the "dual damascene" 
structure, in which both the stud and line levels are formed in 
one combined process step. In these damascene interconnec- 
tion systems, the microstructure of Cu conductors is estab- 
lished within a patterned structure instead of on a planar 
surface. Damascene processing of Al-Cu is also being rap- 
idly developed, and will produce microstructures different 
from current RIE processes that will need to be identified 
and controlled. The combined effects of these fabrication 
differences and their resulting microstructures on the perfor- 
mance and reliability of Al-Cu and Cu interconnections are 
not yet fully established, but it is very likely that additional 
control of the microstructure will be needed in the future to 
obtain the uniform material properties desired. 

One method of influencing the microstructures of thin 
films is to deposit them onto underlayer materials with vari- 
ous textures or surface energies. At one extreme is epitaxial 
growth, in which a single crystal film is deposited with a 
crystallographic orientation completely determined by the 
single crystal underlying substrate. At the other extreme is a 
nonwetting film/substrate combination, in which the film has 
minimal interaction with the substrate, and its microstructure 
is determined by its own surface energies, which may cause 
a specific orientation to be selected during coalescence or 
growth.15 More typical, there is some interaction between the 
film and substrate leading to a preferred orientation of the 
film texture by minimization of this interface energy, as will 
be discussed below. Here, we will primarily consider ex- 
amples in which a polycrystalline metal film is deposited 
onto an amorphous or polycrystalline substrate or underlayer 
material, such as Al-Cu on Si02 or Ti, and Cu and its alloys 
on Si02 or Ta. During heat treatment to 400 °C, the tempera- 
ture exceeds one-third of the absolute melting temperature of 
the Al-Cu or Cu films, providing sufficient thermal energy 
for grain growth and offering an opportunity to control the 
resulting microstructure. We discuss the sources of energy 
available to control thin film microstructure evolution during 
annealing, including grain growth, interface energy minimi- 
zation, strain energy minimization, solidification, crystalliza- 
tion, compound formation, solute precipitation, and phase 
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TABLE I. Sources of energy to control thin film microstructure. 

765 

Mechanism 

Grain growth 

Thermal energy 
Interface energy 

minimization 
Strain energy 

content 
Strain energy 

minimization 
Solidification 
Crystallization 
Compound 

formation 
Solute 

precipitation 
Phase 

transformation 
Bombardment 

during deposition 
Mechanical 

deformation 
Radiation 

damage 

Example 

0.1-1.0 yitm grain 
growth in Cu 
20-400 °C 

1.0-/im-thick Cu 

300 MPa biaxial stress in Cu 

(100) vs (111) Cu 

Cu 
Metals 

Al+Ti reaction to 
form Al3Ti 

Cu (4.9 at. % Ag) 

C49-C54 TiSi2 

Ions or neutrals 

Cold rolling of Cu to 
>50% deformation 

Amorphization of Si 
or NiAl 

MJ/m3 meV/atom 

15 1.1 

300-700 25 -60 
2 0.15 

300 25 

1 0.1 

1500 110 
1000 80 
800 80 

90 7 

600 50 

104-106 ~103- 105 

120 10 

~104 103 

transformation. External sources of energy such as mechani- 
cal deformation and radiation damage from ion implantation 
are also considered. 

Depending on the properties to be optimized, a desirable 
microstructure might be a distribution of large grains with a 
strong fiber texture and a limited range of grain-to-grain mi- 
sorientations, with possibly a preferred in-plane orientation, 
or it might be a distribution of small grains with a small 
variation in size, but a larger range of orientations. Here, we 
focus on the mechanisms that allow microstructure changes 
to occur, without specifying the final microstructure. Using 
the example of Cu-Co alloys, we highlight discontinuous 
precipitation of supersaturated solute atoms, in which solute 
precipitation is coupled to grain growth. We show that this 
mechanism contains a substantial amount of stored energy 
available to drive microstructure change, which may poten- 
tially be harnessed to control the microstructure of semicon- 
ductor metallization. We also discuss these mechanisms with 
respect to the trend towards high aspect ratio features pat- 
terned by damascene processing, for which the interfaces at 
the sidewalls of the conductors play an increasingly impor- 
tant role in determining the microstructure. 

Although it is possible to change the microstructure of Al 
or Cu or their alloys by annealing at 400 °C, the underlayer 
materials typically have much higher melting temperatures, 
and their microstructures will not change at 400 °C. If we are 
to fully control the interconnection microstructure, then we 
must also consider how to influence the microstructure of 
refractory metal thin films during deposition. One method of 
controlling the microstructure of high melting temperature 
thin films is by using energetic particle bombardment during 
film deposition. There are many sources of energetic particle 
bombardment, including energetic ions of the sputtering gas, 

energetic atoms of the sputtering gas reflected from the sput- 
tering target, separate ion beam sources, and the energetic 
depositing atoms themselves. We will give examples of Nb, 
Mo, A1N, and Zr02 film deposition that illustrate several of 
these sources of energetic particles, and that demonstrate that 
both out-of-plane and in-plane orientations may be generated 
by the appropriate level of bombardment during deposition. 
Taken together, the methods for modifying crystallographic 
orientations both during and after deposition provide a range 
of opportunities for microstructure control that justify further 
exploration. We also raise some of the outstanding issues 
that will determine whether it is possible to gain full control 
of the microstructure of future semiconductor metallization. 

II. SOURCES OF ENERGY TO CONTROL THIN 
FILM MICROSTRUCTURE 

The processes of grain growth and microstructure evolu- 
tion are often discussed in terms of driving forces respon- 
sible for the growth of certain grains or orientations.16'17 This 
approach is necessary to determine the kinetics of micro- 
structure evolution, but a useful comparison of mechanisms 
may also be made by considering the sources of energy 
available to drive microstructure changes.18'19 We focus on 
interconnection metals in the thickness range of 0.1-1.0 /im, 
and estimate the energy density for 11 mechanisms that can 
influence thin film microstructures. These are tabulated in 
Table I, and presented graphically in Fig. 4. Also included in 
the list for comparison is the thermal energy per atom for the 
temperature range 20-400 CC. Even though thermal energy 
does not itself introduce anisotropic microstructures, it does 
activate many of the selection mechanisms listed below. 
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FIG. 4. Sources of energy (meV/atom) available to control thin film micro- 
structure. The examples are also listed in Table I. 

A. Grain growth 

Depending on the ratio of the absolute substrate tempera- 
ture to the absolute melting temperature of the metal (the 
homologous temperature Ts/Tm), the as-deposited grain 
structure is either "frozen" into a finely grained microstruc- 
ture with grains of typically 10 nm in size, or is able to 
evolve during deposition to columnar or recrystallized mi- 
crostructures of larger grain size up to a maximum of about 
twice the film thickness.20 With a base pressure of about 
10~9-10~8 Torr in the sputtering equipment typically used 
in semiconductor manufacturing, the boundary between 
these two regimes is at a homologous temperature of about 
0.3, and decreases with decreasing impurity levels in the 
deposition environment.21 In such a sputtering environment, 
the grain size of Al and Cu films deposited at room tempera- 
ture is smaller than the grain size obtained by annealing at 
400 °C. During heating, curvature-driven grain boundary 
motion occurs, leading to the elimination of small grains and 
an overall increase in the grain size distribution. When grain 
growth occurs, shown schematically in Fig. 5, the energy 
released is given by the product of the grain boundary energy 
yB and the area of the eliminated grain boundaries.18 An 
estimate of the magnitude of this energy release is given by 
assuming that the starting grains are cubes of edge D, and 
the final grain size is much larger, in which case the energy 
is dominated by the starting grain size, and may be expressed 
as 3yB/D. For copper, the high angle grain boundary energy 
yB is approximately 0.5 J/m2.16'18 If we assume that a Cu 
thin'film is deposited with a starting grain size of 0.1 /urn, 
then subsequent grain growth up to a grain size of 1.0 /un 
releases an energy density of about 15 MJ/m3 or 1.1 meV/ 
atom. For comparison, the magnitude of thermal energy at 

Large grains Small grains 

Solute precipitation 

Precipitated particles 
of solute atoms 

Supersaturated 
solute atoms 

FIG. 5. Schematic diagram of boundary motion during grain growth and 
solute precipitation. 

400 °C is about 60 meV/atom (Fig. 4). Therefore, on heating 
from 20 to 400 °C, the energy released during grain growth 
(from 0.1 to 1.0 /jm) is substantially less than the thermal 
energy. 

B. Interface energy minimization 

The strong (111) fiber texture usually obtained in sput- 
tered aluminum alloy thin films is caused by the minimiza- 
tion of interface energies at the free surface and at the sub- 
strate interface.17 This energy term is especially significant 
during the early stages of film growth when island coales- 
cence occurs, because it determines the initial texture of the 
growing film. If the growth environment is clean enough, 
subsequent film growth continues to replicate this texture.21 

Only if the surface is subject to contamination within the 
monolayer deposition time and atomic mobility is low (ho- 
mologous temperature below 0.3) does continuous nucle- 
ation of new grains occur, and a random orientation is 
possible.20 Since the interface energy differences which dis- 
tinguish grains are only present at the top and bottom sur- 
faces, this energy term is not exactly an energy per unit 
volume. However, an estimate of its importance may be 
made by assuming a film thickness of 1.0 /mm and calculating 
the magnitude of the interface energies per unit film volume 
for this thickness. The surface energy of Cu is about 
1.7 J/m2,16 and interface energies are comparable to grain 
boundary energies, about 0.5 J/m2. The net interface energy 
including the top and bottom interfaces is therefore about 
2 J/m2, corresponding to 2 MJ/m3 for a 1.0-/xm-thick film, or 
0.15 meV/atom. In Fig. 4, the overall magnitude of interface 
energy is indicated by the full length of the shaded and un- 
shaded regions, and the shaded region indicates that some 
fraction of this energy, perhaps up to several tens of percent, 
is available to distinguish between grains of different orien- 
tations and to provide the selection mechanism for texture 
evolution. Clearly, if the film thickness is only 0.1 /xm, the 
energy density available from interface energy minimization 
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is 10 times higher per unit volume, and can therefore domi- 
nate texture evolution. This is one example of a source of 
energy that becomes increasingly important in very small 
dimensions, where the ratio of the number of atoms at inter- 
faces to the number of atoms in the interior film volume is 
significant. 

C. Strain energy minimization 

Interconnection metal films may have substantial intrinsic 
stress as deposited, and will also develop a thermal mismatch 
stress upon heating; this is caused by the difference in ther- 
mal expansion coefficients between the metal film and the 
silicon substrate. For materials with high melting tempera- 
tures, such as refractory metals, the intrinsic stress is strongly 
affected by deposition conditions and can exceed the thermal 
mismatch stress. For lower melting temperature materials, 
such as Al and Cu, the intrinsic stress is typically smaller 
than the thermal mismatch stress. The thermal strain e is 
given by the product of the temperature excursion AT and 
the difference in thermal expansion coefficients A a, and the 
induced film stress is the product of the biaxial modulus and 
the strain. For a typical stress of 300 MPa for Cu on Si 
(Aa=13.6 ppm/°C) and a temperature excursion of 300 °C, 
the stored energy density is 300 MJ/m3, or about 25 meV/ 
atom. Biaxial stress may be relieved by dislocation glide or 
other plastic deformation mechanisms, and the dimensional 
changes may cause delamination or metal crack formation. 
We list this energy content in Table I as "strain energy con- 
tent" for comparison with the other mechanisms, and in- 
clude it in Fig. 4 as the total length of the shaded and un- 
shaded region labeled "strain energy minimization." The 
anisotropic nature of strain can strongly influence film mi- 
crostructure. Due to the crystallographic anisotropy of elastic 
constants, grains of different orientations develop different 
levels of strain energy density as the film is placed under 
thermal mismatch stress during annealing. The result is that 
orientations with lower strain energy density are favored 
when grain growth occurs in the presence of stress, which 
may be locally nonuniform. 17,22,23 The strain energy density 
difference between (100) and (111) oriented grains in Cu is 
given by 146.4e2 GJ/m3.24 Applying this value to Cu on Si 
and a temperature excursion of 300 °C, the strain energy 
difference is about 1 MJ/m3, corresponding to about 0.1 
meV/atom. This term is shown in Fig. 4 as the shaded por- 
tion of strain energy minimization, and its magnitude is in- 
dependent of whether the grains are under compressive or 
tensile stress.24 The grain orientation in Cu favored by strain 
energy minimization differs from that favored by interface 
energy minimization. For conditions that favor strain energy 
minimization, i.e., large strain, thickness, and temperature 
excursions, the selected orientation in anisotropic fee metals, 
such as Cu, is (100).n For conditions of small strain, thinner 
films, and small temperature excursions, the favored orienta- 
tion is selected by interface energy minimization, and is 
(111) in fee metals. The transition between these two condi- 
tions has been modeled and demonstrated experimentally 
with initially randomly oriented Ag thin films on Ni on 

MgO.25 If plastic deformation occurs upon heating, the grain 
orientation that has the lowest yield stress (onset of disloca- 
tion glide) is selected. This criterion predicts a (110) texture, 
which has been observed in Al films.25 Given this combina- 
tion of mechanisms, the favored orientation is not always 
predictable, but the energy available from strain energy mini- 
mization can clearly be comparable to that available from 
grain growth. 22 

D. Solidification 

Current semiconductor processing does not require melt- 
ing and solidification of the interconnection metal, but tech- 
niques are being developed to fill high aspect ratio features 
in which the metal is reflowed under conditions of high sur- 
face mobility (elevated temperature and ultrahigh vacuum 
environment).26'27 For the purpose of comparison with other 
sources of energy, we note that the latent heat of fusion is 
substantially higher than the energy content of the mecha- 
nisms listed above. For copper, this value is 1.5 GJ/m3, 
equivalent to about 110 meV/atom.18 Clearly, the micro- 
structure is completely changed by melting and solidifica- 
tion, and new features have been observed when solidifica- 
tion takes place in recessed features with aspect ratios greater 
than unity. An example is the observation of a high concen- 
tration of resolidified Al-Cu grains which have (111) planes 
parallel to the sidewalls of a deep trench structure, instead of 
parallel to the substrate plane.28 In these trenches, the side- 
wall area exceeds the bottom area, and a simple fiber texture 
is no longer obtained. 

E. Crystallization 

Closely related to solidification is crystallization from the 
amorphous state. Here, also, is a substantial source of energy 
for microstructure change, on the order of 1 GJ/m3, or 80 
meV/atom (Ref. 29) (Fig. 4). Crystallization releases suffi- 
cient energy density in some cases to cause a self- 
propagating explosive process in which the crystallization 
front moves rapidly through the material from a point of 
initiation.30 A large stress change in the tensile direction also 
accompanies this transformation because most materials ex- 
perience a volume decrease upon crystallization.31 As with 
solidification, crystallization is not usually a part of present 
interconnection technology, and metals such as Al and Cu 
are not easily amorphized without a substantial concentration 
of additives. This source of energy might, however, be con- 
sidered in the future for driving microstructure changes in 
metals. 

F. Compound formation 

An example of intermetallic compound formation in 
present semiconductor processing is the reaction of a Ti un- 
derlayer with deposited Al-Cu metallization upon heating to 
300-400 °C to form Al3Ti (Fig. 2). This compound is ben- 
eficial in extending the electromigration lifetime, but it re- 
moves some of the low-resistivity Al-Cu from the cross- 
sectional area of the conductor, and therefore the thickness of 
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the Al3Ti must be minimized. Typical advanced complemen- 
tary metal-oxide-semiconductor (CMOS) technology uses a 
deposited Ti thickness of 10-25 nm under an Al-Cu thick- 
ness of 300-500 nm, leading to a reacted Al3Ti thickness of 
30-80 nm.2 The energy released in the Al-Ti reaction is 
given by the heat of reaction, approximately 30 kJ/g atom,32 

which corresponds to 800MJ/m3 of Al3Ti volume or 80 
meV/atom (Fig. 4). The available energy is somewhat re- 
duced from this value by the initial interdiffusion of Al into 
Ti prior to compound formation.32 When this compound 
forms under an Al-Cu layer that is 5-10 times thicker than 
the Al3Ti layer, the energy released averaged across the film 
thickness is correspondingly reduced, but is still comparable 
to the thermal energy (Fig. 4). This source of energy is not 
presently considered significant in affecting microstructure 
in Ti/Al-Cu/Ti layered metallization because most of the 
Al-Cu grain growth occurs at temperatures below the onset 
of the Al-Ti reaction.32 In the case of Cu metallization, some 
underlayers are being used (e.g., Ta) that do not react with 
Cu to form intermetallic compounds, making this source of 
energy unavailable unless other materials are included. It 
should be noted that the heat released in compound forma- 
tion is capable of self-propagating explosive reactions if the 
number of interfaces is high within the overall film thick- 
ness, as was demonstrated in multilayer Ti/Si samples for 
which the propagation speed of the reaction front was mea- 
sured directly.33 

G. Solute precipitation 

Since sputter deposition involves a rapid quench from the 
vapor phase, metal films are easily deposited with solute 
atom concentrations well above the equilibrium concentra- 
tion at the deposition temperature. During the first heating 
above the deposition temperature, the solute atoms gain 
enough mobility to precipitate into second phase elemental 
particles or to react with the matrix metal and precipitate as 
particles of a second phase compound. Solute precipitation is 
facilitated at grain boundaries, where the atomic structure is 
more open than in the grain interior, so the motion of a grain 
boundary through a supersaturated solution accelerates the 
release of the heat of solution, as shown schematically in 
Fig. 5. The result is a coupling of grain growth and solute 
precipitation referred to as discontinuous precipitation.18 The 
removal of atoms from solution releases an energy corre- 
sponding to the free energy difference between the meta- 
stable starting state with dissolved solute atoms and the final 
state with precipitated solute atoms. The magnitude of this 
energy change is primarily determined by the entropy differ- 
ence between the configurations of dissolved versus precipi- 
tated solute atoms. This entropy difference depends prima- 
rily on the solute atom concentration c, and is approximately 
independent of the solute atom type if the solubility is near 
zero after precipitation occurs.34 The generally exponential 
temperature dependence of the typical solubility curve c(T) 
allows the entropy change to be expressed as a driving force, 
or energy density, of R(Ti - T0)(c)ln(c), where R is the gas 
constant, T1 is the temperature at which the solute can be 

brought into solution, and T0 is the temperature of 
precipitation.18 An estimate for the energy released at 300 °C 
during discontinuous precipitation of 4.9 at. % Ag in Cu, 
which can be dissolved at 780 °C, is 90 MJ/m3, equivalent to 
7 meV/atom (Ref. 18) (Fig. 4). Note that the sample does not 
actually need to be heated to 780 °C as long as the solute is 
initially deposited in supersaturated solution. This energy 
density is substantially higher than those contained in the 
mechanisms of interface energy minimization and strain en- 
ergy minimization, and clearly deserves further attention. 
Also, since the energy released by solute precipitation adds 
to the energy released by grain growth, the combined mecha- 
nism of discontinuous precipitation provides a powerful en- 
ergy source for microstructure change. 

H. Phase transformation 

Some of the metals used in semiconductor processing 
have structural phase transformations that may occur within 
the range of temperatures encountered in fabrication. These 
transformations are to be distinguished from the phase 
changes caused by compound formation. Examples include: 

(1) cobalt, which has a reversible first order transformation 
from hep e-Co to fee a-Co at 442 °C;35 

(2) tantalum, which has an irreversible transformation from 
the metastable tetragonal ß-Ta phase to the stable bec 
a-Ta phase at approximately 750 °C or lower;36 

(3) titanium disilicide, which has an irreversible transforma- 
tion from the metastable orthorhombic C49-TiSi2 phase 
to the stable orthorhombic C54-TiSi2 phase at approxi- 
mately 800 °C,37 and 

(4) tungsten disilicide, which has an irreversible transforma- 
tion from the metastable hexagonal C40-WSi2 phase to 
the stable tetragonal Cllb-WSi2 phase at approximately 
750 °C.38 

The Co phase transformation is reversible in bulk Co, but 
does not always exhibit this property in thin films.35 For this 
phase change, the bulk heat of transformation is 0.51 
kJ/mol,39 corresponding to 5.3 meV/atom. However, the 
transformation is endothermic upon heating, thus no energy 
is released to drive grain growth. In fact, in thin film studies 
of Co,35 it was found that grain growth and stress relief oc- 
curred during heating before the onset of the phase transfor- 
mation so that this transformation had little effect on the 
overall stress and microstructure. The sources of energy 
available in the irreversible transformations (Ta, TiSi2, 
WSi2) are considered small compared with heats of com- 
pound formation, for example, the free energy difference be- 
tween the TiSi2 phases is estimated to be no larger than 
600 MJ/m3, or 50 meV/atom (Ref. 40) (Fig. 4). This value is 
consistent with a low density of nucleation sites for the trans- 
formation to the C54-TiSi2 phase. However, it is higher than 
the energy densities involved in grain growth, interface en- 
ergy minimization, and strain energy minimization, and is 
comparable to the energy density available in discontinuous 
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precipitation. As will be described, the transformation to 
C54-TiSi2 can produce a strongly oriented microstructure in 
very narrow lines. 

I. Energetic particle bombardment during deposition 

Microstructure modification by particle bombardment 
during thin film deposition usually requires a bombardment 
energy on the order of 1-10 eV per deposited film atom (Fig. 
4) to obtain measurable structure changes41 ~u For Cu, this 
represents an energy input of approximately 100 GJ/m3 of 
film volume, most of which is dissipated as heat. Clearly 
particle bombardment seems a very inefficient way to 
modify the microstructure of a material. However, it may 
only be necessary to modify a thin layer of material, such as 
a refractory metal underlayer, in order to obtain desirable 
microstructure changes in a layered structure. Also, the di- 
rectional quality of particle bombardment, which is not avail- 
able in the other mechanisms listed above, may be exploited 
to provide an in-plane orientation of the film microstructure. 
For significant modification of in-plane orientation in refrac- 
tory metal films, it has been found necessary to deliver more 
than 100 eV/atom to the growing film.45'46 

J. Mechanical deformation 

Mechanical deformation of bulk metals is used to change 
not only their shapes but also their microstructures and me- 
chanical properties. In soft metals such as Cu, the strain en- 
ergy density added to the metal by 30% deformation (e.g., by 
cold working at T < 0.5Tm) is on the order of 25 J/mol,47 

equivalent to 3.5 MJ/m3 or 0.3 meV/atom. This energy may 
be increased significantly to 120 MJ/m3, or 10 meV/atom 
(Fig. 4), with further deformation, which can be achieved by 
adding alloying elements to the metal or by carrying out the 
deformation at low temperature where the damage does not 
anneal out spontaneously. Mechanical deformation stores en- 
ergy in dislocation networks and their associated strain 
fields. In a soft bulk metal, dislocation densities of 
1010-1012/m2 are obtained with moderate levels of 
deformation.47 With severe deformation, such as cold rolling, 
dislocation densities of 1016/m2 are generated.18 The line en- 
ergy in a dislocation is given by Gb2, where G is the shear 
modulus and b is the Burgers vector of the dislocation.18 If 
annealing eliminates a high density of dislocations (p 
dislocations/m2), replacing them with a recrystallized region 
of low dislocation density, the stored energy released is 
given by pGb2. With a dislocation line energy of Gb2 

= 10~8 J/m,18 and a dislocation density p = 1016/m2, the en- 
ergy density is about 100 MJ/m3, or 8 meV/atom, which is 
comparable to the energy densities for grain growth and sol- 
ute precipitation. This dislocation density corresponds to a 
dislocation spacing of about 10 nm, which is not, however, 
observed in Al-Cu metallization, where most grains appear 
to be free of dislocations.48 The high purity of the materials, 
the constraints applied by the substrate, and the proximity of 
surfaces and interfaces prevent the accumulation of signifi- 
cant dislocation densities in semiconductor metallization. It 
is possible, however, that processes such as CMP may intro- 

duce transient dislocation densities with sufficient energy 
density to affect the conductor microstructure. Whether this 
energy can be used for post-CMP microstructure control re- 
mains to be demonstrated. Physical deformation also occurs 
during processes such as the filling of vias or trenches using 
high pressure to extrude an Al-Cu film into the recessed 
features.26 These filling processes, however, are usually car- 
ried out at elevated temperature (—400 °C), which prevents a 
high dislocation density from remaining in the metal film. 
Therefore stored energy from physical deformation is not 
presently a significant mechanism to drive microstructure 
change in semiconductor metallization, although it could po- 
tentially be introduced into a fabrication process. 

The energy stored in physical deformation is released by a 
variety of processes including recovery, grain growth, re- 
crystallization, and secondary recrystallization,18 all of which 
modify the microstructure. Recovery refers to the annihila- 
tion of point defects and rearrangement of dislocations, grain 
growth (discussed earlier) refers to the elimination of grain 
boundary area, recrystallization refers to the migration of 
large angle grain boundaries within a deformed matrix, and 
secondary recrystallization (sometimes referred to as abnor- 
mal grain growth) occurs when the grain size is temporarily 
limited during annealing by some factor such as geometry, 
solute pinning, or the development of a strong preferred 
orientation.18 With continued heating, secondary recrystalli- 
zation may start by a nucleation process, overcoming the 
effects of solutes and free surfaces, and continue until the 
matrix is completely transformed. Given the very small di- 
mensions of future interconnection structures (Fig. 1), it is 
clear that complex dislocation networks will not be formed, 
and only a subset of these mechanisms will be available. It 
may, however, be possible to take advantage of highly ori- 
ented textures which are formed under mechanical 
deformation.18 One example where cold rolling was success- 
fully used to control thin film microstructure is in the fabri- 
cation of template substrates for oriented growth of the high 
temperature superconductor yttrium-barium-copper-oxide 
(YBCO) and related compounds.49 It was shown that rolling 
deformation of a nickel substrate introduces an in-plane ori- 
entation which controls the microstructure of the yttria- 
stabilized zirconia (YSZ) template layer deposited at high 
temperature (—600 °C). This template layer subsequently 
provides an in-plane orientation to the YBCO supercon- 
ductor film, resulting in improved superconducting proper- 
ties. 

K. Radiation damage 

Ion implantation or other energetic particle irradiation in- 
troduces stored energy in the form of vacancies and intersti- 
tial atoms, and the accumulation of radiation damage is char- 
acterized by the number of displacements per atom (dpa).18'50 

The displacement energy for Si atoms is 15 eV, and for 
intermetailic compounds such as NiAl about 25 eV.50 Dos- 
ages sufficient to displace atoms from their equilibrium lat- 
tice sites clearly cause severe atomic rearrangement, which 
can lead to large local defect gradients. Upon annealing, 
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some of these defects will be eliminated, since they are en- 
ergetically unfavorable. Those that remain act like solute at- 
oms, in addition to intentionally implanted species, and can 
impede dislocation motion and modify diffusion coefficients, 
thereby affecting microstructure evolution.51 An important 
advantage of ion implantation is the ability to control the 
magnitude of the flux, the depth of penetration, and the lat- 
eral location of the implant (by masking). Therefore, large 
gradients of solute and defect concentrations can be intro- 
duced into a film, allowing one to modify the microstructure 
on a local scale. As the dosage is increased to several tenths 
dpa, the damage reaches the threshold for amorphization of 
Si or metallic compounds such as NiAl,50 in which case the 
stored energy becomes comparable to that obtained from 
crystallization or solidification, or higher (see Table I). This 
energy source is shown in Fig. 4 as a range including a 
higher energy portion (unshaded) to represent the thermal 
energy input which is not available for direct control of mi- 
crostructure. A variation of introducing energy by ion im- 
plantation is to carry out the implantation at a temperature 
where grain growth can occur. Enhancement of grain growth 
by ion bombardment has been demonstrated for several ion 
and film species,52 and is found to depend directly on the 
defect yield per incident ion. The energy is delivered by 
elastic collisions at or near grain boundaries, and the result- 
ing grain size is a function of the total ion dose. This method 
may be considered as a supplement to grain growth by ther- 
mal annealing in cases where the temperature is limited. Us- 
ing ion implantation to generate stored energy in patterned 
damascene metallization requires additional blocking masks 
to avoid damaging the insulator. Also, the substantial doses 
required for microstructure change will lengthen the fabrica- 
tion process. These factors make it unlikely that ion implan- 
tation damage of the conductor metals will be widely used to 
control microstructure in semiconductor metallization. 

The sources of energy density discussed in Sec. II (and 
listed in Table I and Fig. 4) provide a wide range of mecha- 
nisms to influence thin film microstructure. In Sees. Ill and 
IV, examples of microstructure control during and after 
deposition are discussed in terms of these energy sources. 

III. EXAMPLES OF MICROSTRUCTURE CONTROL 
DURING DEPOSITION 

A. Effects of the underlying material on the texture 
of Ti/AI-Cu 

1. Oxide surface roughness 

Interface energy minimization has a strong orienting in- 
fluence on thin films when the substrate surface is flat, but 
when the surface is rough, the orientations of nearby regions 
differ, and the overall texture may be weak. For example, the 
quality of the SiOz surface underlying Ti/Al-Cu/Ti metalli- 
zation has been shown to directly affect the microstructure of 
Al-Cu.53 In a recent study by Rodbell et al.,54 the effects of 
surface roughness on the Ti layer and the Al-Cu layer were 
measured separately. A smooth Si02, with a root-mean- 
square (rms) surface roughness of 0.6 nm formed by plasma- 
assisted tetraethylorthosilicate (TEOS) oxide deposition, was 

FIG. 6. Comparison of surface roughness measured by atomic force micros- 
copy for (a) smooth and (b) rough Si02 coated with 20 nm Ti (Ref. 55). 

compared with a rough Si02 with a rms surface roughness of 
2.8 nm formed by plasma-assisted silane oxide deposition. 
These roughness values were obtained for an image size of 
5X5 fxra. The roughness of these two oxides is evident in 
Fig. 6, which shows atomic force microscopy (AFM) images 
of the two surfaces coated with 20 nm Ti at 150 °C, prior to 
Al-Cu deposition.55 The texture of the 20 nm Ti layer is 
difficult to measure at this thickness, so a 200-nm-thick Ti 
layer was deposited onto the two Si02 surfaces and measured 
using the Schulz x-ray pole figure method. This method uses 
an x-ray diffractometer set for a particular Bragg reflection 
[e.g., (0002) for Ti], and maps the intensity of this reflection 
on the hemisphere above the sample surface. The (0002) 
pole figures for the smooth and the rough oxides are shown 
in Figs. 7(a) and 7(b), respectively. The Ti films on both 
oxides were found to be oriented with a (0002) fiber texture, 
indicating that the hexagonal basal planes were parallel to 
the plane of the substrate. The strength of this fiber texture, 
measured by the angular width of the (0002) peak, was sub- 
stantially higher on the smooth oxide (5° peak width) than on 
the rough oxide (18° peak width). Ti deposited by collimated 
sputtering, which decreases the angular spread of incident 
atoms, also has a stronger fiber texture than Ti deposited by 
conventional magnetron sputtering.54 

For 500 nm Al-Cu deposited directly onto the two Si02 
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(a) 

FIG. 7. Comparison of (0002) x-ray pole figures for 200-nm-thick Ti films 
deposited on (a) smooth and (b) rough Si02 (Ref. 54). 

surfaces, the pole figures [Fig. 8(a)] showed a near-(lll) 
fiber texture, in which the orientation with the highest (111) 
intensity is not normal to the substrate plane, but lies on a 
circle offset from the normal. Since these pole figures are 
azimuthally symmetric, they are plotted in Fig. 8 only as a 
function of tilt angle. For the smooth oxide surface, the off- 
set angle was found to be 3°, and for the rougher oxide it was 
4.5°. The angular width was 12° on the smooth oxide and 
16° on the rough oxide. This difference is also evident in the 
angular widths of the (111) peaks located at 70.5° [Fig. 8(a)]. 
The volume fraction of randomly oriented grains [Fig. 8(a)], 
was also lower on the smooth oxide (4%) than on the rough 
oxide (8%). For these oxide substrates, it appears that the 
range of local surface orientations affects the textures of both 
Ti and Al-Cu, although these two materials show different 
responses. Predicting the effects of surface roughness on thin 
film texture will require taking into account interface energy 

Silane Ox / AlCu 

^ * 

TEOSOx/AICu 

100 

20 40 60 

Tilt Angle, Chi (Degrees) 

80 
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20 40 60 80 
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FIG. 8. Comparison of (111) x-ray pole figures for 500-nm-thick Al-Cu 
films deposited on (a) smooth vs rough Si02, and on (b) 20-nm-thick Ti on 
smooth vs rough Si02 (Ref. 54); 

minimization together with the coalescence of islands with a 
range of orientations, followed by grain growth during depo- 
sition to produce the measured texture. This is an area where 
more quantitative analysis will provide better methods for 
microstructure control. In other studies, the microstructure of 
Cu was also shown to change from a porous, columnar mor- 
phology on rough A1203 substrates to a dense, noncolumnar 
morphology on smooth A1203 substrates.56 A determining 
factor is the ratio of the adatom diffusion length to the char- 
acteristic length of the surface roughness. A strongly ori- 
ented, dense film is favored when the adatom diffusion 
length exceeds the length scale of the surface roughness. 
Under these conditions, the deposited film atoms have 
enough surface mobility to establish an orientation with a 
low interface energy with respect to the substrate. If the sub- 
strate is too rough, however, interface energy minimization 
cannot overcome the range of orientations imposed by the 
substrate surface angles. 

2. Ti underlayer texture 

When an Al-Cu film is deposited onto a textured Ti layer, 
as in the Ti deposited onto Si02 surfaces described earlier, 
the Al-Cu demonstrates "texture inheritance,"54 gaining a 
stronger (111) texture than that obtained on the oxide surface 
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alone. The difference between Ti/Al-Cu on a smooth 
(TEOS) oxide and on a rough (silane) oxide is illustrated in 
Fig. 8(b). The 500-nm-fhick Al-Cu film on 20 nm Ti on the 
smooth oxide has a pure (111) fiber texture with an angular 
width of 6° and a low random fraction (1%), compared to the 
near-(l 11) texture and higher random fraction (4%) observed 
on the smooth oxide alone, without the Ti underlayer [Fig. 
8(a)]. However, the Al-Cu on Ti on the rough oxide [Fig. 
8(b)] shows a near-(lll) texture, with an offset angle of 2° 
and an angular width of 14°, comparable to the Al-Cu on 
Si02 [Fig. 8(a)], which had an offset angle of 4.5° and width 
of 16°. These texture measurements demonstrate that the Ti 
underlayer has a dramatic effect only on the Al-Cu texture 
on the smoother oxide, as it cannot overcome the wide range 
of orientations on the rougher oxide. In addition to the 
mechanism of interface energy minimization, which orients 
the Ti with (0002) planes parallel to the oxide surface and 
the Al-Cu with (111) planes parallel to the oxide surface, the 
Al-Cu growing on highly oriented Ti also experiences a 
component of granular epitaxy with respect to the Ti grains, 
in which the Al-Cu grains inherit the orientation of the un- 
derlying Ti grains. Subsequently, Al-Cu grain growth during 
deposition overshadows granular epitaxy, since the Al-Cu 
grains readily grow much larger than the Ti grains. The ori- 
enting effect of the Ti layer, however, continues to influence 
the Al-Cu texture as the Al-Cu grains thicken and maintain 
their strong (111) texture. If the deposition temperature is 
high enough, Al3Ti compound formation also influences the 
texture of the Al-Cu film, since the reaction product itself is 
strongly oriented with respect to the initial Ti layer.32 

B. Effects of geometrical confinement on Al-Cu 
texture 

1. Texture of blanket patterned Al-Cu lines 

When Al-Cu films are deposited as blanket films, then 
patterned by subtractive etching into linewidths of less than 
1.0 yum and aspect ratios near unity, a bamboo microstruc- 
ture develops,15 and the strength of the (111) texture is en- 
hanced relative to blanket films or lines with aspect ratios 
less than unity.8 Also, in these narrow lines, the misorienta- 
tion angles between grains are no longer randomly distrib- 
uted. With a strong (111) texture, the grain boundaries are 
primarily tilt boundaries, with their grain-to-grain misorien- 
tation angles grouped around certain angles that correspond 
to low energy grain boundaries.57 As the grain orientations 
are mapped along the line, it is also observed that the orien- 
tations occur in clusters, suggesting some further interactions 
during deposition or annealing.7 

2. Texture of damascene processed Al-Cu lines 

The mechanisms that determine grain orientations in pat- 
terned blanket Al-Cu differ from those in damascene Al-Cu 
processing, in which the metal is deposited into existing 
trench and via structures. An example is damascene process- 
ing of Al-0.5 wt % Cu using a ' 'cold-hot'' magnetron depo- 
sition sequence with a wafer temperature of about 400 °C,58 

in which the strength of the (111) texture was found to de- 

crease as the linewidth decreased from 16 to 0.5 fim, with a 
constant trench depth of 1.0 /urn. In the higher aspect ratio 
features, the sidewall interfaces exert more influence on the 
grain orientations than does the bottom interface. The main 
orienting mechanism is still interface energy minimization, 
but it has the greatest effect at the sidewalls in these struc- 
tures. 

C. Effects of energetic particle bombardment during 
growth on thin film texture 

1. Bombardment modification of fiber texture 

Sputter deposition of thin films supplies ion and neutral 
atom bombardment with energies ranging from thermal to 
hundreds of eV.59 When the sputtering plasma boundary is 
approximately parallel to the plane of the substrate, as is the 
case in the typical magnetron deposition system, the incident 
direction of energetic particles is primarily normal to the 
surface, and therefore bombardment effects may be indistin- 
guishable from the orienting effect of the substrate plane 
itself. Studies of texture effects under normal incidence par- 
ticle bombardment have often shown a strengthening of fiber 
texture or in some cases a change of orientation of the fiber 
axis with increasing target power or decreasing gas pressure, 
while maintaining azimuthal symmetry in the plane of the 
substrate.60'61 The enhanced fiber texture is usually attributed 
to enhanced adatom mobility, somewhat analogous to a 
higher deposition temperature, and changes in fiber texture 
orientation are usually attributed to the resputtering of non- 
channeled crystallite orientations. For example, the preferred 
orientation of TiN on oxidized Si has been controllably 
changed from purely (111) to purely (002) by increasing the 
ion/neutral ratio from 1 to greater than 5 during 20 eV nitro- 
gen ion bombardment of the growing film.62 By using low 
energy ion sources, it is possible to distinguish between the 
effects of gas ions and energetic film atoms or ions. An ex- 
ample is the ultrahigh vacuum (UHV) growth of Al films 
under controlled self-ion bombardment from an Al+ ion 
source, in which the ion energy and ion/neutral ratio can be 
independently controlled.63 The full width at half-maximum 
of the Al (111) rocking curve was found to decrease from 
9.6° with Al+ ion energy of 10 eV to 2.2° with Al+ ion 
energy of 120 eV for a fixed ion/neutral ratio of 0.68. It was 
also shown that the strength of the (111) texture was essen- 
tially determined during the nucleation and coalescence 
stages, and that granular epitaxy maintained the strong tex- 
ture of this initial layer as the film thickness increased to 300 
nm. 

2. In-plane orientation caused by off-normal 
incidence particle bombardment 

In the above examples, the energetic particle bombard- 
ment was directed primarily normal to the substrate plane, 
influencing the fiber texture while maintaining azimuthal 
symmetry. By supplying particle bombardment at off-normal 
incidence, additional alignment effects have been demon- 
strated. Low energy (100-300 eV) Ar+ ion beam bombard- 
ment at 70° from normal incidence during Nb film deposition 
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was shown to strongly align the bcc Nb grains relative to the 
beam direction, producing an in-plane azimuthal 
orientation.45 In this experiment, the Nb was deposited by 
ion beam sputtering, and the depositing atoms had enough 
energy to develop a strong (110) fiber texture on amorphous 
silica substrates in the absence of bombardment. With the 
addition of off-normal ion bombardment, the (110) preferred 
orientation remained, while an in-plane orientation increased 
strength with increasing ion/atom ratio. It was shown64'65 that 
the direction selected for growth corresponded to the ion 
beam aligned with a planar channeling direction between 
sets of (110) planes in the grains, which thereby experienced 
less removal by resputtering than other grain orientations. A 
similar approach has proven successful in orienting films of 
transition metal oxides, such as yttria-stabilized Zr02 (YSZ), 
which is used as a template for the oriented growth of the 
high-temperature superconductor YBCO.66 YSZ has a cubic 
structure and grows with a strong (001) fiber texture on 
amorphous or polycrystalline substrates at elevated tempera- 
ture. Ion bombardment has been applied at angles corre- 
sponding to the (111) axis66 as well as the (110) axis,67 with 
strong in-plane orientations achieved. Since YSZ is an ionic 
compound, an additional mechanism has been proposed to 
strengthen in-plane orientation, in which growth rate anisot- 
ropy is related to the requirement for charge neutrality on the 
growing crystal faces.67 Other bombardment effects reported 
in this material system68 include tilting of the YSZ columnar 
microstructure towards the ion beam direction and clustering 
of neighboring grain orientations similar to the fine-line 
Al-Cu described above.7 

Most sputter deposition chambers for silicon wafer pro- 
cessing are cylindrically symmetrical around the axis of a 
circular wafer, and therefore do not have a geometry that 
provides off-normal incidence particle bombardment, except 
for the difference in symmetry between the center and edges 
of the wafer. A more pronounced asymmetry is present in 
linear scanning sputtering systems, such as those used for flat 
panel displays and large area optical coatings. In these sys- 
tems, the substrate enters the deposition region from one 
side, passes in front of the sputtering target where the highest 
deposition rate occurs, and exits from the opposite side. 
Asymmetric properties including stress69 have been attrib- 
uted to the different angular distributions of arriving species. 
The distributions of energy and direction of arriving atoms 
and ions in the plane which includes the wafer normal and 
the scan direction differ from the distributions in the plane 
which includes the wafer normal and the perpendicular to the 
scan direction. An example of such an asymmetric micro- 
structure in sputter deposited bcc Mo is given in Fig. 9, 
which shows the (110) x-ray pole figure for a film deposited 
on oxidized Si in a linear scanning sputtering chamber.70 As 
with the bcc Nb films described above, the Mo film deposi- 
tion process is energetic enough in this low pressure sputter- 
ing environment to form a strong (110) fiber texture on the 
amorphous substrate, shown by the strong central peak of the 
(110) pole figure. Also evident, however, is the azimuthal 
asymmetry of the intensity of the ring at 60°, which corre- 

FIG. 9. (110) x-ray pole figure for a 500-nm-thick Mo film deposited on 
oxidized Si in a linear scanning sputter deposition system. The direction of 
the substrate motion relative to the target during deposition is shown by the 
arrow (Ref. 70). 

sponds to (110) planes tilted with respect to the substrate 
normal. The azimuthal positions of the four higher intensity 
peaks in the (110) ring at 60° show the relationship of the 
oriented microstructure to the scan direction, which is the 
front-to-back direction in Fig. 9. 

An in-plane orientation in Mo films was also obtained by 
placing samples off the axis of a circular target sputtering 
system or at a tilted angle with respect to the sputtering tar- 
get plane.71 In-plane orientation in Mo(N) films was also 
observed in a stationary rectangular target magnetron sput- 
tering system, in which the different arrival angles from the 
long and short directions of the target were shown to induce 
orientation.72 The resulting orientations relative to the direc- 
tion of bombardment or deposition depend on the specific 
angles and flux ratios occurring during film growth. As men- 
tioned above, inert ion beam bombardment during deposition 
provides a controllable process for modifying the bombard- 
ment angles, energies, and flux values without changing the 
deposition flux parameters.45 Using argon ion beam bom- 
bardment during Nb deposition,46 it was shown that bom- 
bardment at an angle near 45° from normal induces a re- 
stricted (110) fiber texture in which the ion beam aligns with 
the (200) direction at 45° to the substrate, and bombardment 
near 35° from normal induces a restricted (110) fiber texture 
in which the beam aligns with the (111) direction. At least 
three types of in-plane orientation with (110) fiber texture 
have been documented in bcc films of Mo and Nb under 
bombardment at various angles and flux conditions.45'46 It 
was also found that, when the thickness of Mo is increased 
above about 1 /xm, strain energy effects begin to influence 
the film orientation, and a change from strong (110) fiber 
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texture to strong (111) fiber texture was reported.71 

It is quite interesting that a clear azimuthal asymmetry 
often emerges from a scanning substrate motion, since the 
angles of incidence of atoms and ions are not constant during 
the scan. This observation is consistent with the crystallo- 
graphic orientation being set at an early stage of film growth, 
even before the substrate enters the main deposition region. 
It is therefore clear that some materials may be strongly ori- 
ented both normal to the substrate plane and within the sub- 
strate plane by energetic particle bombardment at the appro- 
priate stage of film growth. 

One more recent example of in-plane orientation shows 
that deposition at almost glancing angle (75° from normal 
incidence) may induce strong in-plane orientation when it is 
coupled to a strong fiber texture mechanism. This appears to 
be the case in the deposition of A1N by sputtering at various 
angles onto glass substrates,73 without added ion bombard- 
ment. A1N films deposited at normal incidence showed the 
usual strong (0002) fiber texture, in which the hexagonal 
base plane of the wurtzite structure is parallel to the substrate 
plane. With increasing tilt angle, the microstructure devel- 
oped two populations of oriented grains and, when the depo- 
sition angle was near glancing (75° from normal), the texture 
became sharp in both the normal direction and the in-plane 
direction, producing a highly aligned microstructure. The se- 
lection of the in-plane orientation is consistent with channel- 
ing of the energetic depositing atoms and reflected sputtering 
gas atoms along directions of low sputtering yield, allowing 
enhanced growth of the oriented grains relative to nonchan- 
neled orientations. This result adds to the evidence that in- 
plane highly oriented microstructures may be obtained in 
some materials by simple deposition geometries. 

IV. EXAMPLES OF MICROSTRUCTURE CONTROL 
AFTER DEPOSITION 

A. Grain growth coupled to solute precipitation 

As described earlier, there is a significant amount of en- 
ergy released when grain growth is coupled to solute precipi- 
tation in the process of discontinuous precipitation. An ex- 
ample of a dramatic texture change caused by discontinuous 
precipitation is found in thin films of Cu-Co alloys.13 With 
concentrations of 0.4-8.6 at. %Co in coevaporated or elec- 
troplated Cu-Co thin films, the as-deposited films showed a 
strong (111) fiber texture (Fig. 10). After annealing at 450 °C 
for 120 min, however, the texture had changed to a strong 
(200) fiber texture (Fig. 10), with many individual grains 
larger than 10 times the film thickness. This behavior is not 
observed in pure Cu films. Measurements of stress, resistiv- 
ity, and grain structure [by transmission electron microscopy 
(TEM)] as a continuous function of temperature showed that 
the precipitation of supersaturated Co and significant grain 
growth both occurred at about 200 °C, and that this tempera- 
ture of precipitation increased with Co concentration. In the 
as-deposited coevaporated films, magnetic measurements in- 
dicated that about 65% of the Co atoms were already pre- 
cipitated as particles about 9 nm in diameter before anneal- 
ing. Therefore, the energy from precipitation available to 

TWIN 
ON 

(III)    (200) 

20       30       40       50       60       70       80 

TILT ANGLE </> tdeg) 

FIG. 10. (Ill) x-ray pole figure of a sputtered Cu-0.44 at. % Co film before 
and after annealing at 450 °C for 120 min (Ref. 13). 

drive grain growth was reduced to about one-third of that 
available if all the Co was still in solution in the as-deposited 
film. It was clear, however, that the growing grains had a 
high enough driving force to overcome being pinned by the 
precipitated Co particles. 

The balance between grain boundary mobility and grain 
boundary pinning during discontinuous precipitation is a 
delicate one, and it has been shown in bulk Cu-Co alloys 
that the processes of grain growth and precipitation can oc- 
cur in either order, depending on the solute concentration 
and the presence of additional stored energy from 
deformation.74 In studies of bulk Cu-2 wt %Co alloys,75 the 
pressure behind pinned grain boundaries (equivalent to en- 
ergy density) was measured directly from the curvature of 
the boundaries and the spacing of the pinning precipitate 
particles. For a Co particle spacing of 170 nm, which corre- 
sponded to an average particle diameter of 13 nm, the pres- 
sure was found to be approximately 7 MPa,75 equivalent to 
an energy density of 7 MJ/m3, or 0.5 meV/atom. In this 
work, the Co particles were already present in the highly 
deformed material as the grain boundaries moved from the 
less deformed material, so that the shapes were measured 
when the driving force for grain growth and the pinning 
force were in balance. Comparing this with the case of 
Cu-Co discontinuous precipitation described above,13 the 
energy density available from solute precipitation is about 
two orders of magnitude higher than the grain boundary pin- 
ning energy density, which is consistent with the observed 
presence of Co particles left behind in the interior of large 
Cu grains rather than located only at Cu grain boundaries.13 

Pinning of grain growth has been observed in layered Al thin 
films,76 for which normal grain growth is inhibited at low 
temperature. As the temperature is increased, thermal mis- 
match strain and increased grain boundary mobility eventu- 
ally allow grain boundaries to escape the pinning force of the 
interfaces in the layered microstructure.77 At this point, ab- 
normal grain growth can occur throughout the film volume, 
accompanied by changes in texture.76 

A related example is found in the microstructural evolu- 
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FIG. 11. Schematic diagram of the crystal orientation of C54 TiSi2 relative 
to the line direction in submicrometer arrays indicating the orientations of 
the (040), (004), and (022) planes normal (Ref. 81). 

tion of codeposited Cu0 3Mo0 7 films,78 which form a nano- 
crystalline single phase bcc solution as deposited, and phase 
separate on annealing at 450 °C into fee Cu and bcc Mo, 
which are normally mutually insoluble. The energy released 
by phase separation facilitates Mo grain growth and an in- 
crease in (110) texture, neither of which occurs in pure Mo at 
this temperature. These examples suggest that even more 
pronounced microstructure changes might be possible with 
the right choice of low-solubility solute species introduced 
with a deposition process that maintains a high supersatu- 
rated solute concentration until annealed above the deposi- 
tion temperature. 

B. Grain growth coupled to phase transformation 
in narrow lines 

Titanium disilicide (TiSi2) occurs in two crystal struc- 
tures, the C49 phase and the C54 phase. In the processing of 
microelectronic suicide contacts by reaction of Ti with Si, 
the C49 phase appears first upon heating at about 700 °C.38 

Since this phase has a relatively high resistivity (60-75 
/ill cm), it is necessary to heat it to around 800 °C to obtain 
the C54 phase with a low resistivity (15-20 /nil cm). As 
mentioned earlier, the free energy difference between the 
two phases, estimated to be less than 600 MJ/m3,40 is rela- 
tively small compared with heats of reaction, so that the 
transformation has a low density of nucleation sites within 
the C49 phase. This low nucleation density means that even 
though the C49 TiSi2 phase forms readily wherever Ti is in 
contact with Si, there is very little driving force to transform 
the C49 phase into the C54 phase. Therefore, when the trans- 
formation does occur in narrow patterned lines, it has been 
observed to propagate from widely spaced nucleation sites, 

FIG. 12. (a) (040) and (b) (022) x-ray pole figures of C54 TiSi2 after trans- 
formation from the C49 TiSi2 phase, in an array of 0.2-/j,m-v/ide lines. The 
horizontal axis labels indicate the tilt angles relative to the substrate normal 
(Ref. 81). 

and move along the suicide line converting fine grained C49 
to large grained C54 TiSi2.79 The grain size in the C49 phase 
is typically tens of nanometers, and in the C54 phase it is 
typically many micrometers, substantially larger than the 
thickness and width of the line. Several sources of energy are 
available to drive this microstructure change, namely, energy 
released by the transformation itself, interface energy mini- 
mization, and the energy released by eliminating the high 
density of C49 grain boundaries. This grain boundary energy 
is released by the process of phase transformation, and may 
be distinguished from the grain boundary energy of the 
growing C54 grains. The C54 grain boundary energy is not 
released unless competitive grain growth occurs within the 
C54 phase after the impingement of the newly formed 
grains. X-ray analysis shows that the C54 phase formed in 
narrow submicrometer lines develops both a strong out-of- 
plane texture and a strong in-plane texture related to the pat- 
terned direction of the narrow lines.80'81 The orientation of 
the grains (Fig. 11) shows the (040) plane normal oriented 
perpendicular to the substrate surface, and the (004) plane 
normal oriented parallel to the patterned line direction. The 
(040) pole figure is shown in Fig. 12(a) for C54 TiSi2 lines of 
0.2 yum width, indicating a strong (040) fiber texture.80'81 It is 
impractical to measure the orientation of the (004) planes 
directly, since their normal is in the substrate plane. Instead, 
the azimuthal orientation was determined by measuring the 
pole figure of the (022) planes, which form an angle of 60.7° 
with the (040) planes. This pole figure, shown in Fig. 12(b), 
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FIG. 13. Schematic diagram of the trends in microstructure of semiconductor 
metallization, based on dimensions and dates from the 1994 SIA Roadmap 
(Ref. 1). The arrows indicate (111) orientations of the Al-Cu or Cu grains. 

has distinct intensity maxima in the direction of the patterned 
lines.81 These orientation measurements confirm that the 
C49-C54 phase transformation caused a major change in 
microstructure including a strong alignment of the grains 
relative to both the substrate plane and the line direction. The 
evidence suggests that the C54 grain orientation with the 
highest growth rate, apparently the (004) direction, is able to 
propagate along the line when oriented in this direction, 
while slower-growing orientations are overshadowed and 
therefore do not appear strongly in the x-ray measurement. 
The significance of these measurements is that the micro- 
structure change stimulated by the phase transformation trig- 
gers an orientation selection mechanism, or combination of 
mechanisms, which produces a new microstructure with a 
highly oriented configuration. 

V. PROSPECTS FOR CONTROL 
OF MICROSTRUCTURE IN SEMICONDUCTOR 
METALLIZATION 

Having discussed the sources of energy available to drive 
thin film microstructure changes, and illustrating them with 
examples, we can now assess the prospects for increased 
control of microstructure in future semiconductor metalliza- 
tion. The evolution of conductor dimensions up to the 
present state of technology1 has been to decrease the line- 
width without decreasing the thickness proportionally, 
thereby increasing the aspect ratio to about 1.5:1, as shown 
in Fig. 1. The microstructure of Al-Cu lines, shown sche- 
matically in Fig. 13, has evolved from polycrystalline in 
wide lines to near bamboo in lines of about 0.4-0.5 /mm in 
width. Since these lines are fabricated by blanket deposition, 
usually with Ti underlayers, their texture is strongly (111), as 
indicated by the arrows in Fig. 13. As we look to the future, 
however, not only do the conductor dimensions continue to 
decrease, but the aspect ratio increases to values of around 
4:1, and the lines will be fabricated more frequently by 
damascene processes in patterned insulators. There is evi- 
dence already28'58 that shows that the strong (111) fiber tex- 
ture is weakened in such features, as can be seen in Fig. 13, 
because the sidewalls exert more influence than the bottom 
interface of the conductor. If we are to maintain control of 
the conductor microstructure in future technology, we must 

identify helpful trends in very narrow conductors that will 
enable us to control the application of the energy sources 
discussed above. Several of these trends are discussed next. 

A. Decreasing diffusion distances and numbers 
of atoms 

As the linewidth of semiconductor metallization decreases 
to less than one thousand metal atoms, one clear trend is the 
decreasing distance between interior atoms and the nearest 
interface or material boundary. Since the diffusion distance 
is given by 2{Dt)m, where D is the diffusivity and t is the 
time, the time needed for atoms to diffuse from the interior 
to the boundary of an interconnection wire decreases qua- 
dratically with linewidth. For metals, values of the diffusiv- 
ity D at a temperature of half the absolute melting tempera- 
ture (Tm/2) are on the order of 10~15 cm2/s for lattice 
diffusion, and 10~9 cm2/s for grain boundary diffusion.82'83 

Annealing at this temperature for 30 min gives diffusion 
lengths of about 20 nm and 20 pm, respectively, for lattice 
and grain boundary diffusion. Depending on the grain struc- 
ture, this means that annealing the conductor metal at half 
the absolute melting temperature (400 °C for Cu) for short 
times (30 min) provides sufficient time for interior solute 
atoms to diffuse along grain boundaries and to come into 
equilibrium with the boundary interfaces of the conductor. If 
grain growth occurs, moving grain boundaries provide fast 
diffusion paths for interior solute atoms to redistribute to the 
boundary interfaces, providing a sink for solute atoms with 
low solubility. A consequence of decreasing dimensions is 
the small number of atoms. For example, a 0.1-/mi-wide 
copper line is only about 400 atoms wide. The details of 
microstructure changes, especially the energetics of nucle- 
ation and propagation, differ significantly in such narrow 
lines from the mechanisms in bulk materials or blanket thin 
films due to the small number of atoms and the proximity of 
interfaces. If a Cu line 0.1 /im wide contains 5 at. % solute 
atoms, the linewidth contains only about 20 solute atoms. In 
this case, when solute precipitation occurs, it is unlikely that 
nucleation of a precipitate particle can occur within the inte- 
rior of the line. More likely, the sites for precipitation will be 
the outer boundaries of the line at interfaces with the sur- 
rounding material. If segregation of the precipitated solute 
atoms is strong, as it is when the solubility is low, then solute 
atoms will accumulate and form a layer adjacent to the in- 
terfaces surrounding the Cu line. This process has the poten- 
tial of improving the diffusion barrier properties of the sur- 
rounding interfaces, and will reduce the resistivity of the Cu 
conductor line. Additionally, if solute atoms move to the 
interface boundaries, the benefits of solute precipitation in 
driving microstructure change may be achieved without en- 
countering particle pinning of the moving grain boundaries. 

B. Decreasing density of nucleation sites 

A second trend in very narrow patterned structures is the 
decrease in the density of nucleation sites for specific micro- 
structure changes. An example is the C49-C54 TiSi2 phase 
transformation, which has been shown to be sparsely nucle- 
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FIG. 14. Sketch of energetic ions and atoms bombarding the sidewalls in a 
damascene trench. 

ated in narrow lines below a 1 fim width. Although the 
atomic configuration of the nucleation sites for this transfor- 
mation has not been identified, it was shown that nucleation 
is initiated at a small fraction (~15%) of grain boundary 
triple junctions in the C49 phase.84 As linewidths decrease 
into the sub-0.5 /xm regime, the density of nucleation sites 
with the correct atomic configuration decreases, with the re- 
sult that some lines fail to transform completely, even with 
extended annealing.85 A similar trend is expected for other 
microstructure changes where specific nucleation sites are 
required, such as in grain growth. As a result, we can expect 
to see microstructure changes becoming more sparsely 
nucleated in very narrow lines. This trend opens the possi- 
bility of more precise control of the nucleation of new grains 
and their propagation along the line to obtain a more com- 
plete modification into a new structure. 

C. Increasing importance of sidewalls 

As the aspect ratio of the conductor lines in semiconduc- 
tor metallization continues to increase above 1:1, the ten- 
dency for the grain orientations to be determined by the side- 
walls instead of the substrate plane suggests that it might 
become harder to generate strongly oriented conductor mi- 
crostructures. However, one emerging possibility is that the 
microstructure of the barrier/seed layer in high aspect ratio 
features might be modified by ion bombardment (or self- 
bombardment) which is near-normal to the substrate and 
near-glancing incidence to the sidewalls (Fig. 14). This ef- 
fect may produce an oriented seed layer on which the main 
Al or Cu conductor is deposited by physical vapor deposition 
(PVD) or non-PVD methods, and from which this layer de- 
rives its orientation. The combination of low nucleation site 
density and sufficient stored energy (e.g., from supersatu- 
rated solute precipitation) may provide the combination of 
mechanisms needed to grow strongly oriented conductors, if 
desired, with tightly controlled microstructures and low re- 
sistivities. 

VI. CONCLUSIONS AND OUTSTANDING ISSUES 

The microstructure of semiconductor metallization devel- 
ops both during and after deposition under the influence of a 
combination of energy sources. The magnitude of these en- 
ergy sources (Table I and Fig. 4) ranges from values of less 
than 1 meV/atom that are involved in grain growth during 
thermal annealing to values exceeding 100 eV/atom involved 
in energetic particle bombardment during deposition. Among 
the mechanisms described in this article, discontinuous pre- 
cipitation stands out as a source of significant stored energy 
density that could be harnessed to gain further control over 
microstructure evolution in future metallization. This mecha- 
nism, which combines precipitation of supersaturated solute 
atoms with simultaneous grain growth, provides a continu- 
ous source of energy per unit volume of conductor metal as 
a grain boundary advances through the metal. The decreasing 
dimensions of metallization guarantee that interfaces and 
surfaces are close to all the interior atoms of the conductor, 
introducing the possibility of precipitating solute atoms al- 
most entirely at interfaces during a controlled annealing 
treatment. This result achieves the lowest resistivity of the 
conductor, and may improve the adhesion and diffusion bar- 
rier characteristics of the interfaces if the solute species is 
properly chosen. It is clear that the strong (111) fiber texture 
presently obtained in near-bamboo Al-Cu metallization will 
not be characteristic of damascene metallization of either 
Al-Cu or Cu, due to the requirement of depositing the metal 
film into patterned trenches and vias. Microstructure control 
in metallization might, therefore, deteriorate in the near fu- 
ture. On the other hand, since these metals typically require 
underlayers or liners for successful integration, it is possible 
that the deposition of the underlayer or liner metal by an 
energetic particle process, such as sputtering, might induce 
an oriented microstructure that subsequently controls the mi- 
crostructure of the conductor metal. This possibility emerges 
because of the increasing importance of the trench sidewalls 
in nucleating grain orientations in high aspect ratio features. 
Examples from several material systems, including metals, 
oxides, and nitrides, demonstrate that energetic particle bom- 
bardment during deposition may be used to generate highly 
oriented textures both normal to and parallel to the substrate 
surface. It is unlikely, however, that such an orienting 
mechanism will be available in a purely thermal chemical 
vapor deposition process. 

There are many as yet unresolved issues raised by consid- 
ering microstructure control in future semiconductor metal- 
lization. One continuing challenge is to determine how much 
microstructure control is needed in order to obtain the re- 
quired levels of performance and reliability. Judging from 
recent correlations of electromigration lifetime with micro- 
structure details, it is likely that continued control of micro- 
structure will produce steady gains in performance reliabil- 
ity, and manufacturing yields, but greater quantification is 
needed. The relative magnitudes of the stored energy sources 
shown in Table I and Fig. 4 need further study in order to 
engineer the release of stored energy at the appropriate point 
in the device fabrication sequence. The mechanism of solute 
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precipitation, in particular, needs further quantification to 
identify the best solute species, concentrations, and tempera- 
ture sequences needed to benefit from this stored energy. 
Also, coupling of solute precipitation to grain growth and 
orientation selection has not been studied in patterned thin 
film structures, where submicrometer dimensions have great 
influence. Since most metallization systems will combine un- 
derlayers or liners with the conductor metals, the effect of 
oriented templates on thin film microstructure deserves more 
attention. Finally, since the trend in future semiconductor 
metallization is towards use of the damascene process, it will 
be necessary to better understand the effects of geometrical 
confinement on grain nucleation, growth, and orientation se- 
lection. There is no shortage of challenging, interesting is- 
sues to resolve in controlling the microstructure of future 
semiconductor metallization. 
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The crystalline lattice and periodic grating features have been employed as reference scales for 
simultaneous calibration between the scanning tunneling microscope (STM) and atomic force 
microscope (AFM). This article describes the configuration and functions of a dual unit STM-AFM 
for length metrology. The system was developed on the basis of a dual tunneling unit STM 
(DTU-STM) in view of the fact that the application of DTU-STM was strongly limited by sample 
conductivity. In the dual unit STM-AFM, a STM serving as a reference unit and an AFM as a test 
unit were combined by using one single XY scanner. Both the reference sample and the test sample 
were installed at the center of the scanner on either surface, and were imaged by STM and AFM 
units at the same time. The length of the test sample image was measured by counting the periodic 
features of the reference sample image. We present a detailed discussion about the structure and 
control of the dual unit STM-AFM. Some comparison results, respectively, using crystalline lattices 
and periodic grating features as reference scales for length calibration of test samples are also 
provided. Experiments show a satisfactory matching between the STM unit and the AFM unit when 
covering a wide scan range from 5 nm to 10 /am. Using different standard reference scales, the 
system enables nanometer and/or sub-micron accuracy length metrology of microstructures with 
any conductivity.   © 1997 American Vacuum Society. [S0734-211X(97)00304-1] 

I. INTRODUCTION 

For precise length metrology using scanning probe 
microscopes,1'2 a well-defined reference scale is needed to 
calibrate the scanning movement of the piezoscanner. The 
crystalline lattice of highly oriented pyrolitic graphite 
(HOPG) has been successfully employed as such a scale for 
simultaneous calibration in scanning tunneling microscopes 
(STMs),3'4 and some dual tunneling-unit STMs (DTU- 
STMs) have been developed for lateral5'6 and/or vertical7 

scale calibration of the samples. In a DTU-STM, the test 
sample and HOPG chip are scanned by using one single XY 
scanner so that their images have the same size. The length 
in the test sample image is measured by counting the number 
of reference HOPG lattices. To automatically measure the 
length of the reference image, software developed for count- 
ing the number of lattices has also been presented.8 

Recently, we have been using crystalline lattices of 
HOPG and periodic features of grating as reference scales in 
STMs, and constructed a new version of DTU-STM for prac- 
tical application.9 Despite their excellence, however, an ob- 
vious limitation exists in DTU-STMs, that is, they are only 
capable of measuring electrically conductive samples. Before 
surface measurements of non-conductor samples with DTU- 
STMs, a thin film of conductive material should be deposited 

"'Also at Kanagawa Academy of Science and Technology, 3-2-1 Sakado, 
Takatsu-ku, Kawasaki 213, Japan. 

b)Also at Department of Precision Machinery Engineering, the University of 
Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113, Japan. 

onto the sample surface. This process is troublesome and 
undoubtedly changes the original structure of the sample sur- 
face. For direct measurement of non-conductor samples, we 
have been considering the replacement of the test tunneling 
unit of DTU-STM by an atomic force microscope (AFM) 
unit, and developed a dual unit STM-AFM for length mea- 
surement based on standard reference scales. In this article, 
we describe the configuration and functions of the newly 
developed STM-AFM system. Some comparison measure- 
ment results for length calibration of test samples using crys- 
talline lattices and grating features as reference scales are 
also presented. 

II. THE INSTRUMENT 

A. Measurement concept 

Figure 1 shows the measurement concept of the dual unit 
STM-AFM based on the design of a DTU-STM. One STM 
unit is kept as a reference unit but the other one is replaced 
by an AFM unit to image test samples. Samples with peri- 
odic features such as crystalline lattices and gratings are used 
as reference scales, respectively, for nanometer and micron 
order length measurement. The STM image of the reference 
sample and AFM image of the test sample are simulta- 
neously scanned by one single XY scanner. They are thus of 
the same lateral size, and the length in the test sample image 
could be measured by counting the number of periodic fea- 
tures in the reference image. 
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AFM image of 
test sample 

STM tip 
(reference unit) 

STM image of 
reference sample 

FIG. 1. Measurement concept of length metrology based on reference scale 
by a dual unit STM-AFM. The length of test image is measured by counting 
the number of periodic features of reference image. 

B. Structure of the dual unit STM-AFM 

The schematic diagram of the dual unit STM-AFM is 
shown in Fig. 2. The STM unit and AFM unit were vertically 
set in series. The reference sample holder and test sample 
holder with piezo Pz2 were attached to the center of the 
scanner on either surface. The optical beam deflection 
(OBD) method10'11 was applied to detect the deflection of the 
cantilever caused by atomic force between the AFM tip and 
test sample. A laser beam was focused on the cantilever and 
then reflected onto the surface of a position sensitive detector 
(PSD) at a distance of 10 cm from the cantilever. The output 
difference of photoelectric current from PSD was related to 
the deflection of the cantilever. The length of the cantilever 
is 200 or 100 /xm. As a result, the deflection signal could be 
amplified by 1000 or 2000 times. A charge-coupled device 

Vret2 ——0 tog 
amp 

Integrator 

Alp  » 

A/D 

& 
D/A 

FIG. 2. Schematic diagram of the dual unit STM-AFM, incorporating a STM 
reference unit and an AFM test unit sharing one single XY scanner. 

FIG. 3. Block diagram of the PID feedback control circuits for the two units 
of the dual unit STM-AFM, and scan control circuit of the XY scanner for 
the X direction, same for the Y direction. 

(CCD) camera with an optical microscope was used for con- 
venient and quick positioning of a focused laser spot onto the 
cantilever. 

To bring the reference unit into the tunneling controlled 
state, an inchworm actuator was used to coarsely approach 
the STM probe tip. The actuator was stopped when tunneling 
current increased to a given value. The AFM unit was 
brought into the atomic force controlled state by using an 
impact drive mechanism (IDM).12 The test sample was 
pushed to move vertically together with the whole main 
block, close to the fixed cantilever. The IDM was stopped 
when the photoelectric current difference from PSD in- 
creased to a given value. The movement sequence of the 
inchworm actuator and IDM has been discussed in Ref. 9. 

C. Feedback control of the Z piezos 

The probe tip of the STM unit and the test sample of the 
AFM unit were precisely positioned in the Z direction by 
using piezos Pzl and Pz2. Figure 3 shows the block diagram 
of two feedback loops for controlling the movement of these 
piezos. The main part of each loop is a conventional 
proportional-integral-differential (PID) feedback circuit. 
Take the STM loop, it consists of a tunneling current to 
voltage convenor, a low-pass filter, a logarithmic amplifier, 
and an integrator. The voltage signal corresponding to tun- 
neling current is compared with a reference voltage Vrefl. 
Their difference is then fed to the integrator which provides 
a positive or negative voltage difference to a high-voltage 
amplifier. The voltage difference controls the movement of 
PZ1 to change the tunneling gap as to increase or decrease 
the tunneling current /,. In this way, the stable tunneling 
state is automatically maintained. 

The AFM loop is similar to the STM loop, except that it 
picks the photoelectric current difference from PSD pins in- 
stead of tunneling current from the STM tip. Simulation was 
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carried out to determine favorable conditions of the feedback 
parameters for the two units. Noise tolerance was reduced to 
the orders in which, for the STM unit, high contrast crystal- 
line lattices could be repeatably observed in raw atomic im- 
ages, and for the AFM unit, nanometer order structures in 
raw images. 

Both of the PID loops provide two feedback modes: tun- 
neling current or atomic force (correspondingly, photoelec- 
tric current) constant mode, and tip or sample height constant 
mode. We used the first mode for precisely positioning tips 
and samples in the Z direction. When the two units were 
brought into stable tunneling current and/or atomic force 
states, we turned to employ the second mode for image ac- 
quisition. The main considerations are: (i) if the axes of 
PZi and Pz2 are not parallel to each other; and (ii) if they are 
not perpendicular to the XY plane, the movement of Pzl and 
Pz2 might cause additional errors to XY scales of the im- 
ages. Therefore, we kept the heights of Pzl and Pz2 to be 
constant during image acquisition. The XY scales of refer- 
ence and test images were then uniquely determined by the 
scanner and were exactly the same. 

Four channels of A/D convenors were used to acquire 
image data: tunneling current /, and photoelectric current 
difference Alp, and additionally piezo voltages VZ1  and 
V Z2- 

D. Control of the XY scanner 

Within an XY scanner, if there is an interference between 
the X and Y movement of the piezos, the lateral scales of 
images might be distorted. In the dual unit STM-AFM, we 
used an elastic XY scanner to avoid lateral image distortion 
(Ref. 9). The block diagram of scan control circuit for the 
X direction is also shown in Fig. 3, the same for the Y di- 
rection. Scanning signals were generated by a personal com- 
puter and fed to the circuit through a D/A interface. The 
circuit enables image acquisition covering a scan range from 
5 nm to 10 /xm. 

III. EXPERIMENTS 

Experiments were carried out on the dual unit STM-AFM 
to check the feasibility of simultaneous calibration between 
STM and AFM. A HOPG chip was generally used as a ref- 
erence sample for precise length metrology. Before each ex- 
periment, the HOPG surface was freshly cleaved. STM tips 
were prepared from mechanically cut 0.25 mm platinum/ 
iridium wire. AFM cantilevers were the commercial products 
of Seiko Instruments Corporation. A 2.5 mW laser diode was 
used in the AFM unit, wavelength X=670 nm. The typical 
scanning conditions were, for the STM unit, 7ref=-1.0 nA, 
t/bias=+50 mV (sample positive), tip height constant mode, 
and for the AFM unit, Vref2= +0.5 V, sample height constant 
mode. All images were taken in air and under a temperature 
condition of 23 °C±0.1 °C. 

Considerations for the software of image acquisition are 
as follows: (i) the reference sample and test sample are si- 
multaneously scanned and imaged; (ii) because the two 
samples are installed back to back on the scanner, and two 

FIG. 4. An example of comparison measurement by using the dual unit 
STM-AFM. Ten equal parts of STM images of HOPG lattices were acquired 
within the length of one AFM image of a gold-plated glass surface. The 
length of the fifth image part was counted to be 16.4 nm, equivalent to line 
AB in test image. The added length of the whole test image was about 164 
nm. The width of images could be calculated in the same way. All images 
were scanned in the Y direction, tip, and sample height constant mode, (a) 
STM image of the fifth part of HOPG lattices (reference side); (b) AFM 
image of a gold-plated glass surface (test side). 

probe tips have a head to head setup, the lateral coordinates 
of reference image and test image are actually corresponding 
to each other in a mirror-image way (see Fig. 1). For a con- 
venient comparison, we saved in advance the reference im- 
age in its mirror-image form to obtain a positive correspon- 
dence between reference image and test image; and (iii) for 
low accuracy measurement, each image is scanned and saved 
in one complete form, while for high accuracy, the reference 
image is divided into several corresponding and equal parts 
for convenient scanning, saving, and for possible lattices 
counting. 

Figure 4 shows an example of comparison measurement 
using HOPG as a reference sample. The test target is a gold- 
plated glass surface. Ten equal parts of the STM images of 
crystalline lattices were obtained within the length of one 
AFM image of the test sample. Each image part contained 
600 X 150 scan pixels, scanned in the Y direction. Their 
lengths were measured by counting the number of lattices. 
The length of the fifth reference part is equivalent to that of 
line AB in the test image, and is measured to be 16.4 nm. 
The other nine parts were omitted for clarity. The total length 
of the test sample image is added to be about 164 nm. The 
width of the test image can be calculated in the same way. 
Notice that the reference graphite lattice has a slight distor- 
tion which we need to eliminate. However, this sort of dis- 
tortion will not directly affect the accuracy of distance mea- 
surements. This is because the image length is measured by 
counting the number of lattices. Even if the lattice image is 
slightly distorted, we still precisely know the distance be- 
tween two adjacent lattices, and the added distance should 
also be accurate. 

For wide range measurement up to microns, it is definite 
that we can still use the crystalline lattice as a reference 
scale, however, the image size of reference lattices will be 
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< Laser 

FIG. 5. Wide range calibration of the dual unit STM-AFM by using periodic 
grating (2000 lines/mm) and grating pattern (2000X2000 lines/mm2) as 
reference and test samples. The 360X 180 images were scanned in the X 
direction, tip, and sample height constant mode, 1 line/s, 4.0 /xmX2.0 /xm 
scan. The lengths of corresponding lines AB and A1B1 were 3.5 and 3.6 
/im, with a difference of 2.8%. The results show that the STM and AFM 
images have a satisfactory matching of lateral scales, (a) STM image of 
grating (reference side); (b) AFM image of grating pattern (test side). 

explosively large. In this case, we consider employing some 
other samples with periodic features such as standard grat- 
ings as reference scales. Figure 5 is an experimental result of 
wide range calibration between STM and AFM units. On the 
STM side, a gold-plated grating of 2000 lines/mm served as 
a reference sample. On the AFM side, a non-conductive grat- 
ing pattern of 2000X2000 lines/mm2 was used as a test 
sample. The two samples were aligned in advance to ap- 
proximately obtain the same grating orientation. The images 
contained 360X180 scan pixels and were scanned under 
voltages 180 VX 90 V with a slow frequency of 1 line/s in 
the X direction. The grey scales of the two images were 
already smoothed without changing their lateral scales. 
Again, the scan area of both images could be measured by 
counting the number of grating periods, and were approxi- 
mately 4.0 yu,mX 2.0 fim. Take corresponding lines AB and 
A^! in the two images, their measured lengths were 3.5 and 
3.6 /mm, with a length difference of 2.8%. It is clear that the 
lateral scales of the two images match each other quite well. 
Length differences larger than 10% have even been observed 
when the sample surface of the grating pattern on the AFM 
side was not as parallel to that of grating in the STM side, 
but these errors were not caused by the system itself. Scan 
ranges up to 10 /zm were realized by increasing scan voltage 
to 400 V. 

test sample   6 

AbbeT 
offset 

13mm 

reference 

FIG. 6. Tests of the tilt angles of the central block by using the optical beam 
deflection method. The measured errors between STM and AFM images 
caused by Abbe offset were less than 2.47% and 1.62% in the X and Y 
directions, 10 (imX 10 /im scan. 

In the apparent setup, the Abbe offset of 13 mm between 
the reference and unknown samples has a potential of caus- 
ing errors to STM and AFM images. However the actual 
errors observed in the experiments were small. We con- 
firmed that the central block was not twisting by two facts. 
First, the scanned grating features were quite regular as 
shown in Fig. 5, otherwise their images would be seriously 
distorted. Second, some tests were performed to determine 
the tilt angles of the central block by using the OBD method 
(Fig. 6). A mirror was mounted on the test sample stage. A 
focused laser beam incident on the mirror in the horizontal 
direction was perpendicularly reflected onto the PSD surface. 
This setup avoids the scanning movement of the scanner and 
is only sensitive to the tilt angle 6. For the wide scan range 
of 10 ^jmX 10 /tm, the maximum tilt angles measured in the 
X and Y directions during image scanning were 0.019 and 
0.0125 mrad. Due to the Abbe offset, these angles could 
cause image errors of 0.247 and 0.162 /xm between the ref- 
erence and unknown samples. The percentages of errors be- 
tween them were 2.47% and 1.62% in the X and Y direc- 
tions. These errors were probably the main cause of the 
relatively large 2.8% error detected when scanning identical 
gratings. For scan range from 5 nm to 1 /mm, no twisting of 
the central block was detected. Even if the errors were toler- 
able, as a future study, we are planning to develop a new 
setup to avoid the potential influence of the Abbe offset. 

Other causes of image errors may include the coupling of 
the X and Y piezos of the scanner and the coupling of the 
movement of Z pizeos with the X and Faxes. By using the 
elastic XY scanner and taking sample and tip height constant 
modes during image acquisition, these errors can be success- 
fully avoided and were practically eliminated. 

IV. CONCLUSIONS 

The dual unit STM-AFM system is an important addition 
to DTU-STM for length metrology of microstructures based 
on standard reference scales. It keeps the remarkable advan- 
tages of both STM and AFM, that is, the AFM unit is able to 
measure test samples with any electric conductivity, while 
the STM unit provides high resolution for reference images. 
Experiments show that the STM-AFM enables nanometer 
accuracy length measurement when employing the HOPG 
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crystalline lattice as a reference scale. For wide range mea- 
surement, satisfactory calibration between STM and AFM 
was realized by using the periodic grating features as refer- 
ence scales. Scan ranges from 5 nm up to 10 /xxa were con- 
firmed by experiments. This provides the possibility of prac- 
tical observation and measurement for microstructures with 
different length scales. One disadvantage of the dual unit 
STM-AFM is that the resolution of the AFM unit is not as 
high as that of the STM unit. However, the system still main- 
tains sufficient accuracy for length metrology from nanom- 
eter to micron orders. 
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We have successfully used scanning tunneling microscope-assisted chemical vapor deposition to 
fabricate magnetic nanostructures as fine as 5 nm wide and <2 nm high using ferrocene [Fe(C5H5)2] 
as the metal-organic source gas. The physical properties of these nanostructures were qualitatively 
characterized and ex situ magnetic force microscopy measurements indicate these features are 
strongly magnetic. [S0734-211X(97)00604-5] 

I. INTRODUCTION 

Scanning probe microscopes (SPMs) have been used to 
pattern features down to the nanoscale regime, below the 
limits obtainable by conventional methods such as photon 
and e-beam lithography. The techniques that have been used 
in SPM-assisted nanofabrication include field evaporation,1 

chemical vapor deposition (CVD),2 resist patterning,3'4 etc. 
Among these fabrication techniques, scanning tunneling mi- 
croscope (STM)-assisted CVD has been used to deposit Fe, 
Pd, Ni, Cd, Si, and Al.2'5"9 This article will describe the 
fabrication of Fe-containing magnetic nanostructures using 
STM-assisted CVD in ultrahigh vacuum (UHV) with 
[Fe(C5H5)2] as the source gas at room temperature. Qualita- 
tive measurement of the magnetic properties of these features 
with an ambient magnetic force microscope (MFM) will also 
be presented. Generally, organometallic sources may be cat- 
egorized into end-bound and side-bound ligand complexes.10 

Previous studies of STM-induced fabrication of Fe- 
containing magnetic nanostructures have been made using 
end-bound ligand organometallic complexes such as iron- 
pentacarbonyl [Fe(CO)5].5'n We use the side-bound organo- 
metallic complex ferrocene [Fe(C5H5)2], as the source gas. 
Metallocenes, especially ferrocene, are known to possess re- 
markable thermal stability at room temperature but they be- 
come unstable at higher temperature, and thus are used in 
many CVD processes.12'13 The planar cyclopentadienyl 
(C5H5) ligand is also one of the most common ligands in 
organometallic chemistry.14 Demonstration of ferrocene as 
an effective source for SPM-based fabrication of magnetic 
nanostructures is thus of interest. 

II. EXPERIMENT 

The fabrication was performed on Ag(100) and Cu(100) 
single crystals in an UHV chamber having a base pressure 
~ 1 X 1(T10 Torr. A commercial Omicron STM was used 
with etched W tips. The Ag and Cu substrates were cleaned 
by repeated Ne sputtering and annealing cycles. During fab- 

a>Author to whom correspondence should be addressed; Electronic mail: 
yie@ornl.gov 

rication, a gas doser was positioned to within ~ 5 mm of the 
STM tip and surface gap regions. The pressure in the gas 
doser was measured independently using a baratron gauge 
and the pressure in the tip-surface region was estimated to be 
~ 1/5 of that in the gas doser. Typically, the gas doser pres- 
sure used for fabrication ranges from 1 to 30 mTorr while the 
vacuum chamber pressure increased to Ä3X10-7 Torr. The 
STM was operated in the field emission regime with a 
sample bias between 6 and 20 V and a feedback current 
between 0.2 and 20 nA. It was found that the sizes of the 
fabricated features are most sensitive to the magnitude of 
sample bias and are less sensitive to the feedback currents 
used. An ambient MFM was used to characterize ex situ the 
Fe-containing nanostructures. In order to protect the nano- 
structures against oxidation after removal from the UHV sys- 
tem, an approximately 50 monolayer (ML) film of the same 
material as the substrate was evaporated onto the nanostruc- 
tures to form a protective cap layer before transferring them 
to the MFM. Nanostructures were fabricated in a region 
marked by two parallel lines having a separation of —40 /nm. 
After fabrication, the lines marked allowed relocation of the 
fabricated nanostructures in the MFM measurement. 

III. RESULTS AND DISCUSSION 

Figure 1 shows the best lines fabricated to date. The lines 
on Ag were produced by scanning the STM over the same 
line ~ 300 times in a 140 s period with a sample bias ranging 
from 7 to 10 V, a feedback current of 0.2 nA, and a gas line 
source pressure of 5 mTorr. Between the fabrication of each 
line, the tip position was offset by 15 nm and then the sub- 
sequent image was taken with a scan direction at 90 degrees 
relative to the fabricated lines. In Fig. 1(a), one thick line and 
one thin line were fabricated. In Figs. l(b)-l(c), subsequent 
fine lines were made. Figure 1(d) shows the profile across the 
lines of Fig. 1(c). These lines can be as narrow as 5 nm [full 
width at half-maximum (FWHM)] and less than 2 nm in 
height with an interline spacing as close as 15 nm. The 
widths of these sub-10 nm lines approach the simulated 
beam size limit of field emission from the STM tip under 
similar conditions.15 We note that the thickness varies by as 
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FIG. 1. Three consecutive STM images, (a)-(c), showing the capability for 
fabrication of closely spaced nanowires. The image size is 300 nmX300 nm 
and the substrate is Ag(100). Fine nanolines are fabricated with a sample 
bias of 7 V and, the thicker line with 10 V. Other parameters are 0.2 nA 
feedback current, 5 mTorr ferrocene gas line pressure, and 300 repetitive 
passes in 140 s. The upper right half-circle is also a fabricated feature. A 
line profile across these fine lines is shown in (d). The lines can be as narrow 
as 5 nm (FWHM) and less than 2 nm in height with an interline spacing as 
small as 15 nm. 

much as 30% along the line. This is an undesirable and, 
unfortunately, general phenomenon observed in this as well 
as in other work using the STM-CVD approach. The rough- 
ness that occurs is reminiscent of the nucleation and growth 
of discrete islands which are often observed in the epitaxial 
growth of thin films. In this case, the role of diffusion in the 
growth process is supplemented, and perhaps overwhelmed, 
by an electric field effect between the tip and the surface. 
Once an island is nucleated in this process, a stronger field is 
created between the tip and the island site which then guides 
electrons or ionized atoms to this site to continue growth of 
the island.1'5 As the tip motion carries it further from the 
island, the field is minimized and the process begins again at 
a new site. Such an effect is evident in fabricating complex 
patterns in a single pass such as shown in Fig. 2. In fabricat- 
ing this feature, the tip was programmed to follow a pre- 
defined path, and the fabrication voltage and current were 
kept fixed with the feedback loop on. Individual mounds 
were evident with a root mean square roughness of about 
~ 80% of the average height. In general, one can minimize 
this roughness by using the lowest possible voltage to break 
the CVD source molecules at the initial stage of deposition. 

The quality of the fabricated features depends on various 
writing conditions such as sample bias, feedback current, 
source pressure, and writing speed. We summarize the gen- 
eral fabrication characteristics as follows. (1) Deposition oc- 
curs at both polarities of sample bias, but a positive sample 

FIG. 2. By moving the tip along a predefined path, a complex arbitrary 
pattern can be fabricated. This 150 nmX150 nm image shows the signature 
of one of the authors fabricated in a single pass. Note the substrate (Ag) 
features such as steps remain intact after fabrication. The parameters are 
fabrication bias 6.6 V, feedback current 1.0 nA, gas line pressure 4.7 mTorr, 
and writing time 60 s. 

bias is more efficient. By comparing the height of the nano- 
structures using the same fabrication conditions except bias 
polarity, we found the fabrication efficiency at positive 
sample bias is about five times greater than that at negative 
sample bias. The dominant cause of the molecular fragmen- 
tation is most likely electron bombardment from field emis- 
sion of the tip. The higher yield at positive sample bias may 
be due to breaking of molecules by electrons with higher 
kinetic energies at regions closer to the surface rather than to 
the tip. (2) Deposition rates increase noticeably with increas- 
ing bias voltage and dosing pressure but are less sensitive to 
the feedback current. 

The usefulness of these nanostructures which may be cus- 
tom fabricated by this as well as by other scanning probe 
techniques is to provide systems for which novel physical 
properties can be explored and characterized. The extraordi- 
narily small sizes of the fabricated features and the small 
numbers that can be realistically fabricated virtually rule out 
any characterization requiring the signals to be averaged over 
a region much larger than tens of nanometers. However, sev- 
eral groups have characterized these nanostructures either by 
using a scanning Auger microscope5 or use of probes such as 
a superconducting quantum interference device (SQUID) 
coil,16 or a Hall magnetometer.11 In these measurements, the 
chemical compositions, hysteresis curve, or the collective 
magnetic excitations can be measured. One other method is 
to use magnetic force microscopy as the probe. Nevertheless, 
the rather poor resolution (a 10 nm) of a MFM compared to 
a STM imposes a limitation at this time. Furthermore, the 
usual ambient implementation of a MFM does not allow in 
situ measurement if the nanostructures were made in UHV. 
These limitations, however, can be overcome by careful 
preparation. We intentionally made larger features and, as 
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FIG. 3. Magnetic-force image (8 yitmX 8 /xm) of an array of fabricated 
nanowires on Cu. These wires were fabricated in UHV, capped with Cu, and 
transferred to a MFM for ex situ measurement under ambient conditions, (a) 
The topography image showing five nanowires, 0.8 fj,m long, 60-200 nm 
wide and 50-80 nm high, (b) Magnetic force image of the phase-shift signal 
(2° range) taken at a lift height of 80 nm. The interaction of the nanowires 
with the magnetic probe tip is apparent. 

indicated above, carefully marked our nanofabrication region 
for positional identification and then capped the substrate 
and features with a ~ 50 ML protective layer. We have been 
able to successfully perform ambient MFM measurements, 
and the results are presented below. 

Figure 3 shows such an ex situ ambient MFM measure- 
ment on an array of nanowires fabricated on Cu in UHV with 
a 20 V sample bias and 0.2 nA feedback current. These lines 
were made in larger sizes to facilitate finding them after re- 
positioning within the MFM. Imaging was performed with a 
Digital Instruments Nanoscope III operated in the "lift 
mode" to separate the magnetic force signals from the topo- 
graphic signals. In this mode, the tip first performs a tapping- 
mode, single-line topographic scan and then a second scan is 
made at a sufficiently large constant height relative to the 
measured topography to detect long-range interaction forces 
with the magnetic tip. Magnetic force was measured by the 
phase shift between the driving frequency and the modula- 
tion of collected signal intensity. The topographic map and 
magnetic force map are thus interleaved, line-by-line. Figure 
3 shows a MFM image pair of a portion of the STM- 
fabricated array. The bright nanowires visible in the topo- 
graphic image [Fig. 3(a)] are replicated in the phase image 
[Fig. 3(b)] taken with an 80 nm lift. The contrast in this 
image corresponds to a phase shift of 1 °-2° (comparable to 
that of magnetic tape recorded under similar conditions). A 
slowly decreasing contrast with lift height was seen to be 
— 0.5°  at 230 nm, further confirming the presence of a 

strong, long-range magnetic interaction. The fabricated lines 
appear to carry the signature of ferromagnetism of a poly- 
crystalline material. 

IV. CONCLUSION 

We have successfully fabricated Fe-containing magnetic 
nanostructures using STM-assisted CVD with ferrocene as 
the source. The ambient magnetic force microscopy mea- 
surement indicates the structures are strongly magnetic. The 
ability to fabricate magnetic structures of controlled geom- 
etry down to the nanoscale regime will allow further system- 
atic investigations of the physics of these nanoscale objects. 
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Force modulation atomic force microscopy recording for ultrahigh 
density recording 
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We propose force modulation atomic force microscopy (FM)-(AFM) pit recording and demonstrate 
the possibility of achieving ultrahigh density recording with high speed readout. A minimum pit size 
of around 10 nm in diameter is formed by cold plastic deformation of the polycarbonate disk surface 
at a force of over 40 nN. Using a prototype of the rotation type FM-AFM pit recording system, an 
ultrahigh recording density of 1.2Tb/in.2 and a readout speed of 1.25 Mb/s are demonstrated in 
1/2(2,7) code recording.   © 1997 American Vacuum Society. [S0734-211X(97)13804-5] 

I. INTRODUCTION 

The areal recording density of data storage has increased 
10- to 30-fold over the last 10 years. However, we predict 
that a physical limit will appear at several 10s 
Gb(giga bit)/in.2 because of superparamagnetics in magnetic 
and optical diffraction in optical recordings. In order to over- 
come this limit, scanning probe microscope (SPM) based 
data storage is expected as one of future storages. 

Many SPM based data storage schemes have been pro- 
posed with scanning tunneling microscope (STM), atomic 
force microscope (AFM), magnetic force microscope 
(MFM), and scanning near-field optical microscope (SNOM) 
techniques to achieve ultrahigh density recording with a bit 
size of less than 60 nm.1"5 STM recording has the potential 
to achieve 6 Pb(peta bit)/in.2 using an atom or a vacancy as 
an information unit. The AFM demonstrated a potential of 
achieving 1 Tb(trillion bit)/in.2 while MFM or SNOM re- 
cordings with 100 Gb/in.2. were demonstrated. However, 
these have been proposed only to achieve ultrahigh recording 
density. Their readout speeds are still far from the practical 
speed of faster than 1 Mb/s. In a previous article, we dis- 
cussed the possibility of not only ultrahigh recording density 
but also high readout speed.3 For high speed readout, a gap 
control comparison using various SPM techniques discussed 
that AFM and SNOM based storages are very suitable be- 
cause they have the possibility of achieving high frequency 
response of gap control or the redundancy to permit servo 
control error in the signal-gap properties. 

Due to these considerations, we reached the conclusion 
that AFM based storage is a more adaptive method for den- 
sities higher than lTb/in2. and readouts faster than 1 Mb/s. 
Recently, many AFM recordings using pit formation,6 dot 
formation,7 phase change,8 and charge control9 have been 
proposed by numerous researchers. The pit and the dot for- 
mation AFM recordings have higher reliability in writing 
and reading than phase change and charge control type AFM 
recordings. Considering the pit and dot formation AFM re- 
cordings, the former method is highly reliable for writing, 
but it has a problem with bit size in that the minimum bit size 
is larger than 100 nm in diameter. On the other hand, the 

''Electronic mail: hosaka@crl.hitachi.co.jp 

latter is capable of forming nanometer sized dots of less than 
20 nm in diameter, but it has a problem in the stable forma- 
tion of the dots. The nanoindentation technique using AFM 
was introduced early by Jung et al. and Hamada and Kaneko. 
They demonstrated nanopit formation with a dot of 50-100 
nm in diameter.10'11 We applied this technique to ultrahigh 
density recording to achieve AFM pit recording using force 
modulation because it is 100% successful in pit formation 
with a nanometer size of less than 25 nm. 

In this article, we describe force modulation AFM pit re- 
cording, and demonstrate that it has the potential to attain 
ultrahigh density recording with high speed readout. 

II. FORCE MODULATION ATOMIC FORCE 
MICROSCOPY (FM-AFM) PIT RECORDING 

The pits were made by cold plastic deformation (nano- 
indentation) for the writing process. This was done by push- 
ing the AFM tip into a sample surface with the piezo actuator 
shown in Fig. 1(a). Using this method, the force was pre- 
cisely controlled at a resolution of a few nN. Here, the 
sample was a polycarbonate disk. 

For the reading process, we read pit structures with a laser 
beam deflection system the same as for AFM [Fig. 1(b)].12'13 

When the tip runs on the sample surface at a high speed, the 
pit structures on the sample make the cantilever vibrate. This 
is because gap control is not responsive to high speed scan- 
ning (readout). In order to do such a experiment, we had to 
develop a high speed scanning method and high-speed- 
responsed detection. This was mainly achieved by develop- 
ing a rotation type AFM recording system and a high reso- 
nant frequency AFM cantilever. 

III. NANOPIT FORMATION USING NANOFORCE 
MODULATION 

Figure 2 shows a simple model and an equivalent model 
of Fig. 1(a). When the cantilever is pushed so that it is at a 
distance of X0 from the sample, the tip penetrates the surface 
to a depth of X. The working force of the tip can be mea- 
sured from the deflection of the cantilever. The method can 
precisely control the force at a resolution of a few nN. The 
important points are a spring constant and a dashpot of the 
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FIG. 1. Schematic diagram of new force modulation AFM pit recording; (a) 
nanopit formation (writing) and (b) readout of pits (reading). 

sample surface in the model. When the spring constant and 
the dashpot are k* and TJ, respectively, we can obtain the 
following equations: 

mX=lc(X0-X)-k*X- rjX, 

X k 

(k* + k)\ 1 + 
V m 
-—S+——-S2 

(k* + k)        (k* + k) 

(1) 

(S=jtot). 

(2) 

-K (input force: 
K(X0-X)) 

FIG. 2. Schematic diagram of pushing cantilever tip by external piezodriving 
and the tip penetration into sample surface; (a) simple model and (b) model 
equivalent to (a). 

Xo-X 

polycarbonate 

100 200 300 
piezo stroke Xo[nm] 

FIG. 3. Relationship between cantilever deflection and piezostroke. 

Assuming that the time transient of the tip movement can be 
neglected at a frequency of less than 10 MHz (1 > \ r//(k* 
+ k)S + ml(k* + k)S2\), the tip penetration depth can be 
given as follows: 

X= 
(k* + k) 

X, 0' X- i * C^o ^0- (3) 

Equation (3) shows that the tip penetration depth is in pro- 
portion to the tip working force and that it is in inverse ratio 
to a sum of spring constants of the tip and the sample surface 
in a region of elastic deformation. 

The relationships between the cantilever deflection X0 

— X and the piezostroke X0 were measured as shown in Fig. 
3. We performed the experiments in air using silicon(OOl), 
l-zum-fhick aluminum on silicon and polycarbonate as the 
samples. The tip was silicon nitride. The cantilever deflec- 
tion is the same as the piezostroke in the case of a silicon 
surface. On the other hand, the cantilever deflections of alu- 
minum and polycarbonate gradually become less than the 
piezostroke. In particular, the cantilever deflection of poly- 
carbonate is very much smaller than those of silicon and 
aluminum. This means that silicon, or aluminum, has a hard 
surface but polycarbonate has a soft surface. The tip penetra- 
tion depths shown in Fig. 4 were obtained from these curves. 
The depth in the aluminum surface is less than 10 nm when 
the working force is less than 100 nN. In the polycarbonate 
surface, however, the tip penetrated into the surface to a 
depth of 40 nm at a working force of 40 nN. The elastic 
region may be up to 40 nN in the polycarbonate. The work- 
ing force is gradually separated down with the tip penetration 
depth. This means that the critical force for plastic deforma- 
tion was about 40 nN. In the elastic region, the working force 
is in proportion to the penetration depth. From this figure, the 
spring constant of the polycarbonate surface is about 1 N/m, 
and the relationship between the tip penetration and the 
working force follows Hooke's law, but not Hertz theory. 

Figure 5 shows variations in the pit size on the polycar- 
bonate surface due to a pulsed force for a pulse width of 6 
ms. The pit size can be controlled by the pulsed force. From 
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FIG. 4. Variations in tip working force due to tip penetration into sample 
surface, derived from Fig. 3. 

FIG. 6. Schematic diagram of rotation type AFM recording system. 

the figure, the minimum size is less than 10 nm in diameter 
and the threshold force for plastic deformation is about 40 
nN for 6 ms pulsed width. The threshold force agrees with 
the critical force in Fig. 4. The plastic deformation is consid- 
ered to occur at a force of larger than 40 nN and it can be 
used for writing nanopits to achieve a trillion-bits-ultrahigh 
density recording. 

B. High resonant frequency AFM cantilever 

We developed a short length Si cantilever (Fig. 7). The 
lengths of 20 and 30 fixa were prototyped. The thickness was 
about 0.3 fjum. They are triangular and A type in shape. 
These cantilevers were fabricated by the Si microprocess. 
The process mainly consists of lever formation and tip for- 
mation. A silicon on insulator (SOI) wafer was used as the 

IV. PROTOTYPE OF AFM RECORDING SYSTEM 
AND EXPERIMENTAL RESULTS 

A. Prototyping of rotation type AFM recording system 

We prototyped a rotation type AFM read/write experi- 
mental system. The system consisted of an AFM head sys- 
tem including a laser beam deflection detection system, a 
Z-axis fine and coarse actuator for approaching the tip to the 
sample surface, a controller, and an air spindle motor (Fig. 
6). The revolution of the air spindle was controlled from 0.01 
to 100 rpm within a deviation in speed of 10%. 
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FIG. 5. Variations in pit diameter due to plastic formation created by pulsed 
force for pulsed width of 6 ms. 

FIG. 7. SEM images of prototype of high resonant frequency AFM Si can- 
tilever, (a) overall view and (b) tip detail. 
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FIG. 8. AFM images of nanopit arrays, (a) formed by pulsed force of about 
60 nN for 1 ms; which corresponds to 1.2 Tb/in.2 in 1/2(2,7) code recording, 
and (b) by about 40 nN for 60 /is. 

substrate. The shape of the lever was made in the Si active 
layer by CF4+02 etching, potassium hydroxide (KOH) back- 
etching, etc. Then, the tip itself was mainly fabricated by 
SF6 etching. 

The first resonant frequency of the 30-/im-length triangu- 
lar type cantilever of 1.1 MHz was measured without con- 
tact. Then, the frequency was shifted to higher than 3 MHz 
in contact. The spring constant is estimated to be about 1 
N/m. 

C. Writing and reading 

In the experiments, nanopit arrays with a 20 nm pitch in 
line and a 40 nm pitch in track were demonstrated (Fig. 8). 
The nanopit arrays were written at a pulsed force of 60 nN 
for 1 ms [Fig. 8(a)]. The array pattern means 1.2 Tb/in.2 in 
the 1/2(2,7) code recording technique. Furthermore, a fine bit 
array with less than a 10 nm diam bit and a 25 nm pitch on 
the polycarbonate disk was formed [Fig. 8(b)]. These were 
made by applying a pulsed force of about 40 nN for 60 fis to 
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FIG. 9. Readout signal of a part of the nanopit array with a pit diameter of 25 
nm at a spindle revolution of 100 rpm, which corresponds to 1.25 Mb/s in 
1/2(2,7) code recording (preset force: 10 nN). 

the tip. The nanopit arrays were recorded at a yield of 100%. 
We confirmed that the cantilever probe was able to write 
more than 10 million nanopits. 

After the writing process, we read a part of the pit array at 
a readout speed of 1.25 Mb/s without tracking (Fig. 9). The 
rotation speed was 100 rpm and the constant force was set at 
about 10 nN. The minimum pit size was about 25 nm in 
diameter. As described above, AFM pit recording has the 
potential to achieve ultrahigh density recording with a den- 
sity of over 1 Tb/in.2 and a readout speed of over 1 Mb/s. 
Furthermore, a readout speed of over 10 Mb/s is considered 
possible by developing a cantilever with a higher resonant 
frequency. 

V. SUMMARY 

We proposed FM-AFM pit recording and demonstrated 
the possibility of achieving ultrahigh density recording with 
a high speed readout. We reached such a conclusion as our 
proposed FM-AFM pit recording is expected to be an attrac- 
tive candidate for future ultrahigh density recording. And we 
achieved the following: 

(1) A minimum pit size of around 10 nm in diameter was 
formed by cold plastic deformation of polycarbonate 
disk surface. 

(2) The tip penetration depth into the polycarbonate surface 
was over 40 nm when the plastic deformed. 

(3) The nanopitting in the polycarbonate surface was formed 
at a force of over 40 nN. 

(4) A rotation type FM-AFM pit recording system was pro- 
totyped. 

(5) Using the prototyping, an ultrahigh recording density of 
1.2 Tb/in.2 and a readout speed of 1.25 Mb/s were dem- 
onstrated in 1/2(2,7) code recording. 

However, there are still many subjects to be solved for 
data storage. We need to develop technologies in the future 
such as nanotracking, higher speed readout, nanotribology, 
etc. 
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Nanofabrication of electrodes with sub-5 nm spacing for transport 
experiments on single molecules and metal clusters 
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Electron-beam deposition is used to fabricate free-standing carbon nanoelectrodes separated by a 
gap of less than 5 nm. Fabrication is carried out under direct visual control in an electron 
microscope. After coating the carbon electrodes with a thin metal film (e.g., AuPd) such structures 
can be used to study electrical transport properties of single molecules (e.g., conjugated polymers) 
or metal nanoclusters. The fabrication process of the nanowires is described in detail. Furthermore, 
we suggest electrostatic trapping as a new method to bridge the electrodes with a single conducting 
nanoparticle in a controlled way. This principle was tested successfully on Pd nanoclusters and 
carbon nanotubes.   © 1997 American Vacuum Society. [S0734-211X(97) 13704-0] 

I. INTRODUCTION 

There has been much speculation about the prospect of 
"molecular electronics," i.e., electronic devices with single 
molecules as the active elements.1 This may provide an at- 
tractive direction for the future development of electronic 
devices for several reasons. It conceptually can give the 
highest possible degree of circuit integration, viz., devices at 
the atomic scale. Devices may also operate at extremely high 
frequencies. Since different combinations of atoms give an 
almost infinite variety of chemical properties of resulting 
molecules, as is obvious from chemistry, one may expect 
that molecules with desired electronic properties can be syn- 
thesized as well. Many examples of molecules with an elec- 
tronic functionality have already been synthesized, e.g., 
quantum wires such as conjugated polymers, molecular 
switches, molecular rectifiers, etc.1,2 Direct dc measurements 
of electrical properties of single molecules are lacking how- 
ever. Usually experiments probe the conducting properties of 
a macroscopic amount of molecules. Here, hopping of elec- 
trons between molecules dominates transport. As a conse- 
quence, the intramolecular charge transport has not been well 
studied. This strongly contrasts the interesting theoretical 
predictions for electron transport through single molecular 
chains.3 Direct measurements of transport through single 
molecules will allow the verification of this, and are prereq- 
uisite for an assessment of the feasibility of molecular-scale 
electronics. Such experiments constitute the motivation for 
the technical developments of nanoelectrodes and electro- 
static trapping reported in this article. The new techniques 
presented here may enable transport studies on single mol- 
ecules. 

There are two major problems which have to be solved to 
enable electrical transport experiments on single molecules. 
First, it is necessary to prepare conducting electrodes sepa- 
rated by a distance which at most equals the length of the 
molecule which has to be measured. This presents a diffi- 
culty because the available molecules of interest are usually 

a)Electronic mail: bezryadi@qt.tn.tudelft.nl 

much smaller than the resolution limits (-10-20 nm) of the 
conventional electron beam lithography.4 For example, rigid 
conjugated oligomers of well-defined length are usually up 
to about 5 nm in length.5 Second, one has to find a way to 
bridge those electrodes with a single molecule. In this article 
we present a solution to both two obstacles. 

Our method of fabrication of small gaps takes advantage 
of the electron beam deposition (EBD) of amorphous carbon 
which can be achieved in a scanning electron microscope 
(SEM).6 The SEM provides direct visual control which is an 
important advantage with respect to standard lithography. 
With EBD we can grow two free-standing carbon wires to- 
wards each other and adjust the gap between them to be as 
small as 3 nm. This is sufficiently small to bridge the elec- 
trodes by available conjugated oligomers.5 

The principle of EBD is known since the pioneer work of 
Broers and co-workers.4'6 If the electron beam in a SEM is 
focused at a spot, it locally decomposes organic contamina- 
tion molecules which usually are present in a small amount 
at the sample surface. It can, for example, be an ultrathin film 
of the pump oil due to a bad vacuum of the system. The 
decomposition of organic material leads to the deposition of 
a rigid7 solid material which is a mixture of amorphous car- 
bon and some polymers.8 As soon as the contamination mol- 
ecules in the e-beam spot are transformed into amorphous 
carbon, new organic material diffuses from other parts of the 
sample surface to the top of the carbon hill. The growth 
process thus proceeds continuously in time. As a result, by 
fixing the e-beam at a spot, a vertical carbon needle with a 
high aspect ratio can be deposited.8 By scanning the beam it 
is possible to locally cover the sample with carbon, which 
subsequently can be used as a protecting mask during an 
etching procedure. This method is known as contamination 
lithography6 which has a high resolution of about 10 nm. 

Deposition of individual molecules or metal nanoclusters 
between two metallic electrodes is an issue which is being 
pursued by many research groups.9"11 In order to bridge the 
electrodes with a single conducting molecule or a metal clus- 
ter we suggest a new method, viz., electrostatic trapping 
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FIG. 1. Schematic view of the sample. It includes (1) a Si wafer, (2) a 1 /im 
thick Si02 film, (3) a low stress 60 nm thick film SiN, (4) a 10 nm thick 
AuPd film with contact pads, and (5) electron beam deposited carbon elec- 
trodes separated by a small gap, possibly less than 5 nm. The arrow shows 
the orientation of the electron beam during the growth of carbon nanoelec- 
trodes. A metal film (not shown) is sputtered on top of the free-standing 
carbon electrodes to improve their conductivity. 

(ET). This is a universal technique which can be used with 
any type of conducting particle. The principle is the follow- 
ing. Suppose we have two closely spaced electrodes which 
are immersed in a dilute solution of molecules or nanoclus- 
ters in some nonconducting solvent. If now a voltage of, say, 
1 V is applied to the electrodes, then a very strong electric 
field, 108 V/m for a gap of 10 nm, will appear. Note that the 
electric field will exhibit a strong gradient, falling off quickly 
outside the gap. This field will polarize conducting nanopar- 
ticles in the neighborhood of the gap. The polarized particles 
will be attracted to the point of the strongest field, i.e., to the 
region right between the electrodes. The positively charged 
side of the molecule is attracted to the negative electrode and 
the negative side to the positive electrode. The electrodes 
thus will be connected by the molecule if the distance be- 
tween them is sufficiently small. 

Below we discuss the sample layout developed for experi- 
ments on single molecules (Sec. II), then we reiterate the 
principle of EBD and present details of fabrication of the 
free-standing carbon wires interrupted by a nanogap (Sec. 
III). Metal coating of these is presented in Sec. IV. Finally, 
we present some first results of electrostatic trapping of Pd 
nanoparticles and carbon nanotubes (Sec. V). 

II. SAMPLE LAYOUT FOR TRANSPORT 
EXPERIMENTS ON SINGLE NANOPARTICLES 

The sample layout is shown in Fig. 1. The sample consists 
of a silicon wafer covered with a film of Si02 and a thin 
low-stress SiN film. A narrow slit is etched in the SiN film in 

SF6 plasma. In the next step we slightly underetch the SiN 
film in HF acid to form an undercut. Due to this undercut, a 
thin AuPd film sputtered across the slit has an interruption of 
the order of 100 nm in width. Within this gap we grow two 
amorphous carbon needles towards each other. The needles 
are grown in a SEM using the electron beam deposition tech- 
nique. An advantage of this layout is that the electrodes are 
free-standing, so one can evaporate metal on them (to im- 
prove their conductivity or to reduce the spacing between 
them) without making a short cut. The leakage resistance 
between the gold contact pads is very high, about 1013 D, due 
to the thick S02 layer. Another advantage is the possibility to 
image trapped particles with SEM, or—after a slight modi- 
fication such as etching a hole through the Si wafer—with 
transmission electron microscopy (TEM). 

The fabrication steps are as follows. We start with a Si 
wafer covered with a 1 ^m thick thermally grown siliconox- 
ide layer, and a 60 nm thick ultralow-stress SiN film made 
by low-pressure chemical-vapor deposition.12 The next step 
is the etching of a long slit in the SiN film. Before etching, a 
300 nm film of poly(methylmethacrylate) (PMMA) (950 K) 
resist is spun at 5000 rpm onto the sample to protect the SiN 
film. Patterning of the resist is carried out in an electron 
beam pattern generator. The slit usually is about 100-150 
nm in width and a few mm in length. After the slit is made 
by means of reactive ion etching in a SF6 plasma, we slightly 
underetch the underlying SiOz with HF acid. The etching 
rate of SiN in 40% HF solution is 4 nm/min; SiOz is etched 
at a rate of about 1500 nm/min. Underetching during about 
20 s results in a free-standing SiN membrane of approxi- 
mately 500 nm in width divided into two parts by the slit as 
it is shown in Fig. 1. Next we sputter across the slit a strip of 
gold or gold palladium of 10-20 nm in thickness and about 
20 /mi in width. For the pattern definition of the strip a 
mechanical shadow mask (not shown) is used. The mask is 
made from a Si wafer (100) by anisotropic etching in KOH. 
The slit cuts the gold strip into two parts separated by the 
100 nm gap. It is inside this gap that we grow the carbon 
nanowires starting from the edges of the gold film. Due to 
the underlying Si02 layer the leakage resistance between the 
Au electrodes is about 1013 Cl while the total area of Au 
electrodes including the contact pads is a few square milli- 
meters. The high value of the leakage resistance is important, 
because it acts as a parallel resistance to that of the single 
nanoparticle which is localized between the carbon elec- 
trodes during the measurements. And we will see below, a 
single particle can have a rather low conductivity.13'14 

III. ELECTRON BEAM DEPOSITION OF 
FREE-STANDING CARBON NANOWIRES 

The last two steps of the fabrication process are the 
growth of two carbon nanowires towards each other and 
coating them with a thin metal film to improve their conduc- 
tivity. These issues will be described in details in this and the 
next section, respectively. As indicated in Fig. 1, the nano- 
wires are attached to the gold electrodes with the underlying 
SiN membrane and stay within the plane of the membrane. 
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FIG. 2. A free-standing amorphous carbon wire of about 10 nm in width, 
grown by a slow linear scan of the electron beam across the slit in the SiN 
membrane. The electron beam deposition was done after sputtering of a 20 
nm thick AuPd film on the membrane. The metal film makes electrical 
connection to the carbon wire and provides a convenient amount of organic 
contamination which is necessary for the EBD. The electron beam scan rate 
was about 3 nm/s. 

The growth process should be stopped when the desired dis- 
tance between their tips is achieved. We have succeeded in 
making this distance as small as 3 nm. The low limit is 
determined by the resolution of SEM (about 1 nm for our 
Hitachi S-900 SEM) and the growth rate which is between 1 
and 10 nm/s in our case. The latter can be reduced if neces- 
sary by cleaning the sample in oxygen plasma or stopped by 
cooling to 77 K. 

In practice, free-standing horizontal carbon nanowires are 
fabricated in the following way. We focus the beam on the 
gold film near the edge of the membrane and then move it 
slowly (~1 nm/s) towards the slit. Initially the deposition 
occurs at the gold film but as soon as the beam leaves the 
membrane a free-standing carbon needle starts to grow par- 
allel to the membrane, inside the slit. If the e-beam sweep 
rate is too high, i.e., higher than the deposition rate, the 
needle cannot follow the beam and the growth process is 
interrupted. If on the other hand the e-beam velocity is too 
slow, a sheet of carbon rather than a rod is formed with a 
large size in the direction of the beam, which is much higher 
than the width in the direction perpendicular to the beam and 
to the motion. To grow a thin symmetric carbon rod we start 
scanning the beam with a high velocity across the slit peri- 
odically, and then slowly decrease the beam velocity until 
the growing carbon wire can follow the beam. The width of 
electron beam deposited needles usually is between 5 and 20 
nm (see for example, Fig. 2). If necessary it can be reduced 
down to about 3 nm by a slow etching in an oxygen plasma. 
The electron beam deposited carbon is poorly electrically 
conducting, especially at low temperatures. Consequently 
carbon nanowires can be used as a template for the fabrica- 
tion of narrow one-dimensional metal wires, or more sophis- 
ticated patterns by simply depositing a metal film on top.15 

An alternative way of making free-standing structures 
takes advantage of the feedback control of the signal of sec- 
ondary electrons.15 In this case the beam is positioned in the 

16 

FIG. 3. Two free-standing carbon nanowires grown towards each other using 
the electron beam deposition technique. They are separated by a distance of 
about 4 nm. Gold grains visible behind the whiskers are not in focus because 
they are lying about 0.5 fim below the nanowires, on the bottom of the 
groove (see the sample layout in Fig. 1). The small value of the gap is 
achieved by zooming in the SEM on the area around the gap. This results in 
a thickening of the tips of the electrodes. The acceleration voltage and the 
e-beam current were 30 kV and about 20 pA correspondingly. 

slit, close (~5 nm) to the membrane edge. Initially the signal 
of secondary electrons is zero because the beam does not 
cross anything. The deposition of carbon starts on the mem 
brane regardless of the fact that the beam does not touch it. 
After some time (—10 s) the carbon needle reaches the 
e-beam and some secondary-electron signal appears. When 
the signal reaches a certain level, we step the beam away 
from the membrane edge and wait again till the needle 
reaches the beam. This procedure is carried out repeatedly. 
Of course such an algorithm can also be applied to a con- 
tinuously moving beam. The feedback process usually re- 
sults in somewhat thicker rods than the linear scan method. 

Now let us see how a gap of a few nm can be achieved. 
Of course one can grow two whiskers towards each other 
from the opposite sides of the slit. But it is difficult to make 
a small, say <5 nm, gap from the very beginning, because it 
is not possible to observe the first nanowire while growing 
the second one, since the beam does not scan the area for 
imaging but moves along with the second carbon wire. How- 
ever, an initial gap of, say, 30 nm can easily be made in this 
way. Then to reduce the gap it is sufficient to zoom in the 
SEM on the nanowires near the gap, i.e., the tips of both 
carbon needles should be visible on the SEM screen. During 
the ordinary imaging the process of continuous deposition of 
carbon slowly proceeds at all points of the area that is 
scanned by the electron beam. Consequently the nanorods 
grow in size and the gap between them decreases continu- 
ously. When the distance between their tips reaches desired 
value, the SEM is switched off. The smallest gap we did 
fabricate by this method was less than 3 nm. An example is 
show in Fig. 3. Note that the amorphous carbon nanowires 
are very rigid and chemically inert, so the gap is very stable. 
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It does for instance not change when the sample is cleaned 
with different solvents or acids. 

As we have seen, EBD is a powerful technique for nano- 
fabrication. It provides the possibility of fabricating struc- 
tures of nm dimensions under direct visual control. It does 
not require resist and, accordingly, EBD is not limited to 
fabrication of structures on a planar surface. It gives a pos- 
sibility to grow free-standing nanostructures. A possible 
drawback is the use of a surface contamination as a precursor 
which commonly is supposed to arise from the bad vacuum. 
This may render the process not well-reproducible because 
the contamination depends on the cleanliness of the SEM 
machine. The level of the contamination in our Hitachi SEM 
is very low. Therefore the deposition is very slow or it does 
not occur at all if the sample has been cleaned by an oxygen 
plasma or through a wet etch in aqua regia (HN03 :HC1, 1:3). 

We have optimized the technique for better reproducibil- 
ity by investigating cleaning procedures and well- 
characterized precursor materials. We have tried various or- 
ganic liquids as precursors. The liquid should wet the surface 
to form a thin uniform film and it should not be too volatile 
in order to have it stay on the surface when the sample is 
exposed to the vacuum inside the SEM. It was found that 
liquid paraffin (a mixture of hydrocarbons from C12H26 to 
C18H38) gives a very high deposition rate of about 100 nm/s 
or higher. To form a thin paraffin film on the surface the 
sample can be immersed in a solution of the paraffin in cy- 
clohexane (1:100) and then dried in a flow of nitrogen gas. It 
is a good precursor but the EBD rate is very high. Hexade- 
cane (C16H34) turned out to be a more suitable precursor for 
our applications. This organic liquid wets our sample surface 
and can be decomposed by the electron beam. The presence 
of traces of this slightly volatile liquid on the surface pro- 
vides a convenient EBD rate (from 1 to 10 nm/s). To cover 
the sample with this liquid precursor it is sufficient to put a 
drop of C16H34 on the surface and then dry the sample in a 
nitrogen flow during a few seconds. A convenient way to 
contaminate the surface and enable EBD is to sputter a thin 
metal film. In this case the contamination is due to the bad 
vacuum in the sputtering machine. In both cases (C16H34 

precursor or sputtering contamination) EBD occurs in a very 
similar way and results in carbon wires of similar sizes and 
quality. EBD occurs also in the TEM under the influence of 
the parallel, very broad beam of electrons. By cooling the 
sample down to the liquid nitrogen temperature it is possible 
to stop the deposition process and image the sample without 
modifying the amorphous carbon nanostructures. 

IV. METAL COATING OF THE CARBON 
ELECTRODES 

The resistivity of EBD amorphous carbon usually is quite 
high (102 to 105 fl cm at room temperature) and rather irre- 
producible. For transport experiments one needs electrodes 
with a sufficiently high and predictable conductivity. This 
can be achieved by coating the carbon needles with an amor- 
phous or small-grain-size metal film, by sputtering or evapo- 
ration. If the experiment has to be done in air the coating 
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FIG. 4. Square resistance Rn vs film thickness, d, for various sputtered thin 
films. Solid squares represent AuPd (4:1) films on SiN. Solid circles denote 
AuPd films on a very thin (0.3 nm) sticking layer of chromium which serves 
to suppress the granularity. Here Ra is shown vs the total thickness of AuPd 
and Cr film. Open symbols show the square resistance of films which are 
sputtered onto carbon wires grown by EBD. 

material should not oxidize. Also the metal film should not 
be thick, otherwise it will reduce or even close the gap be- 
tween the electrodes. We have investigated the efficiency of 
the gold palladium (4:1) as a coating material. The square 
resistance of films sputtered on a smooth dielectric surface 
(SiOz or SiN) is plotted versus the film thickness in Fig. 4 
(solid squares). The resistance starts to rise very sharply,17 

even on this log scale, when the thickness becomes lower 
than 3 nm. SEM imaging shows that below this value the 
film consists of isolated grains. The granularity can be re- 
duced if one first sputters a few A of Cr. In this case, even a 
2.5 nm film has already a quite low resistance, RD ~ 104 il 
(Fig. 4, solid circles). Note that after sputtering of the Cr 
film, the sample was exposed to air for about 1 min before 
the subsequent sputtering of AuPd was carried out. 

A qualitatively different behavior of the film resistance 
versus thickness is found when the film is sputtered onto the 
carbon wires such as shown in Fig. 2. The resistance of such 
films drops exponentially with decreasing thickness, which is 
slower than for films on a planar substrate. The difference is 
probably due to the fact that in two dimensions (on the pla- 
nar substrate) a percolation path appears at some critical size 
of the grains. This leads to the jumpwise drop of the square 
resistance. The metal film on a carbon nanowire is effec- 
tively one-dimensional because the metal-grain size is of the 
same order of magnitude as the wire diameter. Therefore 
there is only one possible path, and it is improbable that all 
grains on this path are touching each other. Now if there is at 
least one interruption, then electrons have to tunnel across it 
(probably through the carbon substrate). The size of interrup- 
tions will probably be inversely proportional to the film 
thickness. The resistance then is an exponential function of 
the film thickness. The current-voltage characteristics (not 
shown) of all ultrathin coating films are linear. 

The metal coating technique also provides an alternative 
way of making small gaps. In Fig. 5 we present two nan- 

J. Vac. Sei. Technol. B, Vol. 15, No. 4, Jul/Aug 1997 



797 A. Bezryadin and C. Dekker: Nanofabrication of electrodes with sub-5 nm spacing 797 

ifiö xm 

FIG. 5. Free-standing carbon nanowires (bright in the pictures) (a) before 
and (b) after coating with a thin AuPd film. The coating reduces the spacing 
between the electrodes by approximately 11 nm (from 16 to 5 nm). Note 
that this is a factor of 3 smaller than the sputtered film thickness which is 
about 30 nm in the present case. 

ogaps between carbon needles, before and after coating with 
a 30 nm film of AuPd. By choosing the appropriate size of 
the initial gap and the AuPd film thickness, it is possible to 
reduce the gap down to 5 nm by coating, as shown in Fig. 5. 
Note that right after the coating the sample was cleaned in 
oxygen plasma (50 W) for about 5 min. In independent tests 
we have verified that such cleaning does not etch the AuPd 
electrodes. The cleaning is necessary to remove organic con- 
tamination to enable the high-resolution imaging without de- 
positing a new layer of carbon. It was also found that the 
oxygen plasma etches away the underlying carbon so one 
can obtain free-standing gold palladium wires. 

We thus have demonstrated two ways of making elec- 
trodes separated by a very small (<5 nm) distance. In the 
first technique, a nanogap of desirable size is fabricated by 
EBD under visual control in SEM. Then electrodes are 
coated with a few nm (say 4 nm) thin film to improve their 
conductivity. The gap reduction caused by the coating is 
small, about 1-2 nm in this case, because, as shown in Fig. 
5, the gap reduction is smaller than the sputtered film thick- 
ness by a factor of ~3. The second possibility is to start with 
a quite large (e.g., 20 nm) initial gap and then sputter suffi- 
cient metal to reduce the gap size to the desired value. The 
smooth coating [Fig. 5(b)] makes this process quite repro- 
ducible, but nevertheless a few steps of sputtering usually are 

necessary before the desired small gap size will be achieved. 
Let us mention also a third possibility, which has not been 
verified in our study. By using organometailic compounds as 
precursor material one can grow needles which consist of 
metallic nanograins surrounded by amorphous carbon.18 This 
may yield a rather low resistivity (0.01 Cl cm). This implies a 
carbon electrode resistance of —10 kfl (without coating) 
which is sufficiently low for molecular transport experi- 
ments. 

V. ELECTROSTATIC TRAPPING OF SINGLE 
CONDUCTING NANOPARTICLES 

Suppose we have two electrodes with a spacing smaller 
than the length of a molecule or a metal cluster. Then, a 
single nanoparticle may be fixed between the electrodes by 
means of ET. The principle of ET is the following. First we 
apply a voltage to the electrodes thus creating a strong elec- 
tric field in the gap. If a conducting nanoparticle comes close 
to the gap it will be polarized by the electric field near the 
gap. Then, like any dipole, it will be oriented along the field, 
and will be attracted to the region of the strongest field, i.e., 
to the gap between electrodes. The positive side of the po- 
larized molecule will be attracted to the negative electrode 
and the negative side to the positive. The molecule thus will 
bridge the electrodes. This principle of electrostatic trapping 
is expected to work for any type of conducting nanoparticles, 
i.e., molecules with delocalized electrons, metallic clusters, 
carbon nanotubes, etc. 

To bring the molecules close to the electrodes one by one, 
one can immerse the electrodes in a dilute solution of mol- 
ecules. Another possibility would be to expose the electrodes 
to a vapor of molecules in an ambient inert gas. Molecules 
will diffuse and from time to time come close to the gap. 
Here they will be trapped electrostatically as explained 
above. As soon as one molecule is trapped, a current will 
flow between the electrodes, and the sample can be with- 
drawn from the solution or vapor. Clearly, a good solvent for 
ET should not conduct electrically, so there is no current 
between the electrodes before a molecule is trapped. Also it 
should not be polar, since this would lead to screening of the 
field in the gap. 

It is interesting to note that if one applies a series resistor 
Rs between the voltage source and electrodes, with a value 
much higher than the resistance of the molecule Rm, then the 
electrostatic field in the gap will be strongly reduced (by a 
factor Rs/Rm) as soon as one molecule is trapped. As a con- 
sequence, trapping of a second particle may be prevented. 

We have tested ET on carbon nanotubes and palladium 
colloid particles. These have been chosen because of their 
relatively big size which provides the possibility to image 
them with SEM and directly verify the efficiency of the ET. 
Carbon nanotubes are long cylindrical molecules containing 
only carbon atoms.19 Single-wall nanotubes were synthe- 
sized by Smalley and co-workers.20 They are not solvable in 
any known solvent but can be ultrasonically dispersed in 
various organic liquids. We have used cyclohexane where a 
small amount of soot containing the nanotubes was dispersed 
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FIG. 6. Variation of the current flowing between the electrodes during a 
trapping experiment. The voltage was fixed at 4.5 V; the series resistor was 
10 Mft. The distance between the electrodes was about 150 nm. 

ultrasonically. After excitation during a few minutes the soot 
was not visible any more and the suspension was transparent. 
It contains single nanotubes, bundles of parallel nanotubes 
("ropes"20), tangles of ropes, and pieces of amorphous car- 
bon. Therefore only a part of the trapping experiments re- 
sulted in a single rope lying across the electrodes. 

Trapping events can be detected by measuring the current 
between the electrodes in real time. During ET the current 
usually changes as shown in Fig. 6. In this experiment we 
applied 4.5 V to the electrodes through a series resistor of 10 
MO. Then we put a drop of the nanotube dispersion in cy- 
clohexane on the electrodes at t = 10 s. After about 30 s a 
finite current was detected which indicates that a nanotube 
rope is trapped on the electrodes. Upon drying the liquid at 
t = 50 s the current did not change. In some cases a consid- 
erable reduction (about one order of magnitude) of the resis- 
tance was observed during the drying. Examples of nanotube 
ropes that are trapped electrostatically are shown in Fig. 7. In 
Fig. 7(b) we observe a toroidal nanotube. This circular form 
of carbon nanotubes was discovered recently.21 Transport ex- 
periments on the nanotube ropes will be reported elsewhere. 

The ET method was also tested on Pd colloid particles 
which were synthesized by Schmid and co-workers.22 These 
are almost identical Pd nanoparticles of about 20 nm in di- 
ameter. They are covered with a layer of stabilizing ligands 
of about 1 nm in thickness which prevent the coalescence of 
the particles. Due to the organic shell, the particles are solv- 
able in water. Water has a finite conductivity, which in fact is 
much higher than the conductivity of a single Pd particle 
bridging the electrodes. This renders it impossible to observe 
trapping events directly in real time. Trapping can be 
achieved, however, in the following way. First we put on the 
electrodes a drop of water with dissolved Pd particles, then 
apply a voltage of 4.5 V to the electrodes through a series 
resistor of 100 MCl which leads to a current of about 30 nA. 
After a few seconds the voltage is reduced to 0.45 V, and the 
water is removed with a flow of dry nitrogen gas. The resis- 
tance    between    the    electrodes    before    the    trapping 
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FIG. 7. (a) Bundle of nanotubes that has been trapped electrostatically be- 
tween two AuPd electrodes separated by a slit of about 150 nm. (b) A 
toroidal nanotube (Ref. 21) The thicknesses of the ropes are about 6 and 25 
nm, respectively. 

procedure is very high (10!3 fl) and stays high after the 
drying if no particles were solved in the water, or if the 
voltage was not applied. Only if we use water with solved 
particles and apply a sufficiently high voltage, we observe a 
reduced resistance (a few Gfl) after the drying. Inspection 
with SEM shows that one or a few particles are trapped in 
the gap, depending on the distance between the electrodes. In 
Fig. 8 we present two examples. 

Preliminary transport measurements show that the room 
temperature resistance of single Pd nanoparticles trapped be- 
tween two electrodes has an exponential dependence on the 
bias voltage, i.e., R <* exp( - V/V0). The origin of this expo- 
nential behavior may tentatively be attributed to the voltage 
dependence of the tunnel barrier separating the particles from 
the electrodes. The barrier in this case is formed by the or- 
ganic shell of the Pd particles. Tunneling through a mono- 
layer of insulating organic molecules was studied by Boulas 
et al., 3 who also observed an exponential drop of the resis- 
tance with increasing voltage. At 4 K we observe a gap in the 
current versus voltage characteristics indicating Coulomb 
blockade24 effects. Details of the transport experiments will 
be reported elsewhere. 

VI. CONCLUSIONS 

We have demonstrated a technique of nanofabrication of 
electrodes separated by a gap of less than 5 nm. It is based on 
electron beam deposition of amorphous carbon and is carried 
out in a scanning electron microscope under direct visual 
control. Also we have suggested a new method of electro- 
static trapping which provides a possibility to bridge the 
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FIG. 8. Pd nanoparticles that are trapped electrostatically between elec- 
trodes. If the distance between the electrodes is smaller than the particle size 
then only a single particle is trapped as in (b). In the case of larger distances 
the electrodes are usually bridged with two or more particles as shown in 
(a). The metal films used for coating the electrodes were about 30 and 12 nm 
thick, respectively. 

electrodes with a single conducting nanoparticle in a con- 
trolled way. This has been tested successfully for carbon 
nanotubes and Pd colloid particles. Transport measurements 
of single Pd colloid particles show an exponential depen- 
dence of the resistance on the applied voltage. Experiments 
on single conjugated molecules are in progress now. 
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There is distortion in atomic force microscope (AFM) images caused by a nonideal shape and size 
of the probe tip. This is called tip effect and is due to the convolution of the tip and sample. AFM 
images of nanometer size islands of zinc deposited on silicon substrates by the ionized cluster beam 
deposition technique were used to investigate this effect. The number of zinc atoms per unit area 
determined by each of two methods, the AFM images and Rutherford backscattering spectrometry 
(RBS) are compared and the AFM reported more zinc than RBS. A partial explanation for this 
difference is that the convolution of the tip and sample makes the islands appear larger in the AFM 
data. Previously reported convolution and deconvolution algorithms were implemented to study and 
simulate the interaction between tip and sample in the AFM. The deconvolution algorithm removes 
part of the distortion by taking into account the physical volume occupied by the tip which exposes 
a more accurate image. After deconvolution of the zinc islands images there was better agreement 
between AFM and RBS results. Deconvolution of other images will also be discussed. © 1997 
American Vacuum Society. [S0734-211X(97)06304-X] 

I. INTRODUCTION TO IONIZED CLUSTER BEAM 

The ionized cluster beam (ICB) technique is a thin film 
deposition method in which a beam of ionized and neutral 
atomic clusters of varying sizes is formed and deposited on 
substrates to form thin films. In 1972, Takagi et al. from 
Kyoto University in Japan, originated the idea of the ICB 
thin film deposition technique in which it was proposed that 
free jet clusters formed by high temperature evaporation of 
room temperature solids, would be used to form thin films.1 

The beam also passes through an ionizer where a fraction of 
the clusters are ionized and accelerated to the substrate along 
with the neutral beam for enhanced thin film formation. They 
postulated that clusters would enhance film nucleation and 
surface mobility, and film to substrate adhesion resulting in 
higher quality films. The researchers in Kyoto believed that 
the material escaping through the nozzle underwent adiabatic 
expansion and condensed into large clusters up to thousands 
of atoms in size. 

Although Takagi et al. reported singly ionized clusters 
containing 102-103 atoms,2 significant numbers of such 
large clusters were not reported for a range of materials by 
other researchers using the same conditions.3-5 The consen- 
sus now is that there was no significant number of large 
clusters in those earlier reports and the quality of the films 
was almost certainly due to accelerated ions in the depositing 
beam.3'4 Therefore, the effect of large-size clusters on film 
growth and characteristics is not clear. 

Since 1992 large clusters of zinc, formed from a pure 
expansion of zinc vapor, in the range of 2000 atoms have 
been produced in our laboratory.6-8 Two major changes were 
made to the original cluster source, crucible pressure was 
increased from 2 to several thousand Torr and a converging- 
diverging nozzle 18 mm long and 0.4 mm in diameter at the 

'Electronic mail: mTabet@nanometrics.com 

throat was used instead of the 1X1 mm nozzle used in the 
earlier work. 

Urban et al. also developed the deflected deposition 
method in order to study the cluster size distribution in the 
beams.8 The ionized particles are deflected from a straight 
path to the substrate by a deflection field placed between the 
two deflection plates that are perpendicular to the beam di- 
rection. After passing through the deflection region, the ion- 
ized part of the beam is displaced and deposited on the sub- 
strate according to the energy of the particles. Assuming that 
each cluster is singly charged, the distribution of the cluster 
size is obtained from the ratio of the atom to charge flux as a 
function of deflection distance. The atom flux is calculated 
from data obtained by Rutherford backscattering spectrom- 
etry (RBS) along the substrate in the deflection direction, 
shown in Fig. 1. The charge flux is obtained from ion current 
measurements on substrate wires. The average cluster size 
was a function of crucible temperature, decreasing with a 
decrease in temperature. Average sizes of 100, 1000, and 
2200 atoms/cluster were obtained at crucible temperatures of 
1120, 1180, and 1260 °C. 

Atomic force microscope (AFM) images were taken in 
the deflection region at selected points along a path parallel 
to the RBS scan line. These 3X3 /xm images show a flat 
silicon substrate with zinc islands on it, whose number de- 
pends on the position of the scan on the substrate. Figure 2 
shows an example of one of these images. The AFM is ca- 
pable of imaging surfaces with atomic resolution for both 
conducting and nonconducting samples. In the AFM, a very 
sharp tip is attached to a microcantilever arm. When operat- 
ing in the contact mode, the tip is brought into contact with 
the sample surface and it scans along the surface in an x-y 
raster pattern. Images are constructed pixel by pixel from the 
height of the tip apex at each x-y position. The AFM used in 
this work is a Digital Instruments Nanoscope II, using the 
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3"   silicon wafer 

Thick neutral 
Film 

AFM Image 

True Surface 

FIG. 3. As the tip scans sharp features it touches the surface at more than 
one point causing distortion in the resulting image. The width is increased 
while the height is not. 

FIG. 1. Schematic of substrate showing the direction of the RBS scan, po- 
sition of the neutral film, and location of measurement wires. 

silicon nitride tips provided with the instrument. 
In practice there is distortion in AFM images caused by a 

nonideal shape and size of probe tips. The size of the tip 
limits the resolution of the AFM because an infinitely sharp 
tip is needed to get an accurate picture of a surface with no 
overhangs. AFM images are a result of the interaction be- 
tween tip and sample. When feature sizes start approaching 
the size of the tip, the images obtained contain more distor- 
tion, and are said to be a convolution of the tip and sample 
geometries.9'10 When a point other than the apex of the tip 
touches the sample, distortion is introduced into the image, 
as shown in Fig. 3. The larger the tip the more distortion the 
images will contain. This tip effect phenomenon increases 
the width of scanned features and produces this distortion.11 

One way to deal with this problem is to make sharper tips, a 
second is to remove as much distortion as possible from the 
images by means of image analysis tools. 

Several researchers have presented algorithms for scan- 
ning tunneling microscopy (STM)12"14 and AFM9'10,15"17 

FIG. 2. 3X3 fj,m image of nanometer size zinc islands on a flat silicon 
substrate. Taken using a nanoscope II (Digital Instruments), running in the 
constant force mode. 

where an image can be deconvolved using a known tip shape 
to construct a more accurate picture of the surface. Other 
methods use a known sample geometry to reconstruct the 
shape of the probe tip from an AFM image.18"21 Also with 
no knowledge of the scanned surface, feature sizes were used 
to place an upper bound on the size of the tip.22 A good 
estimate of the tip shape is obtained if the imaged sample 
contained sharp features. 

II. EXPERIMENT 

The AFM images are converted to ASCII data files and 
imported into the high performance numeric computation 
software package MATLAB® where they consist of two di- 
mensional arrays, in which each pixel value is a number 
representing the height information in nanometers for that 
pixel in the image.23 A program was written in MATLAB® to 
calculate the volume of the islands and the number of zinc 
atoms present on the surface from the AFM images.24 The 
number of zinc atoms per unit area was also measured by 
RBS and compared to AFM results. These two sets of data 
taken on these nanometer size zinc islands show a qualitative 
agreement, but there is an offset with the AFM reporting 
more zinc than RBS. Figure 4 shows the number of 
atoms/cm2 versus deflection distance from RBS and AFM 
images for a zinc deposition at a crucible temperature of 
1260 °C. The peak in the RBS data around 15 mm is due to 
the neutral zinc beam and is not in the form of islands but is 
a continuous film. The general shape of the two curves agree, 
but one possible contribution to the difference is the distor- 
tion due to the tip-sample interaction, also called convolu- 
tion which causes the islands in the images to appear larger. 
A deconvolution algorithm is required to remove part of this 
tip effect. 

Previously reported convolution and deconvolution 
algorithms9'10 were implemented using MATLAB®, to study 
and simulate the interaction between tip and sample, and to 
remove the distortion (deconvolve) from the zinc islands im- 
ages, in order to give better agreement between AFM and 
RBS data. The convolution algorithm simulates the scanning 
process and produces images with distortion due to tip ef- 
fects. Then the deconvolution algorithm was developed and 
tested with these distorted images to examine its effective- 
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FIG. 4. Atoms per unit area as measured by Rutherford backscattering spec- 
trometry open circles, and AFM, filled circles, for zinc deposited with a 
crucible temperature of 1260 °C. 

ness in reproducing the original surface. The deconvolution 
algorithm removes part of the distortion resulting in more 
accurate images. 

III. CONVOLUTION AND SIMULATION OF AFM 
SCANNING 

The convolution algorithm uses a simulated tip having a 
shape similar to the tips provided by Digital Instruments, a 
pyramid 2 fjim high, 4 /xm wide at the base, and a 40 nm 
radius sphere at the end. The process is based on the fact that 
the AFM constructs images into a two-dimensional array 
where each cell is the height of the sample which is taken 
from the position of the tip at that point. Two arrays are used 
in this procedure, one consisting of the tip, and the other the 
surface. The pyramid shaped tip is inverted, with the center 
its lowest point set to zero height, and all other points are 
greater than zero. The tip is placed on the surface at a corner 
of the image, and the process starts by raster scanning the 
surface one pixel at a time under the tip. At each position the 
difference between the two arrays is taken pixel by pixel, 
detecting if a point other than the apex of the tip is touching 
the surface. At each step the tip is moved up or down main- 
taining the distance between the two surfaces at a minimum. 
The image is constructed from the position of the tip apex. 
Simulations were done using several surfaces like tables, 
steps, spikes, rulings, and spheres. The height of these fea- 
tures was correct but the width increased and the effect of 
tip-sample convolution was observed. 

IV. DECONVOLUTION AND REMOVAL 
OF DISTORTION FROM IMAGES 

The deconvolution algorithm removes part of the distor- 
tion introduced by the tip, producing more accurate images. 
The process starts with two arrays, one containing the tip and 

3D0 

250 

2»n 

150 

100 

50 

FIG. 5. Mesh of the tip used in the simulations. Units are in pixels. 

the other, the scanned and distorted surface. The apex of the 
simulated tip is placed at each pixel in the image, and areas 
where the volume of the tip and the surface overlap are re- 
moved from the image. This in effect takes into account the 
physical volume occupied by the tip. This overlapped vol- 
ume cannot be part of the surface because it was occupied by 
the tip during scanning. The remaining image is now a more 
accurate representation of the surface. Areas of the surface 
not accessed by the tip cannot be recovered by this proce- 
dure. These areas result from the tip contacting more than 
one point simultaneously. 

V. RESULTS AND DISCUSSION 

Simulation using both the convolution and deconvolution 
algorithms were carried out using several surface shapes. 
Figure 5 shows a mesh of a pyramid tip with a sphere at the 
end, which was used in a simulation of the AFM scanning 
process. Figure 6(a) is a simulated surface of a table that will 
be processed by the convolution program. Figure 6(b) is the 
surface that would be obtained from the AFM if the surface 
in Fig. 6(a) was scanned by the tip of Fig. 5, all else being 
ideal. It can be seen from Fig. 6(b) that the surface has been 
distorted, and the width of the table has increased because of 
the finite size of the tip, and the sharp edges of the table were 
rounded by the spherical shape of the tip. When Fig. 6(b) is 
processed by the deconvolution algorithm some of the dis- 
tortion is removed from the image leaving a surface, shown 
in Fig. 6(c), closely resembling the original surface from Fig. 
6(a). It is seen from Fig. 6(c) that the original surface could 
not be reconstructed completely because of areas the tip 
never scanned. 

The images of the nanometer size zinc islands were pro- 
cessed by the deconvolution algorithm; Fig. 7 is Fig. 2 after 
deconvolution. The number of atoms/cm2 was again calcu- 
lated from these deconvolved images and is shown in Fig. 8 
along with the RBS data. Figure 8 also shows a plot where 
the ZnO layer, which stops growing at a thickness of about 
10 nm and does not interfere with RBS measurements, is 
taken into account. These two plots are in better agreement 
with the RBS data than the plot in Fig. 4. There are still 
small disagreements between the data that are due in part to 
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FIG. 6. (a) Simulated surface of a table to be processed by the convolution 
program, (b) The simulated AFM image that would be obtained if the sur- 
face in (a) were scanned by the tip of Fig. 5, all else being ideal, (c) Im- 
proved simulated surface when (b) is processed by the deconvolution algo- 
rithm, some of the distortion is removed from the image. This closely 
resembles the original surface from (a). 

the approximation made. First, the shape and size of the tip 
used in scanning the zinc islands images was unknown be- 
cause the images were scanned several years ago, so a tip 
resembling the tip described by Digital Instruments was used 
in the deconvolution procedure. In future uses of the decon- 
volution program a known sample will be scanned and the 
tip shape reconstructed from the resulting image. This recon- 
structed tip would then be used in the deconvolution proce- 
dure. Second is the use of bulk zinc atomic density, which 
could not be confirmed for nanometer size islands, in the 
calculation. Third is the comparison of data from a 3 /urn 

FIG. 7. 3X3 /xm image of nanometer size zinc islands on a flat silicon 
substrate, after processing by the deconvolution algorithm. Taken using a 
nanoscope II (Digital Instruments), running the constant force mode. 

square image and a 1 mm diameter RBS beam spot which 
could introduce a statistical error. 

The deconvolution algorithm was also tested on a Co304 

film deposited by the spray Pyrolysis process for 8 s onto 
heated 4.8-mm-thick soda-lime float glass. The rms rough- 
ness of the film obtained from a 5X5 /mm AFM image was 
2.62 nm. The rms roughness changed to 2.13 nm after pro- 
cessing the image by the deconvolution program. Since the 
deconvolution process removes parts of the surface that 
would be occupied by the tip during the scanning the rms 
roughness decreased. The appearance of the two surfaces 

Ü 
\ 
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s 
o 

RBS 
AFM after deconvolution 
AFM after deconvolution, 
ZnO taken into account 

20 40 

Distance (mm) 

FIG. 8. Atoms per unit area as measured by RBS (open circles) and decon- 
volved AFM images (filled circles) for zinc deposited with a crucible tem- 
perature of 1260 °C. Filled squares indicate that the ZnO layer was taken 
into account in the AFM images. 
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were similar and the change in rms roughness was not sig- 
nificant indicating that the tip was sharper than most surface 
features. 

VI. CONCLUSIONS 

A comparison of AFM and RBS data taken on nanometer 
size zinc islands on a flat substrate agree qualitatively but the 
AFM reports more zinc than RBS. The distortion caused by 
the nonideal shape and size of AFM probe tips was removed 
from the images of nanometer size zinc islands by means of 
a deconvolution algorithm. The comparison made after de- 
convolution of the AFM images showed better agreement 
between the data confirming the usefulness of algorithms. 

Presented at the 43rd National Symposium of the American Vacuum 
Society, Philadelphia, PA, 12-18 October 1996. 

'T. Takagi Ionized Cluster Beam Deposition and Epitaxy (Noyes, Park 
Ridge, NJ, 1988). 

2I. Yamada, H. Usui, and T. Takagi, J. Phys. Chem. 91, 2463 (1987). 
3W. L. Brown, M. F. Jarrold, and H. Usui, Nucl. Instrum. Methods Phys. 
Res. B 59, 182 (1991). 

4F. K. Urban III, J. Appl. Phys. 67, 7082 (1990). 

5F. K. Urban III and A. Bernstein, Thin Solid Films 193/194, 92 (1990). 
6F. K. Urban III, S. W. Feng, and J. J. Nainaparampil, Appl. Phys. Lett. 
61, 1190(1992). 

7F. K. Urban III, S. W. Feng, and J. J. Nainaparampil, J. Vac. Sei. Tech- 
nol. B 11, 1916 (1993). 

8F. K. Urban III, S. W. Feng, and J. J. Nainaparampil, J. Appl. Phys. 74, 
1335 (1993). 

9P. Markiewicz and M. C. Goh, J. Vac. Sei. Technol. B 13, 1115 (1995). 
10P. Markiewicz and M. C. Goh, Langmuir 10, 5 (1994). 
"U. Schwartz, H. Haefke, P. Reimann, and H. Gunthrodt, J. Microsc. 173, 

183 (1993). 
12R. Chicon, M. Ortuno, and J. Abellan, Surf. Sei. 181, 107 (1987). 
13P. Niedermann and O. Fischer, J. Microsc. 152, 93 (1988). 
14G. Reiss, F. Schneider, J. Vancea, and H. Hoffmann, Appl. Phys. Lett. 57, 

867 (1990). 
15P. Markiewicz and M. C. Goh, Rev. Sei. Instrum. 66, 3186 (1995). 
16D. Keller and F. Franke, Surf. Sei. 268, 333 (1992). 
17D. Keller and F. Franke, Surf. Sei. 294, 409 (1993). 
18R. Miller, J. Vasenka, and E. Henderson, SIAM (Soc. Ind. Appl. Math.) I. 

Appl. Math. 55, 1362 (1995). 
19P. Godowski, V. Maurice, and P. Marcus, Chem. Anal. 40, 231 (1995). 
20J. Vasenka, R. Miller, and E. Henderson, Rev. Sei. Instrum. 65, 2249 

(1994). 
21L. Montelius and J. Tegenfeldt, Appl. Phys. Lett. 62, 2628 (1993). 
22J. S. Villarrubia, Surf. Sei. 321, 287 (1994). 
23C. S. Lindquist and F. K. Urban III, Thin Solid Films 270, 399 (1995). 
24M. F. Tabet and F. K. Urban III, Thin Solid Films 290-291, 312 (1996). 

J. Vac. Sei. Technol. B, Vol. 15, No. 4, Jul/Aug 1997 



Effect of substrate temperature and annealing on the structural properties 
of ZnO ultrafine particle films 

Zhao Dachuna) 

Department of Physics, East China University of Science and Technology, Shanghai 200237, 
People's Republic of China 

Qu Zhongkai 
Shanghai Petrochemical Institute, Shanghai 200540, People's Republic of China 

Pan Xiaoren 
Department of Physics, East China University of Science and Technology, Shanghai 200237, 
People's Republic of China 

Dai Muji and Sun Minggen 
Analysis and Research Centre, East China University of Science and Technology, Shanghai 200237, 
People's Republic of China 

(Received 25 June 1996; accepted 4 April 1997) 

ZnO ultrafine particle (UFP) films were deposited on glass and Si02 substrates by a direct current 
gas discharge activated reactive evaporation method. The effect of substrate temperature and 
annealing on the structure and morphology of ZnO UFP films was studied by x-ray diffraction and 
scanning electron microscope. The results show that the spherical island density decreases with 
increasing annealing temperature and the structure becomes polycrystalline with a (002) preferential 
orientation as the substrate temperature increases. In addition, angle resolved x-ray photoelectron 
spectroscopy was used to study the absorption of water on the ZnO UFP film surface by measuring 
the two deconvoluted peaks for O Is. The two deconvoluted peaks for O Is were located at 533.2 
and 534.8 eV. The absorption coefficients of water on the surface were 0.52 and 0.43, respectively, 
for nonannealed and annealed ZnO UFP films. © 7997 American Vacuum Society. 
[S0734-211X(97)00204-7] 

I. INTRODUCTION 

In recent years, metal and metal oxide ultrafine particle 
(UFP) films have received greater attention as catalysts, gas 
sensors, and gas separation.1'2 Significant effort has been 
made to understand the surface morphology and structure, 
preparation, as well as electrical and optical properties of 
ultrafine particle films under various conditions.3"5 ZnO has 
a wide gap near 3.3 eV and is an TV-type semiconductor that 
crystallizes in a hexagonal wurtzite structure with lattice pa- 
rameters a = 3.25 and c = 5.21 Ä.1'3 It has many potential 
applications in energy efficient windows, liquid crystal dis- 
plays, and as a transparent electrode material. At present, 
although many techniques have been developed to prepare 
ZnO UFP films, it is difficult to obtain highly purity, trans- 
parent, conducting ZnO UFP films. In this article, the struc- 
ture and morphology of ZnO UFP films deposited on glass 
and Si02 substrates at different substrate temperatures and 
annealing conditions are reported. The absorption of water 
on the ZnO UFP film surface was also investigated by angle 
resolved x-ray photoelectron spectroscopy (ARXPS). 

II. EXPERIMENTAL DETAILS 

ZnO UFP films were deposited on glass and Si02 sub- 
trates using a direct current (de) gas discharge activated re- 

present address: 720 W 30th St. }t3B, Los Angeles, CA 90007; Electronic 
mail: lxu@scf.usc.edu 

active evaporation (ARE) method. The preparation condi- 
tions and details of the de gas discharge ARE deposition 
systems are described elsewhere.3'6 Zinc (99.9%) was used 
as the source material. The ZnO UFP films were prepared 
under an oxygen gas discharge forming plasma. The mor- 
phology and structure of ZnO UFP films were studied by 
scanning electron microscopy (SEM) and x-ray diffraction 
(XRD). X-ray diffraction measurements were carried out on 
a Rigaku diffractometer using a Cu Ka (X = 1.54 Ä) source 
line (operating at 40 kV and 40 mA) and a scanning speed of 
4° per min. Angle resolved x-ray photoelectron spectroscopy 
(ARXPS) with a Mg Ka (1253.6 eV) x-ray source operating 
at 250 W power was used to study the physical absorption of 
water on the ZnO UFP film surface. The spectrometer pass 
energies were 89.45 and 35.75 eV for the survey spectra and 
the detailed region, respectively. 

III. RESULTS AND DISCUSSION 

A. Influence of conditions on the morphology and 
structure 

Substrate temperature and annealing have a strong influ- 
ence on the morphology and structure of ZnO UFP films. 
Figures 1(a)-1(c) show SEM photographs of ZnO UFP films 
deposited on glass at different substrate temperatures (room 
temperature and 250 and 350 °C). As can be seen, small 
nonuniform spherical islands are distributed across the 
smooth glass substrate, and the spherical islands aggregate 
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FIG.  1.  The morphology of ZnO UFP films at different temperatures, 
(a) Room temperature, (b) 250 °C, (c) 350 °C. 

(C) 

FIG. 2. The morphology of nonannealed and annealed ZnO UFP films, 
(a) Not annealed ZnO UFP films and (b) and (c) annealed at 350, and 
550 °C for 2 h in air. 

with increasing substrate temperature. Figures 2(b) and 2(c) 
show SEM images of ZnO UFP films deposited on a Si02 

substrate at annealing temperatures of 350 and 550 °C, re- 
spectively. It can be seen that the spherical island density 
decreases as the annealing temperature increases, and the 

island size increases after annealing at 550 °C for 2 h. The 
reason for this is that the spherical island can obtain enough 
energy to move and to aggregate on the substrate surface 
during annealing. 

X-ray diffraction patterns of ZnO UFP films at various 
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FIG. 3. XRD spectrum for ZnO UFP films at different substrate tempera- 
tures, (a) Room temperature and (b) 160, (c) 250, (d) 350 °C. 

0. 
U 

(29) 

FIG. 4. Spectra of ZnO UFP films, (a) Not annealed ZnO UFP films and 
(b), (c), and (d) annealed ZnO UFP films at 200, 300, and 500 °C. 

substrate temperatures (room temperature and 160, 250, 
and 350 °C) are shown in Figs. 3(a)-3(d). The results 
indicate that the ZnO UFP films exhibit an amorphous 
structure at low substrate temperature; however, the 
ZnO UFP films exhibit a polycrystalline structure with 
a (002) preferential orientation with increasing substrate tem- 
perature. The results can be confirmed by calculating 
the diffraction intensity of ZnO UFP films at different sub- 
strate temperatures. The diffraction intensity ratio is 
/j(002):72(002):/3(002) = 61:78:100 at substrate tempera- 
tures of 160, 250, and 350 °C, respectively. In addition, the 
linewidth ratio W1(002):W2(002):W3(002) = 48:45:54, 
and the lattice spacing ratio dl(002):J2(002):d3(002) 
= 2.609:2.616:2.607 are obtained from measured data. Fig- 
ures 4(a)-4(d) show the structure of the annealed UFP films 
change from amorphous to polycrystalline. The peaks at 2 6 
= 31.7, 34.3, 36.2, and 47.5, that correspond to (100), (002), 
(101), and (102), respectively, are shown in Fig. 4(d). The 
structure of ZnO UFP films tends towards polycrystalline in 
the wurtzite structure at a high annealing temperature of 
500 °C. 

B. ARXPS and physical absorption 

Angle resolved x-ray photoelectron spectroscopy is a use- 
ful tool to examine the absorption state. Table I summarizes 

the peak positions and atomic concentrations of Zn IP 3/2, 
O \s and C h lines of the ZnO UFP films before and after 
annealing. One can see from Table I that the oxygen to zinc 
ratio decreases as the polar degree increases, and the oxygen 
to zinc ratio is derived from chemical stoichemistry. This can 
be explained by the fact that there are many oxygen vacan- 
cies near the surface of ZnO UFP films, and there are many 
zinc interstitials inside the surface of ZnO UFP films. Fig- 
ures 5(a) and 5(b) show detailed O \s ARXPS of ZnO UFP 
films before and after annealing. It is obvious from Fig. 5(a) 
that two deconvoluted peaks of O Is were found, and the 
positions of the two deconvoluted peaks of O 1 s are located 
at 533.2 eV (Oj), and 534.8 eV (On) binding energies, re- 
spectively. The lower binding energy at 533.2 eV is attrib- 
uted to the ZnO UFP film's O Is; the higher binding energy 
at 534.8 eV results from the absorption of water on the ZnO 
UFP film surface. For UFP films, the film porosity (P) can 
be expressed as follows:7 

p=e 
o ii 

0,+0 II 
(1) 

where 6 is absorption coefficient, and 01 and On are the 
atomic concentrations of the two deconvoluted peaks of O 
Is. The relation between the optical parameters and film 
packing density can be expressed using8 

TABLE I. The ARXPS data for the ZnO UFP films (A: before annealing; B: after annealing at 500 °C for 2 h; BE: binding energy; C: atomic concentration). 

A B 

3 3 
Zn2p- 

Otls Ouls Cls Oi/Zn 
Zn2p- 

Otls Ouls Cls 0,/Zn 
10° BE 1021.7 533.2 534.8 284.6 0.83 1021.9 533.0 535.1 284.7 0.85 

C (37.0%) (30.8%) (26.5%) (20.0%) (31.2%) (26.6%) (34.5%) (17.0%) 
45° BE 1021.9 531.6 534.2 284.6 0.79 1021.9 531.6 534.2 284.6 0.79 

C (48.0%) (37.5%) (17.7%) (15.6%) (45.7%) (35.4%) (10.4%) (15.0%) 
BE 1022.1 531.4 534.2 284.6 0.74 1022.1 531.4 534.2 284.6 0.74 

90° C (51.1%) (38.4%) (10.8%) (9.7%) (47.9%) (36.0%) (8.8%) (8.2%) 
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FIG. 5. Detailed O Is ARXPS of ZnO UFP films before and after annealing, 
(a) Before annealing and (b) after annealing at 300 °C for 2 h. 

nj+2 nl + 2 P,+ nl + 2 
a(l-Pd); (2) 

here, rif, nb, and nw are the refraction indices of the film, 
bulk materials, and water, respectively. For Eq. (2) a is a 
coefficient that indicates the relative proportion of the pores 
filled with water, and was taken as 1, meaning all the pores 
were filled with water. For UFP films, Pd=\ — P, nb and 
nw are 2.013 and 1.33, respectively.9 The following equa- 
tions were used to calculate «/(A.) from infrared (IR) spectra 
transmittance characteristics: 

nf(\) = &n0(X)c(k) + [n0(\)+l]2}m+&n0(\)c(\) 

+ K00-1]2}1'2, 0) 

l + [l-r0(X)]1/2 

n0(\) = 

C(\) = 

r0(M 

^max(^)~^min(^) 

2Tmm(\)Tmin(X)  ' 

(4) 

(5) 

where n0(\) is the refractive index of the substrate, 
rmax(X) and TminiX) are experimentally traced envelope 
curves passing on the maxima and minima. The values of 
T0(X) and Tmn(k) are close in the very weak absorption 
region. From the IR spectra, nf of 1.8114 (\ = 500 nm wave- 
length) for ZnO UFP films (particle size 80 nm) is obtained 
using Eqs. (3), (4), (5) and our previous IR results for ZnO 
UFP films. Therefore, the absorption coefficient of water (0) 
on the ZnO UFP film surface (0= 10°) at different condi- 
tions can be calculated by Eqs. (1) and (2). The 9 values are 
0.52 and 0.43 for nonannealed and annealed ZnO UFP films, 
respectively. The results show that the absorption coefficient 
of water on the ZnO UFP film surface decreases after anneal- 
ing due to the decreasing specific surface ratio. 

IV. CONCLUSIONS 
ZnO UFP films deposited on glass and Si02 substrates by 

a de gas discharge activated reaction were characterized by 
SEM, XRD, and ARXPS. The effect of substrate temperature 
and annealing on the structure and morphology of ZnO UFP 
films was described. The results show the spherical island 
density decreases as annealing temperature increases. The 
diffraction intensity ratio is /1(002):/2(002):/3(002) 
= 61:78:100 at different substrate temperatures, and it exhib- 
its a structure with (002) preferential orientation with in- 
creasing substrate temperature. The islands aggregate during 
annealing and tend to transform from amorphous to crystal- 
line. ARXPS analysis of the ZnO UFP film was also used to 
study the absorption of water on the ZnO UFP film surface. 
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Ion implanted nanostructures on Ge(111) surfaces observed by atomic 
force microscopy 
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Epi-ready Ge(lll) surfaces were implanted with cobalt ions to doses of 1016-5X lu17 ions/cm2 at 
accelerating voltages of 40-70 kV. Cellular nanostructures were observed by contact mode and 
tapping mode atomic force microscopy (AFM). These are similar (at higher resolution) to those 
reported in earlier scanning electron microscope measurements. Image distortions observed in 
contact mode AFM are attributed to not only the effect of the tip size but also the change of the 
effective tip shape due to the softness and stickiness of the implanted surface layer. The variation 
of the root-mean-square roughness with ion dose (1016-1017 ions/cm2), accelerating voltage (40- 
70 kV), and mean beam current density (15-150 /uA/cm2) is presented and explained in terms of 
ion range and surface temperature.   © 1997 American Vacuum Society. [S0734-211X(97)03404-5] 

I. INTRODUCTION 

Germanium surfaces bombarded to high ion doses have 
been observed by scanning electron microscopy (SEM)1 and 
transmission electron microscopy (TEM).2-5 Both techniques 
showed that a complex cellular or sponge-like swollen struc- 
ture had evolved from surface holes or cavities with increas- 
ing ion dose. However, not much has been done further to 
study this abnormal radiation-induced swelling of amor- 
phous materials and the mechanisms leading to the formation 
of this structure are not well understood. Recently, we used 
atomic force microscopy (AFM) to observe these unique 
damage structures on self-ion bombarded germanium 
samples that one of the authors had kept for fourteen years 
since earlier SEM measurements. Not only cellular structures 
but also more generalized columnar structures were found by 
AFM; these structures were further confirmed by observa- 
tions of the surface of a newly implanted Ge(l 11) sample (5 
X 1016 Ge+/cm2 at 100 keV).6 

In this article, we present an investigation of cobalt (Co) 
implanted Ge(lll) surfaces by AFM. It is well known that 
AFM can image conductive and nonconductive surfaces with 
higher resolution than SEM and TEM with nearly no sample 
preparation. Bombarded nanostructures on germanium sur- 
faces are an appropriate size for AFM. More important, the 
AFM is a profilometer-based technique; the width and height 
measurements in the images are quantitative. These quanti- 
tative data allow simple, accurate and quantitative character- 
ization of surfaces and surface structures. Among the quan- 
titative parameters, surface roughness is important for 
indicating the dynamic response of the surface to the bom- 
bardment. In this study, special attention is therefore given to 
the investigation of the relationship of root-mean-square 
roughness (Rq) to ion energy, ion dose, beam current density 
and temperature. Roughness gives complementary informa- 
tion on the formation mechanisms of these nanostructures. 
AFM images are subject to some artifacts of their own 

a'Electronic mail: yichen@ee.cuhk.edu.hk 

mainly due to the tip size, however. Severe image distortions 
were observed when the relative sharpness of the tip was 
comparable to that of surface features. The undesirable arti- 
facts have to be identified and avoided in the measurements. 
With the most newly developed tapping mode operation, the 
image artifacts presented in contact mode AFM observation 
of the nanostructures were minimized. Cobalt was chosen as 
the implant species because of its ability to form germanic 
nanometer magnetic materials (GeCo) by the ion beam syn- 
thesis method. Also, the mass of cobalt is high enough to 
create a collision cascade dense enough to generate struc- 
tures similar to those observed for self-ion bombardment. 

II. EXPERIMENT 

The specimens used in this study were small pieces cut 
from epi-ready (111) 254 /^m-thick wafers of p-type (1.4- 
2.2 fl cm) germanium (Atramet Inc.). (Some Ge(100) sur- 
faces were also used for implantation for comparison in 
some cases.) The as-supplied surfaces were generally very 
smooth and the roughness (Rq) over an area of 1 /xmX 1 
ßm is measured by AFM to be below 0.1 nm. This is trivial 
compared with the roughness of implanted samples. The Co 
implantation was carried out in a JYZ-8010W metal vapour 
vacuum arc (MEWA) ion implanter7 at The Chinese Uni- 
versity of Hong Kong. Our small samples were put into the 
center of the implantation area in order to obtain uniform 
exposure. The bombardment was conducted at an accelerat- 
ing voltage of 40 kV-70 kV with a mean beam current of 
0.5-7 mA, corresponding to a current density of 15-210 
fiA/cm2 by taking the implantation area to be —30 cm2 

(which means a rather high flux in the range of 1014—1.5 
X 1015 cm~2s_1). The nominal implantation dose ranged 
from 1016 to 5X 1017 ions/cm2 by measuring the charge col- 
lected by the target. (Because of the three charge/energy 
states for Co ions in the MEVVA source, the nominal dose is 
the weighted sum of the doses of Co+, Co+ + , and Co+ + + 

ions taking the abundance of the measured species into ac- 
count.) The change of temperature due to beam heating was 
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FIG. 1. A contact mode (a) and a tapping mode (b) AFM image of a Co 
implanted Ge(l 11) sample (dose: 5 X 1016 ion/cm2; accelerating voltage: 70 
kV; beam current density: 15 fiA/cm 2). 

FIG. 2. A contact mode (a) and a tapping mode (b) three dimensional AFM 
image of another Co implanted Ge(lll) sample (dose: 1017 ions/cm2; ac- 
celerating voltage: 70 kV; beam current density: 15 /iA/cm2). 

monitored by a thermocouple attached to the target holder. 
The vacuum during implantation was typically better than 
10"6 Torr. 

The AFM observations were made in air at room tempera- 
ture using a standard atomic force microscope and an ex- 
tended multimode scanning probe microscope (Digital 
Instruments Nanoscope III, Santa Barbara, California). The 
former was operated in constant contact force mode with 
a large field 125 fimX 125 {im piezo head and a standard 
silicon-nitride (Si3N4) cantilever while the latter operated 
in tapping mode with the same piezo head and a Nano- 
probe™ (TESP) silicon cantilever. Only offline image pro- 
cessing of first order flattening and third order planefit was 
performed throughout using Nanoscope III software. 

III. RESULT AND DISCUSSION 

Figure 1 shows a contact mode and a tapping mode AFM 
image (2 /imX2 yu,m) of a Co implanted Ge(lll) sample 
(dose: 5X 1016 ions/cm2; accelerating voltage: 70 kV; beam 
current density: 15 /nAJcm2). Cellular structures appear in 
both images, in good agreement with the SEM/TEM results 
in the literature.1-5 To corroborate the results, we also used a 

commercial scanning electron microscope (Amary) to ob- 
serve the structure and obtained similar results at lower reso- 
lution. From Fig. 1, the mean cell diameter is measured to be 
about 50 nm which is a little smaller than that of a 50 keV 
Ge+ implanted surface with the same dose.1 Cellular struc- 
tures were observed for other Ge(lll) samples and for 
Ge(100) samples as well. 

Figure 2 shows three dimensional AFM images of another 
sample implanted with a higher dose (1017 ions/cm2; 70 kV; 
15 /tiA/cm2). There are some differences between the contact 
mode and tapping mode AFM images shown in Fig. 2(a) and 
Fig. 2(b). For tapping mode, the topography [Fig. 2(b)] 
shows large cells with finer dendritical walls. The mean cell 
diameter is about 110 nm. For contact mode, the morphology 
[Fig. 2(a)] is more like a columnar structure with cell walls 
consisting of overlapped grains or clusters. Careful investi- 
gation shows that the contact mode image is more distorted 
from the real morphology. Reasons for this may be due to (1) 
larger tip size and lower aspect ratio of the silicon nitride 
probe compared with the silicon probe; (2) softness of the 
implanted surface layer; (3) friction between the tip and the 
surface. To identify and avoid the image artifacts, we will 
discuss each of these factors. 
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FIG. 3. Single-line scans from Figs. 2(a) and 2(b). The shapes of the silicon 
nitride tip and the silicon tip are schematically shown in (a) and (b), respec- 
tively. The as-shown tips look elongated due to different horizontal and 
vertical scales. 

(1) It is well known that scanning probe microscopy 
(SPM) is a probe-related technology and the image is the 
convolution of the tip shape and the true sample 
morphology.8 When the relative sharpness of the tip is com- 
parable to that of surface features, the image can be severely 
distorted. Observations of image distortions due to the finite 
size of the AFM tip have been reported for nanometer 
structures.9-13 Figure 3 shows two single-line scans from 
Figs. 2(a) and 2(b). The nominal radius of curvature of the 
silicon nitride tip is 35 ± 15 nm while that of silicon tip is 15 
± 5 nm. The shape of the tip used in contact mode and tap- 
ping mode AFM is shown schematically in Fig. 3. It can be 
seen that the sharper silicon tip in tapping mode AFM can 
penetrate into the cells more deeply and therefore can pro- 
duce a less-distorted topographic image. 

(2) It should be mentioned that we have observed mor- 
phology changes during scanning in contact mode AFM ob- 
servations. As shown in Fig. 4, with the Si3N4 tip scanning 
from front to back (from bottom to top in the image), the 
granular or columnar structure (the same as in the last im- 
ages) in the lower part of the image changed to a cellular 
structure in the rest of the image (the same as in subsequent 
images and as in Fig. 1). This was double checked using 
another tip to ensure that it was not due to poor adjustment 
of the scan parameters (scan rate, feedback gain, etc.). Since 
the cellular structure appeared from the columnar structure 
sometimes only after a few scans, there is a possibility that 
the tip "swept" the scan area clear and then uncovered the 
true morphology. This can be ruled out because, once the 
cellular structure appears, a similar structure was immedi- 
ately observed at another location. Also, the cellular struc- 

FIG. 4. The apparent morphology changes from the bottom to the top of the 
image (for the same sample as in Fig. 1). 

ture could be imaged on the first pass in some cases. On the 
other hand, we noted that the cellular structure could change 
into the columnar structure when the contact force between 
the tip and the surface was increased above a critical value 
by raising the feedback setpoint. This cannot be explained by 
the effect of finite tip size. It seems that either the tip has 
stuck to material from the surface to form a new tip during 
scanning or that the shape of the contact area between the tip 
and surface has been changed/deformed by the loading force. 
To understand this, we have to investigate the physical prop- 
erties of the implanted surface. The measurements of elastic- 
shear-modulus changes by Brillouin scattering14 indicate a 
softening of the implanted surface layers. Rutherford back- 
scattering (RBS)/ion channelling analyses,2'3 also supported 
by our x-ray photoelectron spectroscopy (XPS) results,15 

have shown a drastic increase of surface area which is re- 
sponsible for a higher carbon and oxygen concentration in 
the near surface layer when exposed to the air, and therefore 
a blackening of the surface. This may cause an increase in 
the adhesion or stickiness of the surface. For tapping mode 
AFM, the interaction between the tip and the surface is 
greatly reduced (a fraction of a nN) compared with contact 
mode AFM and therefore produces a less-distorted morpho- 
logical image. We suggest that the effective tip shape 
changes due to the softness and stickiness account for the 
change of the contact mode AFM images. The contact mode 
therefore yields extra information on the changes in surface 
properties such as adhesion and elasticity induced by ion 
bombardment. 

(3) The effect of friction should be minor because clear 
images were obtained after putting the forward and backward 
traces in coincidence operating in the dual-trace scope mode. 

It is interesting that cellular structures have never been 
observed for implanted silicon samples under comparable 
conditions.7 The unique damage structure in the case of ger- 
manium can be understood from two points of view. From 
sectional SEM/TEM observation, the swollen surface layers 
consist of elongated holes and honeycombed columns. From 
the plan-view AFM/SEM/TEM observations, the surface 
morphology shows a complex cellular or sponge-like, or po- 
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FIG. 5. Plot of the root-mean-square roughness (Rq) vs ion dose (a), 
accelerating voltage (b), and mean beam current density (c). The lines are 
guides to the eye. 

rous, structure. (We will show elsewhere in detail that the 
granular or columnar structure observed by AFM may just be 
image distortion from the cellular structure.) The softness 
and large surface area of this amorphous layer would have a 
deleterious effect on electronic devices but they may have 
some possible technological applications (such as where a 
large surface area/volume ratio is needed). 

Two mechanisms have been proposed to explain the for- 
mation of the cell structure. Wilson suggested that this mor- 
phological instability is formed by the intersection of the 
etched surface with point defect clusters that are created in 
the dense collision cascade, and the combined effects of 
sputter etching, ion reflection and redeposition.1 Others pro- 
posed a model of plastic or viscous flow.4 However, the un- 

derstanding of neither mechanism is clear. With the capabil- 
ity of AFM to measure surface roughness, complementary 
information on the formation mechanisms of cell structures 
can be given as below due to the representation of roughness 
as the dynamic response of the surface to ion bombardment. 
(For discussion of future scanning tunneling microscopy 
(STM) study of low dose self implanted Ge samples, see 
Ref. 16.) 

Even though AFM images show distortions from true 
sample morphology as discussed above, contact mode AFM 
is a good and convenient tool for the measurement of rough- 
ness because it can quantitatively measure the height profile 
of a surface with very high resolution. Root-mean-square 
roughness (Rq) is often used because of all the roughness 
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FIG. 6. A contact mode AFM image of polycrystalline granular structures 
for the highest beam current density and highest dose implantation (dose: 5 
X 1017 ions/cm2; accelerating voltage: 70 kV; beam current density: 210 
/iA/cm2). 

parameters it is the least affected by tip induced distortion.10 

Figure 5(a) shows the evolution of the roughness (Rq over an 
area of 1 /imX 1 /im) with ion dose at two accelerating 
voltages during Co implantation with a low beam current 
density of 15 /lA/cm2 and an implant temperature (due to 
beam current self-heating) estimated to be below 200 °C. 
Rq increased exponentially with ion dose from 1016 to 1017 

cm-2, similar to the relationship of mean cell diameter ver- 
sus ion dose for 50 keV self-implanted Ge samples.1 It is 
also seen that at a lower accelerating voltage and, therefore, 
lower ion energy the surfaces are rougher. This is shown 
more clearly in Fig. 5(b). There was a reduction in Rq with 
increasing accelerating voltage at three doses. This is reason- 
able because the lower the ion energy, the less the projected 
range and therefore the more the surface topography is af- 
fected. This also fits well with the expected decrease in sput- 
tering with increasing ion energy. It has been observed that 
the implanted structure is temperature dependent. Figure 5(c) 
shows the plot of Rq versus beam current density at an ac- 
celerating voltage of 70 kV and a dose of 5X1016 cm-2. 
Rq increases quickly at beam current densities from 15 to 30 
/lA/cm2 and then saturates from 30 to 150 //.A/cm2. The 
temperature corresponding to a beam current density of 30 - 
150 //A/cm2 is 350 - 600 °C. This dependence is believed to 
be due to competition between amorphization and radiation- 
enhanced annealing. At lower temperature, below about 
400 °C, the implanted surface layer remains amorphous. Be- 
tween 250 and 350 °C, surface diffusion and viscous flow 
play a more and more important role in surface morphology 
until an equilibrium state is reached at the amorphous/crystal 
transition at 400 °C. With the highest beam current density 
(210 /iA/cm2) used in this experiment, the temperature (es- 
timated to be 800 ±50 °C) is high enough to self-anneal the 
implanted layer into a polycrystalline granular structure as 

shown in Fig. 6 for a specimen implanted to a dose of 5 
X 1017 cm-2. We surmise that a stable compound, Co^Ge^, 
was formed. 

IV. CONCLUSIONS 

In summary, cellular structures of Co implanted Ge(lll) 
surfaces were observed by contact mode and tapping mode 
atomic force microscopy, and are in agreement with earlier 
SEM/TEM results. The image distortions observed are attrib- 
uted to a combination of the effects of tip shape and the 
softness and stickiness of the implanted surface layers. The 
variation of roughness (Rq) with ion dose, ion energy (ac- 
celerating voltage) and temperature (beam current density) 
was also determined. 
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A compact laser-plasma proximity x-ray lithography system suitable for laboratory-scale 
low-volume nanometer patterning is presented. The laser-plasma source, which is based on a 
fluorocarbon liquid-jet target, generates high-brightness \ = 1.2—1.7 nm x-ray emission with only 
negligible debris production. The Au/SiN,. x-ray mask is fabricated by employing ion milling and 
a high-contrast e-beam resist. With SAL-601 chemically enhanced resist we demonstrate fabrication 
of high-aspect-ratio, sub-100 nm structures. The exposure time is currently 20 min using a compact 
10 Hz, A. = 532 nm, 70 mJ/pulse mode-locked Nd:YAG laser. However, the regenerative liquid-jet 
target is designed for operation with future, e.g., 1000 Hz, lasers resulting in projected exposure 
times of ~ 10 s.   © 7997 American Vacuum Society. [S0734-21 lX(97)01004-4] 

I. INTRODUCTION 

Proximity x-ray lithography shows promise of becoming 
a suitable technique for the fabrication of nanometer 
structures.1"5 Pattern transfer with feature sizes of a few tens 
of nanometers is feasible.2 Most current systems are, unfor- 
tunately, based either on expensive synchrotron sources1'2 

having limited accessibility, or conventional low-intensity 
electron impact sources3'4 that result in long exposure times. 
This has limited the spread of the technology into the nano- 
fabrication community. The laser plasma is an alternative 
high-brightness x-ray source.5 However, previous laser- 
plasma-based lithography has utilized larger-scale lasers and 
conventional target systems, such as bulk metal6"8 or thin 
metal films.9 Such target systems have a limited operating 
time between the necessary changes of the target. They do 
not allow a high laser repetition rate, which results in a lim- 
ited average x-ray flux. They also suffer from severe debris 
emission making mask damage a problem. By using micro- 
scopic liquid fluorocarbon droplets as the target, the debris 
problem is reduced by several orders of magnitude.10 Fur- 
thermore, the droplet x-ray source11 is compact, may be op- 
erated at high repetition rate, provides nearly Air steradian 
access and is practically unlimited in operating time. In the 
present article we combine a modified version of the droplet 
x-ray source with a simple method for x-ray mask fabrica- 
tion, demonstrating laboratory-scale lithography of high- 
aspect ratio sub-100 nm structures. This compact system has 
potential for short-exposure times and is particularly appro- 
priate for low-volume laboratory-scale applications of nano- 
lithography. 

II. EXPERIMENTAL ARRANGEMENT 

The operation of the original table-top fluorocarbon- 
droplet source10 was modified by employing a microscopic 
liquid jet for enhanced long-term stability and simpler tem- 
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poral synchronization.12 The experimental arrangement of 
the lithography system is shown in Fig. 1. A fluorocarbon 
liquid is forced through an ~ 10 /am capillary glass nozzle 
by a pressure of —40 bar into a ~ 10~4 mbar vacuum cham- 
ber. This produces a microscopic fluorocarbon liquid jet that 
is a few mm long. The diameter is —15 /am and the velocity 
is —50 m/s. The jet is irradiated from the side by the focused 
beam from a 10 Hz mode-locked Nd:YAG laser (Continuum 
PY61C-10). The laser generates 120 ps, \=1064nm, 140 
mJ pulses. By the frequency conversion and mixing in three 
nonlinear crystals this is converted into a 3 mJ, X = 355 nm 
prepulse which hits the liquid-jet target 7 ns before the 70 
mJ, X = 532 nm main pulse.13 The laser pulses are converted 
into x rays in the Xs» 1.2-1.7 nm spectral range with a con- 
version efficiency of approximately 4%, resulting in —1.8 
X1012 ph/sr/pulse. The conversion efficiency is slightly 
smaller than that in Ref. 10, which may be attributed to the 
longer laser pulses used in the present experiment. The X 
<1.7 nm x rays are mainly due to F IX and F X emission. 
The full width at half-maximum (FWHM) diameter of the 
x-ray emitting plasma was measured to be 30 /am with a 
pinhole camera. The small size of the plasma as well as 
negligible debris make it possible to use a small distance (40 
mm) between the plasma and the mask/substrate unit, while 
still maintaining an acceptable penumbral blur. This in- 
creases the x-ray intensity at the substrate. The target liquid 
not used for x-ray generation is collected in a liquid nitrogen 
trap. 

The lithography exposure chamber is equipped with a 
loadlock system for rapid exchange of mask/substrate units 
while the liquid-jet x-ray source is operating in vacuum. 
Three spring-loaded screws on a stainless steel chuck press 
the mask against the resist-coated Si substrate via a 13 /am 
polyimide spacer. The mask/substrate unit is then inserted 
into the exposure chamber so that the substrate surface is 
positioned —40 mm from the plasma. 

The x-ray mask was manufactured on a 250 nm thick 
SiNx membrane14 covered by an absorbing layer of 185 nm 
Au and 3 nm NiCr. Patterning of the mask's absorbing metal 
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FIG. 1. Experimental arrangement for table-top nanometer x-ray lithography 
using liquid-jet laser-plasma source. 

layers was performed by Ar+ ion milling. The resist mask 
for the ion milling was prepared by e-beam exposure of the 
high-contrast positive resist Zeonrex ZEP-520.15 To mini- 
mize proximity effects, 50 keV electrons were used for the 
e-beam writing (JEOL JBX-5DII). Electrons with this energy 
were found to pass through the Au/NiCr/SiN,. substrate with- 
out any significant backward scattering. This resulted in a 
considerable reduction of the long-range proximity effect, 
whereas the short-range effect was noticeable at distances 
shorter than the thickness of the Au film. The resist develop- 
ment conditions were chosen to obtain the highest possible 
contrast (y=8 for a 0.25 fim thick film), which made it 
possible to obtain resist profiles with better than 2:1 height- 
to-width ratio. After the e-beam lithography, the gold was 
patterned by Ar+ ion etch through the resist mask. During 
the etching the mask was rotated and the axis of rotation was 
tilted approximately 5° to the direction of the ion beam. This 
method allowed us to control the height of the edge fences 
resulting from redeposition of etched material onto the resist 
walls. The smallest resolved Au features of the mask were 
below 100 nm in size. Structures larger than 200 nm exhibit 
nearly uniform 185 nm thickness and very sharp edges. Fig- 
ure 2 shows a part of the mask. The pattern on the mask was 
chosen to allow critical evaluation of the x-ray lithography 
method. It included similar features to those based on 100, 
250, and 500 nm design rules. Due to the proximity effect 

FIG. 2. Scanning electron micrograph of a section of the Au/Si^ x-ray mask. 

mentioned above, the features with sizes below 200 nm were 
difficult to reproduce in the resist without active proximity 
correction. 

The 185 nm Au/250 nm SiN^. mask provides an x-ray 
transmission contrast of about 11:1 for the \«= 1.5 nm laser- 
plasma emission. To suppress the longer-wavelength emis- 
sion in the spectrum, which is mainly due to C V and C VI 
ions, a free-standing metal filter consisting of 130 nm Cu and 
1 /um Al is inserted between the mask and the plasma. The 
total transmission of the \<1.7 nm radiation through the 
SiNj. mask and filter combination is approximately 40%. The 
SiNx membranes employed for the mask were 
0.5 mmX0.5 mm on a Si substrate.14 Much larger-area mem- 
branes (1-2 /an thick) with extreme strength are routinely 
manufactured.3 Naturally such membranes can be combined 
with the system described in this article. If such a membrane 
would be used for the mask instead of the ones we had avail- 
able, the metal filters could be omitted. Compared to conven- 
tional x-ray lithography around K = 1-1.2 nm, the slightly 
longer wavelength in our experiments makes mask fabrica- 
tion simpler due to increased gold absorption, thereby avoid- 
ing the need for fabrication of very high aspect ratios in the 
absorber material. 

An x-ray diode covered by 2 fim Al and 260 nm Cu 
free-standing metal filters is used for on-line determination 
of the x-ray flux in the \<1.7nm region. The higher filter 
thickness was chosen to avoid saturation of the diode. From 
diode sensitivity data and filter transmission calculations, the 
x-ray intensity was calculated to be 4 ycJ/cm2/pulse at the 
substrate surface. The absolute accuracy of this data is 50%; 
the uncertainty is due to the filter thickness, the x-ray diode 
sensitivity data and the relative strength of the spectral 
lines.11 In order to obtain a controlled x-ray dose in each 
exposure, the diode signal, which corresponds to the emitted 
x-ray flux in each shot, was electronically integrated over 
time. Since the x-ray flux was determined to be approxi- 
mately uniform in all directions, the total deposited energy in 
the resist could be accurately estimated. 

III. RESULTS AND DISCUSSION 

X-ray lithography was performed with the acid-catalyzed, 
novolak-based negative resist Microposit SAL-601 ER7, 
which is approximately 20 times more sensitive than 
PMMA. An approximately 0.6 ^tm thick film was spin 
coated onto Si substrates. The resist processing included a 
110 °C postexposure baking step in a convection oven fol 
lowed by 2 min of development in Microposit MF-322 
The sensitivity curve obtained with these exposure/ 
development parameters and with a 22 min postexposure 
baking time is shown in Fig. 3. After optimization of the 
process, we used an exposure dose of 45 mJ/cm2 and a 
postexposure baking time of 18 min for the best lithography 
results. 

Figure 4(a) shows a scanning electron microscope (SEM) 
micrograph of a typical lithographic pattern. The exposure 
time was 20 min. In Fig. 4(b) the pillars in the frame of Fig. 
4(a) are displayed at a higher magnification. These high- 
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FIG. 3. Sensitivity curve of SAL-601 negative resist with 22 min postexpo- 
sure baking time. 

aspect-ratio pillars have a typical diameter of 70 nm, which 
is determined mainly by the mask. The wall profiles are ver- 
tical or even leaning slightly backward, indicating that this 
lithography procedure may be suitable for lift-off processing 
of metal patterns on the nanometer scale. The slight undercut 
may result from the comparatively high absorption (—25%) 
of the incident A.«* 1.2-1.7 nm x rays in the resist layer. 
Thus, a slightly larger fraction of the absorbed energy is 
deposited in the top layers of the negative resist resulting in 
a higher density insoluble resist there, while the less exposed 
lower layers are less crosslinked. 

Resolution in proximity x-ray lithography is primarily 
limited by diffraction and by the photoelectron range.2'3 The 
photoelectron range sets the ultimate limit since diffraction, 
in principle, can be reduced by reducing the mask-substrate 

P^^^^( 

9    "   ^^^^^ 

gap. For wavelengths of the present liquid-jet x-ray source, 
i.e., A« 1.5 nm, the maximum range of the photoelectrons is 
20-30 nm while most of the energy deposition is due to the 
short-range (~ 5 nm) Auger electrons.3 Thus, with A. 
<=» 1.5 nm, < 20 nm features would be feasible when consid- 
ering only the photoelectrons.2 Shorter wavelength lithogra- 
phy systems will increase the photoelectron range. 

The minimum linewidth w due to diffraction may be es- 
timated from 

w = ki^\- (1) 

FIG. 4. Electron micrographs at low (a) and high (b) magnification of high- 
aspect-ratio 70 nm diameter pillars fabricated in SAL-601 negative resist. 

where g is the gap distance between the mask and the sub- 
strate, A is the wavelength, and k{ is a factor that depends on 
the mask and the illumination system. Using A; [=»0.6 (cf. 
Ref. 2) and the parameters used in the present article 
(XK1.5nm, g=«13ju,m) results in a minimum achievable 
linewidth of ~ 90 nm. With a 2 fim gap, routinely used in 
Ref. 3 even for large-diameter masks, this reduces to 
~ 35 nm. Finally, it may be noted that previous investiga- 
tions show that some spatial incoherence in the source is 
favorable to avoid edge ringing.3 In our experiments we had 
a penumbral blur S of ~ 10 nm, resulting in the blur-to-width 
ratio ß=S/w being approximately 0.1. Studies show that a 
somewhat larger ß (approximately 0.3) provides better 
contrast.17 Thus, a larger plasma diameter or smaller plasma- 
mask distance may improve the current arrangement. 

The exposure time is approximately 20 min in the current 
arrangement, which is based on the 10 Hz laser-plasma 
source. Although this is reasonable for many low-volume 
laboratory-scale projects, several applications require shorter 
exposures times. This is especially true for larger-volume 
fabrication. Fortunately, the average x-ray flux from our neg- 
ligible debris laser-plasma source may be increased signifi- 
cantly since the liquid-jet target allows much higher 
repetition-rate lasers to be used. This is in contrast to many 
other laser-plasma sources and is due to the fact that fresh 
target material is supplied in a continuous flow at a rapid rate 
(jet velocity ~50 m/s). Lasers aiming at a 1000 Hz repetition 
rate, and with suitable pulse energy and pulse width, are 
currently being developed.18 With a 1000 Hz laser the expo- 
sure time would be on the order of 10 s. Furthermore, the 
effective throughput may be increased since the nearly 4-n- 
steradian geometric access allows several exposure chambers 
at the source to be operated simultaneously. Finally, it might 
be of importance that the cost of the target is very low (ap- 
proximately $10"7/pulse for a 1000 Hz system10) due to the 
small liquid flow and the intrinsic accurate forming and po- 
sitioning of the target material. 

IV. SUMMARY 

We have demonstrated a compact laser-plasma proximity 
x-ray lithography system appropriate for low-volume na- 
nometer patterning. It combines a Au/SiN,. mask and a sen- 
sitive negative x-ray resist with a fluorocarbon liquid-jet tar- 
get laser-plasma x-ray source with negligible debris 
emission. The lithography system with its 10 Hz current 
source is already suitable for low-volume small-scale appli- 
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cations in, for example, research environments, and has the 
potential for larger-scale applications using higher- 
repetition-rate lasers. 
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Low-energy focused-ion-beam exposure characteristics of an amorphous 
Se75Ge25 resist 
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Ion-beam exposure and patterning characteristics of an amorphous Se75Ge25 thin film which acts as 
a positive resist in focused-ion-beam (FIB) lithography have been studied using low-energy Ga+ ion 
sources below 30 keV. The a-Se75Ge25 resist exposed to 10 keV defocused-Ga+ ion beam with the 
dose of 5.0X 1014 to 9.3X 1015 ions/cm2 results in increasing the optical absorption, which was also 
observed in the film exposed to an optical dose of 4.5 X 1020 photons/cm2. The absorption edge shift 
of 0.3 eV for the resist exposed to a dose of 9.3X 1015 ions/cm2 at 10 keV is about twice that of 
photo exposure. These large shifts could be estimated as due to an increase in disorder, considering 
a decrease in the slope of the Urbach tail and a broad pattern of x-ray diffraction. For the exposure 
of a 30 keV Ga+ ion beam and above a dose of 1.4X 1015 ions/cm2, a 590-A-thick resist film is 
completely etched by dipping for 10 s in 1:1:3 HN03:HC1:H20 solution (25 °C), and then the 
etching rate is about 60 A/s. As the incident energy increases from 10 to 30 keV, the threshold dose 
decreases from 4.0X 1015 to 1.4X 1015 ions/cm2 and then the imaging contrasts appear to be about 
0.5 and 2.5, respectively. The decrease of the threshold dose with increasing the exposure energy is 
evidence that a predominant factor in the FIB exposure characteristics is the energy transfer rather 
than the implanted ions themselves. When 30 keV Ga+ FIB exposure with a multiscan diameter of 
0.2 /um and the above-mentioned development are employed, a resist pattern with a linewidth of 
about 0.225 /mi is obtained.   © 1997 American Vacuum Society. [S0734-211X(97)01104-9] 

I. INTRODUCTION 

In recent years, focused-ion-beam (FIB) technology has 
advanced rapidly with the requirement for scaling down 
electronic devices to the subquarter micrometer region.1 In 
particular, focused-ion-beam lithography (FIBL) is evaluated 
as a novel vacuum technique available to generate original 
patterns (or masks), with the sub-0.1 fim linewidth, for x-ray 
lithography (or ion-projection lithography).2'3 In FIBL, using 
conventional polymer-resist materials, one of the main prob- 
lems is that the ion penetration through half a micron of a 
polymer, essential for conventional wet-chemical develop- 
ment, requires either lower mass ions or medium mass ions 
having 50-200 keV of incident energy. High-energy ions 
penetrate deep into the sample and yield relatively high reso- 
lution, sharp resist profiles. However, when high-energy FIB 
is used for direct exposure of the resist over a substrate with- 
out a mask, damages by unwanted implantation into the sub- 
strate may be an issue.4 The possible ways to avoid this are 
to select the resist thickness capable of minimizing ion pen- 
etration into a substrate and to use an inorganic resist with 
large ion-stopping power or low-energy FIBL.5 

Amorphous germanium selenide thin films have been in- 
vestigated as inorganic resists for microlithography tech- 
niques using a variety of exposure sources, such as visible, 
UV, and deep UV lights, as well as electron beam and ion 
beam.6,7 These materials offer an attractive potential alterna- 
tive to conventional polymer resists because of a large num- 
ber of advantages. Especially, these films for FIB exposure 

a)Electronic mail: hbchung@ daisy.kwangwoon.ac.kr 

are dense enough to allow fabrication of ultrafine patterns, 
have greater ion-stopping power to protect a substrate from 
ion-induced damage than Si02 and conventional polymer re- 
sists which are basically carbon compounds, and offer sur- 
face imaging known to be an effective method of obtaining 
high imaging contrast.8'9 We have recently presented the re- 
sults of a three-dimensional Monte Carlo (3D MC) simula- 
tion for Ga+ ion penetration in an amorphous germanium 
selenide thin film and the development profiles of FIBL us- 
ing the simplified exposure and development models.10"12 

In this article, we present ion-induced changes, exposure 
response characteristics, and development patterns of the 
a-Se75Ge25 resist by a low-energy Ga+ FIB exposure which 
has been conventionally utilized for mask repairing. Then the 
ion range parameters and the minimum resist thickness are 
determined by Lindhard, Scharff, and Schiott (LSS)-based 
calculation13'14 and MC simulation.11'12 The optical absorp- 
tion edges of the chalcogenides are characterized by an ab- 
sorption constant a that rises exponentially with increasing 
photon energy up to a value of a of in the range 
103-104 cm-1. Some chalcogenides—especially, Se or 
S-based—materials exhibit an absorption tail, a so-called 
Urbach tail, for photon energy (hen) just below the optical 
energy gap Eop and obey the absorption properties expressed 
as a=a0 exp [(fico-Eop)/F] and ahcj = B(ho)-Eop)2 for 
energy above Eop (i.e., the extended energy region) in which 
a0 is a material parameter, IIF is exponential slope in 
extended region, and constant B lies in the range 
105-106 cm^eV^1.15'16 These absorption properties 
around the Urbach tail have been studied in relation to the 
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TABLE I. The calculated parameters and the minimum resist thickness for the combination of <2-Se75Ge25 resist 
and low-energy Ga+ FIB. LSS-based results are compared with MC results, where R, Rp, ARp , and Ai?x are 
total ion path, projected ion range, projected range straggling, and lateral range straggling, respectively. In the 
case of MC simulation comprising the backscattering effect of ion projectile, the projected straggling is sepa- 
rated into \Rpl and ARp2 due to asymmetrical concentration distribution, where ARpl and ARp2 ^e for right 
and left side in the peak concentration N(Rp), respectively, and ARL values are in good agreement with those 
of ARpl for all energy ranges. The Zmi„ of an a-Se75Ge25 resist for 30 keV Ga+ FIB lies in the range of 
546-590 Ä for MC simulation and has 582 Ä for LSS-based calculation. 

Incident energy 

R(A) MA) AR± (Ä)a AR, (Ä) &RXIARp Zmin (A) 

N(Rp)b 

(1020 ions/cm3) E         (keV) 

LSS 137 101 40 43 0.93 273 9.1 

10          MC 121 88 42 
ARpI:50 
Afip2:42 

0.84 
1.00 

288 
256 

8.7 

LSS 215 158 65 70 0.93 438 5.6 

20          MC 192 141 70 
AR„:81 
AR„2:69 

0.86 
1.01 

465 
417 

5.0 

LSS 286 210 86 93 0.93 582 4.3 
30 

MC 259 190 91 ARpl:100 

AR,2:89 

0.91 

1.02 

590 

546 
4.0 

aAR± for LSS-based data is obtained by using the Schiott empirical formula (Ref. 22). 
bGa+ ion dose is 1 X 1015 ions/cm2. 

photostructural change or the photodarkening in amorphous- 
chalcogenide semiconductors.17 Two exponential slopes, i.e., 
the slope of Urbach tail U and 1/F, are obtained on a plot of 
a vs ti(o and then can be changed according to several treat- 
ment conditions. The exponential slope reduction in photo- 
or ion-exposed films has been reported due to the increase of 
randomness in atomic configuration.18-20 Therefore, the 
evaluation of absorption changes in amorphous SeGe chal- 
cogenide film by ion exposure could be interpreted in rela- 
tion to microstructural rearrangements within the short range 
of the SeGe network, that is the atomic configuration of the 
system reaches a new metastable state. Due to changes in 
this short range order, the chemical bonding may be affected, 
which results in enhanced chemical dissolution in ion- 
exposed films.6 

II. CALCULATION AND EXPERIMENT 

The use of thinner ion-beam resist leads to the fine pattern 
definition. For practical use, however, it is necessary to se- 
lect an appropriate resist thickness to absorb the ion-beam 
energy sufficiently and to minimize a substrate damage at the 
same time. We obtained the minimum resist thickness Zmin 

as well as the ion-range parameters, such as Rp, hRp, 
AR±, calculated using MC simulation10"12 and LSS-based 
theory13'14 for FIBL with variable incident energies. It will 
be adequate for the general case to consider the transmission 
coefficient of impinging ions T for estimating Z^,,. Assum- 
ing a Gaussian distribution of implanted ions, Zmin can be 
expressed as Zmin = i?p+4A/?;J for r=10""4.21 As an 
example of this definition, when ion beam impinges on 
the Znun-thick resist/Si substrate with a dose of 
IX1016 ions/cm2, the number of ions implanted into the 
substrate is about 1 X 1012 ions/cm2, which corresponds to 
about 0.1 at. % considering that the atomic density on the 
(100) surface of Si substrate is 6.7X 1014 atoms/cm2. A den- 

sity of a-Se75Ge25 is dependent on the fabrication and an- 
nealing processes, and for the most case lies between 4.3 and 
4.45 g/cm3 without annealing.22 In our calculation, the den- 
sities of a-Se75Ge25, a-Se, and a-Ge are 4.42, 4.28, and 
4.85 g/cm3, respectively, which correspond to 3.39, 3.26, 
and 4.02X 1022 atoms/cm3 of the atomic density.23 The cal- 
culated parameters for the combination of a-Se75Ge25 resist 
and low-energy Ga+ FIB are summarized in Table I. 

An amorphous Se75Ge25 thin film was prepared by ther- 
mal evaporation of the bulk in vacuum. A Se75Ge25 bulk 
glass was prepared by a conventional melt quenching tech- 
nique. The constituent elements Se and Ge weighed in the 
appropriate ratio were sealed in an evacuated quartz am- 
poule, which was then placed in a furnace and heated at 220, 
650, and 1000 °C for 2, 2, and 24 h, respectively. 

The ampoule was constantly stirred during these periods 
to achieve complete homogenization of the constituents 
in the melt and quenched in water. Films were prepared 
by thermal evaporation at a deposition rate of about 5 A/s 
on Corning glass-7059 (density: 2.76 g/cm2) and p-type 
Si (100) kept at room temperature in vacuum 
-1X10-5 Torr. Films were deposited in three thickness 
types: about 2000 A (the conventional photoresist thickness) 
on glass to observe ion-induced properties, about 800 A on 
Si wafer to evaluate the etching rate, Z„^n (Table I), on Si 
wafer to obtain the exposure response and pattern character- 
istics. The composition of the films was checked by Auger 
electron spectroscopy. From the results, a resist composition 
evaluated to be consistent with that of bulk in the range of 
accuracy of 95%-99% (i.e., Se:Ge=76:24 at. %). 

Low-energy ion-induced properties were observed while 
exposing 10 keV defocused ion beam with the dose of 5 
X1013-3 X 1016 ions/cm2. The gap spacing between a Ga+ 

LMIS source and an extractor was 0.2 cm and a target lay 
below 2 cm from an extractor. A UV-visible spectrophotom- 
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FIG. 1. The optical energy gap £op and the optical absorption constant a 
of a-Se75Ge25 resist with the exposure of defocused Ga+ ion beam (ion dose 
of 9.3X 1015 ions/cm2 with 10 keV) and optical radiation (optical dose of 
4.5X1020 photons/cm2 with an energy above £op). 

eter (Shimadzu, UV-240) and a N&K analyzer (NKT 1200) 
were used to record the ion-beam-induced absorption edge 
shifts in exposed films. The phase nature of exposed and 
unexposed films was evaluated by x-ray diffraction (XRD) 
measurement. A low-energy FIB machine (SMI-8100, Seiko 
Instrum., Inc.) which is generally utilized for mask repairing 
was the exposure tool for obtaining exposure and develop- 
ment characteristics. The incident energies were 10, 20, and 
30 keV and then the exposure dose was controlled by chang- 
ing the exposure current and time. Development after the 
exposure was performed by chemical etching in a 
HN03+HC1+H20 (1:1:3) solution at 25 °C. The etching 
method employed was dipping for a few seconds. The litho- 
graphic patterns were obtained by the above-mentioned de- 
velopment for 10 s after 30 keV FIB multiscanning with 
squares of dimension 50X0.2 /xm—the dose of 1.4 and 
6.5X1015 ions/cm2. The step height between exposed and 
unexposed resist were measured using Nanoscope (Anelva) 
and profilometer, and the lithographic pattern of the devel- 
oped a-Se75Ge25 resist was observed with a scanning elec- 
tron microscope (SEM). 

III. RESULTS AND DISCUSSION 

The optical absorption constant as a function of wave- 
length,   a(\),  can be  obtained using  the relation  a(K) 

20 (°) 

FIG.  2.   XRD  patterns  of exposed  and unexposed a-Se75Ge25 resists, 
(a) As-deposited; (b) 10 keV Ga+ ion exposed (8X 1015 ions/cm2). 

The a-Se75Ge25 resist exposed to a Ga+ ion dose of 
9.3X1015 ions/cm2, which corresponds to 13.4 J/cm2, shows 
an increase in optical absorption. This shift in the absorption 
edge toward longer wavelength, called the darkening 
effect,17 is also observed in the resist exposed to an optical 
dose of 4.5 X1020 photons/cm2, which corresponds to 
144 J/cm2 as the result of illuminating for 150 min using the 
blue-pass-filtered 400 W mercury lamp of a surface intensity 
16 mW/cm2. Also, the £op obtained by extrapolating 
(aho))m for photon energy (hw), as shown in Fig. 1, is 
about 1.9 eV for the as-deposited a-Se75Ge25 resist and 
about 1.6 eV for the ion-induced resist. The value of 
A£'op( = 0.3 eV) for the ion-induced resist is about twice that 
obtained for the photoinduced resist and larger than that 
( = 0.2 eV) reported by Chopra et al.,24 which have utilized 
50 keV He+ ion beam with a dose of ~1016 ions/cm2. 
Considering that the decrease of exponential slopes U and 
\IF shown in the inner part of Fig. 1 is due to the energy 
(photon, electron, or ion)-enhanced randomness,6'1314,18-20 

the amount of the reduction is thought to contribute to the 
enhancement of the etch selectivity between exposed and 
unexposed film. Figure 2 shows XRD patterns for both 
as-deposited film and 10 keV Ga+ ion exposed film 
(8.0X 1015 ions/cm2), which take the broad shape of amor- 
phous phase for the whole ranges. 

A hill in the range 26>=20°-35° relates to Se-Ge 
bonding and is distributed more extensively in the case of 
ion-exposed film. The variation of ion-induced properties 
as a function of the exposed dose of 5.OX 1014 

-3.0 X 1016 ions/cm2 is summarized in Table II, where a 
subscript ° means as-deposited resist. 

The values, such as E0?, B, IIF, and U decrease and the 
a increases with increasing exposed dose. The primary factor 
on these variations could be estimated as due to the increase 
of disorder by the collisions (electronic and nuclear stop- 
ping) of energetic ions in a-Se75Ge25 resist, and the effect of 
the implanted ion concentration should be also considered. 
The value B corresponding to the square of the slope in the 

ln[rop(\)/z]   from   the   optical   transmittance   Top   or       outer graphs of Fig. 1 is decreased slowly from 1.1 X 105 to 
9.0X 104 cm-1 eV-1, particularly for the increase of ex- 
posed dose from 5.0X 1014 to 9.3X 1015 ions/cm2, while the 
decrease of approximately two orders occurs for increasing a 
dose to 3.0X 1016 ions/cm2. The critical dose for an incident 

op 
a(k)=47rk/X from the extinction coefficient k. When a 10 
keV, defocused Ga+ ion beam is exposed, the variation of 
the optical energy gap Eop and the absorption constant of an 
a-Se75Ge25 resist is shown in Fig. 1, which contains the re- 
sult induced by optical radiation. Ga+ ion energy of 10 keV is on the order of 1016 ions/cm2 
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TABLE II. The variation of ion-induced properties as a function of the exposed dose at 10 keV. 

£„P(eV) 
E0=l-90 

B (cm'1 eV"') 
ß0=1.15X105 

a (cm ') 
at£op 

a0 = 4.1X103 

Extended region (>£op) Edge region (<£op) 

Dose at 10 keV 
(ions/cm2) \IF (eV~ ') 

A(l/F)/1/F0 100(%) 
VF0 = 2.385 U (eV_1) 

At//1/0 100(%) 
t/0 = 0.461 

5.0X10'" 
1.4X10" 
4.0X 10" 
9.3X10'5 

3.0X10'6 

1.86 
1.80 
1.62 
1.60 
0.80 

1.1X105 

9.8X10" 
9.1X10" 
9.0X 10" 
8.0X 102 

4.5X103 

6.0X 103 

1.1X10" 
1.1X10" 
2.6X 105 

2.150 
2.030 
1.287 
1.280 

9.90 
14.92 
46.06 
46.40 

0.451 
0.260 
0.100 
0.086 

2.2 
43.6 
78.3 
81.3 

and the variation of optical properties by FIB above the criti- 
cal dose can be thought of as due to the implanted ions 
themselves rather than the deposited energy. 

The selective etching characteristics of 800-Ä- 
thick a-Se75Ge25 resist exposed to a Ga+ dose of 
1.4X 1015 ions/cm2 at 30 keV, after development in an acid 
solution of 1:1:3 HN03:HC1:H20 is shown in Fig. 3. 

The etching rate of unexposed area R0 is approximately 
2.0 A/s and that of exposed area R is separated into two 
cases; Ä=~60Ä/s for 0-10 s and R = ~9k/s up to 20 s. 
The depth etched for 10 s is about 600 A and this is almost 
consistent with the minimum thickness Z^n, shown in Table 
I. Figure 4 shows typical exposure response curves of 
Zmin-thick a-Se75Ge25 resists exposed to 10, 30, and 80 keV 
Ga+ FIB. 

As seen from these curves, sensitivity 5, i.e., the thresh- 
old ion dose necessary to completely etch out resist films 
for a given development condition, is about 4.0 X1015 

and 1.4X 1015 ions/cm2 for the incident energies of 10 and 
30 keV, respectively. The S of a-Se75Ge25 as a positive 
ion resist (~ 7 J/cm2 at 30 keV) is better than its S as a 
photo (-1.6X 1019 photons/cm2=~10 J/cm2) or electron 
beam (~6X 1015 electrons/cm2 =-20 J/cm2 at 20 keV) 
positive resist.25 The expose response property for a rela- 
tively high energy 80 keV is shown by the filled triangle 

800 

10 20 

DEVELOPMENT TIME (seconds) 

30 

FIG. 3. The etching characteristic of a-Se75Ge25 thin film exposed to a dose 

of 1.4X10" ions/cm2 at 30 keV and developed in 1:1:3 HN03:HC1:H20 
solution at room temperature. 

(Zmin=1180 Ä)12 in Fig. 4 and the sensitivity is expected to 
be below 1.OX 1015 ions/cm2. As the incident energy in- 
creases from 10 to 30 keV, the threshold dose reduces about 
three times and the slope around the threshold dose, i.e., the 
imaging contrast y, becomes more steep—y increases from 
0.5 to 2.5. The mechanism of a low-energy Ga+ FIB lithog- 
raphy using a-Se75Ge25 can be related to the Ga ion distri- 
bution in the resist.14 As shown in Table I, both Rp and 
ARp approximately double and N(Rp) decreases to about 
half when the incident ion energy is increased from 10 to 30 
keV. If the reaction of implanted ions themselves is a pre- 
dominant factor in FIBL, the threshold dose should be in- 
creased and the contrast should also become less steep with 
increasing incident energy.26 As the above-mentioned dis- 
cussions about Fig. 1, Table II, and Fig. 4, FIB lithography 
in our present work, depends primarily on the energy density 
deposited by the collisions of energetic ions. Moreover, by 
taking into account that the ion stopping power for the com- 
bination of the a-Se75Ge25 resist and Ga+ ions exhibits a 
maximum at about 70 keV, we can postulate that S does not 

1.0 

W    .4 

0.0 

1 "1—1—1111 

-■—* 

10» 1014 10" 

ION DOSE (ions/cm2) 

1016 

FIG. 4. Exposure response characteristics for a-Se75Ge25 positive resist ex- 

posed to different doses and incident energies of Ga+ ions. Normalized 

remaining thickness corresponds to (Zmin-etched depth)/Zmin. Wet-chemical 

development: 1:1:3 HN03 :HC1:H20. Etching time=10s. Incident energy: 
-•- 10 keV; -■- 30 keV; A 80 keV. 
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0.225 [M 

FIG. 5. SEM photograph of the fabricated sample by a low-energy FIB 
exposure (6.5X 1013 ions/cm2 at 30 keV) with a multiscan beam diameter of 
0.200 pm and wet-chemical development for 10 s. The Iinewidth is about 
0.225 fim. 

increase simply for increasing FIB energy and both S and y 
have maximum values for ~70 keV FIBL. 

Figure 5 shows a SEM image of resist pattern obtained 
from low-energy FIB exposure (6.5 X 1015 ions/cm2 at 30 
keV) with a multiscan diameter of 0.200 /zm. The fabricated 
Iinewidth is estimated to be about 0.225 yum; fabricated 
depth was about 590 Ä. 

This Iinewidth observed is a little larger than the beam 
diameter (about 250 A), which is consistent with that of our 
MC simulation,12 while in the case of the electron beam the 
fabricated Iinewidth is much larger than the beam diameter, 
e.g., 1.0 /am Iinewidth for 0.25-^tm-diam electron beam (8 
keV) in Ge-Sb-Se resist.25 This is due to the much smaller 
lateral spread of ion beam in the resist. 

IV. SUMMARY 

The ion-induced changes and the exposure response and 
patterning characteristics of a-Se75Ge25 thin film which can 
be used as a positive resist in FIBL have been studied using 
a low-energy Ga+ ion source. And then the ion range param- 
eters and the minimum resist thickness are obtained by LSS- 
based calculation and our MC simulation. This ion resist for 
a low-energy FIB exposure shows very large ion-induced 
change in optical absorption properties, which results in an 
increase of the etch selectivity. In our present work, the 
mechanism of FIBL depends strongly on the energy density 
deposited by the collisions of energetic ions rather than the 
implanted Ga+ ions themselves. We, therefore, can expect 
the improvement of sensitivity and contrast for 70 keV 

Ga+ FIBL at which the ion-stopping power for the combina- 
tion of the a-Se75Ge25 resist and Ga+ ions exhibits a maxi- 
mum. Moreover, it can be said that the combination of an 
a-Se75Ge25 resist and a low-energy FIBL has a great poten- 
tial for generating patterns down to the sub-0.1-/mi region 
due to very small lateral spreading effect and that this lithog- 
raphy is applicable to in situ processing by utilizing ion- 
beam-assisted etching or reactive ion etching techniques. 
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Some novel properties of one-layer inorganic As50Se5O photoresists are demonstrated. The 
photosensitivity of the photoresists increases drastically (1000 times and more) upon exposure to 
short intense light pulses. The exposure characteristics can be changed from steep to gently sloped 
ones. The photoresists can be used effectively in both negative and positive modes. Combination of 
these properties with good optical properties such as a high refractive index, high transparency in 
the IR and high resolution, makes As50Se50 photoresists attractive for application in 
nonconventional optics. Close packed spherical and cylindrical microlens arrays for IR based on the 
As50Se50 photoresists are fabricated and tested. The advantage of this technique is in the elimination 
of thermal reflow and plasma etching that are commonly used. © 1997 American Vacuum Society. 
[S0734-211X(97)12504-5] 

I. INTRODUCTION 

Inorganic chalcogenide photoresists (ChPs) have been in- 
vestigated and applied in photolithography for a long 
time.1"8 Two types of photoresists have been developed: 
one-layer based on photoinduced structural transformations 
phenomenon9'10 and two-layer consisting of the chalcogenide 
film and a layer of silver or silver-containing material, based 
on photoinduced silver diffusion in the chalcogenide 
glass.11'12 In addition to the traditional method of ChPs film 
preparation by vacuum evaporation,1-7 a spin-coating tech- 
nique was also developed.13'14 ChPs are characterized by 
very high resolution, high contrast, wide spectral range of 
photosensitivity and the possibility to be used on both planar 
and nonplanar substrates. These and other interesting prop- 
erties of such resists make them attractive for application in 
many photolithographic processes. Wide use of ChPs was 
limited first of all by their low photosensitivity which was 
considerably less than the photosensitivity of the modern or- 
ganic photoresists. Attempts to improve the ChPs by chang- 
ing their composition, preparation, or irradiation regimes re- 
sulted usually in an increase of photosensitivity by not more 
than two to three times. 

This article demonstrates some new properties of the one- 
layer inorganic As50Se50 photoresist that open new possibili- 
ties in their application. The use of inorganic photoresists in 
micro-optics for fabrication of microlens arrays for the IR 
range is also described. The As50Se50 films were selected for 
detailed study since a strong photoresist effect was observed 
in such films previously.15 Many peculiarities observed in 
these films are typical also for other ChPs films, for example, 
for As40Se60 and As45Se45Te10 chalcogenide films. 

"'Electronic mail: vlubin@bgumail.bgu.ac.il 

II. EXPERIMENT 

As50Se5() films were prepared by the evaporation of 
crushed As50Se50 bulk glass onto oxide glass or quartz sub- 
strates from a quartz crucible in a vacuum of —5X10"6 

Torr. Film thickness was in the range of 0.1-3.0 [im. 
A 250 W Hg lamp, 300 W halogen lamp, 10 mW HeNe 

laser (A.=633 nm), excimer ArF laser (Lambda Physik, EMG 
101 MSC, \=193 nm, single pulses of 0.5-4.5 mJ, pulse 
width r= 16 ns), and Nd:YAG laser (\=266 nm, t = 5 ns) 
were used as sources of irradiation. The rate of dissolution 
was determined by monitoring the local thickness of the film 
using thin film interference.16 In these experiments solutions 
based on ethylenediamine and ethanolamine were used as 
negative selective developers. KOH solutions in water or in 
alcohol were used as positive developers. 

III. PHOTORESISTS' PROPERTIES AND POSSIBLE 
APPLICATION 

A. Short intense pulse exposure 

It was shown in this work that using short intense pulse 
exposures leads to a large increase of ChPs photosensitivity. 
This conclusion was made after direct measurements of the 
dissolution rates of exposed and unexposed areas of 
As50Se50 films. 

Figure 1 shows typical characteristics of the dissolution in 
negative solvent of the —0.4 pan As50Se50 film areas exposed 
to cw HeNe laser beam (£=235 J/cm2) and to single light 
pulse of the ArF laser (£ = 24 mJ/cm2).The initial rates of 
dissolution of exposed areas are considerably lower than 
those of unexposed parts of the film. Both types of exposure 
gave approximately the same effects, although the exposure 
doses in the two cases were substantially different. In other 
experiments, 103—104 times increase in photosensitivity of 
studied photoresists was observed when excimer laser pulses 
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10 20 30 

Time, min 

FIG. 1. Thickness of As50Se50 film areas (irradiated and nonirradiated) vs 
time of dissolution in ethanolamine. 

Exposure energy, mJ/cm 

were used. Films exposed to HeNe laser with a dose of 
20-30 mJ/cm2, equal to the dose obtained by a single pulse 
of the ArF laser, show the dissolution rate of exposed area 
practically the same as that of unexposed part of the film. 

It is seen from Fig. 1 that after 40 min of dissolution, the 
dissolution rate of the ArF pulse exposed area increases and 
becomes comparable to the dissolution rate of unexposed 
area. This fact is due to the large absorption coefficient for 
ultraviolet radiation in As-Se films (a>5X105 cm-1 as 
compared with a~2X104 cm"1 at \=633 nm) so that the 
excimer laser pulse affects the film only to a depth of about 
0.15 fjum. Therefore for the most effective use of such resists 
with an ArF irradiation source, the resist thickness must not 
exceed 0.15 fim. It is interesting to note the following pecu- 
liarities: 

(1) The dissolution rate of exposed areas was essentially un- 
changed when more than one pulse of ArF laser light 
was used. 

(2) As opposed to negative developer use, the initial rates of 
dissolution of exposed and unexposed areas differed 
very slightly when a positive developer was used. 

A direct comparison of photosensitivity of As50Se50 pho- 
toresist and Shipley AZ-1400-31 resist under 5 ns pulses at 
266 nm (the fourth harmonics of the Nd:YAG laser) was 
carried out. The chalcogenide photoresist was able to record 
a single pulse. However, the Shipley photoresist displayed a 
very weak image (after development), but only after 100 
pulses. Thus, the inorganic ChPs, which are substantially less 
sensitive than Shipley resists at cw radiation, proved to be 
much more sensitive to high intensity short pulse radiation. 

The main result is the demonstration of very large in- 
crease (103 — 104 times) in the inorganic As50Se50 photore- 
sists' photosensitivity. This increase can possibly be attrib- 
uted to the exposure to UV light quanta of large energy (4.7- 
6.4 eV of the ArF layer versus 2.0 eV of the HeNe laser). 
This energy difference can drastically change the mechanism 
of photostructural transformations, that are the basis of pho- 
tostimulated change of dissolution rate. For example, the 
high energy quanta could excite the bonding electrons of 
selenium rather than their lone pair electrons,17 increasing 

FIG. 2. Contrast characteristics of 0.3 ^m As50Se50 negative photoresist 
exposed to 250 W Hg lamp light. Development times: (1) 180 s; (2) 400 s; 
(3) 500 s; and (4) 580 s. Development time for complete dissolution of the 
unexposed areas: 45 s. 

the probability of interatomic bonds breaking and accelerat- 
ing the process of photostructural transformations. Another 
possible explanation of the photosensitivity increase, is the 
appearance of nonlinear recombination and relaxation phe- 
nomena under intense short pulse light excitation. Such non- 
linear phenomena are displayed also in the nonlinear photo- 
conductivity of chalcogenide glassy semiconductors.18 These 
phenomena are due to redistribution of an enlarged amount 
of the excited charge carriers into different trapping and re- 
combination states that are characteristic of the chalcogenide 
glasses.18 Such redistribution leads to the increase of charge 
carriers lifetime and to the growth of photostructural trans- 
formations chances. 

B. Exposure characteristics 

The exposure characteristic of a photoresist, indicating the 
remaining photoresist thickness as a function of exposure 
energy, is very important for any photolithographic applica- 
tion. For most organic photoresists a steep exposure curve is 
typical, and this steepness is particularly suitable for the ap- 
plication of photoresists in microelectronics. The form of this 
characteristic can be only slightly changed by adjustment of 
exposure and development conditions. 

On the contrary, for inorganic ChPs, the exposure charac- 
teristics are slightly sloped and their form can be changed 
significantly when the exposure conditions (light spectrum, 
maximum light intensity, exposure time) and development 
conditions (kind of the developer, development time) are 
varied. Several exposure characteristics of an As50Se50 pho- 
toresist are shown in Fig. 2 and indicate the possibility of 
realizing half-tones when the remaining resist thickness is 
different in the areas exposed by light of varied intensity. 
This behavior of inorganic photoresists is due to the property 
of photostructural transformations to be accumulated in a 
chalcogenide film during exposure. 
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FIG. 4. Transmission spectra of (1) nonirradiated and (2) irradiated —2.5 /mi 
As5oSe50 film. 
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FIG. 3. Schematic representation of dissolution kinetics of nonirradiated 
(1,1*), irradiated by polychromatic light (2,2*), and irradiated through band- 
pass filter (4,4*) areas of the photoresist for (a) negative and (b) positive 
developers. Lines 3,3*, related to the seeming case of nonabsorbing photo- 
resist, are obtained by continuation of initial parts of curves 2 and 2*. 

positive mode, only small values (less than three) of the y 
factor (ratio of dissolution rates in exposed and unexposed 
areas in this case) are reported.15 This peculiarity can be 
understood if the property of ChPs to decrease the transpar- 
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C.  Positive and negative modes of chalcogenide 
photoresist 

The possibility of the easy transition of a one-layer ChPs 
from positive to negative mode was shown previously.7'15 

Such a transition is accomplished by a simple change of the 
developer composition and is based on the specific polymer 
structure of the chalcogenide glasses in which the irradiation 
induces, simultaneously, both photodestruction and photopo- 
lymerization processes. During these processes, some inter- 
atomic bonds are partially broken and other bonds are cre- 
ated. In this case, the developer interacting with broken 
bonds acts as a positive one, while the developer interacting 
with created bonds leads to the negative effect.7 

At the same time, an essential difference has been ob- 
served by many investigators between positive and negative 
modes in most of the ChPs. For the negative mode large 
values (up to 20-30) of the y factor, that is the ratio of 
dissolution rates in unexposed and exposed areas, were 
achieved for resists of As-Se glassy system, while for the 
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FIG. 5. Spectra of (a) refractive index and (b) absorption coefficient of (1) 
nonirradiated and (2) irradiated —2.5 fim As50Se50 film. 
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ency under light irradiation, the photodarkening effect,9'10 is 
taken into consideration. 

Due to photodarkening, the depth of exciting light pen- 
etration into the volume of photoresist film is diminished, 
and this effect leads to different results in the positive and 
negative modes. This situation is explained schematically in 
Fig. 3 where the kinetics of nonirradiated and irradiated pho- 
toresist film dissolution is shown. Here the tni and t*; ,tt and 
tf , fji and t* are the times of total dissolution of nonirradi- 
ated, irradiated real, and irradiated ideal (nonabsorbing) ar- 
eas of negative and positive (*) photoresist, respectively. 
The y factor values for real and ideal (nonabsorbing) cases 
can be written for the negative mode as y=ti/tni and y, 
= t{i/tni, and for the positive mode as y* = t*i/t* and y* 
= t*i/t* . It is seen from the figure that in the ideal case, both 
y, and yf can be large enough, but in the real case of ab- 
sorbing ChPs, y* < y, in good agreement with the situation 
observed experimentally. So, in the case of As50Se50 resists, 
values y* = 2-3 were recorded. 

It was shown that the situation for the positive mode can 
be improved if the strongly absorbed short wavelength light 
is filtered. Curves 4 and 4* in Figs. 3(a) and 3(b) indicate 
schematically the kinetics of dissolution of photoresist film 
irradiated from the same light source through a bandpass 
filter, cutting off the short wavelength radiation. Correspond- 
ing, y factor values can be written as yf=tif/tni and y* 
= t*xlt*f . In the negative mode yf is slightly smaller than y, 
but in the positive mode the y* value is substantially larger 
than y*. Experiments with As50Se50 photoresist using a 
halogen lamp as the irradiation source and application of 
KS-10 bandpass filter (transmits light with \>0.6 /mm) led 
to an approximate three times increase of the y factor, that 
achieved values of six through eight. 

D. Optical properties 

Optical properties of ChPs are substantially different from 
those of organic photoresists. The ChPs are characterized by 
high values of refractive index n = 2.2- 2.9 and by good 
transparency in the IR spectrum range. 

FIG. 6. Atomic force microscope image of one spherical microlens. 

FIG. 7. Scanning electron microscope micrograph of section of two long 
cylindrical microlenses. 

The transmission spectrum of a typical As5OSe50 photore- 
sist film is shown in Fig. 4 for the visible and near IR range. 
The positions of the interference extrema in Fig. 4 depend on 
resist thickness. The values of refractive indices and absorp- 
tion coefficients calculated from the transmission spectrum 
using the Swanepoel method19 are plotted in Fig. 5. The 
photodarkening effect is displayed in the change of transmis- 
sion spectrum and in the increase of refractive index and 
absorption coefficient. All these changes for As50Se50 photo- 
resist film are illustrated in Figs. 4 and 5. 

E. Prospects of photoresists application 

The above-mentioned peculiarities of As50Se50 photoresist 
differentiate them from traditional organic photoresists. Ex- 
posure by short intense light pulses, accompanied by a strong 
increase of photosensitivity of ChPs, removes their main 
drawback and makes them promising for application in sub- 
micron lithography and in nanolithography, particularly, in 
near-field lithography20 where short light pulses are used. 
As50Se50 photoresists that are characterized by high sensitiv- 
ity to short UV pulses of ArF excimer laser seem to be es- 
pecially interesting in connection with the recent interest of 
modern microelectronics in 193 nm lithography.21 

The ability to change the form of exposure characteristics 
of As50Se50 photoresists allows their use for the fabrication 
of half-tone photomasks and for various applications in non- 
conventional optics. The possible use of As50Se50 photore- 
sists both in the negative and positive modes shown here is 
also useful for different applications. 

The As50Se50 films possess simultaneously interesting 
photoresist properties and good optical properties, such as a 
high refractive index and high transparency in the IR. Due to 
this combination, such films can be used in nonconventional 
optics, particularly, for fabrication of microlens arrays and 
diffractive optical elements. 

IV. APPLICATION FOR FABRICATION OF IR 
MICROLENS ARRAYS 

The microlens arrays were fabricated mainly in As50Se50 

films that were deposited onto glass, silicon, and gallium 
arsenide substrates and had thicknesses from 0.3 to 1.0 /im. 
Proximity contact printing lithography22 was used. Planocon- 
vex spherical IR microlens arrays were fabricated on silicate 
glass substrates. A He-Ne laser was used as a light source. 
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This radiation was approximately homogeneously absorbed 
in the As50Se50 film, ensuring high contrast in dissolution of 
irradiated and nonirradiated areas of the film. The develop- 
ment of exposed photoresist was made in the negative pho- 
toresist mode using the ethylenediamine-based developers. 
The microlens arrays, created in the chalcogenide photore- 
sist, were obtained in their final form without the need of 
transfer into the substrate material by standard plasma etch- 
ing that is usually used in the case of organic photoresists 
application.23 

An array produced with the 0.32 /urn thick resist gave the 
following results: 

Refractive index (\=0.8 fim): 2.9 
Diameter of single lens: 12 /xm 

Pitch: 12 fim 
Array size: 40X40 

microlenses 
Focal length (\=0.5 /xm): 30 /jm 

The exposure doses of 5-10 J/cm2 and dissolution times of 
3-5 min in the negative developer (8% amine-based solu- 
tion) were used in the fabrication of such microlens arrays. 
An atomic force microscope image of one microlens is 
shown in Fig. 6. 

The experimental focal length value / was very close to 
the value determined from the known formula for a plano- 
convex lens /= r2 + h2/2h(n - 1), where r is the radius of the 
lens, n is the refractive index, and h is the maximum thick- 
ness of chalcogenide film. 

Long cylindrical lenses (few millimeters) were also fabri- 
cated using the same lithographic technique with As50Se50 

films of thickness 0.45 /jm. In Fig. 7 are shown cylindrical 
lenses with the following parameters: 

Refractive index (\=0.8 /on): 2.9; 
Lens width: 4.2 /xm; and 
Focal length (\=0.5 /urn): 3.0 /u,m. 

V. CONCLUSION 

The detailed study of As50Se50 photoresist films prepared 
by resistive heating vacuum evaporation resulted in the rev- 
elation of several new features. Large photosensitivity in- 
crease when short intense light pulse exposure is used, the 

ability to change the exposure characteristics, and use as a 
positive photoresist were shown. Most of these features are 
explained on the base of general knowledge of the photoin- 
duced phenomena in chalcogenide glasses. These peculiari- 
ties together with their interesting optical properties, make 
this type of inorganic photoresists attractive for different ap- 
plications. 

Fabrication of close-packed microlens arrays for the IR, 
using As50Se50 photoresists has been shown. In the method 
used, thermal reflow and ionic etching were eliminated, mak- 
ing this fabrication process very attractive. 
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Imaging characteristics of poly(methyl methacrylate) at vacuum ultraviolet 
wavelengths 

I. E. Ferincz,a) Cs. Toth,b) and J. F. Youngc) 

Department of Electrical and Computer Engineering and the Rice Quantum Institute, Rice University, 
Houston, Texas 77251 
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We report the depth versus exposure characteristics of poly(methyl methacrylate) (PMMA) in the 
vacuum ultraviolet (VUV) region from 59 to 128 nm. Calculated absorption coefficients of the 
PMMA are also presented. The depth of the features on the PMMA were in the range of 20-80 nm 
created by 1-50 mJcm"2 exposures and were measured with an atomic force microscope (AFM). 
We found that the AFM can reliably measure depth differences of only 2 nm. The sensitivity of the 
AFM permits exposures to be reduced for high resolution microscopy and holography even in the 
case of highly absorbing films.   © 1997 American Vacuum Society. [S0734-211X(97) 12404-0] 

I. INTRODUCTION 

Microscopy using contact printing or holography requires 
a well characterized, high resolution recording film. One of 
the earliest and best characterized electron and x-ray resists 
is poly (methyl methacrylate) (PMMA).1"3 In contrast, how- 
ever, to lithography applications — where the full removal 
of the resist is desirable in the exposed areas — contact 
imaging and holography require a resist with vertical (depth) 
resolution. The attainability of a ' 'grey-scale'' pattern in the 
resist is important in these applications for reliable and re- 
producible mapping of the light intensity in a wide exposure 
range. In the soft x-ray region, microscopy using PMMA as 
a resist material is well developed.4 In PMMA, a positive 
resist, bonds are broken by incident short wavelength radia- 
tion, decreasing the average molecular weight of the long- 
chain molecules. This increases the solubility of the resist in 
a suitable solvent, resulting in a pattern of surface heights 
corresponding to the exposure. The surface pattern can be 
measured by a scanning5 or transmission electron 
microscope,6'7 but an atomic force microscope (AFM) pro- 
vides more reliable quantitative data.8'9 

Vacuum ultraviolet (VUV) microscopy has the potential 
to supplement x-ray and electron microscopy, because the 
contrast mechanism is quite different. VUV radiation inter- 
acts with the outer valance electrons and molecular absorp- 
tion is sensitive to composition and structure. In addition, 
several reasonably practical incoherent and coherent sources 
exist in the 80-130 nm region. However, almost no studies 
have been made of PMMA, or other films, for VUV imaging. 
While there are lithography studies in the 110-260 nm 
region,10"12 this information is only partly relevant since the 
requirements of lithography are quite different from imaging. 
For lithography, the critical parameter is the exposure re- 
quired to completely remove the film; imaging, however, 
requires quantitative knowledge of the response function and 
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University, H-6720 Szeged, Dom ter 9, Hungary. 

b)Permanent address: Research Institute for Solid State Physics, P.O. Box 
49, H-1525, Budapest, Hungary. 
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a reasonable dynamic range, or intensity level resolution. 
The relationship between exposure and surface height is gen- 
erally poorly known even for common photoresists. Basic 
and important optical constants, such as absorption coeffi- 
cient at VUV wavelengths are also lacking. 

In this work we will present the depth-exposure charac- 
teristics of PMMA in the 59-128 nm spectral range, for 
exposure values of 1-50 mJ cm-2. The surface depths were 
measured with an AFM and were in the range of 2-80 nm. 
Since the AFM can reliably measure surface height differ- 
ences of only 2 nm, very low exposures can be used even at 
wavelengths that are highly absorbing. We have used our 
depth versus exposure data to calculate the VUV absorption 
coefficients of PMMA using a simple model for exposure 
and dissolution. 

II. EXPERIMENTAL DESCRIPTION 

A. Preparation and development of the PMMA resist 

The samples for exposure were 12.5 mm diameter pol- 
ished glass disks spin coated with PMMA. The resist was a 
commercial solution of 4% PMMA (molecular weight of 
950 000) in chlorobenzene.13 The top surface of the substrate 
was flooded with the PMMA solution and then spun at 5000 
rpm for 25 s. A second layer of PMMA was spun over the 
first to provide a thicker film. The resulting film was 
290 ± 10 nm thick as measured by the AFM. The substrate 
and film was then baked at 140 °C for at least 30 min in a 
vacuum oven at ~ 500 mbar pressure. 

Following exposure the film was developed in pure me- 
thyl isobutyl ketone for 60 s at 25 ±0.5 °C, during which 
time the developer was agitated mildly. Following develop- 
ment, the sample was immediately rinsed in isopropyl alco- 
hol for 5 s, dried with a jet of clean freon, and baked again at 
140 °C for 30 min. 

B. System setup 

Figure 1 shows the experimental arrangement. Broadband 
incoherent VUV light was generated using a laser-produced 
plasma. Pulses from a Q -switched Nd:YAG laser were fo- 
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PORT#l 

PORT #2 

MONOCHROMATOR LENS 

FIG. 1. Experimental arrangement for the resist characterization. The incom- 
ing Nd:YAG laser pulse (solid lines) was focused to the target rod T, and 
the VUV radiation (dash-dot-dot lines) was collected and imaged by the 
gold mirror M. The grating G filtered and focused the VUV light to the 
focal plane FP, which was tangential to the Rowland circle. The energy 
could be monitored during the exposure by turning the diverter mirror DM 
into and out from the beam path. 

cused onto a 6 mm diameter stainless steel rod with a 30 cm 
focal length lens. The 930± 10 mJ and 7 ns full width at half 
maximum (FWHM) pulses produced infrared light intensity 
of 1012 Wem"2 at the target surface. The target rod was 
attached to and rotated by the motorized screw14 to present a 
fresh target surface for each laser pulse. The laser repetition 
rate was 10 Hz and this arrangement allowed 75 min long 
exposures. The light from the laser-produced plasma was 
collected by a 2 in. diameter spherical gold mirror (focal 
length of 5 cm) and imaged on the input slit of a 0.2 m, / 
#4.5 monochromator. High purity helium at 20 Torr was 
flowed through the chamber during the exposures to reduce 
the accumulation of plasma debris on the mirror. 

For the PMMA exposures, the monochromator was modi- 
fied by replacing the output slit at Port No. 1 with a sample 
holder tangent to the Rowland circle, allowing us to make 
exposures at several wavelengths simultaneously. The mono- 
chromator grating had 1200 lines/mm leading to a plate fac- 
tor of 3.4 nm/mm in the focal plane. Exposures were made 
through a mask (see Fig. 2) with identical patterns spaced 
1.25 mm apart, corresponding to 4.25 nm in wavelength. The 
five patterns spanned a total wavelength region of 17 nm. 
The input slit was set at 1.25 mm for all exposures. The 
mask was fabricated from 75 /mm thick polyimide sheet by 
ablation using a KrF excimer laser. As seen in Fig. 2, each of 

MASK 

SUBSTRATE 

WTTTTM 

PMMA 

MASK 

FIG. 2. Front view of the polyimide mask and cross section of the substrate, 
film, and mask assembly. 

Wavelength (nm) 

FIG. 3. Typical spectrum of the laser produced plasma light source used in 
the experiments, as measured directly by the PMT at Port No. 2 (dashed 
line), and the calibrated light energy deposited on the sample surface at Port 
No. 1 (solid line). 

the five mask patterns consist of two bars, 60 /im wide by 
2.5 mm long, separated by a 20 /u,m diameter circle. Film 
depth measurements were made on the circular dot expo- 
sures; the bars served only as visual aids to locate the circles. 
The mask was placed directly against the PMMA film and 
the assembly held in the monochromator's focal plane. 

C. Calibration of VUV exposure flux 

The determination of the depth versus exposure character- 
istics of PMMA requires careful measurement of the expo- 
sure flux over a range of wavelengths. Our primary energy 
standard was the well studied and stable quantum efficiency 
of A1203 cathode photodiodes.15 Because the sensitivity of 
this photocathode drops sharply for wavelength longer than 
100 nm, we used it primarily to calibrate a sodium salicylate- 
photomultiplier combination (PMT) that was used to mea- 
sure the source spectrum and to monitor exposure values. 
The variation of the quantum efficiency of sodium salicylate 
is about 5% over our 35-130 nm wavelength measurement 
range.15 

As a first step of calibration, we measured the energy at 
monochromator Port No. 1 with the A1203 photodiode in the 
60-100 nm wavelength range. During the calibration the in- 
put and output slits were opened to 100 fim. The spectrum 
was then recorded by the PMT at the same port and cali- 
brated by the results from the Al203-photodiode measure- 
ment. Next, the spectrum was recorded at Port No. 2 and the 
reflection of the diverter mirror was calibrated by comparing 
the two spectra. Using this method we were able to evaluate 
the energy at Port No. 1 from the measured signals of the 
PMT at Port No. 2 at each wavelength between 50 and 130 
nm (Fig. 3). The exposure energies varied between 60 and 
120 nJ per laser pulse. We estimate that the error of the 
absolute energy values is 20%, while the relative error be- 
tween different wavelengths is only 12%. The energy density 
at the sample plane was between 7.0X 10~4 and 1.4X 10~3 

mJcm-2 per pulse, as calculated by dividing the measured 
energy by the effective open area of the output slit. The total 
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FIG. 4. An atomic force micrograph of a contact printed pattern on the 
surface of PMMA. 

exposure was obtained by simply multiplying this average 
exposure value per laser pulse by the total number of pulses 
in an exposure. 

In order to account for possible long-term changes in the 
efficiency of the laser-produced plasma and the light collec- 
tion system, we interrupted each exposure to take source 
spectra at Port No. 2. The number of spectra taken was var- 
ied to achieve good average values. Three spectra were mea- 
sured for the shortest (3 and 4 min) exposures and seven for 
the longest (60 min) exposures. The exposure energy was 
calculated by averaging the spectra. 

D. Depth measurement by AFM 

The transverse and vertical scans of the AFM16 were cali- 
brated using a calibration grating and height standards. A 
typical atomic force micrograph of a contact printed test pat- 
tern on the surface of the PMMA is shown in Fig. 4. To 
obtain a good estimate of the depth of a given hole, four 
— 50X50 /im (256 by 256 pixels) scans were made using 
different scanning directions and the results averaged. Typi- 
cally, the standard deviation of the pixel height from the 
average was ~ 3 nm. However, because of the large number 
of pixels, this deviation did not effect the depth measurement 
directly, since the average height of the pixels were com- 
pared. However, this high frequency noise did introduce er- 
rors during the removal of the apparent surface curvature. 
Apparent surface curvature is an inherent byproduct of the 
AFM transverse scanning mechanism, and it can be well 
approximated by a second order polynomial. The elimination 
of the curvature was performed by fitting a second order 
polynomial to each data row of the scans. The accuracy of 
this fit is reduced by the pixel height variation because of the 
small number of pixels in each row. This was particularly 
true where the data row contained values from both the ex- 
posed and unexposed parts, since the unexposed part was not 
included in the fitting. We estimate that the vertical resolu- 
tion was limited to 2 nm by this effect. 

■     76.25 nm 
▼     111.25 nm 

—r- 
20 

-1— 
30 

—i— 
40 50 

Exposure (mJ/cm2) 

FIG. 5. Developed film depth vs exposure for PMMA at two different wave- 
lengths. The symbols with error bars are the measured height differences 
between exposed and unexposed regions, while the lines are the results of a 
model fitted to the data. 

III. RESULTS AND DISCUSSION 

Measurement of exposure patterns such as Fig. 4 resulted 
in characteristic curves of depth versus exposure, S, at spe- 
cific wavelengths spaced 4.25 nm over the range of 59-128 
nm. Figure 5 shows two such curves; the symbols represent 
measured data while the lines are the result of the exposure- 
dissolution model discussed below. This set of curves can be 
usefully summarized by defining a specific exposure flux, 
Sp, for each wavelength that will produce a 30 nm deep 
pattern. Figure 6 shows a plot of Sp over the wavelength 
range measured. While the 30 nm criteria is arbitrary, we 
found that patterns of this depth resulted in low noise, repro- 
ducible measurements. Also shown in Fig. 6 is the calculated 
derivative of pattern depth versus exposure, G = dz/dS, 
evaluated at Sp. The parameter G is a measure of the expo- 
sure resolution; a large G indicates there are more distin- 
guishable intensity levels within a given exposure range. 

8x10'' 

4x10"' 

60   70   80  90  100  110  120  130 

Wavelength (nm) 

FIG. 6. Specific exposure Sp required for a developed depth of 30 nm, 
(triangles), as a function of wavelength, and G, the derivative of depth with 
respect to exposure at Sp (filled squares), characterizing the possible grey- 
scale levels for imaging applications. 
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TABLE I. Values of a and K determined by fitting the model of Eq. (3) to the 
measured dissolved pattern depth. The wavelength independent value of 
n = 2.43. 

140 

Xc (nm) a (fjLta  ') K(m2,, + ,/Jns) 

59.00 98 5.3X10"10 

63.25 110 1.3X10"9 

67.50 126 3.5X10"9 

71.75 126 1.7X10"9 

76.25 121 3.6X10"10 

80.75 112 9.8X10"11 

85.00 105 8.8X10"11 

89.25 98 2.8X10"11 

93.75 94 2.5X10"11 

98.25 88 1.5X10"11 

102.50 78 7.8X10~12 

106.75 73 9.2X10"12 

111.25 70 1.0X10"" 
115.25 72 8.4X10"12 

119.50 66 6.3X10"12 

123.75 61 3.1X10"12 

128.00 57 2.4X10"12 
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FIG. 7. Absorption coefficient of PMMA as a function of the wavelength 
(triangles) calculated by fitting the measured pattern depths to the model of 
Eq. (3). The data shown by filled squares were determined by Kudo et at, 
by direct absorption measurement (Refs. 10 and 11). 

A. Dissolution model of PMMA 

We used a simple model of exposure energy deposition 
and the resulting dissolution of PMMA to calculate the VUV 
absorption coefficient of PMMA from our pattern depth data. 
First, we assumed a simple exponential absorption in PMMA 
so that the energy deposited at any depth z is D(z) 
= aS exp(-az), where a is the absorption coefficient, and S 
is the incident energy flux at the surface z = 0. Next, we used 
the previously proposed model of polymer dissolution2'3 that 
postulates the dissolution rate is proportional to a power of 
the energy deposited per unit volume: 

-£ = [kD(z)T + Ro, (1) 

where n is a constant and R0 is the dissolution rate of the 
unexposed polymer. The parameter k represents the bond 
breaking efficiency of the radiation and is expected to be a 
function of wavelength.3 Substituting for D(z), the change 
of surface height with development time is 

— = KSne-az(')n + R0, (2) 

where K=a"kn. Assuming z(0) = 0 and f = 0 at the start of 
the development, the solution of Eq. (2) is 

1        RneaR°'"+(eaR°'"-l)KSn 

z(t)-- ln 
na Rn 

This model neglects temperature dependence of the dissolu- 
tion rate and any dependence of the exponent n on deposited 

that R0 = 72.3 ± 18 pm s , which agrees well with the value 
of 80 pm s_1 of Hawryluk et al.2 Equation (3) was fitted to 
the experimental data in order to determine the parameters 
a(\), K(X), and n. The exponent n should depend only on 
the polymer and solvent properties and it was assumed to be 
independent of wavelength in the fitting process. Therefore, 
a simultaneous fitting has been performed for the data from 
the 17 different wavelengths in order to find the best 
(17X2) +1 parameters (a and K for each A., and one com- 
mon n) for all the experimental data. Using this method of 
simultaneous fitting of all the wavelength data — instead of 
a series of independent three-parameter fittings for each X — 
we were able to fit our developed depth versus exposure and 
wavelength data very well; two examples are shown in Fig. 
5. Since the data values in Fig. 5 represent the difference in 
height of exposed and unexposed areas, the curves plotted 
are z(t) from Eq. (3) minus R0t, the amount dissolved from 
the unexposed regions. For our conditions the correction 
R0t = 4.3 nm. Values of a(\) and K(\) are given in Table I 
for each wavelength measured, and the absorption coefficient 
is plotted in Fig. 7. The 95% confidence interval of the fitted 
parameters have also been determined: they are ±4%, 
±11%, and ±31%, for the values of n, a, and K, respec- 
tively. The optimum value of n was found to be 2.43. Pre- 
vious studies using x-ray exposure found values between 3 
and 3.4, while electron beam exposure yielded values of 1.33 

(3)       to 2.58.   The calculated absorption coefficient in Fig. 7 is 

energy. 2,17 

systematically higher than the values measured by Kudo 
et a/.,10'11 in the range 110-130 nm. This discrepancy might 
indicate the need for a more comprehensive dissolution 
model, e.g., incorporation of the D dependence of n. 

B. Resist characteristics 

We evaluated R0 by immersing unexposed PMMA 
samples in methyl isobutyl ketone for various times and 
measuring the change in thickness with the AFM. We found 

IV. SUMMARY AND CONCLUSIONS 

We have presented the depth versus exposure characteris- 
tics of PMMA over a broad VUV spectral region, 59-128 
nm. These curves provide essential information for image 
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reconstruction of contact and holographic recordings. We 
found that exposures as small as 2 mJcirT2 can produce 
patterns 20 nm deep. Since the AFM can resolve ~2 nm 
depth differences, about ten vertical or exposure levels are 
distinguishable. This exposure level is significantly lower 
than that previously used with other depth measurement 
techniques.1'5 Further improvement should be possible by de- 
creasing the pixel noise, perhaps by modifying the film 
preparation and developing procedures. 
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Design optimization for two lens focused ion beam columns 
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This article systematically analyzes all possible operation modes in a two lens focused ion beam 
column utilizing analytical formalism and numerical analysis. The non-crossover mode is found 
to be inherently superior to the crossover mode, and a column in the crossover mode with a single 
fixed aperture can never realize optimal magnifications for all beam current levels. The 
non-crossover mode gives the best resolution. The crossover mode, however, offers many attractive 
features such as simplicity and quick changeover time. Optimization procedures based on 
operational mode analysis with examples are also given. © 7997 American Vacuum Society. 
[S0734-211X(97)03204-6] 

I. INTRODUCTION 

As focused ion beam technology (FIB) is an important 
tool in the semiconductor industry as well as other scientific 
and technological fields, the requirements of a FIB system 
for higher performance become more demanding. To meet 
these challenges, FIB columns must be optimized under limi- 
tations of the liquid metal ion source (LMIS) (energy spread 
5-10 eV), the restrictions imposed by pure electrostatic 
lenses and the complexity of the mechanical construction. 
The goal of an optimized design is to focus an ion beam to as 
small a spot as possible for a given beam current. Before a 
new ion source with a smaller energy spread and an equiva- 
lent or higher brightness compared to LMIS such as the gas 
field ion source,1 and synthesized lenses2 become readily 
available, we are restricted to using LMIS and lenses with 
only simple geometry. In practice, two lens FIB columns 
with three or four element immersion or Einzel lenses are 
generally employed with significant success. There is still a 
lot of room to improve the resolution and current densities 
offered by two lens columns through design optimization. 
The goal of this study is to provide a systematic, analytical 
explanation of the advantages and disadvantages of all pos- 
sible operation modes of a two lens column under justifiable 
assumptions and to provide optimization procedures based 
on operation mode analysis. 

In the past few years, there has been a number of valuable 
works on this subject,3-6 that have provided much better un- 
derstanding. Unfortunately, those works contain various 
limitations or are incomplete. Reference 3 compared the 
crossover mode shown in Fig. 1(a) with the parallel mode 
shown in Fig. 1(b), and drew the conclusion that the parallel 
mode gave smaller beam sizes by showing a numerical ex- 
ample for a fixed total magnification of M= 1. Although the 
conclusion is not incorrect, it seems somewhat unfair as the 
comparison should really be made for a fixed beam current 
or for an effective aperture size instead of a fixed magnifi- 
cation M. Reference 4 reports on only the crossover mode 
studied and assumed, without sufficient justification, spheri- 
cal and chromatic aberration coefficients were not dependent 

on M; thus, the derived expressions may be inaccurate. Ref- 
erences 5 and 6 used the thin lens approximation to calculate 
beam sizes for different modes and took Coulomb interac- 
tions into account. However, the authors failed to provide 
systematic analytical reasoning, and also did not point out 
the dependence of effective aperture size on total magnifica- 
tion. 

Based on the author's own calculations using a commer- 
cial software package,7 Coulomb interactions seem to be in- 
significant for typical two lens columns when the beam cur- 
rent is small (<100 pA) and when interactions between the 
LMIS and the first beam acceptance aperture are included in 
the virtual source size (about 50 nm). Therefore, this study 
does not include Coulomb interactions which are considered 
by some studies5'6 as an important factor limiting the resolu- 
tion of FIB systems. Further discussions on this subject are 
given in Section IV. 

This article is organized as follows. In Section II the au- 
thor uses the thin lens approximation to deduce the conclu- 
sion that the non-crossover mode always gives a smaller 
beam size than the crossover mode for a given beam current 
if both are in their respective optimal magnifications. In Sec- 
tion III, some practical implementations of the optimization 
on all the modes in Fig. 1 are discussed by using some real- 
istic numerical examples. In Section IV, the effects of thick 
lenses and Coulomb interaction are discussed. Final conclu- 
sions are given in Section V. 

II. WHICH MODE IS THE BEST? 

The performance of a charged particle optical system is 
frequently characterized in terms of the spot size of the fo- 
cused beam. Here the beam size d is evaluated by the com- 
monly used quadrature sum of the contributions due to the 
Gaussian image of the source size dg, spherical aberration 
d, and chromatic aberration dr as follows: 

"Electronic mail: liwang@san-jose.ate.slb.com 

d= \ldg
2 + ds 

where 

d„ = Md„ 

+ d/ (1) 

ds=^Ma3Cs dc = MaCC0AE/E. 
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FIG. 1. Operational modes of a two lens FIB column: (a) crossover mode, (b) parallel mode, (c) diverging mode, and (d) converging mode where (b), (c), and 
(d) are the non-crossover modes. 

M is the total magnification of the column; a is the half- 
angle subtended by the effective beam-limiting aperture; dv 

is the virtual source size; Cso is the total spherical aberration 
coefficient that refers to the object side of the column; Cco is 
the total chromatic aberration coefficient that refers to the 
object side of the column; AE is the energy spread of the ion 
source while E is the beam energy. The deflection and dif- 
fraction aberrations are not considered here since most of the 
deflection aberrations can be eliminated through dynamic 
corrections8 and the scanning area is very small when a FIB 

system is operated at a very high magnification. In addition, 
the de Broglie wavelength of the ions is extremely small in 
the current FIB energy range. 

For a two lens column, the total spherical and chromatic 
aberration coefficients can be expressed in terms of the ab- 
erration coefficients of the two lenses:9 

CS0=Csl + Cs2g3/M\ 

CC0=Ccl + Cc2g
3/M2, 

(2) 

(3) 

source 

lens 1 

A 
beam limiting aperture 

lens 2 

FIG. 2. Definitions of the optical parameters in a two lens FIB column. 
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where CsX is the spherical aberration coefficient of the first 
lens (condenser) that refers to the object side; Cs2 is the 
spherical aberration coefficient of the second lens (objective) 
that refers to the image side; Ccl is the chromatic aberration 
coefficient of the first lens (condenser) that refers to the 
source side; Cc2 is the chromatic aberration coefficient of the 
second lens (objective) that refers to the target side; 
g = \IV0/Vj where V0 and V, are the acceleration voltages in 
the source side and sample side respectively. 

Normally, the two lenses used in a FIB column can be 
viewed as thin lenses without introducing a lot of errors.10 

Under the thin lens approximation, there is no difference 
between the real and asymptotic optical parameters, and 
Csl, Cs2, Cc\, and Cc2 can be represented by mx and m2 

(the magnifications of the first and second lenses respec- 
tively) as follows:9 

csl=cs^(i-ymi)
4,    Cs2=CsW{\-m2)\ 

Cc\ — Ccioo(l    l//«i) ,     Cc2— Cc2o(l -m2)
2, 

where Csla> and Cs20 are the spherical aberration coefficients 
on the object side of the first lens with an infinite magnifi- 
cation and on the image side of the second lens with a zero 
magnification respectively, while Celro and Cc20 are the 
chromatic aberration coefficients on the object side of the 
first lens with an infinite magnification and on the image side 
of the second lens with a zero magnification respectively. 
Since mx=Mlm2, and substituting it into Eqs. (l)-(3), we 
have 

(Mdv)
2+\ 0.5Mcr C jl«= 

m2\ (I-OT2) 
T7    +Cs2o      —A Ml M4 

+   Ma- 
AE 

E0[ 
C Cl<x>\ + c, (i-m2r 

20 
Ml (4) 

When we optimize the column, we must first fix some pa- 
rameters, then finish the optimization process by varying 
other parameters. Otherwise, we would have too many vari- 
ables to worry about at the same time. For a two lens column 
shown in Fig. 2, the usual situation would be that the z0, 
Zi> V0< Vi< and ^ should be easily decided earlier from 
practical considerations while other things such as the aber- 
ration coefficients and the aperture position are being de- 
cided. The optimization process to be discussed here is how 
to find the best magnification, aperture size and position, etc. 
not for individual lens optimization. 

In the following discussion, we use the sign rule for the 
optical parameters: we define z0, z,, V0, Vh and L as posi- 
tive; z 1 is positive if the beam crosses the axis after the first 
lens [crossover mode in Fig. 1(a) and converging mode in 
Fig. 1(d)] while Z\ is negative if the beam has a virtual 
crossover on the optical axis [diverging mode Fig. 1(c)]; if 
the slope of the angle subtended by the ion trajectories and 
the positive z direction is positive, then this angle is positive, 
while the angle is negative when its slope is negative. 

Under this sign rule, it is easy to derive the following 
relations m{ = -{z\lzß)g, m2= — z{lz2 and 

Zi Z\ 
M = m^m2 = g, 

z0 z2 

also 

a 

(5) 

(6) 

We have assumed that the second lens is an Einzel lens for 
simplicity considering the fact that the objective lens is a 
unipotential lens in the majority of practical FIB columns. If 

the objective lens is not an Einzel lens such as the retarding 
type in the low energy deposition system, all the relations in 
this article are still valid provided that z,- is replaced by 
Zi\JVl/Vi, where Vj is the acceleration voltage in the image 
position of the first lens. 

Since   z2 = L~z\,   we   have   z\= LMz0l{gZi + Mz0). 
Then 

Zi 

L-z, 

gZj + Mzp 

Lg      ' 
(7) 

z„ and L are known, m2 and M are Therefore, once z, 
interdependent. 

Although the above expressions are derived based on Fig. 
2 which shows a crossover mode, all the formulas are valid 
for non-crossover modes such as in Figs. l(b)-l(d). The 
difference is that we have Z\<~z0 for the diverging mode 
of Fig. 1(c), Z\>L for the converging mode of Fig. 1(d), and 
Zj = °° for the parallel mode. The case — zo<Z\<0 is not 
real since divergent lenses do not exist in charged particle 
optics. For the diverging mode, since Zi<-z0 

and z2 = L 
~Z\ >0, then ml>0,m2< 0 and M<0. For the converging 
mode, since z\ >L>0 and z2 = L-z\<0, then m^O, 
m2>0 and M<0. For the parallel mode, ml = ^, m2<0, and 
M = —zi g/z0 <0. In other words, M<0 is always true for 
the non-crossmodes. For the crossover mode, mi<0, 
m2<0 thus, we have M>0. Also, we can see 
l^divergingl<l^Paraiieil<|Mconverging|. Therefore, we know 
which mode it is just by determining the sign and the mag- 
nitude of M. 

Now we are in a position to discuss which mode gives 
smallest d for a given a (equivalent to a given beam current 
/fc) and for a given set of Va, V,-, z0, z,-, and L. Substituting 
Eq. (7) into the expression of dQ we have 
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dr=\ a- 
AE\ 

Ccl„M| 1 + 
gZj + MzA 

LgM    j 

+ C c20> 1 + 
gZi + Mzo 

Lg 

AE\a2M2 + aiM + a0 

M 

(8) 
\    E0 j        L

2g2M 

where 

a0=Cc20L2g5 + 2Cc20Lg5
Zi + Ccl„g2z*+Cc20g5z*, 

ai=2CclxLg2zi + 2Cc20Lg4zo + 2Cclxgzizo 

+ 2Cc2Qg4ZiZ0, 

a2=CcWL2g2 + 2CclooLgzo+Cc^z2
o+Cc20g3zl, 

and a0, ax, a2 are all positive numbers. In this article 
Csix , Cs20 , Ccirc, and Cc20 are assumed to be independent 
of M. To find the minimum dc, we need to solve 
d[dc]/dM = 0,i.e., 

d[dc] 

dM 

AE\a2M
2 — an 

E0j  L2g2M2 

The solutions are M = MC and M=—Mc where 
Mc=^a0/a2. Since dc(Mc) = (aAE/E0)(a2M2

c + alMc 

+ a0)/L2g2Mc>dc(-Mc) = (aAE/E0)(alMc-a2M2
c 

— a0)/L2g2Mc and M<0 means the non-crossover modes, 
while M>0 means the crossover mode, we conclude that, 
between the two local minimums, the non-crossover mini- 
mum is the global minimum. 

Now let us proceed to discuss ds. Substituting Eq. (7) 
into the expression of ds we have 

,b4M4 + b3M
3 + b2M

2 + b1M+b0 
d=0.5a3- „   „    „ 

LVM
3 

where 

b0=Cs20L4g7 + 4Cs20L3g1zi+6Cs20L2g1z2 

+ 4Cs20Lg1z3 + Cs^g4z"i+Cs20g1z4, 

b1 = 4Cs^Lg4z3 + 4Cs20L3g6zo+l2Cs20L2g6zizo 

+ UCs20Lg6z2zo + 4Cslxg3z3zo + 4CsWg6z3zo, 

(9) 

•2„5„2 b^ßc^g'zt+nc^Lg'zfzo+ec^g'zi 

+ l2Cs20Lg5
Ziz

2
o + 6Cslosg

2z2z2
o + 6Cs20g5z2z2

o, 

b3 = 4CslxLig4z' + \2Cs^Llgiziz0+ 12CslaLg%zi 

,4_3 + 4Cs20Lg\>o + 4Cslxgziz
i

o + 4Cs20g4ziz
5

o, 

b4 = CslxL4g4 + 4CslxL3g3z0 + 6CslxL2g2z2
0 

+ 4CslxLgzl+Csla!zt + Cs20g3z4
o. 

Obviously, b0, bx, b2, b3 and b4 are all positive numbers. 
Let us suppose M = MS >0 gives the smallest ds for all 
M>0, then we can conclude that M=—Ms gives even a 
smaller value of d, since 

ds(Ms) = 0.5a 
3b4M: + b3Mj + b2Mj + blMs + b0 

L4g4M] 

>0.5a3 

= ds(-Ms). 

MMl + biMs+bo-biM*- M: 
L«g«M>s 

Thus, M = Ms must not be the global minimum. In addition, 
unlike the dc situation, M = — Ms is not necessarily the mini- 
mum position for the non-crossover modes. In other words, 
the global minimum value of ds could be even less than 
ds{-Ms). 

As a matter of fact, for an arbitrary M = M0 > 0, from Eq. 
(8) and Eq. (9), we have the relation d2(M0) = M0

2dv
2 

+ d2+ d2>d2(-M0) being always true by using similar 
reasoning. Therefore, we can safely conclude that the non- 
crossover mode can always give better performance than the 
crossover mode since if M = Mmin>0 gives the smallest d for 
all M>0, there is always a non-crossover mode with a mag- 
nification ~Mmin such that d(-Mmin)< d(Mmin) and, fur- 
thermore, d(M<0) could be smaller than d(-Mmin). 

Since |Mdiverging| < |Mpara,ie,| < |Mconverging|, and in general, 
for smaller a, the optimal M is smaller too, while for larger 
a, larger M is preferred for the best performance. Thus, 
usually for a very small beam current the diverging mode 
offers the best results, and for very large current the converg- 
ing mode is better. Of course, for a specific column, the best 
M depends on the specific setup. 

III. OPTIMIZATION PROCEDURE 

The beam current is related to the effective aperture as 
follows. Ib=ir(dl/d(l)a2, where dl/dü, is the angular cur- 
rent density of the LMIS. What we want in an optimization 
procedure is to obtain the optimized, realizable Ib-d curve. 
This curve will serve as a guide to a practical design of a FIB 
column. Obviously, we should first optimize the individual 
lenses by taking all the mechanical and economical limita- 
tions into account. Then we should find the best magnifica- 
tion for a given Ih. Finally, we should study the require- 
ments of the optimized M on the practical setup and come up 
with the best size and position of the beam limiting aperture, 
after some compromises if necessary. But optimization of 
lenses is not the intent of this study as we indicated earlier. 
Instead, we are going to concentrate on the last two steps. 

To find the best M for a given set of aberration coeffi- 
cients, acceleration voltages, minimum working distances 
and total length of the column is equivalent to solving 

d[d2(M)] 
(10) dM 

-0. 

Substituting Eq. (8) and Eq. (9) into Eq. (10), we will end up 
with a polynomial equation with a form like 

c0 + cxM + c2M2 + c3M
3' + cAM4 + c5M

5' + c^ 

+ c7M7 + c8M8 = 0, (11) 
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TABLE I. The assumed parameters of the LMIS and the two lenses used in the examples. 

837 

d„ v„ V, E AE c„- ccl- CS20 C&0 dlldü L z„ Z/ 

50 
nm 

7.2 
keV 

30 
keV 

30 
keV 

5 
eV 

400 
mm 

50 
mm 

2000 
mm 

150 
mm 

17 
fiAJsti 

300 
mm 

20 
mm 

20 
mm 

where cv (« = 0,... ,8) are expressed in terms of d0, a, 
a0, flj, a2, and fc0, &i, &2> ^3> ^4- c«(n = 0, 1,... ,8) are 
too lengthy (but elementary) to list them here. In general, we 
will get as many as eight solutions mathematically. But most 
of them are not real. According to the author's own experi- 
ence, normally only two roots are real and one is positive 
(corresponds to the crossover mode) while the other is nega- 
tive (corresponds to the non-crossover mode). 

Let us consider a numerical example here. The values of 
the defining parameters for the two lens FIB column being 
discussed are listed in Table I. The aberration coefficient 
values are typical compared to many commercially and non- 
commercially available columns using deceleration mode 
lenses. Of course, the values could be much better if lenses 
with acceleration modes are used.11 

By solving the Eq. (11) for this example, we find that, just 
as we expected, two real solutions with opposite signs exist 
for every value of a. The solutions are plotted in Fig. 3. 
Using those values of magnification, d, dc, ds, and dg for 
the noncrossover and crossover modes are plotted in Figs. 
4-6. Clearly, just as we expected, Fig. 4 shows that the 
non-crossover mode is always better than the crossover 
mode if both modes are operated in their respective optimal 
magnifications for all beam current levels. Figure 5 and Fig. 
6 show the variations of the dominance by dc, ds, and dg as 
the beam current changes are similar in the two modes. Also, 
as we mentioned in Section II, for the lower current range, 
which is Ib = 2 pA-250 pA for this case, the diverging 
mode gives optimal performance, while the converging 
mode offers the smallest beam sizes for higher current ranges 
(Ib > 250 pA). 

So far we have discussed how to find the optimal magni- 
fication for each Ib. There is still an important question to 

answer: Can these optimal magnification values be realized 
in a practical column? The answer is very different for col- 
umns using crossover modes and those using non-crossover 
modes. 

A. Aperture selection for crossover mode columns 

We have shown that the crossover mode is always natu- 
rally inferior to the noncrossover mode if both have their 
optimum conditions of smallest beam sizes. Crossover mode 
columns do have some advantages over non-crossover mode 
columns, however, such as much simpler mechanical struc- 
tures, much quicker current changeover time, better reliabil- 
ity and serviceability and a lower cost. When the targeted 
application does not require superb resolutions, crossover 
mode columns may be the better solution. Therefore it is of 
great practical importance to study how to optimize a cross- 
over mode column. 

In practice, the crossover mode is realized by a single 
aperture whose size and position are fixed as shown in Fig. 2. 
The beam current Ib, or the effective aperture a, is adjusted 
by changing the first lens strength. This type of beam limit- 
ing aperture is usually called an electrically variable aperture 
(EVA). Let the radius of the EVA be Rd and the distance 
between the first lens and the EVA position be zd. Figure 2 
shows us \a1\ = wcctan(Rd/\zd-Z\\)- From Eqs. (6) and (7), we 
have the following relation: 

LM I     Rd(gZi + Mz0) 
 arctan   
gZi + Mz0 \zd(gZi + Mz0)LMzo 

(12) 

Therefore, once Rd and zd are fixed, a and M are not inde- 
pendent of each other, i.e., we can never operate an EVA 
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FIG. 3. The optimal magnifications for the crossover mode and the non- 
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column in optimal magnifications for all current levels. What 
we can do is optimize M for the smallest Ib for the highest 
imaging resolutions, optimize M for larger Ib for better mi- 
cromachining results and speeds, or compromise somewhere 
in between depending on the specific situation. 

To illustrate this point further, the Ib versus the required 
Rd for the best magnifications of zrf = 100 mm, 150 mm, 200 
mm, and 250 mm in the column described by Table I are 
plotted in Fig 7. Figure 7 shows that zd=250 mm is the best 
choice of the four EVA positions since this curve is much 
smoother and flatter than the other three, which means the 
difference between the best possible Ib-d curve and the 
Ib -d curve with this particular choice of Rd would be 
smaller. Figure 8 shows the corresponding Ib- d curves when 
Rd is chosen for optimized beam sizes of Ib= 2 pA, 64 pA, 
and 1389 pA when zd=250 mm. The optimized R/s are 13 
/urn, 24 /mm and 27 /urn respectively. The curve for best 2 pA 
performance degrades the beam size significantly for most 
Ib levels except the very small Ib range; the curve optimized 
for 1389 pA improves for larger Ib by compromising the 

beam sizes in the smallest lb range. The curve optimized for 
64 pA falls between the two, offering a good balance for all 
Ib ranges. Note that the best possible lb-d curve is also plot- 
ted in Fig. 8 for comparison. We can see that the difference 
among the optimized Rd, targeting different Ib's, does not 
differentiate the overall beam sizes very much, although it is 
still noticeable because of the flatness of the Ib-Rs curve for 
zf=250 mm as shown in Fig. 7. Another factor to be consid- 
ered here is the practical machining and reliability of the size 
of EVA required. The conclusion is that a 24 yam aperture is 
preferable because machining errors as well as alignment 
errors would be smaller for a 24 fxm aperture than those for 
a 10 /mm aperture. In addition, the aperture lifetime would be 
longer for the larger aperture. 

B. Aperture selection for non-crossover mode 
columns 

In practice, the current change of a non-crossover mode 
column is realized by a mechanical variable aperture (MVA) 
which is a plate with a fixed number of various size holes. In 

■o 

•o 
c 
<o 

"O 

/■ 

,-?■' 

100 

10 
 ---^^^^^[.■■''' 

Non-cross-over mode 

1 
 d 

9 
 d 

  d 
 d 

 nl         i 

1 10 100 1000 

Beam Current (pA) 

FIG. 6. The best possible beam size d, Gaussian image dg, chromatic aber- 
ration dc, and spherical aberration ds as functions of beam current lb for the 
non-crossover mode. 

•   for2pA 
 for 64pA 
 for 1389pA 

—— best possible d 

■ ■' ■J^fy"^ 

~     t-^f\. . ...I       1       1        

Beam Current (pA) 

FIG. 8. The beam size d optimized for 7^=2 pA, 64 pA, and 1389 pA and 
the best possible beam size as a function of Ib. 

J. Vac. Sei. Technol. B, Vol. 15, No. 4, Jul/Aug 1997 



839 Li Wang: Design optimization for two lens FIB columns 839 

|    0.10 

-for z =50mm 
d 

1 10 100 1000 

Beam Current (pA) 
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mode. 

over several hundred pA. We believe that the analysis given 
in this study is appropriate for small and medium beam cur- 
rents (up to several hundred pA) which seem to be the most 
useful range for FIB applications. On the other hand, for 
larger currents of a few nA, beam sizes predicted by our 
study may be too optimistic because Coulomb interactions 
could play a major role. Since most Coulomb interaction 
theories indicate that crossovers enlarge the effects of Cou- 
lomb interactions, we can believe that the non-crossover 
mode will give better resolution performance than the cross- 
over mode in all cases. 

Another basic approximation used in this article is the 
thin lens approximation. Even though we have a number of 
reasons to believe that this approach can be justified in many 
cases, there is a possibility, however, that a thick lens model 
must be adopted in some instances. The effect of the thick 
lenses will be a topic of future studies. 

other words, zd is fixed while Rd can be changed noncon- 
tinuously. The answer to the question whether or not the best 
M for all Ib can be materialized is generally yes in this case 
since, according Eq. (12), by varying Rd any value of M for 
a given a can be provided. We now must calculate the cor- 
responding MVA sizes for the best M and the best location 
in which to install it. 

By substituting the best magnifications we calculated ear- 
lier for various Ib'sto Eq. (12) we can calculate the required 
Rd for any chosen zd. For the column we described in Table 
I, the calculated R/s are plotted in Fig. 9 for zd=50 mm, 
150 mm and 250 mm. The choice of zd should be based on 
the convenience of the total column construction and its re- 
liability. If 2^=50 mm, then the corresponding optimized 
Rd=6 fjLm for 2 pA is a little bit too small for machining and 
has a possible shorter lifetime due to ion beam etching. 
Therefore, we should go for a larger Rd, e.g., Rd = 10 /am 
and 14 /xm for z^=150 mm and 250 mm, respectively, for 
the 2 pA beam unless there are other constraints involved. 

IV. DISCUSSIONS 

As mentioned previously, Coulomb interactions have not 
been taken into account since there is no widely accepted 
theory with good quantitative accuracy yet available, al- 
though there has been some progress in this direction.6 It is 
difficult to judge the accuracy of the results given in these 
studies, since many assumptions and simplifications were 
used because of the extremely complicated nature of Cou- 
lomb interactions. This author has calculated Coulomb inter- 
action effects in some typical two lens FIB column configu- 
rations using the commercial software package, Boersch. 
The results obtained show that beam size increases due to 
Coulomb interaction for small beam currents are in the range 
of 0.5 - 2 nm, which is significantly less than the quadrature 
sum of other contributions. Coulomb interactions do become 
a significant factor, however, when the beam currents are 

V. CONCLUSIONS 

The non-crossover mode can always outperform the 
crossover mode if both are operating at optimal conditions, 
and the diverging mode suits smaller beam current levels 
whereas the converging mode is better for larger currents. 
This conclusion was deduced based on analytical reasoning 
rather than on specific numerical examples. The best possible 
magnifications for the whole beam current range cannot be 
realized in a crossover mode column with an EVA. On the 
other hand, the non-crossover mode with a MVA can always 
realize its smallest possible predicted theoretically beam 
sizes. An optimization procedure with adequate numerical 
discussions for all operation modes was also shown. Since 
Coulomb interaction effects are not included in this study, 
the analysis shown in this article may not be suitable for all 
column configurations and beam current ranges. 
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Field emission from amorphous diamond coated Mo tip emitters by pulsed 
laser deposition 
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Previous studies have shown that carbon films deposited on needle-shaped Si emitters by filtered 
cathodic arc are amorphous with a high sp2 content. These results can be ascribed to the poor 
thermal conductivity inherent to this geometry. Our present studies overcome this difficulty by 
depositing amorphous diamond films on Mo tip emitters by pulsed laser deposition. Monitoring 
films were grown on sapphire substrates and appeared transparent with a resistivity greater than 
1X106 flcm, showing a typical amorphous diamond nature. Electron energy loss spectroscopy 
showed that the sp3 content of the film was 50% at the apex of the tip and 30% at the shank, which 
was lower than on planar substrates. High resolution transmission electron microscopy images 
revealed that the film at the apex was much denser than that at the shank, but both film showed a 
nano-columnar microstructure. Selected area electron diffraction confirmed that the films were 
amorphous in nature. Field emission from coated Mo tip emitters showed a considerable 
improvement in both turn-on voltage and emission current, compared with the same emitter before 
deposition. It has been demonstrated for the first time, that a-D films can be deposited on Mo tip 
emitters by pulsed laser deposition to achieve a better emission performance and the observation of 
this in the as-deposited structure.   © 1997 American Vacuum Society. [S0734-211X(97)06204-5] 

I. INTRODUCTION 

Field emitters coated with diamond films have shown a 
great improvement in performances, such as low onset volt- 
age, high current density, and better stability.1"8 They are 
ascribed to the fact that diamond films have low or even 
negative electron affinity and chemical inertness.9'10 On the 
other hand, diamondlike carbon (DLC, hydrogenated) and 
amorphous diamond (a-D or ta-C, nonhydrogenated) films 
have also shown attractions to field emission, since these 
films retain similar properties to diamond, such as extreme 
hardness, high density, high resistivity, chemical inertness, 
etc.,11"17 due to the high percentage of sp3 bonding in DLC 
and a-D films. They also contain a fraction of sp2 bonding 
embedded in the sp3 network, which form nonlocalized IT 

states and optical energy gaps ranging from 0 to 2.7 eV. 
However, the properties of DLC are unstable when heated to 
300-500 °C due to the release of H2 leading to conversion 
of sp3 to sp2, whereas a-D films have been reported stable up 
to 800 °C.18 Ion beam sputtering, filtered cathodic arc and 
laser ablation are the most commonly used techniques for 
depositing amorphous diamond films.11'12'16"19 

In terms of applications of electron devices, such as flat 
panel displays, a-D films have some advantages over dia- 
mond films. First, a-D films are microscopically smooth 
while diamond films usually are not. Second, a-D films are 
deposited at room temperature by a rapidly quenching pro- 

a'On leave from Beijing Vacuum Electronics Research Institute, P. O. Box 
749, Beijing 100016, China; Electronic mail: ding@mte.ncsu.edu 

cess; however, growth of diamond films requires a high sub- 
strate temperature (above 650 °C). Third, the preparation of 
a-D films is simpler and faster than that of diamond films. 

One of the applications of DLC and a-D films is as a 
coating for field emitters. Xie et al.20 deposited a-D film on 
flat Si wafers, by a Q-switched Nd-YAG laser. They found 
an onset voltage of field emission to be less than 20 V/yttm 
and a current density of up to 100 mA/cm2. Amaratunga 
et al.21 reported field emission also from Si wafers, coated 
with N- containing hydrogenated amorphous carbon films by 
capacitor coupled chemical vapor deposition (CVD); onset 
emission fields as low as 4 V//xm were observed. Recently, 
Chuang et al.22 reported enhancement of field emission from 
Mo tip arrays with DLC films; gated Mo tips were coated in 
a pressure of 10"2 mbar (3 mol % H2 in N2) by laser abla- 
tion. The maximum anode current, however, decreased dur- 
ing operation, possibly due to instability of DLC films. In 
addition, they were unable to characterize the film on the tip 
arrays. 

Previous studies in this lab23 have shown that field emis- 
sion from Si single tips coated with carbon films at room 
temperature by filtered cathodic arc was reduced as com- 
pared to that of the uncoated tip, most likely because the 
coating was amorphous carbon as characterized by electron 
energy loss spectroscopy (EELS). In fact, filtered cathodic 
arc deposition has produced a-D films with a sp3 content of 
93% on planar substrates such as Si, Mo, etc.17 However, for 
a sharpened tip with a poor thermal conduction, the heat 
generated under intensive carbon ion bombardment could 
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raise the temperature of the tip. Therefore, the deposition 
condition would be no longer in favor of a rapidly quenching 
process to form sp3 bonding, resulting in an amorphous car- 
bon film. 

So far there have been few reports on field emission from 
a-D coated Mo tips, though several investigators have re- 
ported field emission from DLC coated Si and Mo tip 
arrays.22'24 In the present article, we report field emission 
studies of single Mo tip emitters coated with a-D films by 
pulsed laser deposition. With direct EELS and high resolu- 
tion transmission electron microscopy (HRTEM) studies, we 
were able, to examine true bonding and microstructure of the 
tip. Scanning electron microscopy (SEM) was employed to 
study the microscopic morphology of the a-D film, while 
selected area electron diffraction (SAED) was used to deter- 
mine its amorphous nature. Field emission from the Mo 
emitters before and after deposition of a-D films was mea- 
sured using a field ion microscopy/field emission microscopy 
(FIM/FEM) system. 

II. EXPERIMENTAL PROCEDURES 

A. Mo tip preparations 

Single needle-shaped emitter tips were made from 
99.95% pure 0.125-mm-diam Mo wires. A short length of 
the wire was mounted in a copper tube and then etched elec- 
trolytically in a concentrated potassium hydroxide solution at 
a dc voltage of 10 V applied between the Mo wire and a Pt 
electrode. The radii of the emitter tips were usually around 
30 nm. 

B. Laser ablation of a-D films 

Deposition of a-D films was performed in a stainless steel 
vacuum chamber at a base pressure of 7.5 X 10~6 Pa. A laser 
beam with a wavelength of 248 nm and a pulse duration of 
20 ns full width half-maximum (FWHM) was delivered from 
a KrF excimer laser. It was focused and hit the target at an 
angle of 45° to the surface normal; a power density of 25 
J/cm2 and a repetition rate of 10 Hz were used in the experi- 
ment. The high purity graphite target was kept rotating at 10 
rpm during the ablation. The Mo tips were mounted about 5 
cm away from and pointed towards the target. The substrates 
were kept at room temperature through the experiment The 
deposition process lasted for 10 min, resulting in a film 
thickness of about 1000 Ä. 

C. Tip characterizations 

The morphology of the a-D films was studied by scanning 
electron microscopy (JEOL 6400 field emission SEM). HR- 
TEM and SAED were performed using a Topcon 002B 
TEM. The film's bonding structure was determined by EELS 
(VG H8 501 STEM). 

D. Field emission measurements 

The current-voltage (I-V) characteristics of the Mo tip 
emitters were studied in an ultrahigh vacuum (UHV) cham- 

Fio. 1. SEM image of a Mo tip emitter coated with the a-D film, which is 
continuous and microscopically smooth. 

ber using an FIM/FEM system.The Mo tip emitter was 
placed 10 mm (precision of ±0.03 mm) away from the an- 
ode (Faraday cup). All the measurements were made at room 
temperature under a vacuum of below 1.33X10"7 Pa. Field 
emission data were collected before and after coating on the 
same Mo tip, so that field emission performance can be com- 
pared accurately. The emission current was measured by a 
Keithley 617 electrometer with a current sensitivity of 
10~15 A. The data was acquired by a computer through an 
IEEE-488 interface with each data point sampled 100 times 
at a time interval of 0.25 s. 

III. RESULTS 

A. Properties of a-D films on planar sapphire 
substrates 

To assess laser deposition conditions, monitoring films 
were deposited on planar sapphire samples. These films were 
transparent and extremely hard, showing typical characteris- 
tics of amorphous diamond. Resistivity of the films was mea- 
sured by a four-probe method to be greater than 1X106 

Q, cm. However, these properties only serve as an indication 
that the deposition conditions were appropriate for the planar 
samples. 

B. Microscopy observations 

Figure 1 shows a typical electron microscopy image of a 
Mo tip after coating with the a-D film. The a-D film exhibits 
a continuous and atomically smooth surface as expected for 
room temperature deposition. Such a morphology is entirely 
different from that of CVD diamond coatings, which are of- 
ten rough and sometimes discontinuous. The SEM image 
also shows a few particles, 1000 A in diameter, arising from 
melted droplets from the target, which usually occur in laser 
ablation. 

A TEM image is shown in Fig. 2. The overall morphology 
of the a-D film shows a continuous and smooth surface. In 
addition, the coating conforms to the emitter shape. At the 
apex of the tip, however, the coating is denser than that at the 
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FIG. 2. TEM image of a Mo tip coated with a-D film, showing a nano- 
columnar micro structure. Note that the sizes and the angles of the columns 
vary from the tip to the shank. 

shank. One of the most striking features of the TEM image is 
that the film shows a clear nano-columnar microstructure, 
which will be discussed below. 

The areas of the apex and the shank were also examined 
by selected area electron diffraction. The SAED patterns 
confirmed that the films in both these areas are amorphous. 
Figure 3 is a typical SAED pattern from the tip; the diffuse 
rings show the amorphous nature of the film, while the bright 
spots represent single crystalline structure from the textured 
Mo substrate. 

FIG. 3. SAED pattern of the Mo tip coated with a-D film, showing amor- 
phous nature of the film. The bright spots are from the textured Mo sub- 
strate. 

Mo tip, the coated emitter shows a substantial improvement 
in field emission performance with a lower turn-on voltage 
and a larger emitting current. 

IV. DISCUSSIONS 

A. Nano-columnar structure 

From the TEM image, the a-D films show an interesting 
nano-columnar pattern, which reveals several features. First, 
the angle ß of the columns to the surface normal varies from 
about 50° at the shank to 0° at the apex. Second, the size of 
the columns varies from about 200 A at the shank to a few 
tens of A at the apex. Third, the density of the columns in- 

C. EELS measurements 

Typical EELS spectra from a-D film coated Mo emitters 
are shown in Fig. 4. The peak centered at 286 eV results 
from excitations of electrons in the ground states Is core 
levels to the vacant TT* state, while excitations to the higher 
lying o* states occur in the region of 290-305 eV. The 
atomic fraction of sp3 bonded carbon was calculated to be 
around 50% at the apex and 30% at the shank. 

D. Field emission characteristics 

Figure 5 shows two typical current-voltage curves from 
one of the Mo tip emitters before and after a-D film coating. 
Prior to having the I-V measurements, the tips were condi- 
tioned for a few hours. A Fowler-Nordheim plot from the 
I-V data, as shown in Fig. 6, exhibits a straight line, indicat- 
ing an electron tunneling process. Compared to the uncoated 
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FIG. 4. EELS spectra from a-D films at the apex and the shank. 

J. Vac. Sei. Technol. B, Vol. 15, No. 4, Jul/Aug 1997 



843 Ding er a/.: Amorphous diamond coated Mo TIP emitters 843 

10 

~ 10 m 
a 
E 

,-6 

10 
-10 

12 

T" 

.After. coating. 
A A 

■ ■ 

Before coating 

10 
600  800  1000 1200 1400  1600 

V (volts) 

FIG. 5. Field emission current-voltage characteristics of the Mo tip emitter 
before and after deposition of a-D film. 

creases from the shank to the apex. During the deposition, 
the incident particles (ions and atoms) are normal to the apex 
of the tip and tilted towards the curvature of the tip; there- 
fore, the incident angle a of the particles to the surface nor- 
mal varies from zero at the apex to about 65° at the shank. 
Calculations indicate that the incident angle a and the angle 
ß roughly follow the so-called tangent rule:25 

tga = 2tg/3. 

Such a nano-columnar structure may be explained by a shad- 
owing effect and low mobility of adatoms during the 
deposition.25'26 As the shadowing effect decreases from the 
shank to the tip, the size of columns becomes smaller and 
there are fewer voids. Therefore, the film at the apex is 
denser than that at the shank. On the other hand, interactions 
between energetic carbon particles and surface atoms would 
play a role as well. Since the incident angle varies from 0° at 
the apex to 65° at the shank, one would expect an increased 
relaxation effect at the shank.27 At a large incident angle, the 

energetic ions and atoms tend to make more than one for- 
ward bouncing landing before finally being bonded to the 
surface atoms; for each of these landings, these ions and 
atoms would lose some of their energy. As a result of such a 
relaxation effect, these particles may not have adequate en- 
ergy to form sp3 bonding. However, at the apex, energetic 
particles would make a head-on impact on adatoms to form 
sp3 bonding, or provide these in sp2 bonding with some ac- 
tivation energy to surmount the barrier going from sp2 to 
sp3, as proposed by Cuomo et al. in Ref. 27. This process 
would lead to a denser film with a higher fraction of sp3 

bonding, which in fact has been confirmed by EELS find- 
ings. 

B. EELS data 

Whereas the films at the apex and the shank show a dis- 
tinct microstructure, the EELS data indicate a sp3 content of 
50% at the apex and 30% at the shank. However, these val- 
ues are lower as compared to the values of 75-80% from 
planar samples. Such lower values most likely result from 
poor thermal conduction inherent to tip geometry. Energies 
of carbon ions and atoms during laser ablation can be as high 
as 80 and 12 eV, respectively, and increase with laser 
fluence.19 The deposition rate of the a-D film was calculated 
to be 0.16 A/pulse. For a pulse duration of 20 ns, the arrival 
rate of atoms and ions can amount to about 106 

monolayers/s, among which 5-10% are ions.19 This is a very 
fast condensation process. Depending on energy distribution 
and the number of carbon ions and atoms, the tip with poor 
thermal conduction, could be heated up to a high temperature 
in the 20 ns period of time, resulting in reduced 
sp3 bonds.23 On the other hand, the even lower sp3 content at 
the shank results from relaxation processes of incident par- 
ticles ending up with the formation of more sp2 bonded car- 
bons, as discussed above. From the field emission point of 
view, a lower sp3 content leading to a lower or zero-field 
emission from the shank is desirable, as what we need is a 
point emission right from the very tip end. 

0.0006 0.0008   0.001   0.0012 0.0014 0.0016 

1/V 

FIG. 6. Fowler-Nordheim plot of Mo tip emitter before and after deposition 
of a-D film. 

C. Field emission mechanisms 

The I-V data from a-D film coated Mo tip emitter have 
shown a substantial improvement in field emission. Although 
the enhancement in emission from DLC/a-D film coated 
emitters (mostly planar ones) has been reported by several 
investigators,21"23 the mechanisms of field emission from 
DLC/a-D films are not available so far. However, some 
mechanisms proposed for field emission from diamond 
coated emitters may be applicable to a-D films. One is the 
field enhanced hot electron emission model for metal- 
insulator systems, developed earlier by Latham et al?% This 
model involves two processes: first, electrons tunnel from a 
metal into the conduction band of a dielectric through a po- 
tential barrier at the metal/dielectric interface. Second, the 
electrons gain energy from the electrical field, becoming 
"hot" as they pass through the dielectric, and finally escape 
into vacuum. From this model, field emission performance 
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depends on field penetration and the potential barrier at the 
interface. High carrier concentration in the conduction band 
of the dielectric would lead to a relatively thin depletion 
layer and hence a narrower potential barrier. For a-D films, 
an unpaired state density of &5X1018 cm-3 has been 
reported.29 Although these defect levels lie well below mid- 
gap, the a-D film has a much narrower optical gap around 
1.5-2.5 eV,17 as compared to the wide band gap (5.45 eV) of 
diamond. Therefore, it is possible for electrons to be excited 
into the conduction band through a hopping mechanism. 
Also, additional defects at the Mo/a-D interface are expected 
to contribute to a decrease in depletion layer width. 

On the other hand, the nano-columnar structure of the a-D 
film may also play a role in field emission. For instance, the 
presence of nano-columns may lead to a distribution of the 
electric field within the a-D film and the interface. However, 
so far we do not know how exactly such a field distribution 
contributes to field emission. Another possibility is that the 
nano-columns at the tip serve as natural conduction channels. 
It was suggested30 that graphite particles (sp2 bonded car- 
bons) contained in DLC/a-D films provide conduction chan- 
nels for the emitted electrons, while nano-crystalline dia- 
mond particles (sp3 bonded carbons) in DLC/a-D films have 
a negative electron affinity effect as seen in diamond films. 
The nano-columns at the apex contain about 50% sp3 dia- 
mond carbon and 50% graphite carbon, which may play both 
these roles in field emission. Previous work23 has indicated 
a-C films (mostly sp2 bonds) would degrade field emission, 
therefore, there would be an optimal proportion of 
sp3 content, which will provide best field emission. So far no 
one knows what the optimal sp3 content of the film is. To 
answer this question, together with other questions such as 
the role of the nano-columns in field emission, more work 
needs to be done to correlate field emission with the bonding 
structure and micro-structure. We believe these studies 
would help to understand the mechanism of field emission 
from a-D films. 

V. CONCLUSIONS 

We have deposited a-D films on Mo tip emitters by pulsed 
laser ablation. HRTEM images of these films revealed a clear 
nano-columnar microstructure. At the shank, the density of 
the film was relatively low, while the film at the apex was 
much denser with smaller columns. EELS studies showed 
that the sp3 content of the films was around 50% at the apex 
and 30% at the shank. SAED confirmed that the film was 
amorphous in nature. Field emission showed a substantial 
improvement with a reduced onset voltage and a higher cur- 
rent. We have demonstrated for the first time, to our knowl- 
edge, that a-D films can be deposited on Mo tip emitters by 
pulsed laser deposition to achieve a better field emission per- 
formance. 
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The effects of low dose (1014 ions/cm2) oxygen implantation on the subband structure of an 
AIGaAs/GaAs single quantum well is reported here using photoluminescence and photoreflect- 
ance spectroscopy. Postimplantation rapid thermal annealing at 900 °C up to 180 s induces 
compositional interdiffusion resulting in enhanced transition energy shifts and a reduction in 
the photoluminescence count rate. Comparisons of transition energy shifts show that the electron 
two to heavy-hole two transition energy is more sensitive than the ground state electron to 
heavy-hole transition for these annealing conditions. © 7997 American Vacuum Society. 
[S0734-211X(97)03504-X] 

I. INTRODUCTION 

Thermally induced interdiffusion is an important post- 
growth means of modifying the optical properties of quan- 
tum well (QW) structures.1 The rate of interdiffusion, which 
is determined by the interdiffusion coefficient, may be en- 
hanced by the presence of either vacancies2 or impurities.3 In 
particular, the implantation of impurities is well established 
due to the high degree of spatial and depth control of the 
impurity concentration.4 More importantly, it is known that 
the implantation of selected ions enhance the interdiffusion 
rate, thereby demonstrating its ability to control the QW op- 
tical properties for device applications. Typical applications 
include wavelength division multiplexing, where an array of 
lasers is required each with slightly different operating 
wavelengths,5 the fabrication of low loss waveguides,6'7 and 
devices for optical integrated circuits. 

Since most device fabrication processes include high tem- 
perature processing, it is important to characterize the effects 
of thermally induced QW interdiffusion. Interdiffusion is 
characterized optically by monitoring the behavior of the 
QW interband transitions as a function of the annealing pa- 
rameters. The most well established optical technique to 
characterize interdiffused QWs is low temperature photolu- 
minescence (PL) which determines only the ground state 
transition energies.8 However, since the higher order transi- 
tions also contribute to the QW optical properties, other tech- 
niques, such as photoluminescence excitation spectroscopy 
or photoreflectance (PR), are required to characterize the 
higher order transitions and therefore completely evaluate 
QW interdiffusion. 

This article discusses the effects of oxygen implantation 
as a function of annealing parameters on the ground state 
electron to heavy-hole transition energy (Hu) and the elec- 
tron two to heavy-hole two transition energy (H22) of an 
AIGaAs/GaAs single QW structure using PL and PR, respec- 

tively. Oxygen ions were chosen for two reasons. First, oxy- 
gen implantation into GaAs9 and AlGaAs10 is well known 
for the removal of free carriers and the electrical isolation of 
semiconductor devices.11 Second, it has been demonstrated 
previously that the presence of implanted oxygen enhances 
the rate of interdiffusion rates in both AIGaAs/GaAs12 and 
InAlAs/InGaAs QW structures. 13 

II. EXPERIMENTAL METHOD 

The QW structure was grown by metalorganic 
vapor phase epitaxy (MOVPE) and had a single 100-A-thick 
GaAs well layer, 1000 A A^^Ga^As barrier layers, and 
was terminated with a 50 A cap. The implants were carried 
out at room temperature using an oxygen ion dose of 
1X 1014 cm-2 and an ion energy of 75 keV was used to give 
a projected ion range Rp which corresponds to the center of 
the well layer, i.e., Rp±ARp of 1140+488 Ä.14 After im- 
plantation, the samples were annealed to remove the implan- 
tation induced lattice damage and to promote compositional 
interdiffusion. Two sets of samples, i.e., as-grown and oxy- 
gen implanted, were annealed in a nitrogen rich atmosphere 
at 900 °C for annealing times of 10, 60, 120, and 180 s using 
a GaAs proximity cap. PL measurements were performed 
using a 100 mW Ar+ ion laser (\ = 514.5 nm). The samples 
were placed in a cryostat immersed in liquid helium 
(T=4K) and the spectra were collected and analyzed using 
aim spectrometer. PR measurements were carried out using 
a conventional room temperature PR system which has been 
described elsewhere 15 

"Electronic mail: B.Weiss@ee.surrey.ac.uk 

III. RESULTS 

A. As-grown samples 

The PL and PR spectra of the as-grown QW structure are 
shown in Figs. 1(a) and 2(a), respectively. The two peaks in 
the PL spectrum at 1.546 eV and 1.495 eV were identified as 
the Hn and that due to residual carbon doping arising from 
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FIG. 1. PL spectra of (a) the as-grown (—), (b) annealed ( ), and (c) 
oxygen implanted/annealed (■ ■ ■) QW structure at 900 °C for 120 s. 

the MOVPE growth, respectively. The background carbon 
has been identified previously using phase sensitive PR.16 

The peak at 1.515 eV, which has a broad high energy tail, is 
attributed to a neutral donor/acceptor bound exciton 
transition.17 The PR spectrum shows strong Franz-Keldysh 
oscillations (FKO) above the GaAs band edge were attrib- 
uted to a built-in electric-in field of ~ 30 kV/cm in the struc- 
ture at the QW substrate interface.15 The FKO were found to 
mask the Hu PR spectral features which made its identifica- 
tion impossible without detailed modeling. However, the 
H22 at 1.541 eV18 was determined by fitting the PR spectrum 
using Aspnes third derivative functional forms.19 Theoretical 
transition energies were calculated and compared to experi- 
mental values determined using different QW profiles.18'20 

Characterization of this structure has shown that the well 
barrier interface is graded rather than abrupt and fitting has 
shown that it is best described by an exponential 
function.18,20 

10 

%   o 
< 

PR (300K) 

"= V 
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FIG. 2. PR spectra of the (a) as-grown (—), (b) as-grown annealed ( ), 
and (c) oxygen implanted and annealed (■••) QW structure at 900 °C for 
120 s. 
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FIG. 3. The variation of the experimentally measured change in both the 
Hu (D) and H22 (A) energies for the as-grown and the Hu (O) and H22 

(0.) energies for the implanted samples as a function of anneal time. [Note: 
It was not possible to determine the H22 (0) energy in the implanted sample 
after annealing for 10 s from the PR spectrum.] 

The effect of annealing at 900 °C for 120 s on the PL and 
PR spectra of the as-grown sample, which are shown in Figs. 
1(b) and 2(b), respectively, demonstrate that it has no signifi- 
cant effect on Hn and //22 of the as-grown sample. A recent 
study of the thermal stability of this structure and other simi- 
lar structures at 800, 900, and 1000 °C resulted in limited 
interdiffusion and produced an interdiffusion coefficient of 
2.9± 0.4X 10_ 17 cm2/s at 900 °C and an activation energy of 
3.3±0.5 eV.21 For example, annealing at 900 °C for 120 s 

21 results in an interdiffusion length Ld of only ~6 A. 

B. Implanted samples 

Significant shifts of both Hu and H22 
aie seen in tne PL 

and PR spectra of the implanted samples, respectively, see 
Figs. 1(c) and 2(c). The change in energy for both transitions 
as a function of anneal time are shown in Fig. 3, where it is 
assumed that the energy shifts are independent of the sample 
temperature during measurement. These results show that 
H22 is more sensitive to annealing than Hn for the annealing 
conditions used here. This result agrees with theoretical cal- 
culations for transition energy shifts as a function of inter- 
diffusion length Ld (which is proportional to the square root 
of the anneal time),22 which are shown in Fig. 4. Ld has been 
normalized to the as-grown well widths Lz in Fig. 4 in order 
to compare accurately the effect of interdiffusion for differ- 
ent Lz. The well widths modeled were 100 and 125 A since 
previous PR analysis of this wafer has shown that Lz varies 
between 110 and 120 A, depending upon which interband 
transition is used for the fitting.18'20 The results of Figs. 3 and 
4 are explained in terms of changes in both the confinement 
energy and the compositional dependence of the QW band 
gap energy.22 These results show that the higher order tran- 
sition energy shifts are more sensitive than their ground state 
counterparts for Ld/Lz<0.2,22 i.e., during the early stages of 
annealing.  The reduction of Hu  between the as-grown 
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FIG. 4. The theoretical variation of the Hn and H22 energies, respectively, 
with Ld/Lz for well widths of 100 Ä (—, ) and 125 Ä (■ • •, ). 

sample and after annealing for 10 s, as shown in Fig. 3, is not 
a real effect. It is attributed to variations of the QW param- 
eters (e.g., well thickness and barrier composition) across the 
wafer, as shown by PL measurements of two as-grown 
samples from the same wafer which show a 2 meV differ- 
ence in Hn. 

The implanted samples show an increase in both Hn and 
H22 which is attributed to the presence of the oxygen in the 
samples, see Fig. 3. It is clear that the change of H22 in the 
implanted samples after annealing is approximately double 
that compared to the as-grown samples for the same anneal- 
ing cycle. This is reflected in the value of Ld~ 12 Ä for the 
implanted sample after annealing at 900 °C for 120 s. Al- 
though annealing at 120 s reduces the extent of the implan- 
tation induced damage in the sample, it is not clear whether 
the enhanced interdiffusion observed here is due to the an- 
nealing of the damage or an oxygen related defect mecha- 
nism or both and further work is required here. 

The PL emission count rate of the Hn and the GaAs band 
edge related signals were determined using constant excita- 
tion conditions for both the as-grown and implanted samples 
with annealing time, see Fig. 5. The count rate, which is a 

60 120 18 

Anneal Time (s) 

FIG. 5. The variation of the PL count rate with anneal time for the as-grown 
(D) and implanted (O) samples for (a) Hn and (b) GaAs band edge signals. 

measure of the free carrier concentration in the sample, drops 
dramatically during the first 10 s anneal for both the as- 
grown and implanted samples. For the as-grown sample, the 
Hn count rate recovers to a value similar to the as-grown 
value after annealing for 120 s. This initial drop is attributed 
to defects induced by annealing during the first 10 s arising 
from the poor performance of the proximity cap. In contrast, 
the GaAs band edge related emission remains quenched after 
180 s, i.e., these GaAs related defects have been partially 
annealed out.17 

For the oxygen implanted samples, both the Hu and band 
edge emission count rate are low and approximately constant 
for all anneal times. The low count rate is attributed to the 
trapping of the free carriers by the implanted oxygen whose 
ion energy was calculated so that the peak oxygen concen- 
tration occurred at the center of the GaAs well layer. This 
oxygen induced reduction of the PL signal has been reported 
previously for metalorganic chemical vapor deposition 
grown AlGaAs23 and has been attributed to the inclusion of 
oxygen. The lack of recovery of the PL count rate after an- 
nealing is attributed to the stability of the oxygen induced 
free carrier removal mechanism which demonstrates that this 
process may be used for both band gap modifications and 
carrier removal in the QW structure. These effects are im- 
portant for the electrical and optical isolation of devices24 on 
a single substrate, for the optimization of device characteris- 
tics, and for the fabrication of optical integrated circuits. 

IV. CONCLUSIONS 

The results presented show the differences in the variation 
of the QW transition energies during the early stages of in- 
terdiffusion. The presence of implanted oxygen is shown to 
more than double the rate of interdiffusion in AlGaAs/GaAs 
single QW structures. The results also show that H22 is more 
sensitive to annealing than Hn, as has been predicted pre- 
viously. Since the optical properties are determined by all 
transitions in the QW structure, this result demonstrates that 
it is essential to determine the behavior of all QW transitions 
to predict the optical properties of the QW structure. 

The effect of a low dose oxygen implant into a single QW 
structure is shown to promote interdiffusion in addition to 
providing a stable strong carrier removal process. This result 
shows that it is possible to use a single process to simulta- 
neously induce two effects which selectively modify the op- 
tical and electrical properties of the structure, i.e., the im- 
plantation of oxygen, which enhances interdiffusion and 
subsequently modifies the optical properties of the structure, 
while the presence of oxygen removes free carriers from the 
structure. 

ACKNOWLEDGMENT 

The authors wish to acknowledge the Dr. J. Roberts of the 
University of Sheffield for growth of the QW structures. 

'D. G. Deppe and N. Kolonyak, J. Appl. Phys. 64, R93 (1988). 
2M. Ghisoni, A. W. Rivers, K. Lee, G. Parry, X. Zhang, A. Stanton-Bevan, 
M. Pate, G. Hill, C. Button, and J. S. Roberts, Mater. Res. Soc. Symp. 
Proc. 262, 823 (1992). 

JVST B - Microelectronics and Nanometer Structures 



848 Hughes ef a/.: Oxygen implantation induced interdiffusion 848 

3I. Harrison, J. Mater. Sei. 4, 1 (1993). 
4B. L. Weiss, I. V. Bradley, N. J. Whitehead, and J. S. Roberts, J. Appl. 
Phys. 71, 5715 (1992). 

5R. D. Bumham and R. L. Thornton, Inst. Phys. Conf. Series No. 83, 9 
(1986). 

6Y. Suzuki, H. Iwamura, and O. Mikami, IEEE Photonics Technol. Lett. 2, 
818 (1990). 

7M. Kumar, V. Gupta, G. De Brabander, P. Chen, J. T. Boyd, A. J. Steckl, 
A. G. Choo, H. E. Jackson, R. D. Burnham, and S. C. Smith, IEEE 
Photonics Technol. Lett. 4, 435 (1993). 

8J. D. Ralston, S. O'Brien, G. Wicks, and L. F. Eastman, Appl. Phys. Lett. 
52, 1511 (1988). 

9N. J. Whitehead and B. J. Sealy, Electron. Lett. 26, 866 (1990). 
10S. J. Pearton, M. P. Iannuzzi, C. L. Reynolds, and L. Peticolas, Appl. 

Phys. Lett. 52, 395 (1988). 
"S. J. Pearton, Mater. Sei. Rep. 4, 313 (1990). 
12F. Xiong, T. A. Tombrello, C. L. Schwartz, and S. A. Schwartz, Appl. 

Phys. Lett. 57, 896 (1990). 
I3E. K. Rao, P. Ossart, H. Thibierge, M. Quillec, and P. Krauz, Appl. Phys. 

Lett. 57, 2190 (1990). 

14I. R. Chakarov, S. Todorov, and D. S. Karpuzov, Nucl. Instrum. Methods 
Phys. Res. B 69, 193 (1992). 

15P. J. Hughes, B. L. Weiss, and T. J. C. Hosea, J. Appl. Phys. 77, 6472 
(1995). 

16P. J. Hughes and B. L. Weiss, J. Vac. Sei. Technol. B 14, 632 (1996). 
17T. Hiramoto, Y. Mochizuki, T. Saito, and T. Ikoma, Jpn. J. Appl. Phys. 

24, L921 (1985). 
18P. J. Hughes, T. J. C. Hosea, and B. L. Weiss, Semicond. Sei. Technol. 9, 

1339 (1995). 
19D. E. Aspnes Surf. Sei. 37, 418 (1973). 
20W. C. H. Choy, P. J. Hughes, and B. L. Weiss, Mater. Res. Soc. Symp. 

Proc. 450, 425 (1997). 
21P. J. Hughes, E. H. Li, and B. L. Weiss, J. Vac. Sei. Technol. B 13, 2276 

(1995). 
22P. J. Hughes, B. L. Weiss, and H. E. Jackson, Semicond. Sei. Technol. 12, 

808 (1997). 
23G. B. Stringfellow and G. Horn, Appl. Phys. Lett. 34, 794 (1979). 
24K. L. Tsai, C. P. Lee, K. H. Chang, H. R. Chen, and J. S. Tang, J. Appl. 

Phys. 76, 274 (1994). 

J. Vac. Sei. Technol. B, Vol. 15, No. 4, Jul/Aug 1997 



Observation of hot electron relaxation in GaAs/AIGaAs multiple quantum 
wells by excitation spectroscopy* 

H. Z. Wu,a) J. H. Liu, G. O. Dong, and J. Z. Wu 
Department of Physics, Hangzhou University, Zhejiang 310028, China 

Z. Z. Ye and X. B. Jiang 
State Key Laboratory of Silicon Material Science, Zhejiang University, Hangzhou 310027, China 

(Received 18 September 1996; accepted 23 May 1997) 

Hot electron relaxation in GaAs/AIGaAs multiple quantum well (MQW) structure was studied with 
the use of photoluminescence excitation (PLE) spectroscopy. Oscillation due to the emission of 
confined longitudinal optical (LO) GaAs phonons, by photoexcited electrons were observed in the 
(6 K) excitation spectra. The period of the oscillation is different from that observed in bulk GaAs. 
The calculation from a four-band Kane model, describing the mixing of heavy- and light-hole bands 
at wave vector away from k=Q, was used to interpret the difference of oscillation features between 
the GaAs/AIGaAs MQW structure and bulk GaAs. The recorded PLE spectrum and calculated 
results show that photoexcited electrons can directly cascade downwards to the exciton energy state 
by LO phonon emissions.   © 1997 American Vacuum Society. [S0734-211X(97)14704-7] 

I. INTRODUCTION 

Hot electron relaxation in low-dimensional semiconductor 
structures has attracted significant interest.1-3 This is not 
only because of its intrinsic effects to semiconductors, but 
also because of the realities in many devices,4'5 such as quan- 
tum well lasers, detectors, and modulation doped field tran- 
sistors, etc. Optical phonon scattering in two-, one-, and 
zero-dimensional structures has been observed in photolumi- 
nescence (PL) and photoluminescence excitation (PLE). The 
' 'phonon bottleneck'' effect in GaAs/AIGaAs quantum well 
dots6 and the exciton-phonon interaction due to strong lat- 
eral localization of the excitons in the GaAs channels7 were 
investigated using PL and PLE techniques. It is known that 
hot electrons with energy higher than the band gap of a semi- 
conductor can relax down to emitting states by the emission 
of phonons. When the excess energy of photoexcited elec- 
trons is much larger than the energy of longitudinal optical 
(LO) phonons (36.6 meV for three-dimensional GaAS), hot 
electrons interact with LO phonons strongly; such that the 
electrons preferentially lose excess energy through the emis- 
sions of LO phonons. When the excess energy of hot elec- 
trons is smaller than the energy of a LO phonon it is impos- 
sible to emit LO phonons, and the hot electrons relax excess 
energy by the emission of acoustic phonons. However, the 
scattering rate of acoustic phonon emissions is several orders 
of magnitude lower than the LO phonon scattering rate. This 
will raise the probability of the hot electron's escape into the 
outermost GaAs, rather than forming an exciton. Hence, in 
the process of electron-acoustic phonon scattering, a lower 
luminescence efficiency could be accompanied that provides 
an effective way to observe different energy relaxation pro- 
cesses of hot electrons. Such an expectation was first ob- 
served in PLE spectra by Weisbuch8 from three-dimensional 
GaAs samples, which exhibited a series of oscillations attrib- 

*No proof corrections received from author prior to publication. 
"'Electronic mail: hzwu@whalo.hzuniv.edu.ch 

utable to LO phonon emissions by relaxing hot electrons. 
The oscillation period was almost constant. Similar results 
were also observed via oscillations in the spectral responses 
of photoconductivity (PC) from bulk GaAs.9 The energy pe- 
riod in either PLE or PC for a system with parabolic conduc- 
tion and valence bands is given by hco(l +me/mh), here hco 
is the LO phonon energy, me is the electron effective mass, 
and mh could be either heavy- or light-hole effective mass 
depending on the origin of the electron-hole pair created by 
the photoexcitation. The enhancement factor of (1 
+ melmh) reflects the creation of electron-hole pairs away 
from k — 0. Similar oscillatory structure was observed in the 
4 K PLE spectrum from aGaAs/Al0 3Ga0 7As superlattice, 
where the binary and allow components were both only 
10-Ä-thick.10 In this article, a high quality GaAs/AIGaAs 
multiple quantum well (MQW) structure was studied using 
the PLE technique. We report the first observation of LO 
phonon emissions in the process of hot electron relaxation to 
emitting states from the MQW. The recorded oscillation in 
the PLE spectrum is different from that of bulk GaAs as 
described above. This difference is attributed to the nonpa- 
rabolicity and warping of subbands in the plane of the quan- 
tum wells. The nonparabolicity arises from the lift of the 
lowest subband energy someway above the bottom of the 
GaAs conduction band. The warping of subbands is due to 
the mixing effect of heavy- and light-hole bands at k + 0. 
To interpret the complicated PLE spectral response, here a 
four-band Kane model including heavy- and light-hole band 
mixing was used to calculate the energy dispersion of the 
subbands. 

Before proceeding to a description of the experimental 
results and discussion, we should bear in mind the optical 
transition physics involves in a PLE spectrum. PLE has 
proved a particularly useful technique for studying the phys- 
ics in low dimensional semiconductor structures, especially 
for the measurement of various subband gap energies in a 
whole range of quantum well and superlattice systems.11"13 
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The technique involves monitoring the PL intensity from a 
structure, while scanning the energy of excitation source. As 
the strength of the absorption coefficient increases with in- 
creasing excitation energy above the fundamental gap this 
leads to an increase of PL intensity. However, PLE differs in 
one major aspect to absorption spectroscopy, that the experi- 
mental process involves the relaxation of the photoexcited 
carriers down to the emitting states. Therefore, it is expected 
that a PLE spectrum contains information on the energy re- 
laxation processes of hot electrons. 

II. EXPERIMENTS 

The multiple quantum well structure studied in this work 
was grown in a Varian Gen II molecular beam epitaxy sys- 
tem. The layers were deposited on (001) oriented semi- 
insulating GaAs substrates at a substrate temperature of 
630 °C. The growth sequence was as follows: (1) 1.0 /mm of 
GaAs buffer layer; (2) 0.13 ^m AlGaAs cladding layer; (3) 
60 periods of GaAs wells and AlGaAs barriers, with well 
and barrier widths of 75 and 170 Ä, respectively; and (4) 
0.13 yum cladding layer. Al fraction in AlGaAs barriers and 
cladding layers was 0.35. The barriers were thick enough to 
ensure that the GaAs wells were electrically decoupled. The 
quantum well thicknesses were measured by optical and 
x-ray diffraction techniques. 

The PL and PLE spectra were measured at 6 K with the 
sample mounted on the cold finger of a variable temperature 
continuous flow cryostat. The sample was excited with light 
from an argon-ion-pumped tunable dye laser at a power den- 
sity of <1 W cm2. The PL was collected from the front 
surface of the sample and energy dispersed by a 1 m single 
grating spectrometer and detected by a cooled GaAs photo- 
multiplier, and associated lock-in amplification techniques. 
PLE measurements were made by monitoring PL intensity at 
appropriate luminescent wavelength, while scanning the en- 
ergy of the excitation source. Thus, hot electron relaxation 
processes could be expected to be recorded in the PLE spec- 
trum. 

III. RESULTS AND DISCUSSION 

Figure 1 shows the PL spectrum (6 K) from the multiple 
quantum well structure and Fig. 2 shows the spectral re- 
sponse of the PLE at 6 K. The detected energy position in 
Fig. 2(a) was set in the low-energy tail of the lsn=l 
electron-to-heavy-hole (e-hh) exciton state at 1.563 eV, and 
the detected energy position in Fig. 2(b) was set as 2sn= 1 
(e-hh) exciton state at 1.581 eV. From both Figs. 1 and 2, 
we can see the sample studied is of high quality from an 
optical point of view; in that the spectra show sharp exciton 
lines with very narrow full width at half-maximum 
(FWHM), although the structure consists of 60 quantum 
wells. By comparing Figs. 1 and 2, the dominant peak at 
1.571 eV in Fig. 1 obviously corresponds to a lsn=l 
(e-hh) exciton line, that is confirmed by the subband struc- 
ture calculation described in the following paragraphs. The 
FWHM of the peak is only 3.4 meV. However, in the PLE 
spectrum shown in Fig. 2(a), the sharp peak is resolved into 
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two close peaks positioned at 1.5700 eV (Px) and 1.5715 eV 
(P2)- Our further temperature scanning of PLE measure- 
ments confirmed that Px and P2 are \sn = 1 (e-hh) bound 
exciton and free exciton lines, respectively. 

From Fig. 1 we can see the clearly resolved additional 
feature on the high-energy side of the Is« = 1 (e-hh) exci- 
ton line. The inset in Fig. 1 shows the magnified result of the 
smaller peak. Its energy position is at 1.581 eV, which is also 
clearly resolved in the PLE spectrum as P3. This additional 
peak was identified as the 25« = 1 (e-hh) exciton transi- 
tion. A similar peak was previously observed and was attrib- 
uted to 2s« = 1 (e-hh) exciton recombination.11,14 The en- 
ergy difference between the 2s line and the Is« 
= 1 (e-hh) line is 12 meV, while is smaller than the LO 
phonon energy of bulk GaAs. We believe that the relatively 
strong transition of the 2 s exciton line is due to the fact that 
the only available energy loss mechanism is acoustic phonon 
emission, since the amount of energy to be lost by free car- 
riers close to the bottom of conduction is less than the LO 
phonon energy. The other most prominent peak at 1.589 eV 
(P4) in Fig. 2(a) is evidently the Is state of the « = 1 light- 
hole ( Ih) exciton. Similarly, the peak at 1.600 eV (P5) 
possibly represents the 2s replica of the n-\ (e-lh) 
exciton.14 

Now we concentrate on the oscillatory features at the 
higher energy region shown in Fig. 2(a). The peaks in the 
higher energy region are at —1.606 eV (P6), 1.616 eV (P7), 
1.625 eV (P8), 1.639 eV (P9), and 1.656 eV (P10). Obvi- 
ously, the oscillation does not show a constant period, which 
is different from the oscillation feature of bulk GaAs.8 The 
optical transitions at higher energy region refer to absorption 
and recombination processes away from k = 0. In the case of 
quantum wells, the lowest subband energy is somewhere 
above the bottom of the GaAs conduction-band edge. So, the 
nonparabolicity of the subbands away from k = 0 needs to be 
considered, when interpreting the optical transitions related 
to these higher energy peaks. Furthermore, the mixing effect 
of heavy- and light-hole bands also contributes to the warp- 
ing of the hole bands away from k = 0. These effects make it 
complicated to interpret the oscillation feature shown in Fig. 
2. To understand the oscillation feature, we need the knowl- 
edge of energy dispersion of subbands. Theoretical work on 
the band structures of GaAs/AlGaAs quantum wells was 
beautifully done by several groups.15"20 Here a four-band 
Kane model developed by Eppenga et al.20 was used to cal- 
culate the energy dispersion that includes the nonparabolicity 
and warping of subbands of the MQW structure. The model 
combined a unified description of electron and hole states, 
with only five adjustable parameters for each material con- 
stituting of the MQW. It fully accounted for the coupling 
between the lowest electron, the heavy-hole, the light-hole, 
and the spin-orbit split-off hole bands and the coupling to all 
other bands was taken into account perturbatively. The cal- 
culated energy dispersion of band energies is shown in Fig. 
3. From Fig. 3 we can see that the subband structure, espe- 
cially heavy- and light-hole bands, is different from that of 
the three-dimensional GaAs. Hence, it is expected that hot 
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[001] direction from the GaAs/Al0 35Gao.65As MQW and the arrows showing 
the optical transitions. The band gap of the three-dimensional GaAs is not 
given in the energy axis. 

electron relaxation processes in the GaAs/AlGaAs MQW 
structure will be different from that of the bulk GaAs. 

Here Fig. 3 is used to interpret the optical transitions at 
the higher energy region shown in Fig. 2(a); because PLE as 
opposed to absorption reflects, both the creation of electron- 
hole pairs and their subsequent relaxation down to the emit- 
ting state, before proceeding to further discussion we should 
keep in mind the facts that have effects on the PLE spectrum: 
(a) the absorption coefficient of the quantum states, that is 
dependent on density of states; (b) the competition between 
relaxation and recombination of hot carriers in the path of 
cascade down to low energy states; (c) the detected photon 
energy. The peak P9 at 1.639 eV shown in Fig. 2(a) was 
presumably attributed to the n = 1 electron band to n = 3 
heavy-hole band transition at k = 0. This is because the cal- 
culated le-3hh band gap was almost consistent with the 
energy of P9, while other quantum state transitions are either 
physically prohibited or at energies far from Pg position. 
Also, this attribution was supported by the further PLE mea- 
surements, that as the detection energy was changed the po- 
sitions of Pu P2, P3, P4, P5, and P9 remained unchanged, 
while the positions of P6, P7, P&, and P10 would shift. From 
the PLE spectrum shown in Fig. 2(b) in which the detected 
energy was set at 2s n-\ (e-hh) exciton line (1.581 eV), 
we can see that P5 and P9 almost remained at same posi- 
tions, while the P6 (1.606 eV), P7 (1.616 eV), and P10 

(1.656 eV) in Fig. 2(a) moved to new positions at —1.625, 
1.635, and 1.672 eV in Fig. 2(b), respectively. Here we at- 
tribute the P6, P-j, P$, and P10 to the results of PL phonon 
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scattering, while hot electrons are relaxing to lower energy 
states rather than from inter subband transitions at k = 0. As 
discussed in the following: this assignment could be sup- 
ported by the results calculated from the band energy disper- 
sion as shown in Fig. 3. 

Figure 2(a) shows that the first peak (P6) of the oscilla- 
tion is at —1.606 eV. However, from the calculation of sub- 
bands of the MQW structure shown in Fig. 3, we can see the 
bottom of the lowest conduction band (n = le) is at 1.578 
eV. The energy difference between P6 and the bottom of the 
n=\el band is only 28 meV, much smaller than the LO 
phonon energy of GaAs. This value is also well outside any 
correction brought about by the warping of the hole bands. 
Such a puzzling phenomenon was also observed in the PLE 
spectra, from the bulk GaAs in which the oscillation began at 
photoexcitation energy less than the energy of one LO 
phonons.8 We believe the final state to which a hot electron 
can relax, is an exciton energy state rather than the bottom of 
the lowest conduction band. Obviously, this assumption was 
supported by the absolute absorption spectra of excitons.21'22 

Under this assumption P6 in Fig. 2(a) can be interpreted as 
follows: since the detection energy was set at the lower en- 
ergy tail (1.563 eV) of the Is n= 1 (e-hh) exciton state the 
energy difference between P6 and the detection position is 
43 meV, exactly the same excess energy loss of a hot elec- 
tron by one LO phonon emission observed in bulk GaAs.8 

This value is almost consistent with the calculation of 
hw(l +melmh) at the k value of 0.0165 ITTIü as shown in 
Fig. 3. It seems that the P6 most likely arises from the one 
LO phonon emission in the GaAs well, when the hot elec- 
trons photoexcited from the n= \hh band at 1.606 eV relax 
to the detection energy position at 1.563 eV. 

One plausible interpretation of P1 in Fig. 2(a) is that the 
peak arises from one LO photon emission, when the hot 
electrons excited form the n=llh band at the k value of 
0.0165 2777a relax to the detection position of 1.563 eV. 
This means that hot electrons excited from both n = lhh and 
Ih valence band are at the same k value before relaxation. 
From Figs. 2(a) and 3, we can see that the energy difference 
between P7 and P6 is the same energy difference between 
n=\lh and hh at £ = 0.0165 lirla. It is noticed that the 
intensity of P7 is weaker than that of P6. One reason of this 
phenomenon is that the optical transition probability of 
n=\ {e-hh) exciton states is greater than that of 
n=\ (e-lh) exciton states.23 Further, when the detection 
energy was set at 2s n=\ (el-hh) exciton line, the P7 

shifted to the position at —1.635 eV as shown in Fig. 2(b). In 
Fig. 2(b) the position of P-, relative to P6 is also in the same 
range of the energy difference between n=llh and hh band 
at k value of 0.0231 2TT/ü. An alternative interpretation of 
the P-i in Fig. 2(a) may be from the result of one LO phonon 
emission of the hot electrons photoexcited from n=\hh 
band, because P7 just sits one LO phonon energy above the 
\s n= 1 (e-hh) free exciton state. The PLE measurements 
show that when the detection energy was moved away from 
the peak of Is w= 1 (el-hh) exciton line, the position and 
the intensity of P7 changes. When the detection energy was 

set at the 2s n=l (el-hh) exciton line which is 11 meV 
higher than the Is exciton line the peak disappeared com- 
pletely. Thus, we may have a conclusion that the formation 
of P7 could be resulted from both of the electron relaxation 
processes. 

In Fig. 2(a) a broad peak (P8) around 1.625 eV is clearly 
resolved and in Fig. 2(b) the peak at around 1.625 eV over- 
laps P6 as discussed above. However, when the detection 
energy of the PLE measurement was set at Isn 
= 1 (el-hh) exciton line (1.571 eV) the Ps was unre- 
solved. The formation of P8 is possibly resulted from the 
combination of the following two transition processes: The 
first interpretation of the P8 is due to the n= 1 conduction 
band to the n = 2 heavy-hole band transition. This assign- 
ment is in agreement with the (\el-2hh) band gap calcula- 
tion described above. However, the transition is an intrinsic 
effect and the PL intensity should be weak because it is a 
prohibition transition. Another possible explanation of the 
P% is the result of two-step relaxation processes: The first 
step is that the hot electrons photoexcited at 1.625 eV cas- 
cade down to the 2s n= 1 (e-hh) exciton states at 1.581 eV 
by one LO phonon emission. The subsequent processes are 
that some of the electrons at the 2s n= 1 (e-hh) states fur- 
ther relax to the monitored position at 1.563 eV by acoustic 
phonon emission and others recombine radiatively. Obvi- 
ously, the carriers at the 2s n=\ (e-hh) energy line have 
higher radiative recombination probability, than that of adja- 
cent energy states as observed in both Figs. 1 and 2(a). 
Hence, when the detection energy is moved to the 2s n 
= 1 (e-hh) exciton line (1.581 eV) the position of the P8 

may not shift and the intensity of Pg is relatively high as 
shown in Fig. 2(b). 

The peak 10 at —1.656 eV shown in Fig. 2(a) identifies 
with two subsequent LO phonon emissions, when the hot 
electrons excited from n=lhh band cool down to emitting 
states: First, hot electrons at 1.656 eV relax to P6 position at 
1.606 eV. The energy loss of the hot electrons in this process 
is —50 meV, —7 meV greater than the energy loss of hot 
electrons in the bulk GaAs. The difference may arise from 
the nonparabolicity of the n = 1 conduction band and the 
warping of heavy- and light-hole bands further away from 
the T point. The subsequent relaxation behavior of the hot 
electrons is in the same way as that of P6. This assignment 
was supported by the further PLE measurement shown in 
Fig. 2(b), in which the detection energy was moved to 1.581 
eV, and the P10 shifted to the position at —1.672 eV, two LO 
phonon energy higher than the 2s n=\ (e-hh) exciton 
state. 

Finally, we should note that in the above discussion we 
are only concerned with electron-phonon interaction. The 
reason for this is that for the purposes of this study we used 
the high purity sample. So carrier-ionized impurity interac- 
tion can be ignored. Also, in the PLE experiments low exci- 
tation density was used. Hence, carrier-carrier interaction 
was neglected as well. 

In summary, with the use of photoluminescence excitation 
spectroscopy we have for the first time seen the oscillatory 

J. Vac. Sei. Technol. B, Vol. 15, No. 4, Jul/Aug 1997 



853 Wu et al.: Observation of hot electron relaxation 853 

behavior related to LO phonon emission in the GaAs/ 
AlGaAs MQW structure. The period of the oscillation is dif- 
ferent from that observed in bulk GaAs. The calculation 
from a four-band Kane model, describing the mixing of 
heavy- and light-hole bands at wave vector away from k 
= 0 was used to interpret the difference of oscillation fea- 
tures from the GaAs/AlGaAs MQW structure and bulk 
GaAs. We believe that the oscillation difference is due to the 
nonparabolicity and in-plane warping of the subbands in the 
MQW structure. The measured PLE spectra and the calcu- 
lated results show that when the excess energy of a hot elec- 
tron is equal to an integral number of the LO phonon energy 
of GaAs, the electron will directly cascade downwards to Is 
n=\ (e-hh) exciton states by the LO phonon emission 
rather than to the bottom of n = 1 conduction band. It is 
noted by the authors that there may be alternative interpreta- 
tions of the peaks within higher energy region in Fig. 2, 
although the above interpretation is plausible. 
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Base metallization stability in InP/lnGaAs heterojunction bipolar transistors 
and its influence on leakage currents 
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and P. Launay 
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For InP/lnGaAs heterojunction bipolar transistors (HBTs), base-collector leakage current can be 
quite impairing by restricting their operational conditions to a very narrow emitter-collector voltage 
range. Results of a study on morphological degradations of various p-type metallizations to InGaAs 
and their effect on base-collector leakage current of InP/lnGaAs double HBTs are reported here. 
Two kinds of base contacts were investigated. Mn/Au/Ti/Au induces high leakage current after 
contact annealing at temperatures as low as 300 °C. This is due to important interdiffusion of the 
species, and precipitation inside the base layer. Ti/Pt/Au is a good alternative, provided that the 
platinum layer is not too thick, and the contact annealing temperature not too high. Leakage current 
was found to be related to the strain induced by metal deposition, or to the morphological 
degradation taking place during annealings at high temperatures (metal precipitates formation inside 
the base layer inducing strain, and III-V elements exodiffusion). However, HBTs with Ti/Pt/Au 
base contacts annealed at 300 °C showed no excess leakage current and almost no morphological 
alteration, and contact resistances below 10"5 O cm2 were obtained for base doping levels above 
1019 cm"3.   © 1997 American Vacuum Society. [S0734-211X(97)06004-6] 

I. INTRODUCTION 

In the race for very high-speed microelectronic and opto- 
electronic devices, InP/lnGaAs heterojunction bipolar tran- 
sistors (HBTs) have emerged as a promising bipolar technol- 
ogy. Very high performance microwave InP/lnGaAs HBTs 
have already been reported.1 For such devices, the base met- 
allization is an important issue, because the base contact re- 
sistance can be a very limiting factor. Various p-type metal- 
lizations have been used, falling into two main categories: 
contacts including a diffusing p-type dopant (such as Zn, Be, 
or Mn), or nonalloyed contacts (such as Ti/Au, Ti/Pt/Au, or 
Pt/Ti/Pt/Au). The former, commonly used for GaAs based 
HBTs, provide a highly doped interfacial layer, but lead to 
important inhomogeneities and poor thermal stability;2,3 the 
latter have become the most popular contacts for InP based 
HBTs over the past few years. Very low contact resistances 
have been reported for such metallizations.3'4 

An important problem encountered with InP/lnGaAs 
HBTs is the reverse leakage current of the base-collector 
junction, which may become large well before junction 
breakdown. This effect limits the practical use of the device 
to a very narrow emitter-collector voltage region. The influ- 
ence of the base metallization on leakage currents is investi- 
gated in article: upon contact deposition or annealing, mor- 
phological degradation of the base layer beneath the metal 
may appear, and even reach the base-collector interface, 
thus, considerably degrading the junction characteristics. 
Very little work on this problem has been reported so far. 
However, this effect can be all the more critical as the base 
becomes thinner, and can even lead to short circuits, if the 
metallization is ill chosen.5 Section III presents the influence 
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of a Mn/Au/Ti/Au contact, which was successfully used for 
GaAs HBTs.6 In Sec. IV, various Ti/Pt/Au structures are 
investigated. 

II. EXPERIMENTS 

The HBT structure used in this study to evaluate the leak- 
age currents is described in Table I. The samples were grown 
by chemical beam epitaxy (CBE) on Fe-doped semi- 
insulating substrates. The dopant sources were solid silicon 
(«-type), and CBr4 (p-type). 

Large devices were realized as follows: The emitter was 
etched chemically; the base mesa was defined by a combina- 
tion of wet etching and ion milling in order to prevent base- 
collector leakage related to the etching process;7 device in- 
sulation was performed by wet etching. Metallizations were 
realized by conventional lift-off techniques. For wet etch- 
ings, the etching mixtures are H3P04/H202/H20 (3/1/40) for 
InGaAs and HC1/H3P04 (1/10) for InP. 

Ti/Pt/Au was used for low resistance «-type Ohmic con- 
tacts (around 2 X 10~7 fl cm2). Mn/Au/Ti/Au and Ti/Pt/Au 
(with various platinum thicknesses) were tested to form the 
p-type base Ohmic contact. All metals were deposited by 
electron-beam evaporation (with a background pressure be- 
low 10"7 Torr), and annealed in a rapid thermal annealer, 
under Ar/H2 flow. The temperature ramp was 30 s long for 
all annealings, and the samples were rapidly cooled down by 
a nitrogen "shower." The emitter-base and base-collector 
areas were 170X100 and 235 X 190 ^m2, respectively. 

All I-V characteristics were measured with a HP4145 A 
parameter analyzer on at least five transistors. In order to 
evaluate the excess leakage currents created by metal depo- 
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TABLE I. HBT general structure. 

Layer Material Thickness (Ä) Doping (cm 3) 

Emitter contact 1 n+ InGaAs 1000 7.1018-2.1019 

Emitter contact 2 n+ InP 500 1-3.10'9 

Emitter JVInP 1500 1017-5.1017 

Base p+ InGaAs 1000 8.1018-2.1019 

InGaAs 200 Undoped 

Collector InGaAsP(£g = 0.95 eV) 200 Undoped 

InGaAsP(£? = 1.15 eV) 200 Undoped 

n~ InP 5000 1016 

Collector contact 1 n+ InGaAs 2000-5000 7.1018-2.1019 

Collector contact 2 n+ InP 3000-0 1-3.1019 

sition or contact annealing, some devices were left without 
any base contact. Unfortunately, it is then impossible to mea- 
sure the reverse current of the base-collector diode. Instead, 
the collector current versus emitter-collector voltage charac- 
teristic (for lb = 0) was measured in order to evaluate the 
leakage current of the whole HBT structure. 

III. Mn/AuATi/Au 

Mn/Au/Ti/Au provides a low resistance Ohmic contact by 
diffusion of the manganese (which is a />-type dopant) into 
the base layer. The thicknesses of the layers were 300/2000/ 
300/1000 Ä for Mn/Au/Ti/Au. The sample was annealed at 
various temperatures for 5 min. Figure 1 shows the evolution 
of the emitter-collector leakage current at Vce = 4 V with the 
annealing temperature. Above 250 °C, the leakage current is 
much higher for the device with the base contact than for the 
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FIG. 1. Transistor leakage currents at Vc 

the Mn/Au/Ti/Au base contact. 
= 4 V vs annealing temperature for 

one without, showing that the leaks are generated by the 
interactions of the metallization with the semiconductor lay- 
ers upon annealing. 

Figure 2 shows secondary ion mass spectroscopy (SIMS) 
profiles of Au/Ti/Au/Mn/InGaAs/InP samples. The epitaxial 
structure, grown by metal-organic chemical-vapor deposi- 
tion, simulates the base-collector junction (the InGaAs layer 
is 1400 Ä thick). One reference sample was left unannealed; 
the second and third ones were annealed at 300 °C for 5 min, 
and 450 °C for 25 s, respectively. The last one was realized 
at a rather high temperature in order to enhance the phenom- 
enon taking place upon annealing. Auger analysis were also 
performed in order to have a quantitative glimpse at the rela- 
tive concentrations of the species at stake. The Auger profiles 
of the samples annealed at 300 °C and 450 °C are presented 
in Figs. 3(a) and 3(b), respectively. They were corrected with 
the elemental sensitivity factors. Thus, the Auger relative 
intensities give a good estimation of the relative atomic con- 
centrations (with a relative accuracy better than 20%). 

Large intermixing of the various elements occurs upon 
annealing. Indium diffuses upward through the metal layers, 
but is partially blocked by the titanium as can be seen on the 
SIMS profiles. This diffusion from the semiconductor is im- 
portant even after the low-temperature annealing (300 °C): 
the corresponding Auger profile shows that the InGaAs layer 
is already In poor, although the indium concentration inside 
the metal layers is too low to appear on this profile. How- 
ever, it starts showing on the 450 °C profile. 

Arsenic also diffuses upward, and accumulates into the Ti 
layer. After the 300 °C anneal, the diffusion is not very im- 
portant, and only shows on the SIMS profile. After the 
450 °C annealing, the Auger profiles reveal that the arsenic/ 
titanium mixture is almost stoichiometric. The exodiffusion 
of indium and arsenic has converted the InGaAs layer into a 
material very close to GaAs. 

Some phosphorous diffuses towards the surface through 
the whole structure, with a slight accumulation into the 
InGaAs layer. At 450 °C, more diffusion takes place, and 
phosphorous is also partially blocked by the Ti layer. 

As for the metal diffusion, the SIMS profiles are harder to 
analyze: the metal signal tails in the layers below are partly a 
SIMS artefact, due to etching nonhomogeneity. However, 
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FIG. 2. SIMS profiles of the Au/Ti/Au/Mn/InGaAs/InP structure annealed at various temperatures. 

information can be obtained by comparing one set of curves 
to another. Titanium is rather stable except for some diffu- 
sion into the top gold layer: with the penetration of arsenic 
inside the layer, the titanium atoms are "pushed" into the 
gold layer above. 

The evolution of manganese and gold is given more 
clearly by the Auger profiles than by the SIMS data. How- 
ever, it is worth noticing that the Mn SIMS profile of the 
as-deposited sample reveals the presence of manganese in- 
side the gold layer above, even before annealing, most prob- 
ably due to diffusion during the gold and titanium deposi- 
tion. After the 300 °C anneal, the Auger profile shows that 
the Mn layer has almost disappeared. Some of the manga- 
nese has diffused into the semiconductor below (as expected 
and desired for such a contact), but most of it has diffused 
upward. It seems that in the process, there is an exchange 
between Au and Mn atoms, with gold diffusion into the In- 
GaAs below. 

Figure 4 presents a cross-sectional transmission electron 
microscopy (TEM) micrograph of the sample annealed at 

300 °C. Large precipitates in the InGaAs layer can be seen, 
showing that the gold atoms that have diffused from the 
layer above, have precipitated inside the semiconductor. 
However, it is worth noticing that scanning electron micro- 
scope observations of the metallization surface after anneal- 
ing did not show morphological degradation. 

After the 450 °C annealing, the manganese layer has to- 
tally disappeared. The gold layer above is Mn rich, as shown 
by the plateau of the Mn profile in Fig. 3(b), and the base 
layer is saturated with gold. Manganese has also diffused far 
into the semiconductor layers below (more than 1000 A into 
the InP collector). 

X-ray diffraction spectra were realized to check whether 
new phases were formed (Fig. 5). After the 450 °C anneal- 
ing, two diffraction lines appear around the Au 111 reflection 
[Fig. 5(a)]. According to the American Society for Testing 
and Materials (ASTM) tables, these lines could be attributed 
to an alloy close to TiAs. Figure 5(b) presents the diffraction 
spectra for an angle range corresponding to the tail of the 
004 InP substrate peak. After the 300 °C annealing, the tail 
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FIG. 3. Auger depth profiles of the Au/Ti/Au/Mn/InGaAs/InP structure an- 
nealed at 450 °C for 25 s. 

broadens, and after the 450 °C annealing, a new diffraction 
line appears around 26=66°. This value is close to the 004 
reflection of GaAs. This corresponds well to the indium out- 
diffusion into the metal, leading to indium impoverishment 
of the InGaAs layer. 

From all these results, it appears that upon annealing, the 
base layer and base-collector interface are very much de- 
graded by the interdiffusions of the species at stake, and it is 
no wonder the diode leakage current becomes very impor- 
tant. Early work on p-n silicon diodes reported that crystal- 
line defects or precipitates can induce leakage currents, aris- 
ing from local enhancement of the electric field, and local 
Zener effect.8,9 

IV. Ti/Pt/Au 

Ti/Pt/Au is commonly used to realize a low resistance 
nonalloyed /?-type Ohmic contact. The titanium layer pro- 
vides a good adhesion of the contact onto the semiconductor, 
and the platinum layer acts as a diffusion barrier to ensure 
good stability. Katz and co-workers widely studied Pt/Ti 
contacts on p-InGaAs,4'10 reporting lowest contact resistance 
(in the 10~8 Q cm2 range4) after a rapid thermal annealing 
at 450 °C. For this metallization, they found that the mor- 
phology of the contact was not modified for annealing tem- 
peratures up to 400 °C, and that a slight intermixing of the 
semiconductor and metal layers took place at 450 °C. Sta- 
reev et al. even found that the structure InGaAs/Ti/Pt/Au 
was stable up to 500 °C.3 However, we find that, for HBTs, 
Ti/Pt/Au can induce important base-collector leakage cur- 
rents in this range of temperature. 

Au (Mn-rich) 

InGaAs 
(with Au precipitates) 

InP 

H 
1000Ä 

FIG. 4. TEM micrograph of the Au/Ti/Au/Mn/InGaAs/InP structure annealed at 300 °C for 5 min. 
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FIG. 5. X-ray diffraction spectra of the Au/Ti/Au/Mn/InGaAs/InP structure 
annealed at various temperatures. 

A. Influence of metal deposition 

In Fig. 6, the transistor leakage current at Vce = 4 V is 
reported for various Ti/Pt/Au contact thicknesses. Leakage 
currents with no base contact are also reported. Excess leak- 
age is created by the metal deposition (before annealing), 
increasing with the platinum thickness. This is most probably 
due to the strain generated during platinum deposition. Strain 
measurements were performed by an optical method. With 
this method, the strain is obtained by measuring the curva- 
ture of the sample before and after metal deposition. It is 
rather awkward to obtain reliable results with epitaxial lay- 
ers, so the values reported here were measured on InP sub- 
strates. The strain measured for Ti/Pt/Au, 300/500/2500 Ä, 
was 145 MPa, more than three times higher than that ob- 
tained with Ti/Au, 500/2500 Ä (42 MPa). Since as-deposited 
measurements reported in Fig. 6 were performed with large 
unannealed contacts, it can be concluded that it is only the 
strain in the base layer that generates the leaks. This was 
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FIG. 6. Transistor leakage currents at Vc, 
for various base contacts. 

4 V vs annealing temperature 

confirmed by x-ray diffraction measurements, as will be dis- 
cussed in the following. It is worth noticing that small de- 
vices should be less sensitive to the strain induced by the 
metal. 

B. Influence of contact annealing 

Figure 6 shows that, for annealing temperatures below 
300 °C, leakage decreases with increasing temperature. This 
is probably due to strain relaxation, and epitaxial defects 
curing (as this leakage reduction also appears for the sample 
with no base contact). For heat treatments at a temperature 
higher than 300 °C, leakage current drastically increases for 
the samples with base contacts, when it goes on decreasing 
slowly for the sample with no base contact. This demon- 
strates that leakage is generated by the interactions of the 
metal and semiconductor layers upon annealing. The higher 
the temperature, the larger the degradation. 

SIMS analysis were performed on Au/Pt/Ti/InGaAs/InP 
samples. The thicknesses were Au: 2000 A, Pt: 500 A, Ti: 
300 Ä, and InGaAs: 1400 Ä. The profiles are presented in 
Fig. 7 for three annealing conditions: not annealed, 300 °C (5 
min), and 450 °C (25 s). 

After the 300 °C treatment, some indium has diffused 
from the base, and accumulates into the platinum layer. At 
450 °C, indium goes through the platinum, into the gold 
layer. Arsenic roughly follows the same pattern as indium, 
but much attenuated: the 450 °C As profile looks like the 
300 °C In profile. Some phosphorous also diffuses into the 
layers above, and at 450 °C, goes through the whole metal- 
lization to reach the surface of the sample. As for the metals, 
SIMS profiles give three pieces of information: upon anneal- 
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FIG. 7. SIMS profiles of the Au/Pt/Ti/InGaAs/InP structure annealed at various temperatures. 

ing, the gold layer becomes platinum rich, some gold dif- 
fuses into the layers below, and the titanium seems rather 
stable. 

X-ray diffraction analyses were realized to identify pos- 
sible new phases. No extra line was found after annealing, 
but displacements of the metal peaks were observed. Gold 
and platinum both have a cubic, face-centered structure, and 
the 111 lines are the more intense lines obtained on our spec- 
tra, showing that the two metals are deposited with a (111) 
preferential orientation. Figure 8 presents the 111 diffraction 
lines for gold [Fig. 8(a)] and platinum [Fig. 8(b)] before and 
after heat treatments. The corresponding lattice parameters 
are indicated. The unannealed gold layer lattice constant cor- 
responds to that given by the ASTM tables (a 
= 4.079 Ä), but for platinum, the constant is smaller than 
that of the ASTM tables (a = 3.923 A), which reveals a 
strained layer. For both metals, the 111 peak intensity is 
much higher after annealing, indicating the regrowth of 

(lll)-oriented grains. After annealing, the platinum lattice 
parameter is almost the one given by the ASTM tables, in- 
dicating that the layer has relaxed. On the other hand, the 
gold lattice constant decreases upon annealing. This is rather 
difficult to understand, but might be due to the penetration of 
other elements (such as indium or platinum) into the gold 
layer, thus, compressing the gold lattice. 

Cross-sectional transmission electron microscopy of the 
films was also performed in order to have a better under- 
standing of the mechanisms at stake. In Fig. 9, a TEM mi- 
crograph of the sample annealed at 450 °C is shown (the 
300 °C sample presented no sensible morphological degrada- 
tion). The intermixing of the gold and platinum layers ob- 
served by SIMS is actually identified as a growth of platinum 
grains into the gold layer, and vice versa. This could also 
account for the gold lattice parameter reduction (but not en- 
tirely, because such a reduction was also observed with 
Ti/Au contacts). Gold has precipitated into the top half of the 
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InGaAs layer. The precipitates have a tabular shape, and can 
be as thick as 600 A. Smaller, scarcer, and rounder precipi- 
tates are also observed, and identified as PtAs2 by x-ray ele- 
ment analysis. The fringes in the remaining base layer are 
due to the strain generated by the precipitates. The diffusion 
of gold into the base layer is compensated by indium and 
arsenic outdiffusion into the metal layers as shown in the 
SIMS profiles. These interdiffusions can even leave voids at 
the semiconductor/metal interface (white triangle in Fig. 9). 

All these results are in good agreement with the leakage 
current measurements. No sensible morphological changes 
of the base layer appears after a 300 °C heat treatment. On 
the contrary, it allows relaxing the strain created by the metal 
deposition, and eventually curing some defects of the layers. 
Thus, the leakage current is lower after the 300 °C annealing 
than before. However, a high annealing temperature (450 °C) 
generates a huge amount of defects, precipitates, and strain 
in the base layer. 

In order to achieve a better thermal stability of the metal- 
lization upon annealing, several alternate structures have 
been proposed to contact InGaAs. The refractory suicide 
WSi has been shown to be rather stable at annealing tem- 
peratures up to 800 °C, when Ti/Pt/Au failed at 400 °C.n A 
thin layer of tungsten inserted between the InGaAs layer and 
the Ti/Pt/Au structure was also shown to stabilize the metal- 
lization upon annealing at 400 °C, thus, reducing the leakage 
current of InP-based HBTs.5 Another refractory metal, Mo, 
could also be a good candidate for realizing thermally stable 
contacts to InGaAs. Mo/InGaAs structures have been found 
to be more stable than various other metal/semiconductor 
structures (such as Pt/InGaAs or Ti/InGaAs).12 Furthermore, 
a comparative study on the thermal stability of Mo/Au and 

Au/Pt 

Ti 

precipitates 

InGaAs 

1000Ä 

FIG. 9. TEM micrograph of the Au/Pt/Ti/InGaAs/InP structure annealed at 450 °C for 25 s. 
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Ti/Pt/Au on «-type InGaAs showed that the former was more 
reliable over time at an annealing temperature of 300 °C.13 

C. Contact resistance 

All the 300 °C results presented till now are for 5 min 
annealings, but we found that the leakage current is stable 
when the samples are annealed for five more minutes. The 
contact resistance of the Ti/Pt/Au (200/300/2500 Ä) metalli- 
zation was measured by the transmission line method after 
300 °C annealings. Lower contact resistances were measured 
after 10 min long annealings, but stabilized for longer an- 
nealings. Figure 10 presents the contact resistance for vari- 
ous base doping levels. Reasonably low values can be ob- 
tained, provided that the base is doped to a high enough 
level. 

V. CONCLUSION 

The morphological degradation of various metallizations 
on /?-type InGaAs and its effect on base-collector leakage 
current of InP/lnGaAs heterojunction bipolar transistors 
were investigated. The results reported here were obtained 
for a base-collector heterojunction, but a homojunction 
would most probably lead to the same kind of degradation. 

The Mn/Au/Ti/Au Ohmic contact was found to create im- 
portant leakage after heat treatment at temperatures as low as 
300 °C. X-ray diffraction spectra, TEM observations, SIMS, 

and Auger depth profiles revealed that large interdiffusion of 
the various elements takes place upon annealing. Arsenic and 
indium diffuse upward into the metal; the whole manganese 
layer is redistributed into the layers above and below; and 
gold precipitates into the base. New phases are even formed 
after a 450 °C annealing. Mn/Au/Ti/Au is, thus, unfit for 
contacting the base of HBTs. 

A more stable, not alloyed p-type contact such as Ti/ 
Pt/Au should be preferred. The platinum layer must not be 
too thick to avoid strain in the base layer. After a 300 °C, 10 
min heat treatment, no leakage is induced by the metalliza- 
tion, but if the annealing temperature is higher, morphologi- 
cal degradation of the layers occurs, and the base-collector 
diode starts leading. X-ray diffraction, SIMS profiles, and 
cross-sectional TEM showed that 300 °C heat treatments 
preserve the layer integrity, but that higher temperatures in- 
duce degradation: gold precipitates inside the base layer, 
which, in turn, becomes strained and depleted in indium and 
arsenic. 

Contact resistances in the 10~6 O cm2 range were ob- 
tained with Ti/Pt/Au (200/300/2500 A) annealed at 300 °C 
for 10 min for a base doping level larger than 2 
X 1019 cm-3. Finally, Ti/Pt/Au is a good candidate for 
HBT's base metallization, provided that subsequent anneal- 
ing temperatures stay below 300 °C. 
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Structural and optical characterizations of single three-dimensionally 
confined GaAs/AIAs structures grown on patterned GaAs (001) substrates 
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We report structural and optical characteristics of single three-dimensionally (3D) confined GaAs/ 
AlAs structures grown by molecular beam epitaxy on (100) oriented square mesas patterned onto 
GaAs (001) substrates. By fabricating single structures and using AlAs barrier layers, we were able 
to clearly attribute luminescent spectral peaks to spatial origins in the grown structures. Observation 
with a scanning electron microscope and an atomic force microscope indicated that the structures on 
the mesas were pinched-off or truncated pyramids limited by sidewall {011} facets and a mesa-top 
facet. The observation also led to estimation of lateral width in the 3D confined structures, which 
decreased in proportion to a decrease in pattern width ranging from 1.6 to 0.2 ^m. This 
proportionality can be explained by adatom migration on the sidewalls towards the bottom region of 
the patterned substrates. The optical properties of the grown structures were investigated by 
microphotoluminescence measurements at 8 K. Photoluminescence (PL) images were first measured 
to attribute luminescent spectral peaks to quantum-well (QW) heterostructures spatially originating 
in a truncated pyramidal structure. We next performed spectroscopy on single 3D confined 
structures of various lateral widths by positioning and holding the mesa top of one isolated 
pyramidal structure at a time under laser illumination. The PL and PL excitation spectra exhibited 
distinct exciton peaks about 10 meV wide. As the lateral width decreased, the vertical layer 
thickness estimated by their emission wavelength increased, but it saturated at smaller lateral 
widths. The saturation can also be explained by the adatom migration on the sidewalls. When 
excitation power was lowered, PL spectra became a cluster of sharp peaks. Each sharp peak may be 
due to the recombination of the exciton trapped in QW layer thickness fluctuation. The cluster thus 
suggests that the broad spectral width is caused mainly by wide variation in QW layer thickness of 
3D confined structures.   © 1997 American Vacuum Society. [S0734-211X(97)13604-6] 

I. INTRODUCTION 

Fabrication of nanostructures is one of the main subjects 
in recent semiconductor research.1,2 Controlling band gap 
patterns in two or three dimensions allows spatial confine- 
ment of charge carriers to small volumes. For extremely 
small confining potential wells, on the nanometer scale, two- 
or three-dimensional quantum effects become significant. 
These extremely small confined structures, i.e., nanostruc- 
tures, are expected to exhibit new electrical and optical prop- 
erties that can be used for novel device applications. 

Various attempts have been made to fabricate semicon- 
ductor nanostructures.1"4 One fabrication technique is based 
on selective growth on patterned substrates by using epitax- 
ial growth methods such as molecular beam epitaxy (MBE) 
or metalorganic chemical vapor deposition (MOCVD).4 This 
technique uses the difference in growth rate on neighboring 
facets and can grow two-dimensionally (2D) or three- 
dimensionally (3D) confined structures during the epilayer 
growth process itself. All interfaces of the confining potential 

"'Electronic mail: Junichi-crl.Kasai@c-net3.crl.hitachi.co.jp 
b)Present address: Femtosecond Technology Research Association, 5-5 To- 

hkodai, Tsukuba, Ibaraki 300-26, Japan. 

wells are formed in situ and can be free of defects and con- 
tamination. 

3D confined structures are formed by growth on mesa 
structures whose top facet is surrounded by crystallographi- 
cally equivalent side facets. For example, in GaAs (001) sub- 
strates, which are most often used for device applications, 
the top facet of (100) oriented square mesas is surrounded by 
equivalent sidewalls of {011} facets. Group-Ill atoms arriv- 
ing at the sidewall facets migrate towards the adjacent facet 
of the mesa-top plane. This adatom migration results in a 
smaller growth rate on the sidewalls than on the mesa top 
and in shrinkage of the mesa-top area, which leads to mesa 
pinch off. The pinched-off mesa structures on patterned 
GaAs (001) substrates are therefore pyramidal ones sur- 
rounded by sidewall {011} facets. 

Growth of quantum-well (QW) heterostructures on pat- 
terned substrates brings about lateral variations in layer 
thickness and alloy composition. 3D confined structures are 
thus formed by growing QW heterostructures on pyramidal 
structures before the pinch off. The vertical confinement en- 
ergy in the 3D confined structures is due to quantum con- 
finement introduced by the QW heterostructures normal to 
their interface. The strong lateral-position dependence of this 
vertical confinement energy leads to lateral variation in va- 
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lence and conduction band edges. The lateral thickness varia- 
tions thus result in effective band gap modulation. The 
thicker QW sections constitute lateral potential wells that can 
trap charge carriers, while the thinner QW sections function 
as effective lateral barriers, analogous to the higher band gap 
layers that serve as the vertical barriers in conventional QW 
heterostructures. 

There have been several reports of 3D confined structures 
fabricated on patterned substrates.5-11 Madhukar et al. ob- 
tained evidence for 3D confined structures with lateral sizes 
down to about 50 nm by observing cross sections of pyrami- 
dal structures with a transmission electron microscope 
(TEM).5'8 Cathodoluminescence (CL) images and the spectra 
of the 3D confined structures indicated their high optical 
quality.6'11 However, they grew GaAs/AlGaAs multiple 
QWs on patterned GaAs substrates in order to follow the 
evolution of the growth front. Although the growth time for 
the QW and barrier layers was kept constant, a strong in- 
crease in layer thickness on the mesa top occurred as growth 
proceeded, i.e., when the mesa-top width of the pyramidal 
structures decreased. Thus, owing to difference in the QW 
layer thickness, CL spectra exhibited some peaks due to the 
emissions from the various QW layers on the mesa top. This 
multiplicity made it difficult to attribute the luminescent 
spectral peaks to QW layers spatially originating in the py- 
ramidal structure. Moreover, AlGaAs barrier layers in the 
QW heterostructure further complicated the attribution be- 
cause of the lateral variation in alloy composition.12'13 

In order to simplify the attribution of luminescent spectral 
peaks to spatial origins, we fabricated single 3D confined 
structures having AlAs barrier layers instead of multiple 
ones having AlGaAs barrier layers. In this article we report 
structural and optical characteristics of the single 3D con- 
fined structures grown by MBE on patterned GaAs (001) 
substrates. Observation of the surface of the pyramidal struc- 
tures with a scanning electron microscope (SEM) and an 
atomic force microscope (AFM) enabled us to estimate the 
lateral width in the 3D confined structures. We also investi- 
gated the optical properties of the grown structures by low- 
temperature micro-photoluminescence (/Ct-PL) measure- 
ments. 

II. FABRICATION OF CONFINED STRUCTURES 

GaAs (001) substrates were patterned using electron- 
beam lithography followed by wet chemical etching. The 
negative-type resist was SAL601 (Shipley) and etchant was 
H3P04:H202:H20 (1:2:40) at 24 °C. The pattern comprised 
square mesa structures with sides oriented along (100) direc- 
tions. The square mesas had lateral widths of 2.8-4.2 /mi 
with an interval of 0.2 yum after etching. The size variation 
allowed us to fabricate single 3D structures of various lateral 
widths on isolated pyramidal structures in the same growth 
run. 

Epitaxial growth was performed in a conventional MBE 
system. The growth run was done twice with different thick- 
nesses of the GaAs buffer layer (sample A: 500 nm and 
sample B: 700 nm). The growth structures consisted of the 

[010] 1 um 

FIG. 1. SEM images of pyramidal structures grown on square mesas in 
sample B. (a) and (b) Images of a pinched off pyramidal structure after 
growth on the 2.8 fim mesa. The pyramid is limited by sidewall {011} 
facets, (c) and (d) Images of a truncated pyramidal structure after growth on 
the 3.2 ßm mesa. The pyramid is limited by sidewall {011} facets and a 
mesa-top facet. The lower images, (b) and (d), are top views of the same 
pyramidal structures as in the upper images. 

GaAs buffer layer, AlAs/GaAs/AlAs QW layers (10 nm/5 
nm/10 nm), and a GaAs capping layer (10 nm). The layer 
thickness was estimated from the growth time of each layer 
and from the growth rates of GaAs and AlAs on a flat GaAs 
(001) substrate, which were both 0.5 /tm/h. The growth tem- 
perature was 660 °C, which was monitored by a thermo- 
couple placed on the rear of the substrates. Arsenic beam 
equivalent pressure was 7X 10~6 Torr, and the substrate ro- 
tation during growth was 20 rpm. For structural and optical 
characterizations sample B was used in the following sec- 
tions except in Sec. IV A, where sample A was used. 

III. STRUCTURAL CHARACTERIZATION 

A. Scanning electron microscopy 

Figure 1 shows SEM images of typical structures grown 
on 2.8 yam side (left) and 3.2 fim side (right) square mesas in 
sample B. The images in the lower half of Fig. 1 are top 
views of the same pyramidal structure as shown in the upper 
half. The grown structures were pinched-off and truncated 
pyramids limited by sidewall {011} facets and the mesa-top 
facet. 

As shown in Fig. 1, the sidewalls had relatively rough 
surface morphology. The roughness increased when the 
same pyramidal structures were observed again a few months 
later. This suggests that the roughness is due to oxidation of 
the AlAs barrier layers resulting from the thinness of the 
GaAs capping layer on the sidewalls. In contrast to the side- 
walls, the mesa top of the truncated pyramidal structure had 
smooth surface morphology, as shown in Fig.  1(d). The 
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FIG. 2. Mesa-top width of pyramidal structures estimated by SEM observa- 
tion as a function of pattern width. The mesa-top width reflects the lateral 
width of the 3D confined structure in the pyramid. 

GaAs capping layer on the mesa top was expected to be 
thicker than that on the sidewalls because of the faster 
growth rate of GaAs on the mesa top. This greater thickness 
may prevent the oxidation of the AlAs layers on the mesa 
top. 

The sidewalls connected with the bottom regions of the 
patterned substrates during growth of the GaAs buffer layer 
in the present study. As shown in Fig. 1, accumulation of 
GaAs at the base of the pyramidal structures differed along 
the [110] and [110] directions. The pyramidal structures 
were more buried along the [110] direction. Owing to this 
anisotropy, the shape of the pyramidal structures is a rhom- 
bus in the top-view images of Figs. 1(b) and 1(d). Lopez 
et al. suggested10 that the anisotropy could be due to the 
different lateral growth rates14 along the [110] and [110] 
directions. 

The mesa-top shape of the truncated pyramidal structure 
in Fig. 1(d) was square and equivalent to that of the as- 
patterned mesas. This mesa-top shape reflects the lateral fea- 
ture of the 3D confined structure embedded in the pyramidal 
structure. As mentioned in Sec. I, the confining potential 
wells in the lateral directions were due to the lateral varia- 
tions in the QW layer thickness of the mesa top and the 
sidewalls. The shapes of the lateral potential wells are thus 
determined by the mesa-top shapes just before growth of 
QW layers. Moreover, the mesa-top shapes do not change 
rapidly during growth of the QW heterostructure and the 
capping layer if their layer thickness is much less than the 
mesa-top width. The lateral width of the 3D confined struc- 
tures can therefore be estimated from the mesa-top width 
after growth. 

Figure 2 shows the dependence of the mesa-top width on 
the pattern width, except for the smallest one whose pyrami- 
dal structure was pinched off according to the SEM observa- 
tion. As shown in Fig. 2, the mesa-top width, that is the 
lateral width of the 3D confined structure, decreased from 
1.6 to 0.2 /mm in proportion to the decrease in pattern width. 

This conflicted with the expectation that a strong increase in 
growth rate on the mesa top would promote a rapid reduction 
in the lateral width.8'15 However, the suppression of the rapid 
reduction in the lateral size can be explained by adatom mi- 
gration on the sidewalls towards the bottom region in the 
present case. If an almost equal number of adatoms migrate 
from the sidewalls to the mesa top, the shrinkage of the 
mesa-top area makes the growth rate increase. However, if 
the sidewalls connect with the bottom, some of the adatoms 
on the sidewalls migrate to the bottom, and consequently 
fewer adatoms migrate to the mesa top. This decrease may 
suppress the increase in the growth rate and may keep the 
proportional relationship between the lateral width and the 
pattern width. 

Konkar et al. have reported that the mesa top of pyrami- 
dal structures experienced two stages of pinch off related to 
the initial formation of sidewall {011} facets followed by the 
formation of {013} facets.9 From TEM observation, they 
found that the {013} facets caused an early pinch off and 
{011} facets subsequently took over and caused a second 
pinch off. In the present study, however, the pinch off oc- 
curred in only one stage related to the formation of sidewall 
{011} facets. This discrepancy may arise from a difference in 
the growth conditions, such as the growth temperature, 
which changes the migration rates of adatoms on neighbor- 
ing facets. 

B. Atomic force microscopy 

Although the SEM observation indicated that the pyrami- 
dal structure on the smallest mesa pattern was pinched off 
and had no flat top, it could have missed a flat region on the 
top because of inadequate spatial resolution. We therefore 
observed the top shape of the pyramidal structure on the 
smallest mesa pattern with an AFM, which has extremely 
high spatial resolution. The cross-sectional surface profiles 
of the pyramidal structure in the [100] and [010] directions 
[Fig. 3(a)] do not show a flat region on the top. However, 
they showed the top shape to be round rather than pointed. 

A round top was also previously reported on pinched off 
pyramidal structures grown by MOCVD on masked GaAs 
(001) substrates with square openings.16 That report sug- 
gested that the top shape of the pinched off pyramidal struc- 
tures was determined by self-limiting growth depending on 
growth conditions. In our case, the extent of the round region 
was about 30 nm, which was close to the diameter of the 
probe tip in the AFM. Thus we believe that the round top of 
the pyramidal structure in the present case is affected by the 
shape of the probe tip. 

The AFM was also applied to the truncated pyramidal 
structures in order to observe their flatness. Figure 3(b) 
shows cross-sectional surface profiles of the truncated pyra- 
midal structures in the [100] and [010] directions. These pro- 
files revealed that the mesa-top plane tilted to the [100] di- 
rection by 10° and that the edges of the top plane rose higher 
than the center. The rise can be explained by a good supply 
of adatoms due to efficient migration from the sidewalls to 
the mesa top. The tilting of the mesa-top plane may suggest 
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FIG. 3. Cross-sectional surface profiles of (a) a pinched off pyramid and (b) 
a truncated pyramid obtained by AFM observation. The profiles in the [100] 
and [010] directions are shown by broken and solid lines, respectively. Note 
that the scales of the axes are different in the figures. 

that under the present growth conditions the migration rate of 
the adatoms differs among the sidewall {011} facets sur- 
rounding the top plane. 

IV. OPTICAL CHARACTERIZATION 

We performed spectroscopy on single 3D confined struc- 
tures by positioning and holding the mesa-top region of one 
isolated pyramidal structure at a time under laser illumina- 
tion. The photoluminescence (PL) and photoluminescence 
excitation (PLE) spectra were obtained by using a low- 
temperature yLt-PL method that uses confocal microscopy,17 a 
form of scanning optical microscopy with far-field optics. 
High spatial resolution is attained by scanning a focused spot 
of excitation light on an object in the confocal arrangement, 
which has an aperture on the image focal plane in conjunc- 
tion with the excitation spot. 

The optical setup for the /x-PL measurements was the 
same as in our previous reports.18 A laser beam was focused 
and luminescent light was collected by a microscope objec- 
tive through the optical window of a He-flow cryostat. The 
objective was specially designed to eliminate any spherical 
aberration caused by window plates in the He cryostat and 
has a magnification of 45 and a numerical aperture of 0.5. 
This objective focused a laser beam of 514.5 nm excitation 
wavelength into a 1.5 ^tm-diam spot on the sample surface in 
the He cryostat. Details of the optical setup are given 
elsewhere.18 

In the present study, the aperture in the confocal arrange- 
ment was a 50 //m pinhole, which gave a spatial resolution 
of less than 0.7 /xm. The excitation sources were an Ar-ion 
laser and a tunable Ti:Sapphire laser. All measurements were 
done at a sample temperature of 8 K. 
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FIG. 4. PL spectra of a truncated pyramidal structure. Excitation wavelength 
was 514.5 nm and excitation power was 20 /tiW. (a) PL spectra of the 
pyramidal structure obtained by measurement with low spatial resolution. 
This PL spectrum exhibits some emission peaks due to various QW layers 
included in the pyramidal structure. Arrows point to detection wavelengths 
in the measurements of the PL images shown in Fig. 5. (b) and (c) PL 
spectra of the pyramidal structure obtained by measurements illuminating 
only (b) its mesa-top region or (c) the base region. 

A. Photoluminescence images of a pyramidal 
structure 

We first measured PL spectra of a truncated pyramidal 
structure in sample A with low spatial resolution, which was 
attained by defocusing the laser beam to a 6-/xm-diam spot 
on the sample surface and removing the pinhole aperture. 
This measurement gave the PL spectra of various QW layers 
included in the pyramidal structure. The resultant spectrum, 
shown in Fig. 4(a), exhibits some distinct peaks. To attribute 
the spatial origins of these PL peaks, we next measured the 
PL images with high spatial resolution. The PL images were 
obtained by detecting luminescent light while scanning the 
focused spot of excitation light across the pyramidal struc- 
ture. 

Figure 5(a) shows spectrally and spatially resolved PL 
images of the pyramidal structure with detection wavelength 
indicated by arrows in Fig. 4(a), and Fig. 5(b) shows a SEM 
image of its top view. The PL images reveal that the peak at 
792.8 nm (2) is due to luminescence from the single 3D 
confined structure on the mesa top of the pyramidal struc- 
ture, whereas the peak at 746.5 nm (4) corresponds to emis- 
sions from the QW heterostructure at the bottom region be- 
tween mesas patterned on the substrate. The attribution of 
the peak (4) to the mesa-top region was verified by a PL 
measurement illuminating only the mesa-top region, as 
shown in Fig. 4(b). The PL images also reveal that the long- 
est wavelength peak of the spectrum in Fig. 4(a) at 818.1 nm 
(1) originates from the GaAs buffer layer, and that the broad 
peak at 770.0 nm (3) originates from the QW heterostructure 
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FIG. 5. (a) PL images of the truncated pyramidal structure used in the mea- 
surements of the PL spectra shown in Fig. 4. The images were obtained by 
scanning a focused spot of excitation light across the pyramidal structure. 
The scanning area of each PL image was 8 /imX8 /j.m with a scanning 
interval of 0.2 /xm. The number of pixels in the PL image was increased by 
interpolation. Excitation power was 20 /tW and the detection wavelengths in 
the PL image were (1) 818.1 nm, (2) 792.8 nm, (3) 770.7 nm, or (4) 746.5 
nm, which correspond to the arrows in Fig. 4(a). (b) SEM image of the 
truncated pyramidal structure. 

around the base region of the pyramidal structure. 
Since the thickness of a QW layer is estimated from its 

emission wavelength, we can determine the QW layer thick- 
ness at each region mentioned above. At the bottom region 
its thickness was estimated to be about 5 nm, which equals 
the design value. This indicates that the mesa patterns had 
little effect on the growth rates at the well-lighted bottom 
region in Fig. 5(a) (4). 

The mesa-top width of the measured pyramidal structure 
was estimated to be about 0.9 /mm from the SEM image in 
Fig. 5(b). The 3D confined structure in the pyramidal struc- 
ture was thus regarded as a conventional QW heterostruc- 
ture. Accordingly, the GaAs thickness of the 3D confined 

structure can also be estimated from its emission wavelength. 
The estimated value was about 9 nm, which is much larger 
than that at the bottom region. This large value indicates 
efficient adatom migration from the sidewalls to the mesa 
top. 

Efficient migration was also expected to make the QW 
layer thinner at the sidewall regions than at the bottom re- 
gions. Since we could not attribute any peak to the QW 
heterostructure at the sidewall regions in the PL spectrum of 
Fig. 4(a), the QW layer must be much thinner at the sidewall 
regions than at the bottom and mesa-top regions. 

The PL image revealed that luminescence from the QW 
heterostructure around the base region corresponds to the 
peak at 770.0 nm. However, the QW layer thickness is not 
estimated only by this wavelength because of the broad spec- 
tral width. When we illuminated only the base region of the 
pyramidal structure, the PL spectrum exhibited a cluster of 
broad peaks located between two peaks due to the emissions 
from the mesa-top and bottom regions, as shown in Fig. 4(c). 
Thus the QW layer thickness at the base region varied 
widely and lay between those at the mesa-top and bottom 
regions. 

B. Photoluminescence spectra of single confined 
structures 

Figure 6 shows the typical PL spectra of single 3D con- 
fined structure of various lateral widths obtained by measur- 
ing the isolated pyramidal structures in sample B. All the 
spectra except for the pinched off pyramidal structure exhibit 
distinct peaks due to exciton luminescence from the 3D con- 
fined structures. Although the spectrum of the pinched off 
pyramidal structure exhibits some peaks, the measurement of 
PL images revealed that there was no spectral peak corre- 
sponding to the emissions from the mesa top. 

The SEM and AFM observations mentioned in Sees. Ill A 
and III B found that the pyramidal structure on the smallest 
mesa pattern was pinched off and did not have a flat top. If a 
3D confined structure were formed in this pinched off pyra- 
midal structure, its size would be expected to be so small that 
three-dimensional quantum effects would be evident. The 
three-dimensional quantum effects shift the PL peak to the 
shorter wavelength side compared to a conventional QW 
having the same layer thickness. In the present case, the 
shifted peak would be located within a wavelength range 
where the luminescence from the base region is strong, and 
consequently the PL peak of the 3D confined structure would 
be obscured by the peaks due to luminescence from the base 
region unless luminescence from 3D confined structure were 
very strong. Thus we cannot determine from the PL mea- 
surements whether or not the 3D confined structure was 
formed in the pinched off pyramidal structure. 

Since the minimum lateral width of the 3D confined struc- 
tures in the present study was about 0.2 /mi, the emission 
light from them was regarded as that from conventional QW 
heterostructures. We can thus investigate the dependence of 
the vertical layer thickness in the 3D confined structures on 
the lateral width by means of their emission wavelength. In 
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FIG. 6. PL spectra of isolated pyramidal structures of various sizes illumi- 
nating only their mesa-top region. Excitation wavelength was 514.5 nm and 
excitation power was 20 /AW. All the spectra except the pinched off pyra- 
midal structure exhibit distinct peaks due to the exciton luminescence from 
single 3D confined structures. Although the spectrum of the pinched off 
pyramidal structure exhibits some peaks, there is no peak corresponding to 
the emissions from its mesa top. 
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FIG. 8. PLE spectra of single 3D confined structures of various lateral 
widths. The confined structures were the same as the ones used in the PL 
measurements. Detection wavelength was located on the peak position of 
each PL spectrum in Fig. 6 and excitation power was 20 /xW. Each PLE 
spectrum exhibits two distinct peaks, which arise from the recombination of 
heavy-hole and light-hole excitons. 

Fig. 7, the peak wavelength is plotted (filled symbols) as a 
function of the lateral width of the 3D confined structures. 
The emission peak wavelength shifted to the longer side as 
the lateral width decreased. This shift implies that the QW 
layer thickness, that is the GaAs growth rate, increased as the 
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FIG. 7. Peak wavelengths in PL (filled symbols) and PLE (open symbols) 
spectra as a function of lateral width in 3D confined structures. 

lateral width decreased. We estimate the layer thickness in- 
creased from 8 to 10 nm. However, this increase saturated at 
smaller lateral widths. As mentioned in Sec. Ill A, some re- 
ports indicated that the growth rate on the mesa top strongly 
increased as the lateral size decreased.8'15 The saturation in 
the present study may also be explained by adatom migration 
on the sidewalls towards the bottom region. 

C. Photoluminescence excitation spectra of single 
confined structures 

Typical PLE spectra of the single 3D confined structures 
of various lateral widths are shown in Fig. 8. The confined 
structures were the same as the ones used in the PL measure- 
ments. Each PLE spectrum exhibits distinct two peaks, 
which arise from the recombination of heavy-hole and light- 
hole excitons. Such distinct exciton peaks have been never 
shown in PLE spectra of 2D or 3D confined structures grown 
on patterned substrates.4 The reason that distinct peaks were 
obtained in the present study may be related to the buffer 
layer being thick, more than 1 /urn. 

In Fig. 7, the peak wavelength of the PLE spectra is plot- 
ted (open symbols) as a function of lateral width in the 3D 
confined structures. Like the PL spectra, the exciton peaks in 
the PLE spectra shifted to longer than a wavelength with 
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decreasing lateral width. The shift also saturated at smaller 
lateral widths. In addition, the peaks in the PL spectra were 
always at longer wavelengths than those in the PLE spectra. 

The PL peaks are due to the emissions from the recombi- 
nation of heavy-hole excitons. Figure 7 thus indicates that 
the heavy-hole-exciton peak in the PL spectra shifted to a 
longer wavelength in the PLE spectra. This red shift of the 
exciton peak is often seen in conventional QW heterostruc- 
tures, where it is explained by a localization effect of the 
excitons. The peaks in the PLE spectra are due to absorption 
creating free excitons, while those in the PL spectra are due 
to the recombination of the excitons trapped by the QW layer 
thickness fluctuation. However, as will be discussed in the 
next section, the red shift in the present case is not entirely 
due to the localization effect, but also depends on the broad 
distribution in QW layer thickness. 

D. Excitation-power dependence of spectra 

The PL spectra of the single 3D confined structures 
shown in Fig. 6 exhibit a broad peak about 10 meV wide. 
Since the structures were single, the broad width cannot be 
explained by size fluctuation. Another possible origin of the 
peak broadening may be a band filling effect. If bands are 
filled with carriers to higher energy sites, the carriers will 
also recombine with higher luminescent energy, and then the 
luminescent peak will broaden. In the case of 3D confined 
structures, some carriers generated by laser illumination are 
trapped in a small volume, creating an extremely high carrier 
density in these structures, even if low excitation power is 
employed. In addition, the excitation power of 20 /xW in Fig. 
6 is already very large since the laser spot diameter is on the 
micrometer order. If the carriers generated by this excitation 
power are effectively trapped in a small volume such as 3D 
confined structures with ^tm-order lateral size, the carrier 
density becomes extremely high, and the band filling effect 
will occur. To clarify the origin of spectral broadening, we 
thus measured the dependence of the PL and PLE spectra on 
excitation power. 

Figure 9 shows the PL spectra of the 3D confined struc- 
ture of the 1.4 /im lateral width with various excitation pow- 
ers. The spectrum with 200 //W excitation power (top) ex- 
hibits a broad peak about 20 meV wide. As the excitation 
power is reduced, however, the spectra became a cluster of 
sharp peaks. Each peak in the cluster may be due to the 
emissions from the recombination of the excitons trapped in 
lower-energy sites of energy fluctuation in the QW 
heterostructure,19"21 and may be sharpened by reduction of 
the band filling effect. However, broad distribution of the 
sharp peaks remained in the PL spectra even with the lowest 
excitation power. This suggests that the broad spectral distri- 
bution is caused mainly by wide variation in QW layer thick- 
ness. 

Figure 10 shows the PLE spectra of the 3D confined 
structure of the 1.4 yum lateral width for various excitation 
powers, including its PL spectrum with a 720 nm excitation 
wavelength and a 2 /AW excitation power. As the excitation 
power decreased, the light-hole-exciton peaks varied little, 
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FIG. 9. PL spectra of single 3D confined structure of 1.4 ^m lateral width 
with various excitation powers. Excitation wavelength was 514.5 nm. 

but the heavy-hole-exciton peaks did vary slightly. This 
variation in the heavy-hole-exciton peaks may be related to 
the variation in the PL peaks depending on excitation pow- 
ers. However, we do not know why only the peaks of heavy- 
hole excitons are affected by excitation power. Further study 
is required to clarify the excitation-power dependence of the 
PLE spectra. 

As mentioned above, the heavy-hole-exciton peaks in the 
PL spectra shifted to a longer wavelength than those in the 
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FIG. 10. PLE spectra of single 3D confined structure of 1.4 yttm lateral width 
with various excitation powers and the PL spectrum with 514.5 nm excita- 
tion wavelength and 2 fj.W excitation power. Detection wavelength in PLE 
spectra was 790 nm. 
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PLE spectra. In the case of low excitation power shown in 
Fig. 10, however, a peak in the PL cluster located at the peak 
position in the PLE spectra. The red shift in the exciton 
peaks shown in Fig. 7 is thus dependent on excitation power. 
The broad distribution of QW layer thickness may be the 
main cause of the red shift in the spectra with high excitation 
power. 

V. CONCLUSION 

We have reported structural and optical characteristics of 
single 3D confined structures grown on square mesas pat- 
terned onto GaAs (001) substrates. By fabricating single 
structures and using AlAs barrier layers, we were able to 
clearly attribute luminescent spectral peaks to spatial origins 
in the grown structures. 

We first observed surfaces of the grown structures with a 
SEM and an AFM. The observation indicated that the struc- 
tures on the mesas were pinched off and truncated pyramids 
limited by side wall {011} facets and a mesa-top facet. The 
observation led to estimation of lateral width in the 3D con- 
fined structures, which decreased from 1.6 to 0.2 ^m in pro- 
portion to a decrease in pattern width. This proportionality 
conflicts with the expectation that a strong increase in growth 
rate on the mesa top promotes a rapid reduction in their 
lateral widths. However, the suppression of the rapid reduc- 
tion in the present study can be explained by adatom migra- 
tion on the sidewalls towards the bottom region of the pat- 
terned substrates. 

We next investigated the optical properties of the grown 
structures by /z-PL measurements at 8 K. The PL images 
were measured in order to attribute luminescent spectral 
peaks to the QW heterostructures spatially originating in the 
pyramidal structures. When estimated by using the lumines- 
cent wavelength, the GaAs layer thickness in the 3D con- 
fined structure was rather larger than that at the bottom. In 
addition, the PL images showed no spectral peak identified 
with the QW heterostructure at the sidewalls. This means 
that the QW layer at the sidewalls is rather thinner than that 
at the bottom and the mesa top. 

We performed spectroscopy on single 3D confined struc- 
tures of various widths by positioning and holding the mesa 
top of one isolated pyramidal structure at a time under laser 
illumination. The PL spectra exhibited distinct exciton peaks 
about 10 meV wide. As the lateral width decreased, the ver- 
tical layer thickness estimated by the emission wavelength 
increased from 8 to 10 nm, but saturated at smaller lateral 
widths. The saturation can also be explained by adatom mi- 
gration on the sidewalls towards the bottom region. The PLE 
spectra also showed distinct exciton peaks. The reason that 
distinct peaks were obtained in the present study may be 
related to the buffer layer being thick, more than 1 /u,m. 

The broad peak width in the PL spectra cannot be due to 
size fluctuation because we measured single structures. 
When the excitation power was reduced, PL spectra became 
a cluster of sharp peaks. Each peak in the cluster may be due 

to the recombination of the excitons trapped in QW layer 
thickness fluctuation and may be sharpened by reduction of 
the band filling effect. The cluster thus suggests that the 
broad spectral width is caused mainly by wide variation in 
QW layer thickness in the 3D confined structures. 

By performing growth on patterned substrates, we fabri- 
cated 3D confined structures on a sub-yiim scale that had high 
optical quality. However, we had some problems controlling 
the formation of nanostructures such as quantum dots using 
this growth technique. First, it was difficult to control lateral 
size of 3D confined structures on a nanometer scale, since 
fluctuation in pattern size caused a fluctuation in the lateral 
size owing to the relationship between them. There was also 
a wide variation in QW layer thickness of 3D confined struc- 
tures. This may be caused by the difference in growth con- 
ditions preferred for growth of QW heterostructures and 
growth of the pyramidal structure itself. These problems sug- 
gest that another growth mechanism is required for fabricat- 
ing nanostructures on top of pyramids. 
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Electrical transport properties of silicon delta-doped Al0.3oGa0 70As samples 
showing suppression of the DX center features 
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Photoconductivity and photo-Hall density measurements using an infrared light emitting diode as 
the light source were carried out on single silicon delta-doped Al030Ga070As samples as a function 
of temperature. The samples were grown by molecular beam epitaxy at 530 °C and 600 °C. We have 
studied the effect of etching the cap layer on the electrical transport properties. An observed 
persistent photoconductivity effect is explained using a model of parallel conduction in two nearby 
spatially separated channels. We will present evidence that the DX center is not active for nearly 
ideal delta-doped samples. We have proposed that the DX-center level related to the 
conduction-band minimum is strongly dependent on the silicon delta-doping density and on the 
growth conditions. © 1997 American Vacuum Society. [S0734-211X(97)15304-5] 

I. INTRODUCTION 

With the development of epitaxial growth techniques high 
frequency electronic devices based on AlGaAs/GaAs hetero- 
structures have been obtained. The essence of most devices 
is the presence of the AlGaAs/GaAs interface near a doped 
AlGaAs layer. This structure, usually called the modulation 
doping structure (MDS), produces a quasi-two-dimensional 
electron gas (2DEG) of high mobility formed at the inter- 
face. However, the presence of DX centers in the silicon 
uniformly doped AlGaAs layer causes instabilities in device 
operation due to a persistent photocondutivity (PPC) effect. 
In order to reduce, at least partially, the density of silicon 
atoms acting as DX centers replacement of the uniformly 
doped AlGaAs layer by a silicon delta-doped layer was 
proposed.1 Most studies on silicon delta-doped AlGaAs 
samples have been carried out in multi-delta-doped layers 
and their main aim was to study the interaction between the 
various delta-doped wells. In order to assess the consequence 
of the replacement, it is advisable to distinguish those effects 
arising (a) from the delta-doped layer itself, (b) from the 
heterojunction, and (c) from the coupling between them. 
Very little effort has been made in studying single delta- 
doped AlGaAs samples, and that done has mainly used the 
Hall effect technique; the reason, as suggested by some 
authors,2'3 involves difficulties concerning DX centers. The 
few measurements on single delta-doped samples include 
capacitance-voltage techniques (C-V) and secondary ion 
mass spectroscopy (SIMS), but their aim was primarily the 
study of the doping profile on samples grown by different 
techniques.4-6 The two-dimensional (2D) features of DX 
centers have been studied by photoluminescence and Hall 
effect techniques1'8 in multi-delta-doped samples, and in a 
less systematic way on single delta-doped samples by C-V9 

a)
On leave from the Departamento de Ciencias Naturais, Fundacäo de 
Ensino Superior de Säo Joäo Del Rei, Caixa Postal 110, 36300-000 Säo 
Joäo del Rei, Minas Gerais, Brazil. 
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and magnetoresistance.10 The features of the DX center are 
not yet firmly established for delta-doped structures. So- 
lomon et al.,& using deep level transient spectroscopy 
(DLTS), observed an enhancement of about six orders of 
magnitude in the capture cross section of DX centers in two 
dimensions, and a reduction of about 40% in the silicon at- 
oms acting as DX centers by Hall effect measurements. The 
DX-center level was found to be 60 meV below the 
conduction-band edge, i.e., for the used aluminum content it 
was 40 meV shallower than in a uniformly doped sample 
with an equivalent 2D silicon concentration. The authors 
have suggested that the 2D features of DX center are affected 
by a biaxial stress state, which is induced by the large silicon 
concentration rather than by the 2D confinement. Etienne 
and Thierry-Mieg1 suggested something similar when they 
invoked a nonhomogeneous stress state due to a high silicon 
concentration confined in a narrow region of the sample. 
However, Arscott et al.,n using C-V and DLTS techniques, 
reported the observation of a PPC effect in a delta-doped 
GaAs sample with a very high silicon concentration 
(«= 1013 cm-2). This is somehow unexpected since for GaAs 
the DX-center level is resonant with the conduction band. 
Mejri et al.1 reported that DX-center features were 
suppressed in heavily (or lightly) silicon delta-doped 
Al0 32Gao 68As samples when the large (or short) periodical 
delta-doped structure exhibited superlattice properties. Ac- 
cording to Bourgoin et al.}1 the suppression of DX-center 
features occurs when the original structure of the L band is 
not preserved and not due to stress. Nevertheless, Chadi and 
Chang13 showed that the binding energy of the DX center 
corresponds to an average over the conduction bands (T, L 
and X) and not only to the L band. The structural model 
assumes that the potential of the impurity in a three- 
dimensional (3D) uniform distribution is not strong enough 
to cause a mixing of the conduction bands. This should, 
however, be considered in delta-doped structures due to the 
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high electron field formed in the well region. Summarizing, 
2D features of the DX center are far from being firmly es- 
tablished. 

The study of 2D transport features of silicon delta-doped 
AlGaAs samples demands both low silicon concentrations 
and low growth temperatures in order to avoid self- 
compensation, segregation and diffusion effects.3,14 The two 
last effects broaden the silicon profile, thus destroying the 
features that might be studied. On the other hand, samples 
with low silicon concentration are highly resistive. We be- 
lieve that this is the reason why multi-delta-doped rather than 
single delta-doped samples are usually being studied in order 
to assess the 2D features. For samples with multi-delta- 
doped layers the electrical signal is reinforced, and fre- 
quently the AlGaAs layer is uniformly and lightly doped.8 

Finally, it should be noted that most of the results reported in 
the literature refer to samples grown at temperatures consid- 
ered optimal for electrical and optical measurements, namely 
600-700 °C. At these temperatures the 3D features of DX 
centers are stressed. 

In the present work we report on the electrical properties 
of single silicon delta-doped Al030Ga070As samples with 
emphasis on the 2D features of DX centers studied by means 
of the Hall effect. In an attempt to reduce the spread through 
diffusion we have grown the samples at 530 °C and to en- 
hance the concentration of the DX centers the silicon con- 
centration used was higher than 8 X 10'2 cm-2. We have 
observed that, under conditions of darkness and below 150 
K, the Hall density increases for decreasing temperature. 
This behavior is exactly the opposite of what occurs for uni- 
formly doped samples (see, for example, Ref. 1). We have 
also observed that by cooling down some of the samples 
under illumination their electrical characteristics present a 
transition from n to p type. Finally, the DX center presents a 
very low efficiency, seeming to contribute little to defining 
the electrical properties of the samples. We have proposed 
that the DX-center level must be resonant with the conduc- 
tion band for nearly ideal delta-doped AlO30Ga070As 
samples. 

II. EXPERIMENT 

The single silicon delta-doped Al030Ga070As samples 
were grown by molecular beam epitaxy (MBE) on a semi- 
insulating GaAs(100) substrate. A 0.5 pun thick unintention- 
ally doped GaAs buffer layer was grown at 600 °C. Then, 
without interrupting the growth process, the temperature was 
reduced to 530 °C, and was kept constant for the remaining 
growth steps. After temperature adjustment, a 1 /mm thick 
unintentionally doped Al030Gao70As layer was grown (to 
prevent a remote 2D gas at the GaAs/Al0 30Gao 70As inter- 
face), and growth was interrupted by closing the gallium and 
aluminum shutters. Next, after a pause of 1 min in order to 
smooth the surface, the silicon shutter was opened for the 
time necessary to achieve the desired silicon concentrations 
of 8.4, 12.6 and 20X 1012 cm"2 for sample Nos. 236, 233 and 
239, respectively. One minute after the silicon deposit, the 
gallium and aluminum shutters were opened in order to grow 

a 0.5 fim thick unintentionally doped Al030Gao70As layer. 
Finally, all samples were covered with a 170 A n+-GaAs (4 
X 1018 cm"3) cap layer. A fourth sample, No. 231, was 
grown under the same conditions as the sample No. 236, 
except that the growth temperature was 600 °C. The alumi- 
num content of x=0.30 was chosen in order to enhance the 
DX center features. 

The devices were photolithographically patterned and 
etched into Hall bars. The ohmic contacts were made by 
annealing In-Sn (In-Zn for sample No. 231) at 400 °C in a 
N2-H2 (85:15) atmosphere for 10 min. The Hall effect mea- 
surements were performed carefully in darkness and under 
illumination using an infrared light emitting diode (LED) of 
GaAs (1.32 eV at room temperature) in a closed cycle he- 
lium gas cryostat in the temperature range from 4 K to room 
temperature under magnetic field intensity of 0.7 T. All mea- 
surements were carried out using a cooling or heating rate of 
2 K/min. The Hall density and mobility were obtained after 
an interpolation of the data for accuracy of the results as 
suggested by Brunthaler et al.15 The current-voltage (I-V) 
characteristic has shown a linear behavior for Is below 5 
mA. The measurements were carried out using Is =20 /xA. 

III. RESULTS AND DISCUSSION 

We have obtained considerable experimental evidence 
suggesting that the DX center is not present at all or, at least, 
is not active in single silicon delta-doped AlGaAs alloys. 
The experimental results as well as our discussion about 
them as follows. 

A. Absence of an Arrhenius adjustment 

Figure 1 shows the Hall density nHall as a function of 
temperature reversal in darkness to cool down the samples. 
At room temperature, the Hall density value of 8.3X1012 

cm"2 for sample No. 236 (downward triangle) and 11.7 
X1012 cm"2 for No. 233 (diamond) compares well with the 
silicon concentration, suggesting a low self-compensation ef- 
fect. On the other hand, the Hall density for sample No. 239 
(upward triangle) was found to be 3.2X 1012 cm"2, which 
suggests a strong self-compensation effect. This effect is 
usually associated with the amphoteric character of silicon 
atoms and their tendency to form complex defects.16 An al- 
ternative mechanism, based on the unintentional incorpora- 
tion of impurities, was rejected since the samples were 
grown under the same growth conditions. We have also re- 
jected the DX center as an alternative due to the small incre- 
ment of the Hall density (only about 0.5 X 1012 cm"2) after 
intensive illumination at 4 K. However, one should be care- 
ful when comparing the Hall density and silicon concentra- 
tion values, because the Hall density is a function of the 
concentrations and mobilities of all populated subbands.17 

Qualitatively, the behavior of the Hall density presents 
similar behavior for the three samples. The samples show a 
very low variation (less than one order of magnitude) undea 
high temperature range (150-300 K) and the curves do not 
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FIG. 1. Temperature dependence of the Hall density for the samples No. 236 
(downward-oriented triangle), No. 233 (diamond) and No. 239 (upward- 
oriented triangle). The Hall effect measurements were obtained in darkness 
during cooling down of the samples. 

fit a typical Arrhenius plot, which could be used to extract a 
thermal activation energy, eventually related to the DX 
center.18 Below 150 K the Hall density increases for decreas- 
ing temperature, thus at low temperatures it is higher than at 
room temperature. These facts suggest that the DX center, if 
present at all, has different electrical transport properties than 
those observed in uniformly doped samples. The absence of 
the freezing out effect observed at low temperature (<150 
K) is reported in the literature on delta-doped GaAs 
samples.19 In fact, the freezing of electrons in shallow donor 
levels is rejected, since the Mott transition (about 1011 

cm-2) might have already occurred. Söderström et al.20 ob- 
served similar behavior of the Hall density in an undoped 
InSb sample for a layer thickness of less than 5 ^m. In this 
case, the explanation of this behavior was related to the com- 
petition between carriers generated in the regimes of intrinsic 
and extrinsic conductivities. In our samples the contribution 
due to intrinsic carriers may be negligible due to the large 
energy gap. We have proposed that the effect is associated 
with the redistribution of populations between the subbands 
in the delta-doped well which does not demand the presence 
of a DX center.21 This assumption is reinforced by the fact 
that we have not observed changes in our results when the 

22 cooling rate was varied within the range 1-30 K/min. 

B. n to p type transition under illumination 

An unexpected feature of the samples is the change of the 
sign of the Hall effect when the experiments were done un- 
der strong illumination with the infrared LED. This effect is 
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FIG. 2. Temperature dependence of the Hall density under continuous illu- 
mination for sample No. 236. The Hall measurement was obtained during 
cooling down of the sample using an infrared LED of GaAs. We have 
adopted positive values to the n-type characteristic. 

illustrated for sample No. 236 in Fig. 2 for a typical cooling 
down experiment. The positive values correspond to n-type 
characteristics. The sign switch effect was observed in a tem- 
perature range of about 90-50 K or, in the case of isothermal 
illumination, at any temperature below 90 K. An n- to /?-type 
transition was also observed by Songpongs et al. on selec- 
tively doped InSb heterostructures grown on GaAs by MBE 
at about the same temperature range. The authors invoked 
three conduction channels and a deep defect at the InSb/ 
GaAs interface in order to explain their results, but they did 
not clearly describe their experimental conditions. Similar 
transitions were observed previously for single silicon delta- 
doped GaAs samples.24 The effects are, therefore, intrinsic 
properties of the delta-doping structure and do not seem to 
be associated with the DX center. 

C. Effect of the cap layer thickness 

Because most of the effects observed under permanent 
illumination are related to the presence of two nearly spa- 
tially separated channels,24 we decided to study the electrical 
properties by varying the distance between the delta-doped 
layer and the sample surface. The two channels are formed 
as a 2D electron gas in the delta-doped region (n-type chan- 
nel) and as a hole gas localized just beneath the sample sur- 
face (p-type channel). We achieved our objective by etching 
the AlGaAs cap layer, step by step. The eventual effects 
arising from the nonhomogeneity in different pieces of the 
same wafer was able to therefore be eliminated. Each etching 
step was carried out by dipping the sample into a standard 
etching solution of H2S04:H202:H20 (1:8:1000) for 2.5 
min. This might correspond to corrosion of about 0.1 ^m of 
the AlGaAs layer. Figure 3 shows the temporal dependence 
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FIG. 3. Relative variation of the Hall conductivity for sample No. 233 under 
continuous illumination for three different distances of the delta-doped layer 
from the sample surface. The measurements were obtained using an infrared 
LED of GaAs operating with 1 mA at 5 K. 
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FIG. 4. Temperature dependence of the Hall density (a) and mobility (b) for 
sample No. 233 in darkness for three different distances of the delta-doped 
layer from the sample surface. 

of the relative variation of the Hall conductivity (A(t)/a0) 
for sample No. 233, measured under continuous illumination 
using the infrared LED, where A(f) = a(t) — er0 , a(t) is the 
conductivity under illumination and a0 is the conductivity 
before illumination. We can observe a reduction of A(r) val- 
ues when the two conduction channels approach each other. 
The time relaxation r of these transients was obtained using 
the following equation: 

A(r)/cr0=exp(-f/r). 

We chose a weak intensity illumination (1 mA on a LED) 
in order to avoid nonlinear effects, because otherwise 
changes in the Hall conductivity would depend intrinsically 
on the Hall mobility. Immediately after the light was 
switched on, we observed that the Hall mobility underwent a 
change of about 15% corresponding to change of about 70% 
in the Hall density. A clear trend for the relaxation time r, 
namely, that it decreases by decreasing the cap layer, sug- 
gests that the carriers are strongly localized in the two chan- 
nels at the limit of faint illumination intensity. The observa- 
tion of a faint PPC effect corroborates this assumption, and it 
is indeed related to the spatial separation of charges, rather 
than with the DX center. The recombination time of charges 
spatially separated after illumination depends on their 
separation.25 This kind of persistence effect was also ob- 
served in MDS samples.3 Assuming that the persistence is 
due to electrons released by DX centers, the usual relative 
concentration of donors acting as DX centers, i.e. (nafter 
"~ndark)lnafter)' is oniy about 4% at 5 K, and it decreases still 
further after each etching step. The values for «dark and 

"after me tne Hall densities obtained in darkness and after 
illumination, respectively. They would be the lowest values 
up to now reported. These values are about six times lower 
than those obtained at 77 K by Etienne et al.l on samples 
having an electron concentration around 1013 cm-2. 

Figure 4 shows the temperature dependence of the Hall 
density and mobility (yU.Hall) in darkness for the etched 
sample. Both the Hall density and the mobility do not change 
significantly after each etching step. It is well known that the 
Fermi level is strongly dependent on the defect and impurity 
state densities formed on the surface.26 Self-consistent calcu- 
lations solving the Schrödinger and Poisson equations and 
using the Hall density at low temperature (5 K) as input have 
shown that the occupation of the subbands is not affected by 
varying the distance between the spike of delta-doped layer 
and the sample surface, in agreement with our experimental 
data (for a more precise procedure one should use the total 
electron concentration obtained by the Shubnikov-de Haas 
methods). For the calculations we have assumed an impurity 
background of 1015 cm-3 and the Fermi level pinned on the 
surface at 0.8 eV below conduction band. For any spread of 
the silicon profile smaller than 100 A the changes in the 
computed values are negligible. In sum, the effects of the 
depletion layer can be ignored, and the surface only plays an 
important role in the electrical transport properties under il- 
lumination. 

D. Persistent photoconductivity effect 

The PPC effect was observed only as a faint effect as can 
been seen in Fig. 5 for sample No. 236, and even then only 
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FIG. 5. Temperature dependence of the Hall density for cooling sample No. 
236 in darkness (downward-oriented triangle) and after illumination at low 
temperature heating it using an infrared LED of GaAs (upward-oriented 
triangle). 

for temperatures below 15 K. The downward- and upward- 
oriented triangles correspond to the Hall density in darkness 
and after illumination, respectively. The former curve was 
obtained by cooling down the sample, while the latter was 
obtained by illuminating the sample at low temperature with 
high light intensity, then waiting for stabilization of the Hall 
density, followed by turning off the light source, and finally 
by heating up the sample. Unexpected is the fact that, for 
most of the temperature range (r>15 K), the curve "after 
illumination" lies below the curve obtained in darkness, 
characterizing a negative PPC effect. These results confront 
us with three different points, namely (a) the negative PPC 
effect, for temperatures higher than 15 K, (b) the switch of 
the negative PPC effect to the positive one at low tempera- 
tures, and (c) their relationship to the DX center. 

Solomon et al.8 observed a temperature shift in the thresh- 
old of the PPC effect from 120 K to 50 K by replacing the 
uniformly doped layer by a delta-doped one. This result sug- 
gests a lowering of the capture barrier of the DX center. The 
negative PPC effect was reported by Koenraad et al.19 for 
delta-doped GaAs samples. Other authors27 observed a nega- 
tive PPC effect in MDS samples grown by metalorganic va- 
por phase epitaxy (MOVPE) at a temperature range of 170— 
300 K. Based on the variation of the energy of the photon 
(spectral distribution), they correlated the phenomenon to the 
presence of EL2 centers. EL2-like defects are believed to 
exist in uniformly doped AlGaAs samples grown by MBE28 

as well as in AlGaAs samples using n-i-n structures,29 and 
their concentrations  depend on the growth temperature. 

Thus, we can argue that the suppression of DX-center fea- 
tures is based on the competition between a relaxed configu- 
ration (DX center) and an unrelaxed configuration (EL2-like 
center) since the two defects show some features in 
common.30 When low growth temperatures are used, the 
density of the EL2-like center increases, and its features 
dominate. The competition could also account for the nega- 
tive PPC effect. EL2-like defects are invoked to explain an 
enhancement in the conductivity when silicon delta-doped 
GaAs samples are illuminated using an infrared LED.31 

These defects provide a condition for the formation of the 
two spatially separated channels by means of the transitions: 
EL+^EL°^EL0*, where EL+, EL° and EL°* are the neu- 
tral ground, the positively charged and the metastable neutral 
states, respectively. The photo-Hall density depends on the 
mobilities of the carriers in the two channels, and because 
they have opposite n- and p-type characteristics, the negative 
persistent effect is possible. In this case, the recombination 
occurs through tunneling, which does not depend on tem- 
perature, thus explaining the maintenance of the negative 
PPC effect even for temperatures near 250 K. 

The results already presented for samples grown at 
530 °C suggest that the DX center does not contribute to, or 
at least does not play a relevant role in, the electron transport 
properties of silicon delta-doped Al0 30Gao 70As structures. In 
order to check this point further we have grown sample No. 
231, which was grown at 600 °C (at this temperature we 
expect a large doping profile beyond 300 Ä,3 the ideal delta- 
doped structure so far). This sample presents high resistivity 
and p-type characteristics in the temperature range from 300 
to 50 K. Equivalent enhancement in the resistivity was also 
observed by other authors in delta-doped structures.32 A pos- 
sible explanation for the p-type characteristics can be based 
on the assumption that the Mott condition is not reached due 
either to the high DX center concentration, or the small re- 
duction of the silicon sticking coefficient or the increase of 
the unintentional impurities. The transport properties should 
provide a relatively important contribution arising from the 
background impurity, most probably carbon atoms. 

Finally, a point that deserves some consideration regards 
the growth conditions. The growth interruption just before 
and after deposition of the silicon atoms was, in an introduc- 
tory way, considered by MuiToz et al?3 They reported a re- 
duction of the relative silicon concentration acting as the DX 
center by introducing a 15 s growth interruption. We used a 
1 min interruption, so that it might play a role in lowering the 
concentration of the DX center. Roberts et al.34 observed 
that the DX-center level is strongly dependent on the growth 
temperature, doping concentration, arsenic overpressure and 
growth interruption in delta-doped AlGaAs/GaAs quantum 
well structures. Thus, the delta-doped samples depend criti- 
cally on the growth parameters. 

IV. SUMMARY 

Single silicon delta-doped Al030Gao70As samples were 
grown by MBE at 530 °C. We observed that in darkness the 
Hall denisty does not depend on the cooling rate, at least in 
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the range of 1-30 K/min. Below 150 K the Hall density 
increases by decreasing the temperature when in darkness. 
This was attributed to a redistribution of the population of 
the delta-doped subbands. The persistent photoconductivity 
effects, both positive and negative, were associated to the 
phenomenon of spatial separation of charges, so the pumping 
mechanisms of electrons into the conduction band and of 
holes into the valence band are important in defining the 
electron transport properties of the samples. The absence of 
DX centers, or at least their low efficiency, was associated to 
the conduction band being unconnected with the DX-center 
level. This effect seems to be strongly dependent on the 
growth parameters. This fact suggests that the DX-center 
features, usually associated with delta-doped layers, arise 
from the spread of the silicon profile, which introduces the 
3D features of the DX center. The 3D features are stressed 
by growing the sample at high temperatures due to diffusion 
effects. The introduction of a delta-doped layer in order to 
reduce the DX concentration proves to be right, since the 
growth conditions are adequate to produce an almost ideal 
delta-doped layer. In summary, it seems that the DX center 
does not exist in silicon delta-doped AlGaAs samples, which 
could be explained if we assumed that the DX-center level is 
not affected by the band bending arising from delta-doped 
layer, thus making it stay resonant with the conduction band. 
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X-ray photoelectron spectroscopy has been used to study chemical bonds which appeared on the 
(110) surface of GaAs after cleavage of the crystal in solutions of sodium sulfide in different 
alcohols. It has been shown that after such treatment the sulfur atoms are almost exclusively bonded 
only to gallium atoms. This is conditioned by the electrostatic interaction of sulfur ions in the 
solution with the surface ions of the crystal lattice of the semiconductor. © 1997 American 
Vacuum Society. [S0734-211X(97)00504-0] 

I. INTRODUCTION 

The surface of III-V semiconductors is covered as usual 
by a relatively thick native oxide layer which results in a 
large density of surface states in the middle of the gap and a 
high surface recombination velocity which is detrimental to 
the performance of microelectronic and optoelectronic de- 
vices. 

Treatment of the semiconductors in sulfide solutions re- 
sults in an effective surface passivation. In particular, such 
treatment proved to be effective in removal of the native 
oxide layer and in reducing the surface recombination veloc- 
ity and surface states density. By sulfide passivation the per- 
formance of both transistors1'2 and lasers3"8 could be im- 
proved dramatically. 

The modification of the semiconductor surface in the 
course of solution sulfidizing is a result of the chemical in- 
teraction of sulfur ions with the surface. It was shown9'10 that 
the efficiency of the GaAs(llO) surface passivation could be 
considerably increased through the use of solvents in sulfide 
solutions of various alcohols with low dielectric constant 
value (e.g., isopropanol, tert-butanol, etc.). Moreover it ap- 
peared that the efficiency of GaAs(lOO) electronic passiva- 
tion is enhanced when sulfidizing processes with higher rate 
constants are used.11 

Unlike (100) surfaces there are very few articles con- 
cerned with sulfur treatment of the (110) surface of III-V 
semiconductors. By Auger electron and x-ray photoelectron 
spectroscopies it was shown, first, that the treatment in am- 
monium sulfide aqueous solution of epitaxially grown 
AlGaAs(llO) layer with native oxide results in the decrease 
of the surface oxides content and the appearance of sulfides 
(mainly aluminum sulfides).12 Second, it was found13 that 
adsorption of H2S on cleaved in vacuum (110) surfaces of 
InP, GaP, and GaAs results in the formation of sulfides of V 
group atoms and, what is more, for H2S adsorption on 
GaAs(llO) surface a reduced processing temperature (T 
= 200 K) is required. On the other hand, the sulfur treatment 
of mirrors of semiconductor lasers [i.e., just the (110) sur- 
face] in both sodium sulfide and ammonium sulfide aqueous 

"'Electronic mail: nsab@les.ioffe.rssi.ru 

and alcoholic solutions markedly increases their catastrophic 
optical damage level3'6""8 due to the reduction of the surface 
recombination velocity on the mirrors. 

In this article we investigated by x-ray photoelectron 
spectroscopy the chemical bonds on the (110) surface of 
GaAs cleaved in alcoholic sulfide solutions. 

II. EXPERIMENT 

The investigations were performed on «-GaAs:Sn (n = 5 
X 1017 cm-3) 2-mm-thick crystals. The crystal was put into 
sulfide solution and cleaved there. The cleaved (110) surface 
was exposed in the solution for 1 min and dried in air. 

The sulfide treatment was carried out under illumination 
with a 200 W incandescent lamp at room temperature. The 
solutions used were saturated solutions of sodium sulfide 
(Na2S:xH20 with 60%-62% of Na2S) in different alcohols 
with low dielectric constant value e: in isopropanol 
r>C3H7OH(s=18.3)], fert-butanol [f-C4H9OH(e 
= 11)], and 2-methylbutanol-2 [f-C5HnOH(e = 5.85)]. The 
estimated sulfur contents in different solutions are listed in 
Table I. 

To investigate the GaAs surface composition x-ray pho- 
toelectron spectroscopy was used. Photoelectron spectra 
were recorded with a Perkin-Elmer PHI 5400 spectrometer 
using a Mg Ka (hv= 1253.6 eV) x-ray source operating at 
300 W. The samples were put into the vacuum chamber not 
later than 15 min after finishing the sulfidizing process. Data 
analysis was carried out using Perkin-Elmer software. 

III. RESULTS 

The survey photoelectron spectra of GaAs(llO) treated 
surfaces contained Ga, As, C, O, Na, and S peaks. Sulfidized 
surfaces were Ga-rich. The highest Ga/As ratio (1.36) was 
observed for the surface treated in ;'-C3H7OH-based solution 
while the lowest one (1.14) was for the surface treated in 
r-C5HnOH-based solution. Therefore the surface obtained 
was more stoichiometric in solution with the lowest dielec- 
tric constant. 

Figures 1 and 2 show high resolution spectra of Ga 3d 
and As 3d peaks for sulfidized surfaces. Relative intensities 
of different peaks and sulfur coverage for each GaAs(llO) 
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TABLE I The composition of the solution. 

Solution Sulfur content in the solution (gXcm 3) 

Na2S + !-C3H7OH 
Na2S + ?-C4H9OH 
Na2S + f-C5H„OH 

1.6X10"6 

2.4X10"6 

10"8X10"9 

surface are listed in Table II. It is seen that in spite of a great 
difference in sulfur content in the solutions (several orders of 
magnitude) the sulfur coverages for all treated surfaces do 
not differ so much. 

The Ga 3d spectra of GaAs(llO) surfaces treated in all 
sulfide solutions can be fitted very well with three compo- 
nents (Fig. 1), namely, the first is a Ga-As bond with bind- 
ing energy 19.6 eV, the second shifted by 0.73 eV to higher 
binding energies, and the third shifted by 1.45 eV. Taking 
into account the well-known chemical shifts observed in the 
photoelectron spectra of oxidized and sulfur passivated GaAs 
surfaces14,15 and the presence in the spectra of the S 2 s peak 
as well (Fig. 3 shows typical S 2s peak which had the same 
shape but different intensities for all samples considered in 
this study), the second component could be associated with 
Ga sulfides (the Ga-S bonds) and the third one could be 
associated with the Ga oxides (the Ga-O bonds). The Ga- 
S/Ga-O ratio increases with the decrease of the dielectric 
constant of the solvent from 0.87 for a surface treated in 

3 

0) 

48    46     44    42    40      38 
Binding energy, eV 

FIG. 2. As 3d x-ray photoelectron spectra of GaAs(llO) cleaved and ex- 
posed at room temperature for 1 min in different saturated sodium sulfide 
solutions, (a) In the isopropanol-based solution, (b) in the 
tert-butanol-based solution, (c) in the 2-methylbutanol-2-based solution. 

22     20     18     16 

Binding energy, eV 
14 

FIG. 1. Ga 3d x-ray photoelectron spectra of GaAs(llO) cleaved and ex- 
posed at room temperature for 1 min in different saturated sodium sulfide 
solutions, (a) In the isopropanol-based solution, (b) in the 
fer/-butanol-based solution, (c) in the 2-methylbutanol-2-based solution. 

z'-C3H7OH-based solution up to 1.31 for a surface treated in 
?-C5HnOH-based solution. 

The As 3d spectra of GaAs(llO) surfaces treated in all 
sulfide solutions can be fitted very well with three compo- 
nents (Fig. 2), namely, the first is an As-Ga bond with bind- 
ing energy 41.6 eV, the second shifted by 0.85 eV to higher 
binding energies, and the third shifted by 3.20 eV. Taking 
into account the well-known chemical shifts observed in the 
photoelectron spectra of oxidized and sulfur passivated GaAs 
surfaces,14'15 the second component could be associated with 
elemental As (As0) and the third one could be associated 
with the As oxides (the As-0 bonds). It should be noted that 
the elemental As0 content is the same for all (110) surfaces 
considered in this study. 

S2s t-C4H9OH + Na2S 

=j 
C3 

C, 

230 228 226 224 

Binding energy, eV 

222 

FIG. 3. Typical S 2s x-ray photoelectron spectra of GaAs(llO) cleaved and 
exposed at room temperature for 1 min in saturated sodium sulfide 
fer;-butanol-based solution. 
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TABLE II. Relative intensities of different peaks and sulfur coverage for GaAs(llO) cleaved in different solutions. 

878 

Sulfur 
S2s As-0 As-S As0 Ga-0 Ga-S coverage 

Solution Ga 3d+As 3d Ga 3d+As 3d Ga3d+As 3d Ga3rf+As 3d Ga 3d+As3d Ga 3d+As 3d (Mis) 

Na,S + i-C3H7OH 0.07 0.09 0.03 0.08 0.07 1.04 
Na2S + ?-C4H9OH 0.05 0.04 0.03 0.05 0.05 0.74 

Na2S + i-C5HuOH 0.09 0.07 0.03 0.06 0.09 1.34 

IV. DISCUSSION 

First of all it should be stressed that on the GaAs(llO) 
surface cleaved in alcoholic sulfide solution the sulfur is ex- 
clusively bonded only to Ga atoms and not to As atoms at 
all, while for oxidized GaAs(100) surface treated in alcoholic 
solutions of sodium sulfide the sulfur is bonded mainly to As 
atoms.9'10 Such different behavior of sulfur on these surfaces 
could be explained by taking into account the electrostatic 
interaction between sulfur ions and the semiconductor sur- 
face which plays an important role in the solution sulfidizing 
process.9'10'16 Since, on the freshly cleaved surface there is 
no band bending at least immediately after the cleavage, the 
exclusive formation of the Ga-S bonds on GaAs(llO) sur- 
face cleaved in the solution apparently results from the at- 
traction of the negative sulfur ion to the positive Ga ion 
appearing on the cleaved surface and, simultaneously, from 
the sulfur ions, being repelled from the negative As ion. The 
primary formation of the As-S bonds on the oxidized 
GaAs(100) surface, in its turn, apparently results from the 
interaction of the sulfur ion with the surface dipole layer 
related with band bending and/or foreign adatoms. In that 
case, according to the hard and soft acids and bases 
principle,17 the sulfur ion which is the soft base should try to 
form the covalent bonds with the softest atom on the surface 
that is with As18 in spite of the higher fhermodynamic sta- 
bility of the Ga-S bonds compared with the As-S bonds. 

The effective rate constant of the reaction of sulfur coat 
formation, which was estimated as the sulfur coverage 
formed on the GaAs(llO) surface after exposure in the solu- 
tion for 1 min (Table II) divided by sulfur content in the 
solution (Table I), is increased with reciprocal dielectric con- 
stant of the solvent (Fig. 4) like in the case of GaAs(100) 
sulfur treatment.9'10 Such dependence also gives evidence in 
favor of the importance of the electrostatic interaction in the 
process of sulfur ions adsorption on the (110) surface of 
GaAs. 

The existence of oxides and elemental As0 on the 
GaAs(llO) surface most likely results from the surface oxi- 
dation during its transfer to vacuum chamber. Indeed, as it 
was shown14'19 exposure to air of a sulfidized surface (in 
particular treated in sodium sulfide solutions) results in rapid 
formation of the Ga and As oxides. On the other hand, the 
treatment of the GaAs(100) natively oxidized surface in al- 
coholic solutions of sodium sulfide results in the reduction of 
the total amount of oxides and has not effect on the elemen- 
tal As0 content.9 The latest fact testifies that the sulfur treat- 
ment process should not introduce additional oxides and el- 
emental As0. 

It should be mentioned that the other techniques for sul- 
fidizing of different GaAs surfaces results in primary forma- 
tion of the As-S bonds as a rule (the Ga-S bonds content is 
usually less) while a surface covered exclusively by Ga-S 
bonds could be obtained only after vacuum annealing of the 
sulfur terminated surface due to thermoactive conversion of 
the As-S bonds to the Ga-S bonds.20 Nevertheless, the ex- 
clusive formation of the Ga-S bonds resulted from the ex- 
posure   of   GaAs(100)   to   gas   phase   atomic   sulfur   at 

21 60-70 °C. 

V. SUMMARY 

In this article chemical bonds appearing on the (110) sur- 
face of GaAs after cleavage of the crystal in a solution of 
sodium sulfide in different alcohols (isopropanol, tert- 
butanol, 2-methylbutanol-2) were studied. It was shown that 
after such treatment the sulfur atoms are almost exclusively 
bonded only to gallium atoms. This is conditioned by the 

-i—'—i—■—i—'—i—'—r 
0.04    0.06    0.08    0.10    0.12    0.14    0.16    0.18 

1/e 

FIG. 4. The estimated values of the effective rate constant of the reaction of 
sulfur coat formation on GaAs(llO) surface cleaved and exposed at room 
temperature for 1 min in different sulfide solutions vs the reciprocal dielec- 
tric constant of the solvent used. 
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electrostatic interaction of sulfur ions in the solution with the 
surface ions of the crystal lattice of the semiconductor. 
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Effects of water vapor and chlorine on the epitaxial growth of Si^^Ge* 
films by chemical vapor deposition: Thermodynamic analysis 
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The effects of water vapor and chlorine on the Sii_^Gex epitaxial growth are studied through 
thermodynamic analyses. Since Ge does not form chemical species with oxygen at an appreciable 
level, the water vapor and oxygen background level requirements for Sij-^Ge^ epitaxial growth 
are mostly similar to the ones for Si growth. At large excesses of Ge gas phase sources and 
low system water vapor level, however, the critical temperature above which oxide-free epitaxial 
growth occurs decreases with increasing system pressure. Analyses of the results obtained suggest 
that there are two mechanisms for the removal of Si02(S) from the surface: one is by forming 
volatile SiO, and the other is by forming gas phase H20. The former one appears to dominate 
for most conditions studied; the latter one appears to dominate when the water vapor level of 
the system is very low and/or small amounts of the Si gaseous source are present. The boundary 
between etching and deposition of Sij -^Ge^ films is examined for all Ge solid phase compositions. 
The etch/deposition boundaries for pure Si and pure Ge show opposite trends with increasing 
chlorine concentrations, because of the different affinities of Si and Ge to form chlorinated species. 
The chlorine concentration needed to reach etching increases with increasing system temperature for 
Si, whereas it decreases with increasing temperature for Ge. It is found that the formation of 
SiCl4 is favored over GeCl2 at low temperatures, while the opposite happens at higher temperatures. 
The etch/deposition boundary for Si! -.^Ge^ thin films is found to form a saddlelike contour because 
of the interaction of the different behaviors of Si and Ge. Overall, calculated results are seen to be 
in good agreement with available experimental results. © 1997 American Vacuum Society. 
[S0734-211X(97)09804-1] 

I. INTRODUCTION 

Epitaxial growth of strained Sij -^Ge^. films is usually car- 
ried out at a lower temperature than that of Si films in order 
to minimize the relaxation of Sii-^Ge^. films due to lattice 
mismatch.1-3 Furthermore, high performance integrated cir- 
cuits require smaller geometry in lateral as well as vertical 
dimensions and abrupt transitions in dopant concentration 
between adjacent single crystalline layers. These require- 
ments exclude conventional high-temperature (>1000 °C) 
epitaxy and low-temperature alternatives are thus called for. 

One of the most important aspects of low-temperature ep- 
itaxy is the background water vapor and oxygen levels in the 
growth environment. As demonstrated by Meyerson with an 
ultrahigh vacuum reactor, the results from Ghidini and 
Smith4'5 can be used to predict an operating range for com- 
mercially available epitaxial reactor systems where good 
crystalline quality material can be grown.6'7 For epitaxial 
Si! -jGe^ growth, where a source of germanium is added to 
the system, the allowed background water vapor levels do 
not appear to have been examined systematically. This is one 
of the thrusts of this study. 

Selective epitaxial growth (SEG) is a process which al- 
lows the epitaxial film to be grown only in selected regions 
on a patterned wafer. SEG evolved from full wafer epitaxy 
and hence the growth conditions are quite similar to those of 

"'Present address: Dept. of Chemical Engineering, University of Illinois at 
Chicago, Chicago, IL 60607. 

full wafer epitaxy with one notable exception, the amount of 
chlorine in the system. The role of chlorine is to etch pos- 
sible nuclei of Si and/or Ge atoms on the oxide (or other 
patterning thin film) surface. However, if excess of chlorine 
is added, the etching reaction becomes dominant and etching 
of the Si substrate can thus take place. Therefore, there is a 
boundary between the regions of deposition and etch.8 In the 
case of Sii-jGe^.-based devices, SEG provides much more 
flexibility in the design of novel high-speed device struc- 
tures, limits defect propagation, and reduces misfit and 
threading dislocation densities.9 In this study, the amount of 
chlorine that defines the etch/deposition boundary with re- 
spect to various processing environments is investigated. 

As in Ref. 10, the Sii^Ge^. film composition is obtained 
as a function of reactor temperature, pressure, and reactant 
composition. Such results provide useful information for re- 
actor design as well as important guidelines for experimental 
studies. Understanding the effects of oxygen and chlorine on 
the epitaxial growth of Sii_xGe^. can substantially help with 
the elucidation of relationships between thin film properties 
and processing environments in these systems. 

II. METHODOLOGY 

In a chemical vapor deposition (CVD) process, there are 
several constraints that must be satisfied. They are total mass 
conservation, conservation of the initial amounts of atomic 
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TABLE I. Ranges of variables for the water vapor effects on the Si, -^Ge^. 
epitaxial growth. 

TABLE II.  Ranges of variables for the chlorine effect on the Si^j-Ge^ 
growth/etching. 

Variable Range Notes Variable Range Notes 

Each simulation contained Ge/(Ge+Si) 0%-100% A fixed ratio of (Si+Ge):H=l:50 

Ge/(Ge+Si) 25%-100% a total of 5.5% of throughout the analysis 

the Si/Ge mixture Pressure 0.1-10.0 Torr 
No calculation for 0 ppm Temperature 500-900 °C 

H20 concentration 0.002-1.0 ppm since no oxides Cl/H ratio 0.06-0.1 

Pressure 0.1-10.0 Torr 
could occur 

Temperature 400-900 °C 
i nn cnliH nvirlp« fnrm 

species, constant temperature, and constant total pressure. To 
carry out a thermodynamic equilibrium calculation, two 
methods can be used: 

(1) by considering a set of chemical reactions and using the 
equilibrium constants of these reactions,1   or 

(2) by considering a number of chemical species and mini- 
mizing the free energy of the system. 

The results from both should be identical. In this study, the 
second approach is used. Depending on reaction conditions, 
a system can be either near or away from thermodynamic 
equilibrium. If the system is close to equilibrium, calculated 
thermodynamic results should be in satisfactory agreement 
with corresponding experimental data. 

In this study, a computer program originating from NASA 
was used.13 The thermodynamic data of the species involved 
were fitted to a polynomial format as a function of tempera- 
ture as required by the computer program. The data needed 
were heat capacity, entropy, and enthalpy. A list of the spe- 
cies included in this study can be found in Ref. 10. The 
reliability of these data was tested in studies including sub- 
systems such as Si/H/Cl and Ge/H/Cl. The basic methodol- 
ogy included all conceivable species in the system of interest 
as well as the initial (feed) conditions; then the system free 
energy was minimized at the conditions of interest. Results 
from these analyses were compared with available experi- 
mental data,10 and the agreement between the two was satis- 
factory. 

The parameters studied for oxygen impurity effects on the 
Si^^Ge^. growth are reported in Table I. These parameters 
were chosen to replicate conditions used in the low-pressure 
chemical vapor deposition (LPCVD) of Si^Ge^ in Ref. 14. 
The gas species included H2, SiH2Cl2, GeH4, H20, and 
HC1. In each calculation, the Si/Ge gas mixture was 5.5% of 
the total input. One specific comment is in order at this point. 
The computer program only considers the relative amounts 
of elements present. Therefore, equivalent results would be 
obtained given equivalent element ratios regardless of the 
different forms of the species which consist of these ele- 
ments. 

At a system pressure, water vapor level in the reactor, 
chlorine level, and Si/Ge ratio, the analysis was performed 
by increasing the system temperature starting from 400 °C in 
increments of 50 °C until the disappearance of all oxides 
from the solid phase. Then that particular temperature was 

The effect of chlorine on Si^Ge^ growth was investi- 
gated with the parameters listed in Table II. Again, the pa- 
rameters were chosen to replicate LPCVD conditions re- 
ported in Ref. 14. The ratio of (Si+Ge)/H was kept at 1:50 
for all analyses so that the total amount of (Si+Ge) was 
constant. At a reactor pressure, temperature, and Si/Ge ratio, 
analyses were performed by increasing the chlorine level un- 
til the disappearance of Si and Ge from the solid phase. Then 
that particular chlorine level was assigned as the critical 
chlorine level at which no deposition of Si or Ge takes place. 

III. RESULTS AND DISCUSSION 

A. Effect of water vapor 

As indicated in Table I, this study investigates initial Ge 
contents from 25% to 100%. These results combined with 
the ones in Ref. 15(a), where conditions for oxide-free Si 
growth have been studied, cover the entire Ge content range 
from 0% to 100%. 

Except for the very rich in Ge mixtures, all calculated 
results show that as the system pressure and/or the water 
concentration is increased, the temperature required to avoid 
solid oxide formation increases (Table III). This trend is in 
agreement with results reported by Ghidini and Smith4'5 and 
Friedrich et al.7 as well as by Gaynor15(a) from calculations 
under similar conditions, in the absence of germanium. A 
plot of system temperature versus mole fraction of oxygen 
containing species shows two regions (Fig. 1). Each of these 
regions corresponds to a temperature range in which one 
oxygen containing species is preferred. Primarily two chemi- 
cal species dominate the oxygen containing species, Si02W 

at lower temperatures and SiO(g) at higher temperatures. The 
trend for all conditions below the 99.5% germanium level is 
similar to the one shown in Fig. 1 with the exception that the 
boundary between the SiO(g) and Si02(s) regions is shifted to 
the right for higher initial concentrations of H20 and higher 
system pressure (and vice versa, shifted to the left for lower 
concentrations of H20 and lower system pressure). 

A different trend is observed in the near absence of sili- 
con. As shown in Table IV, the temperature required to 
maintain a Si02(i)-free surface shows two different trends. 
For water vapor levels of 0.1 and 1.0 ppm, the required tem- 
perature increases with increasing pressure which is in accor- 
dance with to the trend reported in Table III. However, at 
very low water vapor level (0.002 ppm), the critical tempera- 
ture decreases with increasing pressure. 
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TABLE III. The highest temperature at which solid phase oxides are present 
for Ge/(Ge+Si) initial ratios between 0% and 99%. 

Pressure (Torr) 

H20 concentration (ppm) P = 0.1 P=1.0 P=10 

0.002 
0.100 
1.000 

600 °C 
650 °C 
700 °C 

650 °C 
700 °C 
750 °C 

700 °C 
750 °C 
800 °C 

TABLE IV. The highest temperature at which solid Si02 is present for Ge/ 
(Ge+Si) initial ratio of 99.5%. 

Pressure (Torr) 

H20 concentration (ppm) P = 0.l P=1.0 P=10 

0.002 
0.100 
1.000 

550 °C 
700 °C 
750 °C 

450 °C 
750 °C 
800 °C 

400 °C 
750 °C 
900 °C 

An explanation based on the calculated composition of 
major oxygen-containing species is presented next. The re- 
moval of Si02w from the substrate surface may be achieved 
through two mechanisms. In one, Si02(s) is removed by 
forming SiO. the following reaction can account for the for- 
mation of SiO: 

Si02W + Si->2SiO, 

where the silicon in this reaction could come from the solid 
or gas phase. 4.5.15(b) This is denoted as mechanism A in Table 
V. However, a different scenario may take place when the 
water vapor content is very low and/or a low level of a Si 
source is available. Si02w may then leave the surface by 
reacting with hydrogen so that oxygen atoms are carried 
away from the substrate surface in the form of H20 (mecha- 
nism B in Table V). This is corroborated by equilibrium 
composition calculations which show that the formation of 
SiO is favored with decreasing pressure (Fig. 1), while the 
formation of H20 is favored with increasing pressure at the 

400 500 600 700 800 
Temperature ("C) 

900 

FIG. 1. Major oxygen-containing species for 0%-99% Ge in initial Si+Ge, 
water vapor level of 1.0 ppm, and (a) 0.1, (b) 1.0, and (c) 10.0 Torr. 
GeO(s) in these conditions exists in very small amounts (not shown). 

same temperature (Fig. 2). Therefore, the temperature re- 
quired to maintain an oxide-free surface increases with in- 
creasing pressure for mechanism A, and vice versa for 
mechanism B. 

By looking at the concentration changes of H20, SiO, and 
Si02W, the region in which one mechanism dominates over 
the other can be readily seen. For mechanism A in which 
Si02W is removed by formation of SiO, it is clearly seen that 
the decrease in Si02W concentration with respect to increas- 
ing temperature is accompanied by an increase in SiO con- 
centration (Fig. 1). For mechanism B in which Si02(s) is 
removed by formation of H20, the decrease in the Si02(i) 

concentration is accompanied by an increase in H20 concen- 
tration (Fig. 2). When the temperature is further increased, 
the H20 concentration decreases and SiO concentration in- 
creases because conditions strongly favor SiO formation. 
This finding may reconcile, in part, the differences reported 
by Greve and Racanelli16 and Meyerson et al.9 Both groups 
used similar ultrahigh vacuum CVD systems but one group 
reported that in situ cleaning by a hydrogen bake was needed 
for quality film deposition,16 while the other group reported 
that no in situ cleaning by a hydrogen bake was needed for 
quality film deposition,16 while the other group reported that 
no in situ clean was needed.9 As it is seen in this study, when 
Si02W is removed primarily through mechanism A (Table 
V), a higher temperature process (e.g., a hydrogen bake) 
would be needed, whereas when it is mainly removed 
through mechanism B, no hydrogen bake might be required. 

For 100% Ge growth, since Ge02W is very unstable, the 
removal of Ge02(j) is easily achieved at very low tempera- 
ture (<50 °C) for all pressure and oxygen level studied. 

Results from such thermodynamic analyses were utilized 
to improve the quality of epitaxial S^ -^Ge^. films deposited 
in a conventional hot-wall tubular LPCVD reactor.17 The 
process involved the growth of a Si SEG buffer layer fol- 

TABLE V. Mechanismsm of silicon dioxide removal from a substrate sur- 
face. 

Mechanism A Mechanism B 

Removal of oxide by 
Si02(.,) + Si, M or (gy ♦ 2SiO 

SiO formation enhanced by 
decreasing pressure 

An overlap of the Si02(l) and SiO 
profiles (Fig. 1) 

Favored at higher oxygen level 

Removal of oxide by 
Si02(i) + 2H2-2H2i 

H20 formation enhanced by 
increasing pressure 

A gap between the Si02(s) and SiO 
profiles (Fig. 2) 

Favored at very low oxygen level and 
low level of Si gaseous sources 
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1.6x10"9 

0.8x10-9 

500  550  600  650  700  750  800  850  900 

Temperature (°C) 

FIG. 3. Contour plot of the lowest chlorine level (Cl/H) to achieve etch (or 
the highest chlorine level at which deposition may take place) for P 
= 1.0 Torr and (Si+Ge):H=1:50. 

400 500 600 700 800 900 

Temperature (°C) 

FIG. 2. Major oxygen-containing species for 99.5% Ge in initial Si+Ge, 
0.002 ppm water vapor, and (a) 0.1, (b) 1.0, and (c) 10.0 Torr. 

lowed by a Si^^Ge^ SEG film. Whereas the deposition of 
the Si SEG buffer layer at 900 °C resulted in a good quality 
film indeed,17 oxide formation on the growth surface was 
found to be a problem during the deposition of Sij-^Ge^. 
films below 750 °C. A plausible explanation appeared to be 
that decreasing the deposition temperature from 900 °C to 
below 750 °C, the reactor environment changed from oxide- 
free to oxide-forming (e.g., Table III). Therefore, in order to 
keep the reactor environment oxide-free, a small flow of 
SiH2Cl2 was introduced during the temperature ramp down 
from 900 ° to the desired SiGe SEG temperature (usually 
less than 750 °C). The addition of SiH2Cl2 provided a Si 
source for the oxide removal through mechanism A (Table 
V), thus yielding an oxide-free surface for the epitaxial 
growth of Si^^-Ge^. films.15 

B. Chlorine effect 

The etch/deposition boundaries for pure Si and pure Ge 
show two different trends as illustrated by the contour plot in 
Fig. 3, where the lowest chlorine level to achieve etch (or the 
highest chlorine level at which deposition may take place) is 
shown through the parameter Cl/H with values between 
0.075 and 0.11 at those conditions. For pure Si, the critical 
chlorine level increases with increasing system temperature, 
while pure Ge shows exactly the opposite trend. A possible 
explanation is that the concentrations of silicon-containing 
species (e.g., SiCl4, SiHCl3) decrease with increasing tem- 
perature, while those of germanium (e.g., GeCl, GeCl2) in- 
crease with increasing temperature.10 Therefore, at low tem- 
peratures, it takes more chlorine to achieve an etching 
favorable condition for Si than for Ge and vice versa at high 

temperatures. Calculated results in this study for pure Si are 
in good agreement with experimental results in the literature, 
where the higher the temperature, the more chlorine is 
needed to achieve etch-favorable conditions. 18-20 When a 
mixture of Si and Ge is used, the result becomes more in- 
triguing. A saddle-type contour is obtained, because the con- 
ditions for two of the four corners require the highest critical 
chlorine level (the upper left and lower right corners of Fig. 
3), while the other two require the lowest. 

The dominant chlorine-containing species are 
SiCl4, GeCl2, and HC1 as observed from the results. Their 
relative amounts at different temperatures provide a clue to 
the explanation of the observed trends. At a low temperature, 
the formation of SiCl4 is the most favored, while GeCl2 is the 
least favored. Therefore, as shown in Fig. 4, it takes more 
chlorine to achieve etching conditions for 16.7% Ge (in Si 
+Ge) than for pure Si, because chlorine preferentially tends 
to form SiCl4 and HC1. At a high temperature, the process is 
reversed; GeCl2 formation is now favored followed by HC1, 
therefore, less chlorine is now needed to achieve etch- 
favoring conditions for the 16.7% Ge case than for pure Si. 

The effect of pressure on the etch/deposition boundary 
based on thermodynamic analyses is illustrated in Figs. 3, 5, 
and 6. the calculations have been performed at process pres- 
sures ranging from 0.1 to 10.0 Torr. Basically, as the system 
pressure increases, less chlorine (shown in the form of the 
parameter Cl/H in these figures) is needed to reach the etch/ 
deposition boundary. This result is in agreement with the 
theoretical study by Chung et al. for the Si-H-Cl-0 
systems12 as well as with the trend observed in the experi- 
mental study of Borland and Drowley at 25-80 Torr.17 

Thermodynamic analyses like these can indeed provide 
effective and useful information for CVD process. Results 
such as the ones presented here could be essential for a basic 
understanding of there processes, which in turn can be useful 

JVST B - Microelectronics and Nanometer Structures 



884 Lee, Jansons, and Takoudis: Effects of water vapor and chlorine 884 

0.095 

0.07 

Deposition 

i,... i  

500 550 600 650 700 750 800 850 900 

Temperature ('C) 
500  550  600 650  700  750  800 

Temperature (*C) 

850     900 

FIG. 4. The etch/deposition boundary for pure Si (dashed line) and 16.7% 
initial Ge (solid line) at P = 0.1 Torr. The area above a line is the etch- 
favoring parameter region; the area below a line is the deposition-favoring 
region. 

FIG. 6. Contour plot of the lowest chlorine level (Cl/H) to achieve etch 
(or the highest chlorine level at which deposition may take place) for 
P=10.0 Torr and (Si+Ge):H= 1:50. 

in experimental studies as well as related reactor design. 
Hence, in a very short period of time, such analyses coupled 
with a minimum number of experiments can result in opti- 
mized processing conditions and/or novel processing based 
on fundamental-knowledge-driven process property relation- 
ships (e.g., see Refs. 14 and 17). 

IV. SUMMARY AND CONCLUSION 

The effects of water vapor and chlorine on the epitaxial 
growth of Si!_^.Gex films have been investigated. The re- 
quired levels of water vapor (and oxygen) for oxide-free 
Sij-^-Ge^. epitaxial growth are found to be similar to those 
for Si epitaxial growth for most ratios of the silicon to ger- 
manium gaseous sources. This appears to be a result of the 

+ 
if) 

O 

500  550  600  650  700 750  800  850  900 

Temperature (*C) 

FIG. 5. Contour plot of the lowest chlorine level (Cl/H) to achieve etch (or 
the highest chlorine level that deposition may take place) for P = 0.1 Torr 
and (Si+Ge):H=l:50. 

fact that germanium does not form major oxygen-containing 
species. At high excesses of the Ge gaseous source and low 
water vapor levels, however, Si02(i) is removed through re- 
action with H2 to form gas phase H20 instead of reacting 
with Si to form SiO. Hence, at large excesses of Ge gas 
phase sources and low system oxygen level, the critical tem- 
perature above which oxide-free epitaxial growth occurs de- 
creases with increasing system pressure. Calculated results 
are in good agreement with available experimental results for 
Si epitaxial growth. 

Chlorine concentrations needed for Si!_xGex etching are 
found to decrease with increasing pressure. The etch/ 
deposition boundaries for pure Si and pure Ge show opposite 
trends with respect to increasing chlorine concentration in 
the system, and this can be explained by their easiness to 
form chlorinated species. It is found that the formation of 
SiCl4 is favored over GeCl2 at low temperatures, while the 
reverse is true at high temperatures. Therefore, the etch/ 
deposition boundary for Sij^Gej. forms a saddlelike con- 
tour. Again, calculated results are in good agreement with 
available experimental results from Si epitaxial growth. 
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Integration issues for 850 nm optical modulators on Si electronics 
by direct epitaxy 
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We report on the various strategies for integrating III-V semiconductors to very large scale 
integrated Si logic along with their strengths and limitations. We also detail the monolithic 
integration method involving direct epitaxial growth where several material science issues have 
arisen. They require fundamental investigation to further advance implementation. Those issues are 
(i) the need for a highly ordered array of bilayer steps as an initial Si surface condition for 
heteroepitaxy, (ii) lower Si oxide desorption temperature, e.g., via electron cyclotron resonance 
plasma treatments to preserve the bilayer step ordering, and (iii) thinner strain relief layers to reduce 
the III-V on Si topology mismatch. © 1997 American Vacuum Society. 
[S0734-211X(97)06404-4] 

I. INTRODUCTION 

It has long been recognized that once III-V devices are 
integrated to Si integrated circuits (ICs) then new and unique 
systems and/or applications would be enabled. Specific ex- 
amples of applications targeted to benefit from this integra- 
tion are optical interconnects,1 switching,2 infrared focal 
plane arrays,3 and high performance Avalanche 
Photodiodes.4 To date, significant advances in nearly all the 
above categories have been demonstrated as evidenced by 
the emergence of optoelectronic chips as either products or 
elements in system test beds. One of the most striking 
achievements in integration technologies has been through a 
process of hybrid bump bonding III-V to Si ICs with metal- 
lic solder.5 Two other important integration technologies are 
direct monolithic growth and contact bonding by interfacial 
fusion (of the two crystals). 

The primary factors driving the marriage between Si and 
III-V materials have been applications where large amounts 
of information flow on and off an electronic chip are re- 
quired. For situations that implement high bandwidth and 
dense interconnections, optical interconnects to the elec- 
tronic chip appear to be a sensible solution. For sufficiently 
high bandwidths they may become the only solution. An 
example of this is shown in Fig. 1 where the computational 
capability is enhanced by optics over a pure electronic inter- 
connect solution as projected by Khrishnamoorthy and 
Miller.6 The data was taken from the Semiconductor Industry 
Association (SIA) roadmap.7 When information flow onto 
the chip is taken into account, then the processing capacity of 
Si electronics is given by the left ordinate. Diamonds give 
the case when the input is through interconnects on Si. In- 
terconnect characteristics here are deduced from SIA predic- 
tions on future capabilities. On the other hand, optical inter- 
connects, as indicated by solid circles, do enhance the 
capacity of Si electronics since the interconnect limitation 
has been overcome. The data was deduced from Ref. 6. Fig- 
ure 1 shows optical interconnects become increasingly im- 
portant as the feature size shrinks. 

But optoelectronic systems also add complexity to appli- 

cations both from a technology and a system viewpoint. On 
technological grounds optoelectronic chips tend to be small 
64X64 element arrays, e.g., for flip chip bonded quantum 
well modulators to Si. Here, chips of size 1 cm have been 
demonstrated. For focal plane arrays, 640X480, arrays (TV 
pixelization) have been accomplished by hybrid bonding re- 
sulting in 1 in. size chips. Hence, wafer scale integration is 
not yet available for the hybrid optoelectronic solution and 
low cost fabrication is not yet an option. On the other hand 
wafer scale integration remains possible for both fusion 
bonding and the monolithic integration methods. In fusion 
bonding Si and III-V wafers are joined physically by high 
temperature/pressure treatments. However, fusion bonding 
appears appropriate when the physical heterojunction be- 
tween Si and a III-V provide a distinct advantage such as in 
avalanche photo-diode, applications. It is less attractive for 
optoelectronic chips based on very large scale integrated Si. 
Monolithic integration is amenable to wafer scale integra- 
tion. Nonetheless, it is limited by several fundamental mate- 
rial science problems which the subject matter of the remain- 
der of this article. 

II. MONOLITHIC GROWTH ISSUES 

Recently, we reported the first successful monolithic inte- 
gration of GaAs multiple quantum well (MQW) light modu- 
lators grown directly on Si and subsequently interconnected 
electrically to pre-existing Si ICs.8 The method of process 
we employ to perform that integration is shown in Fig. 2. 
From a growth viewpoint several issues arise. First, to facili- 
tate integration miscut Si (100) wafers were used under the 
presumption that antiphase domained GaAs growth could be 
avoided.9 Recently, it has been reported that single domained 
GaAs growth could be obtained without the miscut.10 Fur- 
ther, the miscut could be detrimental to transistors in appli- 
cations implementing more aggressive IC densities due to 
their thinner oxide gate thickness. Also, the misorientation 
can produce internal piezoelectric fields in the MQW from 
incomplete strain relief and thereby complicate the quantum 
confined Stark effect (QCSE) that is needed for the modula- 
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FIG. 1. Projections for the computational power of Si with and without 
optical interconnects for different gate length. Diamonds give the processing 
capability of Si electronics when utilizing optical input and output. The solid 
circles give the result when limited by the interconnect characteristics that 
the SIA roadmap projects. 

tor functionality.11 Second, the high temperature Si oxide 
desorption step is comparable to the total thermal budget of 
typical Si IC processing steps. Thus, the oxide desorption 
step in the integration process could degrade Si ICs. One 
further consideration is that the ICs cannot have the final Al 
metallization when implementing the processes within Fig. 2 
since they cannot withstand temperatures above 450 °C. Al- 
though Si foundries do provide ICs without final Al metal, 
the task to remetalize after III-V growth is very difficult, 
particularly when the gate feature size shrinks. 

To address these issues we compare MQW on different 
miscut Si wafers and show that the miscut is not only re- 
quired, but also the staircase must exhibit a very high degree 
of bilayer step ordering to implement successful integration. 
In efforts to reduce the oxide desorption temperature, we use 
electron cyclotron resonance (ECR) methods to proton im- 
plant the shiriki oxide on Si. This process differs from the 
direct ECR assisted oxide desorption process previously 
reported.12 In addition, we investigate Si step ordering char- 
acteristics under the different ECR treatments. Finally, we 
demonstrate the monolithic approach can support high qual- 
ity shallow quantum well modulators (x = 0.025). 

III. GaAs EPITAXY ON Si 

GaAs on Si epitaxy was performed using a modified two- 
step process reported by Nishi.13 Prior to deposition careful 
examination of the quality of bilayer steps was analyzed by 
reflection high-energy electron diffraction (RHEED) investi- 
gations in a Si desorption chamber.14'15 For the nucleation 
stage both low growth temperature (400-450 °C) and low 
growth rate (0.2-0.5 yum/h) were used. The V/III flux was 
maintained close to 1.0 during all stages of epitaxy except at 
7^ = 640 °C (the end of the second step process for the sac- 
rificial buffer growth) where the ratio increased to 1.5. The 
overall quality of the ensuing MQW epitaxy could be judged 
in the nucleation stage of growth. Here, the first monolayer 
of GaAs deposition must show a streaked pattern in RHEED. 
Upon 10-100 A GaAs deposition on Si the RHEED trans- 

off-axsisSi3°(110) 

VLSI   CMOS w/o Al Metal 

SiN coating to protect IC 

RIE Etch growth sites 

Shiriki Clean Low T SiO 

Desorb SiO at 900 C 

2-3 |am GaAs hetero-epi 

Reflector /MQW growth 

FIG. 2. Process for implementing monolithic integration to Si by epitaxial 
growth. 

forms to elongated spots which become increasingly spotty 
with thickness for the case of the incident beam aligned per- 
pendicular to the staircase (along the step ledge). On the 
other hand, for the beam directed along the staircase, 
RHEED continued to show broken streaks with both the 0th 
and 1st order Laue Zones visible. This suggests that GaAs 
growth proceeds by filling in the staircase as flat rectangular 
blocks aligned lengthwise to the step edges. Such a growth 
mode differs from the Stranski-Krastanov (SK) growth 
mode16 widely believed to apply to GaAs on Si. In SK 
growth three-dimensional nucleation occurs randomly on the 
surface. A scanning electron microscope (SEM) photograph 
illustrating the growth mode found on Si is shown in Fig. 
3(a) and was obtained on 50 Ä of GaAs deposition on Si 
below a thin As cap. The photograph shows highly elongated 
GaAs domains that have preferentially ordered along the 
staircase. When the 1st order Laue Zone in RHEED cannot 
be detected, then the top surface of the GaAs domains are not 
flat and a more SK-like growth mode applies. An example of 
this is shown in the SEM photo in Fig. 3(b) where random 
nucleation with respect to the staircase occurs. Again a thin 
50 Ä GaAs layer was deposited. Notice also that growth 
proceeds close to a hemispherical ball shape much like SK 
predictions. When epitaxy proceeds in this way then, very 
poor quality modulators ensue. Several factors disorder the 
bilayer staircase of steps that lead to poor epitaxy of the type 
shown in Fig. 3(b). These have been identified in Ref. 14. 
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FIG. 4. Photocurrent from MQW on miscut Si and GaAs substrates. 

i(c): 

FIG. 3. (a) SEM from 50 Ä GaAs on Si. The staircase is along the bar. The 
bar length is 1500 Ä. (b) SEM from 50 Ä GaAs on Si in which the staircase 
contained disorder, (c) Atomic resolution TEM from GaAs on Si in which 
initial epitaxy followed (a). 

Upon reaching the second stage of GaAs growth, (2X4) 
GaAs surface reconstructions were observed for both on axis 
and miscut surfaces, provided the initial stage epitaxy pro- 
ceeded correctly. 

An important problem associated with GaAs on Si het- 
eroepitaxy is the 3 /um strain relief layer that is needed be- 
fore actual device quality material can be grown. This leads 
to large topology features that make further processing of 
integrated structures difficult (such as the gate metal vias 
interconnections). It would be desirable to reduce the epil- 
ayer deposition and in fact to employ an integral Bragg re- 
flector (1.5 /nm=95% reflectivity) as the strain relief layer, 
provided the surface morphology is sufficiently smooth to 
avoid scattering losses in the mirror. The fundamental re- 
quirement of the thick strain relief layer is not clear, but 
much of our investigations reveal that stacking faults from 
antiphase domains are a principal problem. For example, 
even when GaAs epitaxy on Si follows that in Fig. 3(a) the 
primary defect in the second stage growth is stacking faults. 
This is clearly evident from the atomic resolution transmis- 
sion electron microscopy (TEM) view shown in Fig. 2(c). 
Insight into highly efficient strain relief processes can be 
gained from the heteroepitaxial case of InP on GaAs where a 
4% lattice mismatch without antiphase boundaries occurs. 
By using a two-stage growth process for on axis substrates 
we find that excellent quantum well formation can be de- 
tected after only 1000 Ä of InP deposition on GaAs.17 Also 
the surface morphology is exceptionally smooth and surface 
reconstructions distinct. During the initial stage of epitaxy, 
both GaAs on Si and InP on GaAs produce similar RHEED 
patterns after 100 Ä deposition. It is the second stage epitaxy 
where differences develop with InP on GaAs recovery being 
extremely rapid with deposition but GaAs on Si compara- 
tively slow. 

|g|Äg^||        IV. OPTICAL MEASUREMENTS 

MQW modulator performance was investigated with re- 
gard to excitonic quality and (QCSE) characteristics by using 
photocurrent spectroscopy on structures grown under differ- 
ent Si surface treatments prior to the heteroepitaxy growth. 
Figure 4 compares photocurrent spectroscopy for 850 nm 
MQW modulators on miscut Si (heteroepitaxy) with the 
identical structure on GaAs (homoepitaxy). Here, the growth 
of an identical modulator was accomplished by mounting a 3 
fim thick GaAs on a Si epilayer adjacent to a GaAs substrate 
prior to the MQW modulator deposition. The MQW struc- 
ture consistedof 50 periods of AlGaAs/GaAs with barriers 
of (x = 3) 50 Ä thick and a 95 A wide quantum well. Judging 
the strength of photocurrent signal on each. 0 V spectra, we 
conclude that 2d excitonic formation18 on Si is comparable 
to that on GaAs. Also, QCSE is virtually identical for the 
two systems which further implies that quantum well inter- 
faces have low disorder and few defects. The small differ- 
ences between the two are in the position of the excitonic 
resonance (850 versus 843 nm), the light and heavy hole 
splitting (8 versus 0 meV) and the half-width at half- 
maximum (10 versus 6 meV), respectively, for (homo versus 
heteroepitaxy). The differences can be explained by assum- 
ing residual tensile strain exists in the MQW layers. This 
strain is expected because of the thermal expansion mis- 
match between GaAs and Si for MQW growth at 600 °C. 

Figure 5(a) shows spectra taken from MQW modulators 
grown either on axis or on a surface misoriented by 2° and 
measured at room temperature. Each structure was grown at 
600 °C atop a 2-3 fjm thick GaAs buffer layer on Si. Figure 
5(a) shows photocurrent dependence from a shallow MQW 
(x = 0.025) that exhibits QCSE under applied field. In fact, 
QCSE quality on Si is comparable to those grown on GaAs. 
At 0 V, the excitonic linewidth is 9 meV full width at half- 
maximum (FWHM) which is identical to the best obtained in 
the GaAs/AlGaAs system.19 These results are quite surpris- 
ing since the low barriers can only weakly confine excitons 
and QCSE is easily destroyed by sample imperfection. The 
results demonstrate that MQW modulators on Si can be ro- 
bust. 

Figure 5(b) shows little to no QCSE for MQW grown 
directly on axis Si. Instead, the edge broadens much like 
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FIG. 5. Photocurrent vs wavelength of MQW on (a) on-axis growth and (b) 
2° miscut. 

bulk GaAs. The surface morphology for this case was excel- 
lent and the x-ray FWHM was 500 arcsecs. No antiphase 
domains were detected in RHEED. Nevertheless, the posi- 
tion of the absorption edge is found to be blue shifted from 
bulk GaAs because significant size quantization occurs. This 
is supported by transmission electron microscopy (TEM) 
which resolved chemical contrast from the barrier (x 
= 0.3)/well of the MQW. Note the FWHM of the exciton for 
Fig. 5(b) is 20 meV and therefore much wider than bulk 
GaAs, 11 meV. It is therefore plausible that substantial in- 
ternal fields from various sources of defects occur for on axis 
growth. Most defects appear to be stacking fault related. 
Nevertheless, the necessity of bilayer steps for the integra- 
tion is clearly established. We have further correlated that 
detectable surface roughness (deduced under phase contrast 
optical microscopy) destroys the QCSE in modulators and 
that high crystallinity is less important. 

V. ECR FOR REDUCED OXIDE DESORPTION 
TEMPERATURES 

Our investigations of oxide desorption under assistance 
by atomic H reveal that considerable damage can occur to a 

jjj 30000 

g 25000 
o 
O 20000 
a 

15000 

10000 

5000 

GaAs/AIGaAs MQW on Si 

.using ECR clean at 700 °C. 

800 820 840 860 

wavelength (nm) 

FIG. 6. Photocurrent vs wavelength of MQW on ECR-exposed, miscut Si. 

highly ordered Si step staircase. All our applications of direct 
ECR assistance in the desorption process damaged the stair- 
case with most conditions producing faceting. This can be 
understood as follows. First, a bilayer staircase is thermody- 
namically unstable with temperature upon H adsorption at 
the ledges and secondly atomic H plasma etches miscut Si 
anisotropically when silane forms. In addition, monohydride 
and dihydride formation passivates Si dangling bonds that 
would otherwise minimize surface free energy for the bilayer 
step configuration through the benefit of dimerization en- 
ergy. Much like the other disordered surfaces previously de- 
scribed, the ECR desorbed surfaces lead to poor GaAs het- 
eroepitaxy. As an alternative, we investigate a different 
approach based upon atomic H implantation into the Si/Si02 

system prior to the oxide desorption step. Auger spectra were 
before and after Si02 exposure to atomic H for 15 min at a 
temperature of 300 °C. They reveal the oxide layer is still 
present even after atomic H exposure. In fact, significant 
oxide removal does not commence until 60 min of atomic H 
exposure. Even after 90 min of ECR exposure faint traces of 
oxide remain. Upon heating the sample after a 10 min ECR 
exposure the oxide is then found to desorb at 730 °C, i.e., 
100 °C lower than unexposed samples. Bilayer step ordering 
of Si, after undergoing the latter process, showed spot split- 
tings in RHEED (from order steps) nearly comparable in 
quality to those undergoing high temperature desorption. 
GaAs heteroepitaxy was successfully performed on these 
surfaces. MQW fabricated on these surfaces. 

Figure 6 is the modulation performance of MQW grown 
on off axis Si containing the ECR implantation prior to low 
temperature oxide desorption. The exciton has FWHM of 11 
meV and is thus only slightly broader than MQW on GaAs. 
QCSE does occur in this sample but is noticeably smaller 
(smaller shifts with applied fields). In addition, for fields 
above 105 V cm"1 QCSE changes character to exhibit bulk- 
like behavior. The origin of the QCSE transition from 2 d to 
3d behavior is most likely defect induced. (Excitonic absorp- 
tion that red shifts under bias is characteristic of QW struc- 
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tures which are 2d in origin, bulk layer do not red shift and 
hence are characteristic of 3 d excitons). 

VI. CONCLUSION 

We have shown that growth of GaAs modulators on Si for 
interconnect applications requires a very high quality Si sur- 
face in terms of step ordering characteristics and cleanliness 
for heteroepitaxy. ECR implantation into Si02 can reduce 
oxide desorption temperatures and still permit observation of 
both bilayer surface step ordering and QCSE from MQW. 
However, there remains much research to solve the mono- 
lithic integration approach. Specifically, methods must be de- 
veloped to (i) desorb the oxide below 450 °C while retaining 
a high degree of step ordering, (ii) develop a staircase of 
bilayer steps by selective etching into the on axis Si(100), 
(iii) reduce the topology differences with improved strain 
relief processes. 
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The solid-state reactions of Pt, Pd, and Ni thin film contacts on ZnSe were studied. Pd has been 
observed to react at 200 °C to form a ternary, epitaxial phase, Pd5+;cZnSe. This phase is stable up 
to 450 °C, when Pd begins to diffuse through the ZnSe into the GaAs substrate. Pt begins to react 
at 575 °C and forms a layer of Pt5Se4 at the Pt/ZnSe interface. Above the interfacial layer there is 
a Pt-Zn solid solution, but no Pt-Zn phases were observed. After annealing at 675 °C, the 
Pt5Se4 phase is no longer observed and Pt-Zn phases form. A small amount of interdiffusion at the 
Ni/ZnSe interface has been observed by transmission electron microscopy after annealing at 300 °C. 
Annealing at 425 °C results in the formation of laterally separated grains of a metastable Nij.Se 
phase. After annealing at 450 °C, grains of NiSe are observed. The similarities between these 
reactions and the near-noble metal reactions on Si and GaAs are discussed as well as the possibility 
of using these reactions for forming electrical contacts to ZnSe. © 1997 American Vacuum 
Society. [S0734-211X(97)00704-X] 

I. INTRODUCTION 

ZnSe is a semiconductor with a wide direct band gap of 
2.7 eV at room temperature. It has been used for the devel- 
opment of blue light emitting devices. Continuous-wave1 and 
pulsed2'3 room-temperature operation of ZnSe lasers have 
been reported. For all device applications, one important 
consideration is the ability to form stable, low resistance 
contacts. For example, the performance of laser diodes could 
be improved by reducing the specific contact resistance to 
the /7-type layers of the device.1 Currently, the p-type con- 
tacts are Zn(Se,Te) graded layers. Ohmic contacts to p-type 
ZnSe have been very elusive because of the very deep va- 
lence band maximum and the inability to dope highly 
p-type. The valence band maximum is 6.4 eV below the 
vacuum level, and the largest work function metal, Pt, has a 
work function of only 5.3 eV. According to the Schottky 
model, the metals that will give the smallest barriers on 
p-type material are those with the largest work functions, Pt, 
Pd, and Ni. Pt has been shown to have a lower barrier height 
on /?-type ZnSe than Au.4 Since no elemental metal is able to 
produce an ohmic contact on p-ZnSe, it is necessary to in- 
vestigate more complicated contacting schemes. 

The ability to engineer useful contacts requires an under- 
standing of the thin film reactions that occur at the interface 
between the metal and semiconductor. Also, the characteris- 
tics of the contact must not change during processing or 
device operation. An understanding of the reaction behavior 
of metals on semiconductors has proven to be essential in the 
development of devices. Suicide contacts on silicon and the 
more recent development of the Ge/Pd based contacts on 

a)Electronic mail: eehaller@lbl.gov 
"'Present address: VLSI Technology, Inc., 1109 McKay Drive, San Jose, CA 

95131. 

GaAs formed by solid state regrowth are prominent 
examples.5 For a contact structure on ZnSe using the solid 
phase regrowth concept, the formation of a useful alloyed 
contact must occur at temperatures below 300 °C because the 
electrical characteristics of ZnSe are known to degrade with 
annealing above this temperature.6'7 

The near-noble metals are desirable for contacts because 
of their large work functions, their relatively high reactivity 
with semiconductors, and their resistance to oxidation and 
corrosion. In this article, we report on studies of the thermal 
stability of Pt, Pd, and Ni on ZnSe. The use of these metals 
as contacts requires the assurance that only controllable in- 
terfacial reactions will take place at the metal/semiconductor 
interface. 

Pt, Pd, and Ni contacts have been studied extensively on 
Si and GaAs.8-10 Their behavior on these two semiconduc- 
tors has been well characterized. On both Si and GaAs, Pd is 
known to react at room temperature whereas Ni reacts at 
200 °C.8,9 On GaAs both Pd and Ni first form polycrystalline 
ternary phases which grow epitaxially on the substrate. Pt, 
however, reacts at 250 °C on GaAs to form vertically sepa- 
rated metal (M)-Ga and M-As phases.10 The final stable 
phases of all of the M-GaAs reactions are binary M^Ga^ and 
M^ASj, phases. 

In a previous paper,11 we reported the formation of the 
Pd5+;cZnSe phase as the product of the initial reaction be- 
tween Pd and ZnSe. In this article, we discuss the stability 
range of this phase as well as the reaction behavior of Pt and 
Ni. Pd is expected to react at the lowest temperature on ZnSe 
since it has the lowest binding energy of the three metals and 
reacts at the lowest temperature on Si and GaAs. A photo- 
emission study of the stability of Pd on ZnSe showed that Zn 
dissolves into the metal overlayer. We have observed simi- 
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larities between the reactions of the near-noble metals on 
GaAs and on ZnSe. 

II. EXPERIMENT 

The ZnSe films used in this study were undoped and 
grown by metalorganic vapor phase epitaxy on semi- 
insulating GaAs.12 The films were 0.5-0.9 yum thick. Before 
depositing the metal, the samples were solvent cleaned in a 
sequence of trichloroethane, acetone, and methanol. The 
samples were then etched for 30 s in HF, rinsed in distilled 
H20, and blown dry with N2 gas. They were immediately 
loaded into the deposition chamber of an electron beam 
evaporator or a radio-frequency sputtering system. The metal 
films were evaporated or sputtered to a thickness between 
300 and 800 A. In this study, we report on the reactions of 
sputtered metal films on ZnSe. The reactions of evaporated 
films of Pd and Ni were the same as those for the sputtered 
films; however to obtain a consistent reaction of Pt on ZnSe 
the surface had to be backsputtered prior to metal deposition. 
Backsputtering was done with Ar+ ions at a rate of 1 Ä/s. 
Samples were annealed in flowing N2 for times ranging be- 
tween 5 and 60 min. 

Changes in the composition with depth were character- 
ized using Rutherford backscattering spectrometry (RBS). 
RBS has a depth resolution between 50 and 100 A, indicat- 
ing that interdiffusion phenomena on a smaller scale cannot 
be analyzed. RBS was performed with a 1.95 MeV 4He+ 

beam at a scattering angle of 165°. New phase formation was 
determined using x-ray diffraction (XRD). XRD was per- 
formed on a Siemens D5000 diffractometer in both Bragg- 
Brentano (8-28) and glancing incident angle geometries. 
Transmission electron microscopy (TEM) was used to ob- 
serve the morphology of the interfacial reaction. Selected 
area diffraction (SAD) provided confirmation of new phase 
formation and determined any orientation relationship of the 
new phase with the substrate. Energy dispersive spectros- 
copy (EDS) was done in the TEM to determine the compo- 
sition of the precipitates. TEM was performed employing a 
JEOL 200CX high-resolution electron microscope. Cross- 
sectional samples were prepared by gluing two 1-mm-thick 
pieces face to face, followed by mechanical grinding, and 
finally ion milling on a liquid nitrogen cooled stage to obtain 
electron transparency. 

III. RESULTS 

A. Pd/ZnSe 

In a previous paper, we reported the initial reaction be- 
havior of Pd on ZnSe.11 After reiterating the major findings, 
we will discuss the phase stability of the Pd/ZnSe system up 
to temperatures of 500 °C. We have shown that Pd first be- 
gins to react during annealing at 200 °C for 10 min. The 
reaction results in the formation of Pd5+J.ZnSe, 0<x<l. 
This phase was previously observed in a bulk reaction,13 and 
was determined to be a tetragonal phase with a = 3.952 A 
and c = 6.914 Ä. Identification of the phase formed in the 
thin film reaction was made by XRD and SAD. Figure 1 
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FIG. 1. Rutherford backscattering spectra of Pd on ZnSe annealed for vari- 
ous times at 200 °C with different as-deposited thicknesses. 

shows RBS spectra from samples annealed at 200 °C for 10 
and 30 min compared to an as-deposited sample. The spec- 
tral feature in Fig. 1 at approximately 1 MeV recoil energy 
marks the interface between the ZnSe and GaAs. The sample 
with an initial Pd thickness of 1040 Ä has not reacted com- 
pletely after annealing for 30 min at 200 °C. The ternary 
phase has formed, but with the stoichiometry of Pd6ZnSe. 
Conversely, the film with an initial thickness of 940 Ä has 
reacted completely after annealing for 30 min and the sto- 
ichiometry of the ternary phase is Pd5ZnSe. Further anneal- 
ing does not change the stoichiometry of this ternary phase 
significantly. The thickness of the ternary layer is approxi- 
mately 120 nm. After annealing at 300 and 400 °C the depth 
of the reaction increases slightly and the XRD peaks shift to 
slightly smaller d values indicating a decrease in the mea- 
sured value of c from 6.92 to 6.88 Ä. This may be due to a 
slight change in the composition of the layer. 

Figure 2 shows corresponding cross-sectional TEM mi- 
crographs of the samples shown in Fig. 1. In the reacted 
samples, the ternary phase forms a complete layer. The in- 
terface in the annealed sample is smoother than that in the 
as-deposited sample. The SAD pattern in Fig. 2(d) verifies 
the formation of the Pd5+A.ZnSe phase and shows that it 
forms a specific orientation relationship with the substrate. 
Diffraction spots due to reflections from the ZnSe[110] axis 
are marked by black dots, while the principal reflections 
from the Pd5+xZnSe[110] zone axis are indicated by lines. 
The orientation relationship was found to be ZnSe[l 10]|| 
Pd5+xZnSe[100] and ZnSe(002)||Pd5+A.ZnSe(001). The inter- 
planar spacing of Pd5+A.ZnSe(010) is nearly twice that of 
ZnSe(220); therefore the lattice mismatch at the interface is 
only 1.3%. This small mismatch leads to a lower energy 
interface explaining the tendency for the phase to grow epi- 
taxially. 

RBS and XRD results show that the ternary Pd5+xZnSe 
phase is stable up to 450 °C. Above 450 °C the Pd film be- 
gins to form islands on the surface and Pd diffuses com- 
pletely through the ZnSe layer to react with the GaAs layer 
below. Figure 3 shows TEM micrographs of the microstruc- 
ture after annealing at 500 °C for 30 min. The Pd remaining 
at the surface of the sample has formed a Pd7Se4 phase, as 
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500°C, 30 min 

FIG. 2. TEM micrographs showing the progression of phase formation at the 
thin film Pd/ZnSe interface, (a) Morphology of the as-deposited sample, (b) 
Pd5+IZnSe layer formed after annealing for 10 min at 200 °C, (c) increase 
in thickness of the Pd5+;(ZnSe layer after annealing for 30 min at 200 °C, (d) 
selected area diffraction showing orientational relationship of the reacted 
Pd5+vZnSe phase with the substrate. The black dots indicate the reflections 
from the ZnSe [110] axis. The lines denote the principal reflections of the 
Pd5+iZnSe [100] zone axis. 

identified by SAD and XRD. At the GaAs/ZnSe interface 
large precipitates which are a Pd-Ga phase have formed. In 
some locations large reacted areas, such as those shown in 
Fig. 3(b), are observed. These areas contain Pd, Zn, Se, Ga, 
and As, and are not a single phase, but a mixture of several 
phases comprised of these elements. The details of this in- 
terfacial reaction will be discussed in a future publication. 

B. Pt/ZnSe 

No significant reaction or interdiffusion is seen by RBS or 
XRD in the Pt/ZnSe system until it is annealed at tempera- 
tures of 550 °C or above. Annealing at 450 °C for 72 h re- 
sults in agglomeration of the Pt on the ZnSe surface, but 
again there is no new phase formation detectable by RBS or 
XRD. Analysis by cross-sectional TEM indicates that there 
is a small amount of interdiffusion and some very small pre- 
cipitates of a new phase after annealing at 450 °C. Figure 4 
shows RBS spectra for Pt films annealed at 575 °C for 10 
and 30 min compared to the as-deposited spectrum. After 10 
min some Zn has diffused through the Pt layer and after 
annealing for 30 min the Zn concentration has increased. 

FIG. 3. TEM micrographs showing interface deterioration after annealing at 
500 °C for 30 min. (a) Pd-Ga precipitates at the ZnSe/GaAs interface; (b) 
large reacted area at the ZnSe/GaAs interface. 

Using RUMP, a RBS simulation program,14 the concentration 
of Zn in the Pt is estimated to be 20% after annealing for 30 
min at 575 °C. Although there is a significant amount of Zn 
in the layer, no Zn-Pt compound can be identified by XRD. 
In addition, there is no indiffusion of Pt to the ZnSe/GaAs 
interface as there is in the case of Pd. The Pt diffraction 
peaks do shift to lower d values after annealing indicating a 
decrease in the lattice parameter of 0.017 A. The formation 
of a solid solution of Pt:Zn with the smaller atoms substitut- 
ing for the Pt can contribute to such a decrease in the lattice 
parameter. The Pt diffraction peaks also become narrower 
indicating grain growth in the film or a reduction of inhomo- 
geneous strain in the layer. Most of the narrowing occurs in 
the first 10 min of annealing. SAD verifies that no Zn-Pt 
compounds form. After annealing for 30 min at 575 °C, RBS 
shows that the onset of the Pt peak has moved to a slightly 
lower energy. RUMP simulation shows that this is due to an 
approximately 50 Ä layer of Zn that accumulates on the 
surface, thus showing that Zn is the main diffusing species 
during the reaction. Further evidence that Zn is diffusing to 
the surface is seen in the RBS spectrum of the sample an- 
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FIG. 4. RBS spectra of Pt on ZnSe annealed at 575 and 650 °C for various 
times. 
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FIG. 5. X-ray spectra of Pt on ZnSe for the as-deposited sample and for 
samples annealed for various times at 575 °C. 

nealed at 650 °C. In this spectrum we clearly see that the 
onset of the Pt peak occurs at a lower energy and there is 
large peak indicating the presence of Zn at the surface of the 
sample. 

While no Pt-Zn phases are detected, a binary Pt-Se 
phase does form. XRD identifies the presence of the Pt5Se4 

phase seen in Fig. 5. Pt5Se4 is a monoclinic phase with a 
=6.577 Ä, Z> = 4.610 A, c= 11.122 Ä, and ß= 101.59°. 
After annealing for 10 min, the (302) peak appears at 26 
= 48.5°. After 30 min, the intensity of the (302) peak in- 
creases and the (123) peak at 2 0=50.5° appears. There is 
also a decrease in the Pt peak heights, indicating that Pt was 
consumed in the reaction. The small intensity and different 
orientations of the Pt5Se4 peaks indicate that the phase is not 
epitaxially oriented to the substrate. The presence of this 
phase is verified by SAD as shown in Fig. 6(c). The particu- 
lar grain chosen for SAD gives an orientational relationship 
with the substrate of Pt5Se4[120]||ZnSe[110]. The grains are 
randomly oriented with respect to the substrate. The micro- 
graph in Fig. 6(b) shows that after annealing for 30 min the 
Pt5Se4 has formed a continuous layer, although the thickness 
varies between 33 and 73 nm. The reaction of the ZnSe with 
the Pt seems to affect the ZnSe layer differently than the Pd 
reaction. It is observed that the ion milling, which is required 
to form the TEM samples, results in some voids in the ZnSe 
near the interface, which is the light area directly below the 
Pt5Se4 layer in Fig. 6(b). This would suggest a compositional 
variation in the region that is related to the outdiffusion of Zn 
or that the reaction between Pt and Se has weakened the 
ZnSe layer in this region. 

Annealing at higher temperatures results in increased Zn 
outdiffusion and the formation of Pt-Zn phases. Figure 7 
shows an XRD spectrum from a Pt film annealed at 675 °C 
for 30 min. There is a number of Pt-Zn phases to which 
these peaks may belong, and the exact Pt-Zn phases present 
have not been identified. After this annealing cycle, the 
peaks for the Pt5Se4 layer are no longer evident indicating 

Zjiß^f- äs-deposited 

Pt-Zn 

pit ■ ^    /~-w- -' f m 

•*.        575°C 
30 min 

FIG. 6. TEM micrographs showing the progression of phase formation in the 
Pt/ZnSe system during anneals at 575 °C. (a) Morphology of as-deposited Pt 
on the ZnSe substrate, (b) Pt5Se4 layer formed after annealing at 575 °C for 
30 min, (c) selected area diffraction showing orientational relationship of the 
Pt5Se4 grain with the substrate. Pt5Se4[l2 0]||ZnSe[110]. 

that this phase no longer exists at the interface. It was not 
possible to perform TEM for the phase identification because 
the metal layer repeatedly peeled off during sample prepara- 
tion. After annealing at 575 °C the interface was weakened 
by the formation of voids. During annealing at the higher 
temperature the interface further deteriorated and TEM 
sample preparation was no longer possible. 

The reaction of Pt on ZnSe is very sensitive to contami- 
nants. Consistent reactions could not be obtained without a 
comprehensive cleaning. To get consistent behavior the 
samples must be solvent cleaned, etched in 49% HF for 30 s, 
and backsputtered with Ar+ ions for 6 min. The backsputter- 
ing process removes approximately 350 Ä of ZnSe. In addi- 
tion, the Pt target was presputtered for 2 min before deposi- 
tion. This treatment cleans contaminants off the surface and 
reduces any contamination in the Pt film deposited from the 
target. The observed nonuniformity in the thickness of the 
Pt5Se4 layer may be due to the presence of residual local 
contaminants on the ZnSe surface that slow down or inhibit 
the reaction. 

C. Ni/ZnSe 

The first observation of changes at the Ni/ZnSe interface 
by RBS occurs after annealing at 350 °C for 72 h with out- 
diffusion of Zn and Se. No changes could be detected by 
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FIG. 7. X-ray spectra showing peaks of various Pt-Zn phases appearing in 
the Pt/ZnSe system after annealing at 675 °C for 30 min. 

RBS or XRD after annealing for only 30 min at this tempera- 
ture. TEM, however, provides an indication that there is for- 
mation of up to 50 Ä diameter precipitates at the interface 
after 30 min of annealing at 300 °C.15 Figure 8 shows RBS 
spectra of Ni thin films annealed for 30 min at 400 and 
425 °C compared to 1 h at 450 °C and an as-deposited Ni 
film. The initial Ni thickness was 700 Ä. After annealing at 
400 °C, Zn has diffused out to the surface and Se has dif- 
fused partially through the layer. Note that after annealing 
the onset of the Ni signal was pushed back to lower energy, 
indicating that Zn has accumulated on the surface of the film. 
Annealing at 425 °C results in increased interdiffusion and 
more Zn has accumulated at the surface. This can be ob- 
served because the onset of the Ni peak is at a lower energy. 
There is an increase in the amount of Se in the layer as well, 
although it has still not diffused completely through the Ni 
layer. This indicates that the reacted morphology is a layered 
structure. 
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FIG. 8. RBS spectra of Ni on ZnSe annealed between 400 and 450 °C for 
various times. 
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FIG. 9.  X-ray spectra of Ni/ZnSe for the as-deposited sample and for 
samples annealed at 425 and 450 °C. 

After annealing at 425 °C, new peaks are observed in 
XRD that correspond to a Ni-Se phase. Figure 9 shows 
XRD spectra from before and after annealing. The new peak 
at 2 0= 35.6° corresponds to d = 2.52 A. The advent of this 
peak is coincident with that of a second peak at 20=75.4° 
(d= 1.26 Ä). EDS in the TEM shows that the ratio of Ni to 
Se in this phase ranges between 1 and 1.5. The XRD and 
SAD patterns are consistent but they cannot be correlated 
with any Ni-Se phase in the literature. This phase forms as 
separated grains, as shown in the TEM micrograph in Fig. 
10. The grains are approximately 100 nm wide and extend 
approximately 50 nm into the ZnSe. In plan view, the diam- 
eter of the grains varies between 50 and 100 nm. This phase 
does not extend to the surface, which agrees with the RBS 
observation that Se has not diffused out to the surface. Be- 
tween these grains and above them is a Ni-Zn solid solution. 

Annealing at 450 °C results in the observation of two new 
XRD peaks at d = 2.11 Ä and d= 1.923 Ä as seen in Fig. 9. 
This corresponds to the formation of NiSe. The observed 
peaks are the (002) and (012) peaks, respectively. The inten- 
sity of these peaks increases after annealing at 450 °C for 1 
h, while the peak for the NixSe (l<x< 1.5) phase decreases. 
EDS of the TEM sample shows that the ratio of Ni to Se in 
this new phase ranges between 0.6 and 1. This second NiSe 
phase was observed previously in a Ni-Se thin film,16 and is 
cubic with a = 4.3 Ä. Peaks for both phases are observed in 
samples annealed at 350 °C for 72 h with approximately 
equal intensities. The Ni^Se phase forms initially during the 
reaction. With longer annealing or higher temperatures the 
phase transforms to NiSe as more Se is incorporated into the 
grains. This indicates that the Nij.Se phase may be meta- 
stable. 
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FIG. 10. TEM micrographs showing the progression of phase formation in 
the Ni/ZnSe system during anneals at 425 and 450 °C. (a) As-deposited Ni 
on ZnSe, (b) grains of the Ni-Se phase formed at the interface after anneal- 
ing at 425 °C for 30 min, (c) grains of NiSe formed at the interface after 
annealing at 450 °C for 1 h. 

Figure 10(c) shows that the NiSe phase also forms as 
separated grains. These grains are larger than those formed at 
425 °C, and have diameters in plan view between 100 and 
200 nm. Above this layer of separated grains and between 
them there is still a solid solution of Zn in Ni and within this 
region are small inclusions of NiSe. The thin layer of Zn at 
the surface observed by RBS could not be found by TEM 
due to the high vapor pressure of Zn and the ion milling 
required for sample preparation. Careful TEM observation of 
a plan view specimen annealed at 425 °C for 30 min shows 
that the NiSe phase is already present in small amounts at the 
lower temperature. A more detailed discussion of the micro- 
structure can be found in Ref. 15. 

IV. DISCUSSION 

The lowest initial reaction temperature of the near-noble 
metals on ZnSe occurs for Pd which reacts at 200 °C. The 
highest is found for Pt, which reacts at 575 °C. This trend is 
also observed for Si and GaAs, as shown in Fig. 11. Figure 
11 compares the heat of vaporization of the metal to the 
initial reaction temperature for Si, GaAs, and ZnSe. The re- 
action temperature increases with the heat of vaporization of 
the metal, which is a measure of the binding energy between 
the metal atoms. This implies that more thermal energy is 
needed to begin the reaction when the metal is more strongly 
bonded. The reaction temperature also increases with the 
heat of formation of the semiconductor. Si has the lowest 
reaction temperatures and the lowest heat of formation. 
There are also trends regarding orientation, sensitivity to 
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FIG. 11. Initial reaction temperature vs metal heat of vaporization for reac- 
tions of the near-noble metals on Si, GaAs, and ZnSe. 

contaminants, and morphology in the reactions of the near- 
noble metals on Si, GaAs, and ZnSe. These trends will be 
further discussed below. 

A. Palladium 

The reactions of Pd are characterized by oriented films 
that often form in a granular structure. Pd2Si forms with an 
epitaxial relationship to a (111) Si substrate while the ternary 
compound on GaAs tends to form in slightly misoriented 
grains.17'18 Pd5+xZnSe also forms in oriented grains that be- 
come more epitaxial as the reaction proceeds. Also, as on 
GaAs, Pd on ZnSe forms an oriented ternary compound. In 
the GaAs system, a second ternary phase forms when it is 
annealed at higher temperatures. This is then followed by the 
appearance of M^Ga^ and MxAsy binary phases. In the Pd/ 
ZnSe system, no second ternary phase is observed. Above 
450 °C the reaction is no longer controllable and Pd diffuses 
to the ZnSe/GaAs interface to form Pd-Ga precipitates in a 
nonplanar reaction. Reactions of Pd metal on Si, GaAs, and 
ZnSe are not affected by impurities or surface cleanliness. 

The layer of Pd5+xZnSe grows very quickly in the first 10 
min of reaction and then the growth rate slows. This is typi- 
cal of a diffusion controlled reaction, which is characterized 
by a growth rate of the reacted layer that is proportional to 
the square root of time. The proportionality factor is the in- 
terdiffusion coefficient which is exponentially dependent on 
the activation enthalpy of the reaction. This activation en- 
thalpy can be determined from the change in reacted layer 
thickness during a series of isothermal anneals. It is difficult 
to determine the exact layer thickness from RBS because of 
the compositional variation in the reacted layer, but the acti- 
vation enthalpy for the reaction could be determined from a 
more detailed TEM study. 

The initial Pd reaction, which occurs at 200 °C, may be 
useful for electrical contacts. The reaction takes place at a 
low enough temperature that the electrical characteristics of 
the ZnSe film should not be affected. The reaction provides a 
planar, epitaxial interface that is desired for electrical con- 
tacts. In addition, the reaction is not very sensitive to con- 
taminants or oxides and therefore the surface does not re- 
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quire special preparation, such as backsputtering or other 
ultrahigh vacuum cleaning. In order to develop Pd-based 
contacts on ZnSe detailed electrical measurements are 
needed to determine the Schottky barrier height or contact 
resistivity of the ternary phase on n- and p-type ZnSe. The 
formation of this phase is very similar to the initial formation 
of the ternary phase on GaAs. This ternary phase formation 
on GaAs has been utilized to form ohmic contacts using 
solid phase epitaxial regrowth. This process may also be use- 
ful for ohmic contacts to p-type ZnSe using Li, for example, 
as a dopant. 

B. Platinum 

The reaction of Pt on both ZnSe and GaAs is character- 
ized by the formation of a metal-anion phase at the metal/ 
semiconductor interface and outdiffusion of the cation. In 
the GaAs case the outdiffusion of Ga also results in the for- 
mation of Pt-Ga phases, but no metal-cation phases form in 
the ZnSe case. This may be due to the high solubility of Zn 
in Pt. In both cases the main moving species appears to be 
the cation and the Pt. The cation diffuses out, whereas the Pt 
diffuses in and reacts with the anion which remains at the 
interface. This vertical phase stratification is expected in 
films that have thicknesses greater than the grain size.10 It is 
likely that the reaction will result in lateral phase separation 
if the thickness of the Pt layer is less than the grain size of 
the reacted phase. 

The Pt reaction is very sensitive to contamination or ox- 
ides at the interface between the ZnSe and Pt. Consistent 
reaction behavior is obtained only if the samples are HF 
etched and Ar+ backsputtered prior to deposition of the 
metal. A HF dip etch alone does not remove enough of the C 
and O from the surface of the ZnSe. X-ray photoelectron 
spectroscopy measurements have shown that sputtering re- 
moves more C and O from the surface. The variation in 
thickness of the Pt5Se4 layer is an indication that, even after 
sputtering the surface, the reaction does not proceed at a 
uniform rate across the sample. This may be due to areas of 
contamination that remain on the surface. The reaction of Pt 
on ZnSe appears to be more sensitive to contamination than 
the reactions on Si or GaAs. The reaction of Pt on Si is 
sensitive to impurities in the Pt film.20 While the presence of 
oxygen in the Pt film was observed to change the temporal 
formation sequence of observed suicide phases, the reaction 
on GaAs is not sensitive to native oxides,21 but it is slowed 
by the presence of thick oxides.22 

The reaction of Pt on ZnSe is not amenable to contact 
formation by alloying. The temperature for reaction is too 
high and will adversely affect the electrical properties of the 
ZnSe. In addition, although the reacted Pt5Se4 layer is com- 
plete, the thickness is not uniform and will lead to inconsis- 
tencies in the electrical properties. 

C. Nickel 

In the reaction on ZnSe, no ternary phase is observed; 
rather, separated grains of a Ni-Se binary phase begin to 
form initially. This is in contrast to Ni on GaAs which begins 

with the formation of a ternary phase Ni3GaAs, followed by 
the formation of laterally separated grains of binary Ni-Ga 
and Ni-As phases at higher temperatures. The formation of 
NiAs grains is observed at a slightly higher temperature in 
the Ni/GaAs reaction and these are also separated, but by a 
Ni-Ga binary phase. The reaction of Ni on ZnSe is not ex- 
tremely sensitive to the surface preparation, as Ar+ backsput- 
tering is not necessary for the new phases to form. The re- 
actions of Ni on Si and GaAs are also not sensitive to oxides 
unless they are thick. 

This reaction is also not desired for electrical contacts. 
Again the reaction temperature is too high to maintain the 
electrical characteristics of the ZnSe. Also, the reaction does 
not provide a laterally homogeneous film for a contact. The 
laterally separated grains that are formed will provide con- 
tacts parallel to areas where no phase has formed, most likely 
leading to inconsistent and unpredictable results. 

V. CONCLUSIONS 

The initial reactions of Pd and Pt on ZnSe occur at 200 
and 575 °C, respectively, and are very similar to the reac- 
tions of Pd and Pt on GaAs. Pd tends to first form a ternary 
oriented phase, Pd5+xZnSe, while Pt reacts to form a 
Pt5Se4 layer at the interface. The Pd reaction appears to be 
diffusion controlled, since the growth of the reacted layer 
slows with time. The reaction of Pt is very sensitive to con- 
taminants and oxides at the interface (as are its reactions on 
Si and GaAs), whereas the Pd reaction is uninhibited by 
small amounts of contamination or oxide. The Ni reaction on 
ZnSe, however, is different from that on GaAs. Ni begins to 
react at 300-350 °C to form separated grains of a Ni-Se 
phase at the interface between the Ni and ZnSe. This is in 
contrast to the reaction of Ni on GaAs which initially forms 
a ternary Ni3GaAs phase. The increase in reaction tempera- 
ture from Pd to Ni to Pt parallels the increase in binding 
energy of the metal. In addition, the reactions on ZnSe take 
place at higher temperatures than the corresponding reactions 
on Si and GaAs. This trend follows an increase in the semi- 
conductor heat of formation from Si to GaAs to ZnSe. 

The reaction that provides an interesting possibility for 
the formation of electrical contacts by alloying is that of Pd 
on ZnSe. The Ni and Pt reactions take place at a temperature 
that is above the temperature at which a compensating defect 
forms and degrades the electrical characteristics of ZnSe; in 
addition these reactions do not result in a laterally homoge- 
neous contact. The Pd reaction is particularly interesting be- 
cause it is very planar and controllable and the ternary phase 
forms with an epitaxial relationship with the substrate. This 
type of behavior is similar to the Pd ternary formation on 
GaAs and may lead to the development of various Pd-based 
alloyed ohmic or Schottky contact structures similar to those 
developed for GaAs. However, the electrical characteristics 
of the contact between Pd5+xZnSe and ZnSe are not yet 
determined. This phase may prove to be a good ohmic or 
Schottky contact to ZnSe. The stability of Pt and Ni above 
temperatures at which ZnSe devices will be operated makes 
them suitable candidates for stable Schottky contacts. 
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The formation of thin (<15 nm) cobalt silicide layers on amorphous silicon (a-Si) has been 
investigated as a part of a program involving the fabrication of poly-Si-based single electron 
transistors. Rapid thermal annealing was used to promote the reaction between the a-Si and cobalt 
metal films. The effects of three most important factors on silicide formation during annealing 
(temperature, temperature ramp rate, and anneal time) were studied using both electrical (sheet 
resistance) and surface analysis (Auger electron spectroscopy) techniques. In particular, the impact 
of temperature ramp rate on silicide formation has been addressed. The optimization of the thin 
silicide process has been achieved by a statistical analysis. Transmission electron microscopy 
cross-sectional analysis has been performed to determine the thickness of the film. © 7997 
American Vacuum Society. [S0734-211X(97)12604-X] 

I. INTRODUCTION 

The small dimensions of devices used in very large scale 
integration necessitate the application of refractory metal su- 
icides in source-drain and gate-interconnection areas to re- 
duce the contact resistance and Ohmic voltage drop, respec- 
tively. The self-aligned silicide process (SALICIDE) has 
been reported as an effective solution for minimizing gate 
and source/drain resistance with subsequent increase in cir- 
cuit speed.1"3 Among the possible silicide candidates suit- 
able for the SALICIDE process, TiSi2 and CoSi2 have been 
identified as the most promising from the view point of re- 
sistivity: 14-20 /Al cm for TiSi2 and 16-20 jnCl cm for 
CoSi2.4 The main disadvantage of TiSi2 is the lateral growth, 
which occurs during a SALICIDE process and can cause 
gate-to-source bridging.5 In contrast, a minimum silicide lat- 
eral growth is expected during CoSi2 formation because co- 
balt (Co) is the dominant moving species in Co2Si and 
CoSi2 formation.6 Unlike titanium, cobalt does not reduce 
Si02 during a SALICIDE process. 

Since most metals are liable to form metal oxides before 
they are transformed into silicides during annealing at high 
temperatures, conventional furnace annealing has been re- 
placed by rapid thermal annealing (RTA), at the expense of 
throughput and cost, to achieve precise control over the an- 
nealing ambient.5 Freitas and Swart4 studied the influence of 
the impurity content in Co films and the presence of native 
oxide at the Co/Si interface on cobalt silicide formation and 
concluded that for Co films with low contamination levels, 
even thick native oxide can be dissolved, and good quality 
CoSi2 is formed. Whereas for Co films with a high impurity 
level, the silicidation, in the presence of thick oxide, can be 

a) Electronic mail: michael.kozicki@asu.edu 

performed, delayed, or even inhibited, depending on film 
thickness and annealing conditions. 

Information extracted from studies made on either thick 
poly-Si or single-crystal substrates was found to be inad- 
equate when the silicide formation of thin poly-Si (^40 nm) 
was attempted. Thin poly-Si silicide films, however, can be 
used in the fabrication of poly-Si-based single electron tran- 
sistors (SET) first proposed by Yano et al.,1 to reduce the 
operating voltage of the device. The operating voltage of the 
original SET was about 60-90 V due to the use of the high 
resistivity poly-Si source, drain, and thicker (150 nm) gate 
oxide. Replacement of this poly-Si layer by thin poly-Si sil- 
icide will drastically reduce the operating voltage because 
the series resistance of these single electron transistors will 
be reduced by two orders of magnitude. A rigorous study of 
silicide formation on the thin a-Si layer was conducted with 
an ultimate goal of fabricating a low-voltage poly-Si grain- 
based SET. In addition to being utilized in SET fabrication, 
thin cobalt silicide lines may emerge as an essential wiring 
material for next-generation nanoscale devices. The lattice 
constant of CoSi2 is 0.536 nm,8 which is almost equal to that 
of Si, 0.543 nm. This close matching of these two lattices 
results in very flat CoSi2 lines.8 The improved planarity of- 
fered by thin cobalt silicides will make them suitable for 
next-generation nanoscale device fabrication. 

In this study, cobalt polycide films were formed on as- 
deposited amorphous-Si layers because it has been reported9 

recently that polycide gates formed on as-deposited amor- 
phous silicon exhibit greater thermal stability than those 
formed on as-deposited polycrystalline silicon. Moreover, 
the source, drain, and gate of the SET structure, mentioned 
before, are constructed using thin (10-20 nm) poly-Si films. 
Poly-Si of this structure is deposited as amorphous Si and 
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FIG. 1. Different films grown or deposited on Si substrates to prepare all 
samples. 

10 15 
Sputter Time (min) 

FIG. 2. AES depth profile for the as-deposited sample with 40 nm cobalt 
deposited on 40 nm of amorphous silicon. 

then recrystallized to achieve uniformity and controllability 
in film thickness. 

II. EXPERIMENT 

Figure 1 shows the layers grown or deposited on two 4 
in., /?-type, (100) oriented Si substrates. After standard RCA 
cleaning, thermal oxides, —110 nm thick, were grown on 
both substrates. Amorphous Si (a-Si) was deposited by low- 
pressure chemical vapor deposition (LPCVD) at 540 °C and 
250 mTorr with a silane flow rate of 100 seem. The thickness 
of the amorphous films was measured by spectroscopic ellip- 
sometry. All samples were dipped in HF:H20 = 1:100 for 
120 s before loading them in the e-beam evaporator to re- 
move native oxide. Cobalt films were deposited with a base 
pressure of 3 X 10~6 Torr and a deposition rate of 0.03 nm/s. 
A low deposition rate was maintained to achieve uniformity 
of deposition. 

Rapid thermal annealing was carried out in a Tamarack 
model 180-M manual radiant impulse processor using N2 as 
the ambient gas. In this RTA system, 15 tungsten-halide 
lamps are staggered in two rows in the upper section of the 
chamber. The sample is placed in the lower section. Unre- 
acted Co was etched in HC1:H907:H70 = 3:1:3 solution at 

10 about 80 °C, which does not etch cobalt silicide. Sheet re- 
sistances were measured by a VEECO FPP-5000 automatic 
four-point probe. The silicide phase was characterized by a 
Perkin-Elmer PHI 600 Auger electron spectroscope. Auger 
electron spectroscopy (AES) was also used to determine the 
composition of an as-deposited Co/a-Si sample. 

32 samples were prepared for a 23 factorial analysis. Al- 
though the same deposition parameters were used during 
LPCVD of a-Si on 110 nm of oxide, a-Si was deposited in 
two different runs and, therefore, all treatment combinations 
of the 23 factorial design were run in two blocks with 
highest-order interactions confounded with the blocks. Thus, 
differences in sheet resistances, which may arise due to the 
use of two different LPCVD runs, have been distinguished as 
a block effect. To obtain an estimate of error, four replicates 
of each treatment combination were run. A 23 factorial 
design11 having four replicates and highest-order interaction 
confounded with blocks has been performed. Two values of 

temperature, temperature ramp rate, and anneal time during 
RTA were chosen as 650 and 750 °C, about 130 and 
145 °C/s, and 10 and 30 s, respectively. 

Transmission electron microscopy (TEM) cross-sectional 
analysis of one of the samples has been performed to deter- 
mine the thickness of the cobalt silicide layer and the unifor- 
mity of the CoSi2/Si02 interface. 

III. RESULTS AND DISCUSSIONS 

As a preliminary study, silicide formation was attempted 
with slower ramp rates (<100 °C/s) with or without preheat- 
ing at 450 °C for 5-10 s. In one of such attempts, 3 nm Co 
was deposited on 8 nm a-Si. Rapid thermal annealing at 
750 °C of this Co/a-Si system did not result in silicide for- 
mation. The thin layer of Co reacted with ambient oxygen to 
transform into Co oxide. It was thought that a thicker Co film 
might prevent ambient oxygen from oxidizing the Co species 
and improve the mechanism of silicide formation. Although 
the Co species located closer to the surface will have oxygen 
to react with, the Co species near the Co/Si interface will be 
free of oxygen. Co, from this oxygen-free region, will dif- 
fuse into the a-Si and form cobalt silicide during the anneal- 
ing period. Therefore, a thicker Co film, 40 nm, was depos- 
ited over a 40 nm a-Si film. However, no silicide was 
achieved with slower ramp rates with or without preheating. 
The slower ramp rate might have transformed Co into cobalt 
oxide. It appeared that Co oxide, if formed anytime during 
annealing, cannot be reduced to silicide at an elevated tem- 
perature. These results for a thin a-Si film support the con- 
clusion made by Yang and Chen10 and are contrary to a 
previous report,12 which proposed that CoO on silicon can be 
reduced to silicide at temperatures above 750 °C. Figure 2 is 
the AES depth profile for the as-deposited sample, where 40 
nm of Co was deposited on 40 nm of a-Si. The lower con- 
centration of oxygen in this as-deposited film indicates that 
the oxygen incorporated in the Co film was not enough to 
affect the annealing process; it is ambient oxygen, which 
inhibits the silicide formation. 

To overcome the low-temperature oxidation of Co, the 
influence of ramp rate during rapid thermal annealing on the 
silicide formation of thin poly-Si films was studied further. 
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FIG. 3. Actual temperature rise with time during RTA for three different 
temperature ramp rates. 

Figure 3 shows temperature rise with time of the RTA for 
three different selections of temperature ramp rate. SensAr- 
rays's Series 1501 A-X-1001 Instrumented Wafers were 
used for temperature measurements. In these wafers, a type- 
K (chromel-alumel) thermocouple (TC) is bonded into the 
wafer surface, which allows direct measurement of the wafer 
temperature. Using these TC calibration wafers, the calibra- 
tion stability of the pyrometer is assured by a wafer's tem- 
perature repeatability specification of ±0.2 °C. To the best of 
our knowledge, the effect of ramp rate on silicide formation 
has not been reported previously. A series of experiments, 
therefore, were performed to determine the effect of this fac- 
tor. When the annealing temperature was reached with a 
ramp rate of —150 °C/s, the sheet resistance measurements 
of these annealed films, the phase of which was unknown 
before the Auger analysis, dropped considerably to yield a 
resistivity about 36 /JLQ, cm. This improvement may be due to 
the fact that at higher ramp rate the reaction for silicide for- 
mation is greater than that of Co oxide formation. Figure 4 is 
the Auger analyzed depth profile for the sample that was 
annealed at 750 °C for 30 s with a ramp rate of 130 °C/s. 
From this profile, the formation of cobalt silicide is obvious; 
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FIG. 4. AES depth profile for the sample that was annealed at 700 °C for 30 
s with a ramp rate of —130 °C/s. 

FIG. 5. Normal probability plot of effects for all treatment combinations. 

however, due to oxygen incorportion, it is difficult to identify 
any of the phases of cobalt silicide, i.e., Co2Si, CoSi, or 
CoSi2, clearly. The fact that oxygen from the ambient gets 
incorporated during annealing is evident from Fig. 4. Oxy- 
gen incorporation can be prevented by using a thin (~5 nm) 
amorphous-Si capping layer on cobalt.13'14 

A. Model for estimating sheet resistance 

The effects of process conditions on the formation of thin 
poly-Si silicide films were studied by 23 factorial design 
with temperature, temperature ramp rate, and anneal time as 
possible dominant factors. Since the purpose of the thin Co 
polycide is to reduce the source and drain resistance of a thin 
poly-Si film transistor, the sheet resistance was chosen as the 
response variable. Figure 5 is the normal probability plot of 
mean sheet resistance for all treatment combinations. A, B, 
and C, in Fig. 5, represent treatment combinations where 
temperature (A), temperature ramp rate (B), and anneal time 
(C) are set at their highest value. AB is the treatment com- 
bination for which temperature and temperature ramp rate 
are at their high level but anneal time is at its low level. It is 
obvious from Fig. 5 that the variations of sheet resistances 
are statistically significant only for the main effect C and 
interaction AB. These two effects, C and AB, have nonzero 
means and do not lie along the straight line. Average sheet 
resistances for all the other six treatment combinations fall 
on a straight line implying that these effects are negligible 
and their responses are normally distributed with mean-zero 
and variance a2. The analysis of variance is detailed in 
Table I, where the sum of the square for the model is defined 
as 

■S^Model" SSA+ SS^ + SSc+SSfi^+SS^c+SS^c 

+ssABC. (1) 

The value of R2 (Ref. 11) is 72, which suggests that about 
72% of the variability in the sheet resistance is explained by 
the model. The unexplained variability could be due to fac- 
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TABLE I. Analysis of variance for the 23 factorial design with ABC con- 
founded with blocks. 

Sum Degrees 
of of Mean F Prob. 

Source squares freedom square value >F 

Block 0.002 81 1 0.0028 
Model 33.33 7 4.76 8.4 <0.0001 
Error 13.04 23 0.567 
Total 46.371 31 

->     ^Model 

J J Total 

33.33 

46.37    °'72 

tors such as randomness of the oxygen content in the N2 

ambient and thickness of the native oxide. Residuals, in this 
model, are given as 

e = Ps-ps> (2) 

where ps is the observed sheet resistance and ps is the fitted 
sheet resistance." Though the variation in sheet resistance, 
for some treatment combinations, is statistically significant, 
it is too small to have reasonable practical importance. We 
can, therefore, conclude that similar thin silicide films can be 
obtained by RTA with temperature, temperature ramp rate, 
and anneal time chosen in the range used for all the samples. 

Figure 6 is the TEM cross section of a sample, the AES 
profile of which is shown in Fig. 4. According to this picture, 
the thickness of the cobalt silicide formed on the oxide is 
about 10 nm. The average sheet resistance of this film is 
about 36 O/sq, which yields a resistivity of about 36 fjift cm. 
This resistivity is twice that of the standard cobalt disilicide. 
The increase in resistivity is surely due to the presence of 
oxygen in the film. The silicide/oxide interface is nonuni- 
form, which confirms the existence of spatial variation in 

FIG. 6.  TEM cross section of cobalt silicide formed on the a-Si/Si02 

(16/100 nm) system. 

silicide thickness in this film. The 10 nm cobalt silicide films 
are found to be thermally stable up to 850 °C. 

IV. CONCLUSION 
The formation of a thin polycide film on a thin layer of 

a-Si is governed by a mechanism that differs from the 
mechanism of forming silicide on thick poly-Si (^300 nm) 
or single-crystal Si. Preheating or a slower temperature ramp 
rate (<100 °C/s) during annealing in a rapid thermal anneal- 
ing system allows Co to react with ambient oxygen to pro- 
duce Co oxide. Once Co oxide is formed, it cannot be re- 
duced to silicide by annealing at 700-800 °C. Silicidation is 
possible with higher temperature ramp rate (—150 °C/s) even 
in an oxygen contaminated ambient. Identification of the sil- 
icide phases is difficult because of the presence of oxygen in 
our 10 nm silicide films. The thickness of the a-Si layer 
(—16 nm) may not be sufficient for the formation of the 
CoSi2 phase. 

A 23 factorial design, with temperature, temperature ramp 
rate, and anneal time considered as the three factors of RTA, 
does not show significant variation in sheet resistances 
among the samples prepared by different treatment combina- 
tions. About 72% of the variability in the sheet resistance is 
explained by the model. The thickness of the silicide, deter- 
mined by TEM analysis, is about 10 nm. 
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stages of silicidation 
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High-quality Ir/rc-Si Schottky diodes have been prepared. The diodes exhibit ideal behavior at room 
temperature according to thermionic emission theory with linear log (/) - Vcharacteristics over eight 
current decades. Ideality factors less than 1.02 were obtained. Schottky barrier heights determined 
by forward I-V and C-V characterization are close to 0.9 eV. Current-voltage characteristics 
show deviations from the simple thermionic emission law at low temperature. This anomalous 
behavior is explained in terms of spatial inhomogeneities in the barrier height that result from the 
presence of a polycrystalline interlayer at the metal-semiconductor interface. The flat-band 
Schottky barrier height (0.98 eV) at 0 K and the temperature coefficient of the barrier (- 3.8 
X 10~4 VK"1) agree with those reported for the IrSi phase implying that some reaction between 
Ir and Si has taken place.   © 1997 American Vacuum Society. [S0734-211X(97)00804-4] 

I. INTRODUCTION 

Infrared detectors using iridium suicide Schottky barriers 
have attracted technological interest because they hold the 
promise of extending the detection range up to 12 ^m.1 

Iridium and its metallic suicides (IrSi, IrSi3) are the 
metal-semiconductor (MS) contacts that present the highest 
Schottky barrier height (SBH) on «-type silicon, and thus the 
lowest SBH on p-type silicon. 

Iridium reacts with silicon to form at least ten different 
phases,2 although only three phases have been clearly iden- 
tified, IrSi, IrSi! 75, and IrSi3

3 in thin films. These three su- 
icide compounds do not form sequentially as other silicides 
do. In fact several phases can exist at the same time. Studies 
of the electrical behavior of Ir,.SL,/Si Schottky diodes have 
been carried out for contacts obtained by different 
procedures.1'4'5 These studies try to relate the measured SBH 
of the diodes with the existence at the MS interface of a 
particular phase, that depends on the heat treatment. Little 
has been published6 on the electrical behavior of the as- 
deposited iridium diodes, i.e., in the first stages of the silicide 
formation. Furthermore, these studies are limited to the de- 
termination of the SBH at room temperature, and therefore 
presents a very incomplete picture of the current transport 
across the barrier. 

In this work we present a study of the Schottky diodes 
formed by the deposition of an iridium film on «-type silicon 
held at 150 °C with no further heat treatment. It will be 
shown that the diodes exhibit a highly ideal behavior at room 
temperature indicating that current transport is governed by 
thermionic emission of electrons over the top of the barrier. 
Deviations from this behavior at low temperature can be ex- 
plained by the existence of a distribution of Schottky barrier 
heights at the iridium/silicide interface that results from the 
formation of a polycrystalline interlayer between the iridium 

"'Electronic mail: jleube@etsit.upm.es 

film and the silicon substrate in the early stages of silicide 
growth.7,8 

II. EXPERIMENT 

Iridium silicide Schottky barrier diodes were prepared on 
(111) silicon wafers with a high-resistivity epilayer on a Sb 
doped substrate with a low resistivity (0.05 fl cm). The 12 
yarn thick epilayer was doped with P to a resistivity of 4.2-5 
Q, cm. Following a standard RCA cleaning process, a ther- 
mal oxide 400 nm thick was grown at 1100 °C on both sides 
of the wafers. Standard lithography procedures were used to 
define square windows in the front side of the wafer with 
side lengths of 100, 200, and 400 fjm. The oxide was etched 
during a 3 min immersion in a buffered hydrofluoric acid 
solution-NH4F 4 vol, HF 1 vol-to expose the silicon in the 
regions where the diodes were to be formed. During this 
etching process, the oxide layer in the back side of the wafer 
was completely removed. The samples were then rinsed in 
deionized water, blown dry with nitrogen, and loaded imme- 
diately in a Joule effect evaporator where the back side was 
coated with a blanket layer of aluminum 300 nm thick. The 
back Ohmic contact was formed by annealing the samples at 
450 °C for 15 min in nitrogen. 

After a 10 s immersion in a buffered solution of hydro- 
fluoric acid-NH4F 10 vol, HF 1 vol-to remove native ox- 
ides, the samples were rinsed in deionized water, blown dry 
with nitrogen, and loaded immediately in the electron gun 
evaporator where a pressure of 2X 10~7 Torr was achieved 
by means of a conventional oil-diffusion pump with a baffle 
cooled by liquid nitrogen. The substrate holder consisted of a 
graphite susceptor in intimate contact with the sample. The 
temperature of the ensemble holder sample was sensed with 
a thermocouple embedded in the susceptor, that allowed to 
control the power applied to two halogen quartz lamps. In- 
side the chamber, the substrate holder was surrounded by a 
Meissner trap cooled with liquid nitrogen during the iridium 
deposition. Under these conditions, iridium films 20 nm 
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thick were deposited at a rate of 0.05 nm s~' on the wafers 
kept at 150 °C under a vacuum better than 3X10-7 Torr. 
Several iridium slugs with a purity of 99.99 at. % were used 
as source material. The samples were allowed to cooldown 
under vacuum before being unloaded from the chamber. The 
iridium Schottky contacts were defined by a standard liftoff 
process. Finally, the diodes were cut and soldered into hold- 
ers for electrical characterization. 

The diodes were electrically characterized by the mea- 
surement of their /- V curves at different temperatures. To 
obtain the current-voltage characteristics the diodes were 
first cooled in a commercial cryostat. Then, a voltage was 
supplied by means of a Keithley-230 programmable voltage 
source while the current was measured with a Keithley-617 
electrometer using a low impedance scheme. Both /- V mea- 
surements and temperature control were automated with the 
help of a personal computer via a general purpose interface 
bus (GPIB). The temperature was established by means of a 
commercial programmable controller with a calibrated Si di- 
ode mounted in the cold finger. A second diode measured the 
actual temperature of the sample. Following each tempera- 
ture step, a delay was built into the program to allow the 
temperature difference between both sensors to become less 
than 0.3 K. Under such steady state conditions, a voltage was 
applied to the diode. A delay of a few seconds between sub- 
sequent steps was built into the program to ensure steady 
state conditions for the measurement of the current at low 
temperatures. Up to 50 readings were taken for each voltage 
step in order to increase the signal-to-noise ratio and extend 
the range of current measurements down to 2X 10~13 A. 

0.0     0.1     0.2     0.3     0.4     0.5     0.6     0.' 

VOLTAGE [V] 

FIG. 1. Iridium/silicon as-deposited samples. Open symbols corresponds to 
the semilogarithmic plot of I-V characteristics at room temperature for 
three samples of (100 ^mXlOO /j.m), (200 ^mX200 ^m), and (400 
/U,mX400 /Am). Closed symbols correspond to the calculated incremental 
ideality factors for the diodes. 

III. RESULTS AND DISCUSSION 

A. Room temperature measurements 

Figure 1 shows a semilogarithmic plot of the /- V char- 
acteristics measured for diodes of different areas at room 
temperature. To describe the forward /- Vcharacteristics of 
the IrSi/Si Schottky diodes the well known thermionic emis- 
sion equation is used,9 modified to take into account the se- 
ries resistance effect: 

/=/-exp(!^ 
1 — exp 

-qV 
kT 

T2 exp 
-q&B 

kT (1) 

V„=V-IR< 

Here A** is the modified Richardson constant (112 
A/cm2 K2 for «-type silicon10), Ad the diode area, n the ide- 
ality factor commonly used to measure the deviation of prac- 
tical diodes from the ideal thermionic model, 7?series the series 
resistance of the diode, q the electronic charge, k the Boltz- 
mman's constant, T the temperature, and <3>ß the Schottky 
barrier height (SBH) that can be calculated from each /- V 
characteristic assuming that A** and Ad are known. 

In terms of the unidimensional model of the thermionic 
emission theory, discarding the low variations due to the 

image-force lowering of the barrier, the ideality factor must 
remain close to unity independently of the applied bias and 
the measurement temperature,9 leading to a linear I- V semi- 
logarithmic characteristic in the bias range where the series 
resistance effect can be neglected and for V>3kT/q. 

The straight-line behavior of the /- V characteristics rep- 
resented in Fig. 1 over almost eight orders of magnitude is 
remarkable and suggests that the dominating current trans- 
port mechanism is thermionic emission. This fact was veri- 
fied by the calculation of the quasi-Fermi level position rela- 
tive to the bottom of the conduction band4 as a function of 
applied bias. The difference between the quasi-Fermi level 
position in the bulk and at the interface is less than 0.002 eV 
for all values of applied bias, confirming that the quasi-Fermi 
level remains flat throughout the depletion region and, there- 
fore, that thermionic emission dominates the transport pro- 
cess. In the linear portion of the curves, the currents for a 
given voltage range scale well with the areal ratio of the 
diodes indicating that no peripheral effects take place. 

Every parasitic transport mechanism (carrier recombina- 
tion in the depletion layer of the semiconductor, tunnel ef- 
fect, or field assisted tunnel effect)9 or the existence of 
Schottky barrier spatial distribution inhomogeneities11-13 ap- 
pear as current excesses in the semilogarithmic /- V charac- 
teristics of the diode. These excess currents can be detected 
easily by means of the representation of the incremental ide- 
ality factor variations as a function of the applied bias and/or 
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FIG. 2. Irdium/silicon as-deposited samples. 1/C2- V characteristics at room 
temperature for three (400 (amX400 fim) samples at 298 K. $=0.607 
+0.263+0.0257=0.896 eV. 

the measurement temperature. The incremental ideality fac- 
tor «, can be calculated by means of 9 

kTldln(I)\ 

V>- 
3kT\ 

(2) 

Thus, for an ideal Schottky barrier diode the value of «,- 
must: (a) be less than unity for V<3kT/q because of the 
effect of the pre-exponential term in the /- V characteristics, 
(b) must be equal to unity in the middle bias range where the 
exponential term is dominant, and (c) increase with the ap- 
plied bias where the series resistance effect dominates. Every 
parasitic current contribution appears as an increase of the 
ideality factor in the bias range where its effect is appre- 
ciable. 

Figure 1 also shows the incremental ideality factor varia- 
tion («,•) obtained from the experimental data in each point 
as a function of the applied bias for the samples considered. 
No dependence of the incremental ideality factor with ap- 
plied bias is observed in the voltage range where the effect of 
series resistance can be neglected. The calculated value for 
all samples agrees well with the theoretical value4 of 1.01 
and the average effective barrier height calculated for these 
diodes is 0.88 eV. 

C~2— V curves for the larger diodes (Fig. 2) were ob- 
tained at room temperature at a frequency of 1 MHz with an 
HP-LF-4192A impedance analyzer. The barrier height mea- 
sured by this method is 0.90 eV. This value agrees fairly well 
with the values obtained from the room temperature forward 
I-V characterization taking into account that the image- 
force lowering of the barrier14 is estimated to be 0.015 eV for 

0.2      0.3      0.4      0.5 

VOLTAGE [V] 

FIG. 3. Iridium/silicon as-deposited samples. I-V-T characteristics of the 
diodes under study. The inset presents the calculated ideality factor for each 
measurement temperature. 

our lightly doped epitaxial silicon. From the slope of this plot 
we can calculate the concentration of ionized donors in the 
substrate. 

From the analysis presented above it is clearly seen that 
the Ir/Si Schottky diodes presented show nearly ideal room- 
temperature /- V characteristics. 

B. /- V- T measurements 

Figure 3 shows the /- V curves measured in the tempera- 
ture range from 150 to 300 K. The straight-line behavior in 
the semilogarithmic plot shows no dependence of ideality 
factor with applied bias for all temperatures. The ideality 
factors calculated for each temperature from the inverse of 
the slope of the regression line, as shown in the inset of Fig. 
3, indicate that there is a strong variation of the ideality 
factor with temperature and thus a departure from simple 
thermionic emission theory. 

Deviations of the ideality factor from unity can arise from 
several effects, like the presence of an interfacial oxide layer, 
the tunneling of electrons across the barrier, or recombina- 
tion current in the depletion zone of the diodes. High reso- 
lution electron microscopy (HREM) micrographs of the di- 
odes under study demonstrate that no interfacial oxide layer 
exists at the Ir/Si interface.7'8 However, these micrographs 
reveal the presence of a poly crystalline interlay er ~3 nm 
thick at the Ir/Si interface which is reasonably sharp. The 
presence of such an interfacial layer with no oxygen con- 
tamination was also suggested by SIMS analysis performed 
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on similar samples. Tunnel effects can be ruled out because 
of the lightly doped substrate and the temperature range in- 
vestigated. Furthermore, there is no evidence of diffusion 
spikes in HREM micrographs, that would lead to appreciable 
tunneling currents. Finally, the recombination current in the 
depletion zone of the diode can also be discarded. The exis- 
tence of such a current would lead to a saturation current 
larger than that of thermionic emission with an ideality factor 
close to two.9 The superposition of the recombination current 
and thermionic emission current would result in a non-linear 
plot of the /- V characteristics with an appreciable curvature 
in the low bias range, which have not been observed in our 
diodes. Therefore, none of the three mechanisms exposed 
can explain the strong temperature dependence of the ideal- 
ity factor and its independence of the applied bias. 

The value of the Schottky barrier height (&Bo) extrapo- 
lated to 0 K and the Richardson constant can be obtained 
from the slope of the plot of the saturation current divided by 
the square of the temperature versus the reciprocal tempera- 
ture (Richardson plot). If the temperature variation of the 
barrier <J>B can be modeled by1617 

*B(r) = <&Bo+«  T> (3) 

the plot of /sat/7"2 vs 1/r must be a straight line with a slope 
given by — q<£>B0/kT and a Y axis intercept given by 
(AdA** — a/k). For the correct determination of <£>B0 the 
calculated value for the Richardson constant must coincide 
with its theoretical value. Therefore, the Richardson plot acts 
as a mirror of the interface homogeneity because, if there is 
any spatial fluctuation of the SBH at the interface18 the re- 
sulting plot is not linear and yields an underestimated or 
overestimated value of the Richardson constant. 

Recent studies demonstrate that the electrical behavior of 
the iridium silicide Schottky barrier diodes under study can 
be explained by the existence of a spatially inhomogeneous 
Schottky barrier.11- It has been proved that current-voltage 
characteristics presenting both, voltage independent and volt- 
age dependent ideality factors, as well as temperature depen- 
dent n idealities, can be theoretically simulated by consider- 
ing a nonuniform distribution of SBH at the MS interface 
and a unique conduction mechanism that is thermionic emis- 
sion over the barrier. 

The Richardson plot of ISit/T
2 vs T~l (Fig. 4) shows a 

very short linear region in the high temperature range, and 
strong deviations at low temperatures correlated to the depar- 
ture from unity of the ideality factor. Since the experimental 
points do not lie in a straight line, it is not possible to deter- 
mine the extrapolated SBH at zero bias and 0 K ($Bo) as me 

simple thermionic emission theory predicts. An approach to 
the value of $B0 could be obtained considering only the 
higher current values where the ideality factors approach 
unity, yielding 0.85 eV. The obtained <£>B0 value is lower 
than the SBH value obtained at room temperature in contrast 
with theory predictions [Eq. (3)], demonstrating that this 
method cannot be applied unless the Richardson plot is per- 
fectly linear in a broad range of temperature. 

1000/1" [K"1] 

FIG. 4. Richardson plot (/sat/r
2 vs 1000/T) for five samples of different 

area. Three samples of (400 fimX400 fim), one of (200 /imX200 fim) and 
one of (100 /tmXlOO /im). (0) 400 /*mX400 fim; (O) 200 /tmX200 fan; 
(A) 100/imXlOO/im. 

It has been recently demonstrated that the SBH potential 
distribution at the MS interface depends on the microcrystal- 
line properties of the interface rather than on the bulk prop- 
erties of the constituents. For Schottky barrier diode char- 
acterization Werner et al.17 have proposed the use of the 
fiatband barrier $>bfp [Eq- (4)] to compare experiments with 
theory, with <&/,/•» defined by 

®bfp = n®B- 
kT      Nc\ 

(4) 

where n is the ideality factor, <J>B the Schottky barrier height 
at zero voltage calculated from /- V characteristics, Nc the 
density of states in the conduction band, and Nd is the ion- 
izated donor density. The SBH temperature coefficient and 
the value extrapolated to 0 K can be obtained from the plot 
of the flat-band barrier versus the temperature. 

Figure 5 shows the variations of flatband SBH as a func- 
tion of the measurement temperature assuming for simplicity 
that both the donor concentration (Nd) and the density of 
states in the conduction band (Nc) remain constant in this 
temperature range. The linear temperature dependence with 
temperature of the flat-band SBH can be clearly appreciated 
according to theoretical predictions. The temperature coeffi- 
cient (a) for the SBH is -3.8X 10~4 V K"1 and the value 
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FIG. 5. Flat-band Schottky barrier height (OBFP) variation as a function of 
the measurement temperature. Temperature coefficients are directly ob- 
tained from the linear regression. (•) flat-band SBH; (O) apparent SBH. 

extrapolated at 0 K is 0.98 eV. Both (<&Bo and <*) agree very 
well with previously reported values for the monosilicide 
phase IrSi.17 

The electrical behavior of the as-deposited diodes can be 
related with the existence of the already mentioned polycrys- 
talline interlayer that appears in the Ir/Si interface reported 
previously7 according to HREM observations. This interlayer 
appears like a very faulted area with a composition that can- 
not be exactly determined and formed of grains of different 
size and orientation corresponding to the first stages of sui- 
cide formation. 

IV. CONCLUSIONS 

Ir/Si metallizations with no further heat treatment are ex- 
cellent high barrier Schottky diodes at room temperature. 
Room temperature SBH determined by I-V and C-V char- 
acterization agree if one takes into account the image force 
reduction of the barrier. 

The study of the behavior as a function of temperature 
indicates that there is a high degree of inhomogeneity in the 
SBHs at the MS interface. Flat-band SBH variation analysis 
implies that there is some IrSi formation at the MS interface 
as a consequence of a partial reaction between iridium and 
silicon. 

The properties of the SBH for Schottky diodes are 
strongly influenced by the nature of the few monolayers im- 
mediately in contact to the silicon substrate. 
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Linewidth dependence of stress relaxation and microstructural change 
in passivated AI(Cu) lines* 
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Relaxation of thermally induced stresses in passivated line structures can lead to void formation, and 
its rate is strongly correlated with microstructural change in the lines. A bending beam technique 
was used to measure the thermal stress relaxation behavior of passivated Al (1 wt % Cu) line 
structures with 3, 1, and 0.5 yum linewidths as a function of temperature up to 15 h. Our data 
indicate that stress relaxation in Al(Cu) lines depends on line geometry and temperature, and 
exhibits log (time) kinetics, which is consistent with a thermally activated dislocation glide 
mechanism. The observed behavior can be explained by a combined result of the driving force due 
to the effective shear stress and kinetics due to thermally activated mass transport. Scanning electron 
microscope and transmission electron microscope techniques were used to study stress-induced 
voiding as a function of aging time and temperature. A strong correlation between stress relaxation 
rate and void density was observed for 1 /im wide lines, but not for 0.5 /xm wide lines. A lower void 
density of 0.5 fim wide lines suggests that the bamboo grain structure may influence the mass 
transport and retard void formation. © 1997 American Vacuum Society. 
[S0734-211X(97)15404-X] 

I. INTRODUCTION 

Since the observation of stress-induced voiding phenom- 
enon in Al interconnects in 1984,1'2 many studies of this 
problem have been performed. It is generally accepted that 
relaxation of tensile stresses in Al interconnects constitutes 
the driving force for void formation.3 Stress voiding endur- 
ance of layered interconnects and its relation to stress relax- 
ation have been reported;4'5 however, a thorough investiga- 
tion of stress relaxation behavior for Al interconnects is 
desirable for understanding the mechanism(s) of void forma- 
tion and for improving Al interconnect reliability. It is clear 
that stress evolution and relaxation depend on both anneal 
temperature and line geometry. To understand this problem, 
we investigated the linewidth dependence of stress relaxation 
and the relationship between stress relaxation and stress- 
induced voiding. This article summarizes the results of this 
study, including some results briefly reported previously. 

The stress relaxation kinetics of passivated Al (1 wt % 
Cu) line structures with 3, 1, and 0.5 /zm linewidths were 
investigated using a bending beam technique. Test structures 
were annealed at 400 °C for 30 min, and cooled to tempera- 
tures suitable for measurement. It should be noted that stress 
relaxation after cooling from an elevated temperature is of 
the greatest interest because stress-induced voiding results 
from the relaxation of tensile stresses. Stress relaxation was 
measured at 250, 200, and 150 °C for 15 h. 

We limited the stress relaxation measurements between 
250 and 150 °C during cooling from 400 °C because stress 
relaxation is a combined result of the driving force and mass 

*No proof corrections received from author prior to publication. 
"'Electronic mail: paulho@mail.utexas.edu 

transport kinetics. When the stress relaxation temperature is 
low, then the driving force that comes from the thermal 
stress is high, but mass transport is slow, hence stress relax- 
ation is very slow. When the stress relaxation temperature is 
high, mass transport is fast, but the driving force is low, so 
stress relaxation is again very slow. Consequently, there ex- 
ists a temperature range where the combination of the stress 
driving force and the mass transport rate is optimized for a 
stress relaxation measurement. This temperature range was 
found to extend from 150 to 250 °C for this study. Within 
this temperature range, the observed stress relaxation kinetics 
are linewidth and temperature dependent. 

The statistics of void formation were measured as a func- 
tion of aging time and temperature using a scanning electron 
microscope (SEM). The microstructure of passivated lines 
and void morphology were investigated using a plan view 
transmission electron microscope (TEM). The relationship 
between stress relaxation and stress-induced voiding will be 
discussed. 

II. EXPERIMENT 

Tetraethylorthosilicate (TEOS) oxide and boron phos- 
phorus doped silicate glass (BPSG) films of 100 and 600 nm 
thickness, respectively, were deposited on a 625 /mm thick Si 
substrate to prevent reaction between Al and the Si substrate. 
This was followed by a deposition of 600 nm Al (1 wt % Cu) 
film and a 25 nm TiN anti-reflective coating. The Al film 
was patterned using standard photolithographic and etch pro- 
cedures to form periodic arrays of Al lines with nominal 
widths of 3, 1, and 0.5 /mm. These line structures were de- 
fined on different portions of the same wafer in order to 
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obtain identical sample preparation conditions for different 
linewidth structures. The line samples were then annealed for 
30 min at 400 °C to stabilize the microstructure. A bilayer 
passivaton of 400 nm phosphorus doped silicate glass (PSG) 
and 700 nm plasma-enhanced silicon nitride (PEN) was then 
deposited on the line samples and on the oxidized Si sub- 
strate. The stress measurements for the line samples were 
supplemented by similar measurements for blanket films of 
bilayer passivation and metal with and without the bilayer 
passivation. The stress versus temperature characteristics of 
the blanket films are required for deducing thermal stresses 
of passivated lines. 

The samples were diced to 3 mm wide by 45 mm long 
strips with periodic lines aligned parallel or perpendicular to 
the long direction of the strips. Each sample included only 
one type of line (orientation and width). These strips were 
thinned to a thickness of —400 fMva to improve the measure- 
ment sensitivity. Also, the backside of the sample was pol- 
ished to a mirror finish in order to improve the reflectance for 
the laser beam. The polished backside of the samples was 
used as a laser reflecting surface in order to avoid any arti- 
ficial effect due to diffraction of light from the periodic line 
structures on the frontside of the wafer. 

These strips were then inserted into the stress measure- 
ment system, as described in Ref. 9. After a 30 min anneal at 
400 °C in the system, stress relaxation was measured at tem- 
peratures of 250, 200, and 150 °C for 15 h. After measure- 
ment, the passivation films and metal lines were chemically 
removed in order to determine the film-free wafer curvature. 
These measured radii of curvature were then converted to the 
composite stresses using an extension of Stoney's equation 
for anisotropic films.10 It is worth noting that, in line 
samples, stresses along and across the lines are interdepen- 
dent as measured by the respective radii of curvature through 
Poisson's effect; thus both parallel and perpendicular lines to 
the sample beam should be measured. The principal stresses 
in passivated metal lines were then deduced from these com- 
posite stresses.8 

Since the microstructure of the Al(Cu) plays an important 
role in controlling the stress and its relaxation behavior, 
TEM was used to analyze its grain structure. For this pur- 
pose, the passivated line samples for microstructure study 
were annealed at 400 °C for 30 min to stabilize the micro- 
structure of the Al(Cu) and to simulate the proper condition 
for stress relaxation measurement. The passivation layer was 
removed by reactive ion etching before thinning the sample 
to ~ 100 /im. Dimpling to ~ 10 /xm and ion milling at 5 kV 
was performed until an electron-transparent region was 
reached. A JEOL 1200 EX scanning TEM (STEM) was used 
for the microscopy work. The grain size distribution of the 
passivated lines was determined from plan view TEM micro- 
graphs. 

For the stress-induced voiding study, a TEM and a SEM 
were used to examine samples aged for 2 years at room 
temperature and then annealed at 250, 200, and 150 °C for 
24 h. These samples were similar to those used for stress 
relaxation studies as they were prepared in the same wafer 
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FIG. 1. Stress vs temperature curves for (a) 0.6 /nm thick unpassivated Al (1 
wt % Cu) film and (b) 0.6 /J.m thick Al (1 wt % Cu) film passivated with a 
PEN/PSG bilayer film. 

lot. In order to obtain stress voiding statistics for 1 and 0.5 
fjum wide lines, 10 positions were selected at random and 
examined by a field emission SEM at lOkX magnification. 
For 3 fim wide lines, 5 positions were selected at random 
and examined at 5kX magnification. For the TEM void mor- 
phology study, samples were prepared using the dimpling 
and ion milling processes described earlier. 

III. RESULTS 

A. Blanket films 

Figures 1(a) and 1(b) show typical stress-temperature 
curves of unpassivated and passivated blanket Al (1 wt % 
Cu) films. These two films exhibit quite different stress ver- 
sus temperature behavior, with the unpassivated film show- 
ing less stress hysteresis compared to the passivated film. 
This is caused primarily by their different stress behaviors 
during cooling. During cooling, the unpassivated film exhib- 
its a smooth continuous increase in stress with decreasing 
temperature as is dictated by the thermal mismatch between 
the film and the substrate. There is some yielding during 
cooling in the unpassivated film, as is evidenced by a smaller 
stress versus temperature slope than that during heating from 
25 to 200 °C. In comparison, the passivated film shows a 
sharp increase in stress during cooling from 400 to 320 °C. 
This is characterized by a stress versus temperature slope 
equal to that during initial heating from 25 to 150 °C, thus 
indicating an elastic behavior upon initial cooling from 400 
°C. This is followed by a gentle increase during subsequent 
cooling to 25 °C, revealing a distinct yield behavior from 
320 to 25 °C. This behavior has been investigated11 and can 
be attributed to an effect caused by an increase in the average 
Al(Cu) grain size during the deposition of the passivation 
layer. 

Figures 2(a) and 2(b) show the stress relaxation data of 
the unpassivated and the passivated blanket films at different 
annealing temperatures. The stress relaxation data, when 
plotted as a function of log (time), show a linear relationship 
after annealing for more than 20 min. This is consistent with 
previous results,12 and suggests stress relaxation via a ther- 
mally activated dislocation glide mechanism. 
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FIG. 2. Stress relaxation behavior of (a) unpassivated film and (b) passivated 
film. Here Aa=a(t)-a(t=0). 

Stress relaxation by a thermally activated dislocation 
glide mechanism can be described by 

o-(f) = o-0 = 0)-cr* In 1 + (1) 

where a(t = 0) is the initial stress at the stress relaxation 
temperature T, a* is an effective stress relaxation rate that is 
determined from the slope of the a vs log (time) plot, and r 
is a relaxation time.13'14 We note that the term a* in Eq. (1) 
represents the stress change per decade of time and has a unit 
of stress; thus it is a convenient parameter to compare the 
stress relaxation behavior of different films and lines as a 
function of temperature. 

Stress relaxation data for the blanket films were fit by Eq. 
(1) in order to obtain the effective stress relaxation rate a* 
as shown in Fig. 3. It is clear that the unpassivated and pas- 
sivated films show quite different stress relaxation behavior. 
For the unpassivated film, the stress relaxation rate increases 
monotonically as relaxation temperature decreases. For the 
passsivated films, the stress relaxation rate shows a peak at 
200 °C but overall it is a weak function of temperature. (Al- 
though the temperature dependence of the relaxation rate for 
the passivated film is weak, the measured variation is statis- 
tically significant.) Note that the temperature dependence of 
the stress relaxation rate shown in Fig. 3 for the passivated 
and the unpassivated films resembles the respective stress 
versus temperature curves during cooling in Fig. 1. The rea- 
son will be discussed later. 

B. Passivated lines 

The stress versus temperature curves for a 1 /am wide 
passivated Al(Cu) line are shown in Fig. 4. Stresses along, 
across, and normal to the lines (ax, ay, and ov) were de- 
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FIG. 3. Stress relaxation rate as a function of temperature for (a) 0.6 fim 
thick unpassivated and (b) passivated Al (1 wt % Cu) film (PEN/PSG bi- 
layer passivation). 

termined using a micromechanical analysis described in Ref. 
8. These curves demonstrate that large compressive and ten- 
sile stresses are generated in passivated Al lines as they are 
heated and cooled. The thermal stresses are larger than those 
observed for blanket films of comparable thickness, and are 
triaxial because of the presence of the passivation layer. 
Stress changes as a function of temperature are the greatest 
along the length of the line, ax, and least along the normal 
direction, crz. 

Stress relaxation data for 1 /tm wide lines at 250 °C for 
15 h are shown in Fig. 5. Examination of the three curves 
indicates several distinct features. First, the rate of stress re- 
laxation is highest in the x (along the line) direction, then 
followed by y (across the line) and z (normal to the line) 
directions. Second, the stress relaxation data show a linear 
log (time) relationship after an initial period of 20-30 min. 
This suggests that the time-dependent stress changes in pas- 
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FIG. 4. Stress vs temperature curve of 1 /xm wide Al (1 wt % Cu) lines 
passivated with a PEN/PSG bilayer film. 
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FIG. 5. Stress relaxation behavior of 1 /im wide passivated line at 250 °C 
during cooling. Here A(T=CT(()-(T((=0). 

sivated lines may also be controlled by a thermally activated 
dislocation glide mechanism during the first 15 h of isother- 
mal annealing. 

Stress relaxation data for the principal directions at tem- 
peratures of 150, 200, and 250 °C were fit to Eq. (1) for the 
3.0, 1.0, and 0.5 /j,m wide lines in order to obtain the effec- 
tive stress relaxation rate <r*. Figure 6 shows that the stress 
relaxation rate depends both on the linewidth and the anneal 
temperature. Similar to the results shown in Fig. 5, stress 
relaxation along the line (CT*X) is fastest, followed by the 
stresses across the line (cr*y), with stress relaxation normal 
to the line (a*z) being slowest. The overall stress relaxation 
can be evaluated by considering the sum of the individual 
relaxation rates. On that basis, the 1 /u,m wide line results 
shown in the middle panel exhibit a maximum at 200 °C, 
whereas the stress relaxation behaviors of 3 /urn and 0.5 /im 
wide lines are different. As shown in the leftmost panel, the 
overall stress relaxation for 3 /tm wide lines is largest at 150 
°C, then decreases continuously from 200 to 250 °C. For 0.5 
/im wide lines, the trend is opposite as is illustrated in the 
rightmost panel where the overall stress relaxation increases 
with increasing temperature. The overall stress relaxation 

characteristics can be understood by considering the inter- 
play of the driving force which originates from thermal 
stresses and the kinetics of mass transport and depend on 
temperature and grain structure. As the relative effect of 
these two factors changes for different linewidths, the tem- 
perature dependence of the stress relaxation rate varies ac- 
cordingly. This point will be discussed later in connection 
with data on thermal stress and grain structure as a function 
of linewidth in Sec. IV. 

C. Microstructure and stress-induced voiding of 
passivated lines 

Stress relaxation is known to depend on the microstruc- 
ture of the lines. Grain structures of the passivated line 
samples after annealing at 400 °C for 30 min were examined 
using a TEM and are shown in Fig. 7. The 3 yarn wide lines 
show a uniform polycrystalline structure, whereas 1 and 0.5 
/im wide lines exhibit near bamboo and true bamboo struc- 
tures, respectively. The grain size distributions of the passi- 
vated 3, 1, and 0.5 /xm wide lines shown in Fig. 8, follow a 
log-normal distribution. The median grain sizes of 3, 1, and 
0.5 /urn wide lines are 1.69, 0.88, and 0.83 /mm, respectively. 
The median grain sizes decrease as the linewidth decreases, 
indicating that grain growth is inhibited by line edges. This 

150    200    250 150    200    250 150    200    250 

Relaxation temperature (°C) 

FIG. 6. Stress relaxation rate of passivated Al (1 wt % Cu) line as a function of temperature for (a) 3, (b) 1, and (c) 0.5 fira. wide lines, respectively. 
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observation is consistent with a previous study by Kwok 
et dl. who observed also a decrease in grain size with de- 
creasing linewidth.14 

Figure 9 shows void morphology in the passivated line 
samples stored for 2 years at room temperature and then 
annealed at 200 °C for 24 h. Voids are located at intersec- 
tions between grain boundaries and line edges, and are pre- 
dominantly wedge shaped. The typical size of the voids is in 
the range of 0.1-0.2 yarn. SEM micrographs in Fig. 10 show 
typical void distributions for samples of 3.0, 1.0, and 0.5 /im 
wide lines. The void densities which are determined from the 
SEM micrographs and presented by open-circle data points, 
are correlated with the corresponding stress relaxation rates 
and the results are presented in Fig. 11. [In Fig. 10(c), the 0.5 
/xm wide lines are separated by lines with a regularly vary- 
ing linewidth that are introduced for different purposes. The 
voids appearing in those lines are not counted in the data 
presented in Fig. 11(b).] The void density for 1 /mm wide 
lines shows a good correlation with the relaxation rate al- 
though the data for 0.5 /im wide lines do not. Figures 10 and 

FIG. 9. Void morphology for (a) 1 and (b) 0.5 ßm wide lines. Voids are 
located at the intersection of the grain boundary and line edge, and are 
predominantly wedge shaped. 
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FIG. 10. Void distribution for (a) 3, (b) 1, and (c) 0.5 /xm wide lines after a 
24 h anneal at 200 °C. Arrows indicate the void location. 

11 reveal that 0.5 yam wide lines generally have a lower void 
density than the 1 /im wide lines. 

IV. DISCUSSION 

A. Linewidth dependence of stress relaxation 

In general, the stress relaxation rate depends both on driv- 
ing force (thermal stress) and mass transport kinetics. The 
kinetics of mass transport are slow at low temperatures and 
fast at high temperatures. In contrast, the driving force which 
comes from thermal stresses during cooling is usually low at 
high temperatures and high at low temperatures, as illus- 
trated in Figs. 1 and 4. In general, thermal stresses depend on 
temperature, linewidth, line height, and passivation. When 
plastic yield is involved, thermal stress will depend on the 
grain structure. Mass transport is a function of temperature 
and grain structure. For lines with near-bamboo (1 /tm) or 
bamboo (0.5 /6m) grain structures, mass transport will occur 
through the coupling of grain boundary diffusion with inter- 
facial diffusion. In such cases, mass transport will also de- 
pend on line geometry. Overall, stress relaxation behavior 
depends on thermal stress, temperature, and line geometry. 

ra 
CL 

tz 

w 

150    200    250    300 25      150    200    250 

Anneal Temperature (°C) Anneal Temperature (°C) 

FIG. 11. Comparison of stress relaxation and void densities for (a) 1 and (b) 
0.5 /im wide lines. The open circles represent data for void density which 
refers to the scale on the right side as indicated by the arrows. 
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FIG. 12. The von Mises stress of passivated Al (1 wt % Cu) lines as a 
function of temperature for (a) 6, (b) 1, and (c) 0.5 ^m wide lines, respec- 
tively. 

Early studies showed that stress-induced voiding, and hence 
stress relaxation, exhibited a maximum near 180 °C for 2-3 
/urn wide lines.15'16 

When stress relaxation kinetics are consistent with ther- 
mally activated dislocation glide, the driving force for stress 
relaxation is a shear component of thermal stress instead of 
thermal stress itself.17 To investigate the nature of the driving 
force for stress relaxation, the von Mises yield stresses were 
examined for each of the blanket and line samples as a func- 
tion of temperature.6 The effective shear stress, which is a 
driving force for dislocation glide, is defined by von Mises 
yield criterion as 

1 l 
aY=j=[(ax-ay)

2 + (o-y-(Tz)
2 + (cTz-ax)

2]2, (2) 

where ax, cry, and az are the principal stress components.18 

It should be noted that, for the case of thin films, crx = ay and 
(Tz = 0, so the von Mises stress reduces to the measured 
stress, that is, aY=crx=ay. Thus, for thin films, the mea- 
sured stress during cooling is the driving force for stress 
relaxation. This is not applicable to passivated line structures 
because of the triaxial stress state. 

From Fig. 1(a), the driving force (the measured thermal 
stress during cooling) of the unpassivated film for stress re- 
laxation shows a large monotonic increase with decreasing 
temperature. Thus, if the temperature dependence of mass 
transport is not as large as the change in the thermal stress, 
the stress relaxation behavior would be dominated by the 
driving force. This seems to be the case for the unpassivated 
film which exhibits a temperature dependence of stress re- 
laxation resembling that of the thermal stress during cooling. 
In contrast, the passivated film in Fig. 1(b) shows a small 
stress increase during cooling between 250 and 150 °C, so 
the effect of mass transport for stress relaxation probably 
plays a more important role. As a result of the combination 
of the driving force and mass transport kinetics, the stress 
relaxation rate of the passivated film shows a peak at 200 °C, 
although the overall temperature dependence of the relax- 
ation rate is quite weak. 

The von Mises stresses of passivated lines were calculated 
from the principal stresses of 6, 1, and 0.5 jxm wide passi- 

vated Al lines and are shown in Fig. 12. The stresses were 
determined by an x-ray diffraction technique19 for the same 
type of samples prepared by the Advanced Products Re- 
search and Development Laboratory (APRDL) of Motorola. 
Stresses measured by the x-ray technique during cooling 
were used to calculate the von Mises stresses because of the 
inaccuracy in determining the zero stress position for bend- 
ing beam methods.8'20 

The von Mises stresses as a function of temperature show 
a consistent trend of increase with decreasing temperature 
with the fastest rate of increase for the widest line of 6 /u,m. 
Unfortunately, there was no stress-temperature x-ray diffrac- 
tion data for the 3 ^m wide lines to compare directly with 
the stress relaxation data. However, since the von Mises 
stresses exhibit an overall consistent trend as a function of 
temperature for linewidths ranging from 0.5 to 6 jtim, we 
assume that the von Mises stress of 3 /j,m wide lines will 
also exhibit a rapid change as the temperature decreases, 
similar to the 6 /xm lines. For narrow lines, the change in 
von Mises stresses as a function of temperature is consider- 
ably slower. Indeed, between 250 and 150 °C during cool- 
ing, the von Mises stresses of the 0.5 fim wide lines are 
almost constant. 

These results can be used to understand the linewidth de- 
pendence of the stress relaxation results shown in Fig. 6. For 
wider lines (3 /urn wide), the driving force (the von Mises 
stress at the temperature) for stress relaxation increases sig- 
nificantly as temperature decreases, and it controls the over- 
all kinetics of stress relaxation. Thus, the stress relaxation 
rate of 3 /zm wide lines is largest at 150 °C. In contrast, for 
0.5 yam wide lines, the change in von Mises stresses between 
250 and 150 °C during cooling is small [Fig. 12(c)], so the 
kinetics of stress relaxation is controlled by mass transport. 
As a result, the overall stress relaxation is fastest at the high- 
est temperature (250 °C). For 1 fim wide lines, the tempera- 
ture dependence of the relaxation rate comes about from the 
combination of driving force and mass transport. As a result, 
the rate is maximized at an intermediate temperature of 200 
°C. 

It is interesting to note that the average grain sizes for the 
3, 1, and 0.5 ^m lines are 1.69, 0.88, and 0.83 /xm, respec- 
tively, and the 3 /mm lines have a uniform polycrystalline 
structure, while the 1 and 0.5 ^m lines have near-bamboo 
and bamboo grain structures. Since grain boundary diffusion 
dominates mass transport in the temperature range of the 
stress relaxation experiments, the rate of mass transport will 
depend on the size and distribution of the grains. For the 3 
/mm line, its uniform polycrystalline structure will provide a 
grain boundary network to promote mass transport for stress 
relaxation. This results in an overall higher stress relaxation 
rate than the narrow lines with near-bamboo and bamboo 
grain structures. For the narrow lines, interfacial diffusion 
will contribute to mass transport by coupling to the grain 
boundary diffusion. At this time, it is not clear to what extent 
interfacial diffusion contributes to mass transport, although 
bamboo grains are known to reduce the overall mass trans- 
port under electromigration. However, the stress relaxation 
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rate is quite high for the 0.5 /um lines at 250 °C, indicating 
that the role of interfacial diffusion for stress relaxation may 
be different from electromigration. This problem remains to 
be investigated. 

B. Stress relaxation and voiding 

Stress relaxation is generally thought to consist of two 
stages involving plastic yielding and diffusional flow. In the 
first stage, the principal stresses are relaxed to a nearly hy- 
drostatic state. This is manifested in our studies where the 
stress relaxation rate is the highest for the largest principal 
stress (Tx along the line direction, and decreases in the order 
of across the line y and normal to the line z directions. The 
relative magnitude of the stress relaxation rate will result in a 
stress state approaching hydrostatic. In the second stage, dif- 
fusion flow occurs under nearly hydrostatic stress conditions, 
which leads to void formation. In actual cases, plastic yield- 
ing and diffusional flow do not take place in distinct se- 
quence; instead, both would occur simultaneously and con- 
tribute to stress relaxation although with different kinetics. 
Initially, stress relaxation via plastic flow is greater than that 
via diffusion, and then diffusional flow contributes more at 
longer times. 

All of the stress relaxation results, such as those shown in 
Figs. 2 and 5, can be fit to a model for thermally activated 
dislocation glide. Note that dislocation glide is a volume 
conserving process, so hydrostatic stresses cannot be relaxed. 
However, the data in Fig. 5 show that all three principal 
stress components decrease during isothermal annealing. 
This indicates that a non-volume conserving mechanism is 
also involved in stress relaxation, suggesting that a diffusion 
flow process occurs concurrently with plastic flow to relax 
thermal stresses. For such a mechanism, void formation, a 
volume change due to Al2Cu precipitation, and passivation 
deformation during aging could be possible candidates.21'22 

Precipitation and growth of Al2Cu during aging have been 
observed by some investigators.23"25 Since the atomic vol- 
ume of Al2Cu is larger than the sum of the volumes of two 
Al and one Cu atoms in an Al matrix, precipitate growth can 
account for some of the stress relaxation measured in the 
line. This would be consistent with the reduction observed in 
all three stress components, as shown in Fig. 5; however, the 
amount of relaxation is too small to explain the results 
observed.21 Besser has considered the effect of passivation 
deformation during isothermal annealing.21 Since the passi- 
vation layer is not perfectly rigid, it can deform in response 
to the stresses in Al lines to reduce all three stress compo- 
nents, and thus explain the observed reduction of hydrostatic 
stresses. However, such a stress relaxation process is ather- 
mal, contradicting the observed results which show a strong 
dependence on anneal temperature. 

Void formation seems to be a likely candidate to explain 
the non-volume conserving stress relaxation. Indeed, a clear 
correlation between the stress relaxation rate and the void 
density (or void formation rate) is observed for 1 /6m wide 
lines, although such a correlation cannot be established for 
0.5 yum wide lines due to the low void density. Further SEM 

observation of voids for 0.5 /im wide lines is underway to 
search for such a correlation. The lower void density ob- 
served in 0.5 /im wide lines (Figs. 10 and 11) can be attrib- 
uted to a change in grain structure. As shown in Fig. 7, 1 /im 
wide lines have a near-bamboo structure with some embed- 
ded polycrystalline clusters, whereas 0.5 /tm wide lines 
show an almost perfect bamboo structure. These observa- 
tions support the idea that bamboo grains retard void forma- 
tion, which is similar to the effect of reduced electromigra- 
tion damage in bamboo grain line structures. 

For interconnect reliability assessment, it is important to 
establish a correlation between stress relaxation and void for- 
mation. Although voids in passivated lines are believed to 
form primarily by relaxation of hydrostatic tensile stresses,3 

a correlation between void formation and stress relaxation 
was observed in this experiment over a 15 h period. This 
result implies that void formation should depend on both 
linewidth and anneal temperature in a manner similar to that 
observed for stress relaxation. Consequently, the optimum 
condition for stress voiding should depend on both line ge- 
ometries and anneal temperature, suggesting that predicting 
the linewidth dependence of stress voiding based on results 
obtained at a fixed temperature might lead to severe errors. 
The present study is limited to the first stage of 15 h of stress 
relaxation, which seems too short to have significant void 
growth.22 In order to study the stress-induced voiding in de- 
tail and clear manner, long-term stress relaxation experi- 
ments would be necessary. 

In order to study stress-induced voiding, a resistometric 
method has been widely used.22 It is worth noting that the 
stress relaxation measurement can be complementary to the 
resistometric method. The resistometric method is more sen- 
sitive to large voids extending across the entire line,26 

whereas the stress relaxation method may be more sensitive 
to the total void volume. Further experimental work is un- 
derway to confirm the correlation of the stress relaxation 
behavior and stress-induced voiding in the long term. 

V. CONCLUSIONS 

Stress relaxation in passivated Al (1% Cu) lines was mea- 
sured by a bending beam technique. We observed that stress 
relaxation follows a log (time) kinetics, consistent with a 
thermally activated dislocation glide mechanism. The relax- 
ation rate was found to depend on line geometry and stress 
relaxation temperature. The observed behavior can be ex- 
plained by a combined result of driving force due to the 
effective shear stress and kinetics due to thermally activated 
mass transport. The void density for different linewidths was 
examined by SEM as a function of temperature. A strong 
correlation between the stress relaxation rate and void den- 
sity was observed for 1 /im wide lines, but not for 0.5 /zm 
wide lines. A lower void density of 0.5 /im wide lines sug- 
gests that the bamboo grain structure may influence the mass 
transport and retard void formation. 
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Probeless voltage contrast using a focused ion beam for opens and shorts 
defect isolation of ultralarge scale integration technologies 
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Defect isolation in large yield mazes for accurate and timely physical analysis continues to be a 
critical part of process development for 0.4 and 0.25 fim technologies. Shrinking dimensions have 
challenged common approaches such as light emission microscopy (LEM), optical beam induced 
current (OBIC), liquid crystal, and mechanical probing to the point where alternate techniques are 
needed. This article describes simple but powerful defect isolation techniques using probeless 
voltage contrast in a focused ion beam (FIB) tool. Fail modes to which the techniques are applicable 
include deep trench capacitor polysilicon to substrate leakage, gate conductor to self-aligned contact 
shorts, metal line opens, via chain opens, and metal line to line shorts. When possible, OBIC or 
LEM are initially used to determine the approximate fail location followed by precise isolation using 
the FIB. Typical examples of each fail mode will be shown. The basic principle employs the 
positive focused ion beam to charge floating structures which tend to attenuate the secondary 
electron image. This provides a suitable potential difference between grounded and ungrounded 
structures which can be easily observed in the electron imaging mode. Using this phenomenon along 
with leveraging the ability of the FIB to cut and deposit replaces the need for a probe. In addition, 
once a defect is isolated it can be precisely marked and then unlayered or cross sectioned in situ. 
This technique has provided the only practical solution to isolate defects in some situations while 
reducing the average turn around time for feedback to process engineering. © 7997 American 
Vacuum Society. [S0734-211X(97)06104-0] 

I. INTRODUCTION 

Timely and accurate failure analysis of large yield mazes 
has been an important component of yield learning for the 
IBM/SIEMENS/TOSHIBA 64 Mb1 and 256 Mb2 DRAM pro- 
grams at IBM Microelectronics. The large critical area com- 
bined with simplistic structures enables quick identification 
of yield detractors without full product build and test. Com- 
mon yield mazes include metal line comb and serpentine 
structures, via chains, deep trench capacitor arrays, and gate 
conductor mazes with self-aligned contacts. These structures 
can be built as a short loop routing or as part of a fully 
integrated process. Identification of failure mechanisms in 
these structures has become increasingly difficult as line- 
widths continue to shrink and critical areas need to be in- 
creased. Conventional defect isolation techniques such as 
light emission microscopy (LEM), optical beam induced cur- 
rent (OBIC),3 and liquid crystal are still useful for leakage 
mechanisms but often lack spatial resolution to pinpoint the 
fail site to a single cell. OBIC has the best spatial resolution 
but, if the defect is located in the middle of a large array, 
tedious procedures must be performed to ascertain the loca- 
tion. Isolation of opens is commonly done using mechanical 
probing or e-beam techniques such as voltage contrast or 
specimen current. The problems associated with mechanical 
probing are obvious when linewidths approach 0.25 /urn. 
Electron beam techniques are usually sufficient in finding 

most opens, however to accurately record the fail location 
often requires tedious counting back to a reference point or 
recording stage movement. When a cross section of the de- 
fect is required and the defect is not optically visible (as is 
often the case for sub-micron defects) the e-beam techniques 
become impractical. In contrast, the focused ion beam (FIB) 
allows immediate sectioning or highly accurate marking of 
the fail site for later physical analysis. Finding shorts in large 
metal line mazes has always been the most challenging prob- 
lem since few techniques can accurately pinpoint the fail 
site. If liquid crystal does not work, the defect can be very 
roughly located by measuring the voltage divider created by 
the short between the comb and serpentine. Unfortunately, 
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FIG. 1. Diagram showing how secondary electrons are attenuated as the 
surface is charged by the ion beam, except in the case of the grounded 
contact and forward biased contact. 
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FIG. 2. (a) Trench capacitor test structure, (b) Trench shorted to substrate allows charge to dissipate, allowing more secondary electrons to be detected, (c) 
OBIC image showing approximate location of trench capacitor short in a 64 000 trench test structure, (d) FIB image in electron mode showing brighter 
contrast of trench capacitor which is shorted. (Box indicates where reference mark will be milled.) (e) Trench poly removed showing capacitor dielectric 
breakdown. 

this only works if a single defect is present and at best only 
isolates the defect to a region consisting of several metal 
lines. The FIB tool has been found to be a very effective 
defect isolation tool by imaging the voltage contrast induced 
by the interaction of the ion beam and the electrical behavior 
of the open or short. Most defect mechanisms in the mazes 
mentioned above can be quickly and accurately located and 
then permanently marked for subsequent analysis. Leverag- 
ing the ability of the FIB to cut and deposit metal lines 
allows isolation of metal line opens and shorts without the 
need for in situ probes. Similar techniques have been applied 
using electron beams.4 However, these techniques are limited 
because they usually require active probes and, most impor- 

tantly, do not allow in situ circuit modification. For deep 
trench capacitor leakage and gate conductor leakage in large 
mazes, LEM or OBIC assist in approximating the location of 
the fail. The FIB is then used to pinpoint the fail site to a 
single cell. Significant improvements in turnaround time and 
no defect found (NDF) rate have been realized using this 
technique. In addition, a method has been demonstrated for 
finding metal line shorts, which otherwise had been nearly 
impossible to find using conventional techniques. This article 
will discuss the theory of operation and will describe the 
isolation technique used for four practical applications. 
These include deep trench capacitor leakage, gate conductor 
leakage, metal line opens, and metal line shorts. 
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FIG. 3. (a) OBIC image showing approximate location of metal contact to 
poly Si gate short in a 500 000 contact test structure, (b) FIB image showing 
exact metal contact shorted to poly gate. Location has been "marked" for 
mechanical cross-section with milled boxes, (c) SEM micrograph of me- 
chanically cross-sectioned contact to poly gate short. 

II. THEORY OF OPERATION 

When the gallium ion beam of a FIB tool strikes the sur- 
face of a conductor it produces a yield of greater than one 
secondary electron per ion. There is thus a net depletion of 
negative charge from the target unless it is grounded. There- 
fore, a floating conductor will tend to charge positive and 
recollect its own secondary electrons. If the ion beam strikes 
a grounded conductor the potential and thus the secondary 
emission will tend to stay relatively constant. As a conse- 
quence the floating conductor will appear darker in the sec- 
ondary electron image than a similar grounded structure. Us- 
ing this simple concept along with cutting and patching 
metal lines allows the FIB to become a powerful defect iso- 
lation tool. In the process of isolating a defect it is often 
necessary to ground or float a conductor. To ground a metal 
line a hole is milled to the silicon substrate near or on the 
line and is then filled with tungsten. Alternately, to float a 
conductor, the line is simply cut from the grounding path. A 
voltage contrast can also be imaged between conductors tied 
to «-type diffusions versus p-type diffusions. The positive 
ion beam will tend to reverse bias «-type diffusions and thus 
allow the conductor potential to rise above 1 V. In compari- 
son, conductors tied to p-type diffusions will charge to for- 
ward bias the diffusion and thus limit the voltage to about 
0.6 V. A third type of voltage contrast can be imaged by 

;"fa|i§l|  .-. 

(d) 

FIG. 4. (a) Metal line serpentine/comb test structure with 5 serpentines and 
2 combs. Entire structure is built over Si oxide and is electrically floating, 
(b) Two of the serpentines have been grounded by milling a hole from the 
test pad down to the Si substrate, (c) Low magnification FIB image illus- 
trating the brighter image obtained from the grounded serpentines on one 
side of a metal open, (d) Exact location of metal open is easily determined 
from contrast difference. 

secondary electrons when a small conductor is shorted to a 
floating conductor with very large capacitance. An example 
is when an isolated contact to «-type diffusion is shorted to a 
very long gate conductor. Good contacts surrounding the 
shorted contact will charge positive as the diffusion is re- 
verse biased thus decreasing their secondary electron emis- 
sion. The shorted contact will only begin to charge positive 
once the large conductor is charged. This allows the shorted 
contact to be "effectively grounded" long enough to image 
its voltage contrast to the surrounding good contacts. Figure 
1 illustrates the various types of voltage contrast described 
above. The examples which follow were done on a Micrion 
9000 FIB with typical beam conditions set at 30 keV with a 
2 /xA. extraction current. Aperture sizes varied between 100 
and 400 fim (corresponding to beam currents of 0.06-1.8 
nA) depending on the application. It is desirable to operate 
with the 100 /xm aperture for higher resolution and to mini- 
mize beam damage. However, there are occasions when a 
larger aperture is needed to increase the sample current, 
which results in a larger potential difference between good 
and bad structures. One example is when trying to isolate 
high resistance contacts where higher beam current provides 
a larger voltage drop across the bad contact and thus yields a 
stronger voltage contrast. 

III. APPLICATIONS 

Examples are given where this technique was used to iso- 
late defects as part of a 64 Mb DRAM development program. 
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FIG. 5. (a) FIB image of a metal-via-metal interlevel chain open. One end of 
the chain has been grounded, (b) Optical micrograph showing fail 
"marked" for mechanical cross section, (c) SEM micrograph of mechani- 
cally cross-sectioned open via. 

A. Deep trench capacitor leakage isolation 

In order to accelerate yield learning in the 64 Mb pro- 
gram, wafers were periodically pulled from product lots and 
a special mask was used to connect large blocks of deep 
trench capacitor cells in parallel using the polysilicon fill as 
the conductor. These blocks of trenches could then be mea- 
sured for polysilicon to substrate leakage across the trench 
insulator [Fig. 2(a)]. In order to isolate failing trenches for 
failure analysis, OBIC or copper decoration techniques are 
typically used [Fig. 2(c)]. Often these techniques allow one 
to approximate the location of the fail, but precise isolation 
to an individual failing trench is difficult. Even if one is 
successful in isolating a trench, it is difficult to record the 
location of that trench in a large structure. Using the FIB as 
a probeless voltage contrast tool, an individual trench can be 
isolated after getting an approximate location from one of the 
above techniques. The polysilicon is first recessed to electri- 
cally isolate the trenches using traditional wet etch or reac- 
tive ion etch (RIE) techniques. The chip is then placed in the 
FIB and imaged in the electron mode, causing the fail to 
appear brighter than the surrounding trenches [Figs. 2(b) and 
2(d)]. The defect can then be marked by milling boxes 
nearby, and subsequently unlayered or cross-sectioned for 
scanning electron microscope (SEM) or transmission elec- 
tron microscope (TEM) to determine the cause of fail [Fig. 
2(e)]. 

B. Polysilicon gate to metal contact short isolation 

The 64 Mb product cell uses a borderless contact to dif- 
fusion defined by the polysilicon gate. A productlike test site 
connects all the gates as a large serpentine and connects the 
metal contacts as another serpentine using the first level of 
metal. The two serpentines can then be tested for gate to 
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FIG. 6. (a) Typical comb serpentine metal shorts test site with comb 
grounded, (b) FIB cut causing left side of serpentine to be floating, thus 
reducing the secondary electron signal, (c) FIB image of a metal line 
serpentine/comb test structure. Comb 1 has been grounded, serpentine 1 is 
shorted to it. (d) Serpentine has been cut in the FIB. The left side is no 
longer shorted to the comb so it now appears darker, (e) Short has been 
isolated to one serpentine line, (f) Short has been isolated to a small section 
of the serpentine line, (g) SEM micrograph of metal short showing a thin 
Ti/TiN liner bridge. 

metal contact shorts. To isolate the defect, OBIC was tradi- 
tionally used because the contacts are connected to isolated 
diffusions. Isolating the defect to one contact can be tedious, 
especially if the fail site is located several hundred microns 
from any unique reference point. After OBIC is used to ap- 
proximate the location of the fail [Fig. 3(a)], imaging the 
identified region in the FIB allows further isolation to a 
single contact. Since the failing contact is effectively 
grounded to the large poly gate serpentine, it will appear 
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much brighter than the surrounding contacts [Fig. 3(b)]. The 
contact can then be marked with milled boxes near the defect 
and subsequently unlayered or cross-sectioned to determine 
the cause of fail [Fig. 3(c)]. 

C. Metal conductor line and via chain opens 

A number of yield structures with metal line serpentines 
and intermetal via chains are included in the development 
kerf of the 64 Mb product chip. Full chip test sites are also 
used to evaluate process changes in the back-end of line 
processing. The metal serpentines on these test sites can be 
quite large, some covering the equivalent to a 16 Mb area of 
the chip. Finding small metal opens becomes impractical us- 
ing optical inspection. Via chain opens are usually not vis- 
ible at all unless they are located first and unlayered or cross- 
sectioned. Using the FIB, metal opens can be isolated by 
grounding one end of the metal serpentine. This can be done 
by milling a hole in the metal probing pad deep enough to 
touch the Si substrate. The hole can then be filled with tung- 
sten if the FIB is equipped with a tungsten deposition option. 
Often, by intentionally making a "rough" cut, i.e., using a 
large aperture with no further touch up, the tungsten deposi- 
tion is not needed since enough metal has been redeposited 
in the hole to make the connection. The metal serpentine is 
now grounded and will appear bright in an electron mode 
image [Figs. 4(a) and 4(b)]. The part of the serpentine be- 
yond the open is still floating and will appear darker. Using 
this difference in contrast, the defect can easily be isolated 
[Fig. 4(c) and 4(d)]. Similarly, an interlevel metal via chain 
open can be isolated in the same way. One end of the chain 
is grounded which causes the entire chain to appear brighter 
until the open is reached [Fig. 5(a)]. The failing via can then 
be marked and cross-sectioned or unlayered [Figs. 5(b) and 
5(c)]. 

D. Metal conductor line to line shorts 

Using the FIB probeless voltage contrast technique to find 
metal shorts has become extremely valuable for the 64 Mb 
program. Because of the large sizes of the serpentine mazes 
(see above), even isolating a short down to a region of a 
maze using the short as a voltage divider is not accurate 
enough. Many defects such as TiN stringers at the bottom of 
an Al line, or an assortment of underlying defects in the case 
of the metal damascene process5 cannot be seen visually. 
Therefore, defect isolation down to a very small area is nec- 
essary for subsequent SEM review. In a typical application, 
the comb of the maze is grounded by milling a hole in the 

metal probing pad deep enough to touch the Si substrate. 
This causes the metal comb to appear bright in the electron 
imaging mode. If the adjacent metal serpentine is shorted to 
the comb, it will also appear bright since it is now grounded 
[Figs. 6(a) and 6(c)]. The serpentine is cut using the FIB to 
mill away a section of line. The portion of the serpentine 
shorted to the comb still appears bright, but the portion now 
floating is dark since it is no longer grounded [Figs. 6(b) and 
6(d)]. By making successive cuts in the serpentine, the fail 
can be isolated to one row of the maze [Fig. 6(e)]. Cutting 
the serpentine in half each time, this method will require at 
most N cuts (where 2 to the power of TV equals the number of 
serpentine rows) to locate one defect. If there is more than 
one defect present, they can all be isolated by continuing 
with the same procedure. By further cutting, the defects can 
be isolated to a small area [Fig. 6(f)]. As a bonus, it has been 
noticed that many embedded shorts are easier to image in the 
FIB than the SEM. Defects can now be marked for SEM 
imaging, cross-sectioning, or unlayering [Fig. 6(g)]. 

IV. CONCLUSIONS 

Leveraging the FIB as a probeless voltage contrast tool 
has been shown to provide practical defect isolation tech- 
niques for opens and shorts in large yield structures. Since 
FIB tools are commonly installed at most semiconductor 
fabs, this technique gives the failure analysis engineer an- 
other defect isolation tool without additional capital invest- 
ments. Enhancements to this technique may include probes 
in the FIB tool that would allow further flexibility if biasing 
is needed. In addition, the techniques described here have 
been successfully applied to DRAM product chips. The suc- 
cess rate for finding defects whose exact location cannot be 
deducted from a bit-fail map (bit line fails, word line fails, 
block fails) has been greatly improved. 
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Surface roughness of nitrided (0001) Al203 and AIN epilayers grown 
on (0001) Al203 by reactive molecular beam epitaxy 
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Nitridation of c -plane sapphire followed by deposition of a low temperature AIN or GaN buffer is 
commonly employed in the growth of GaN-based structures which have received a great deal of 
attention recently. In order to gain some needed insight, we undertook an investigation of nitridation 
of sapphire followed by the subsequent growth of AIN buffer layers in a reactive molecular beam 
epitaxy environment. Atomic force microscopy was used to characterize the surface roughness of 
samples after exposure to various nitridation conditions. Nitridation at higher temperatures was 
found to yield smoother substrate surfaces possibly due to smoothing of scratches introduced during 
substrate preparation. Incorporation of nitrogen into sapphire surfaces during the nitridation process 
was verified using x-ray photoelectron spectroscopy by observing the development of the N Is peak 
with nitridation time. The surface roughness of AIN layers deposited on these nitrided surfaces was 
found to increase dramatically with thickness due to a significant coarsening of the surface 
topography. Surface roughness was found to decrease with increasing growth rate, the smoothest 
films being obtained with a growth rate of 140-200 nm/h at a substrate temperature of 800 °C. 
© 1997 American Vacuum Society. [S0734-211X(97)13904-X] 

I. INTRODUCTION 

Group III nitrides have emerged as highly promising wide 
band gap semiconductors for both electronic and optoelec- 
tronic device applications.1 Recent interest in these semicon- 
ductors has led to the development of high-efficiency blue 
light emitting diodes2 and blue laser diodes.3 Significant 
progress has also been made in the development of electronic 
devices including GaN/AlGaN modulation-doped field effect 
transistors4 (MODFETs). Prepared by reactive molecular 
beam epitaxy (RMBE), recent MODFETs yielded high trans- 
conductance (3*200 mS/mm) and drain-source current 
(5=600 mA/mm). Although SiC substrates exhibit a number 
of advantages over sapphire such as smaller lattice mismatch 
and better thermal conductivity, many researchers still obtain 
better results on sapphire, necessitating investigations such 
as the present one. 

It has been observed that thin low temperature AIN (Ref. 
5) or GaN (Ref. 6) buffer layers enhance the GaN crystalline 
quality grown on them in the metal organic chemical vapor 
deposition (MOCVD) process. Koide et al.1 suggested that, 
in MOCVD, the low-temperature-grown AIN buffer layer 
plays a significant role by providing sufficient nuclei for the 
alignment of the crystal axis to the c-axis, and by reducing 
the fluctuation of the crystal mosaic structure. When the AIN 
film is grown on a (1102) oriented sapphire substrate after 
low-pressure nitridation at 1200 °C, the sapphire surface is 
chemically converted into a composite of Al, N, and O by 
the nitridation process, leading to a smoother surface mor- 

phology of the film.8 A transmission electron microscopy 
study of the interface between AIN and (1102) sapphire sub- 
strate also identified an atomically flat interface when initial 

a'Electronic mail: w-kiml@uiuc.edu 
b)On sabbatical leave at Wright Laboratory, Wright Patterson AFB, OH 

45433 under a University Resident Research Program funded by AFOSR. 

nitridation was employed. Hwang et al. reported that 
MOCVD-grown GaN films on prenitrided c -plane sapphire 
substrates gave rise to enhanced electrical and optical prop- 
erties despite the rough surface morphology. Most recently, 
an atomic force microscopy (AFM) study of the nitrided sap- 
phire substrates in MOCVD has been conducted.11 This 
study shows that extended nitridation time with a fixed nitri- 
dation temperature (1050 °C) can result in a high density of 
nitrided protrusions on sapphire substrates, favoring three- 
dimensional growth of the successive GaN film. Also, nitri- 
dation of the sapphire substrate by nitrogen plasma in elec- 
tron cyclotron resonance assisted molecular beam epitaxy 
(MBE)12 has been reported to improve the quality of GaN 
films. 

It is apparent from the studies mentioned above that nitri- 
dation of sapphire substrates can enhance the quality of 
III-V nitride layers grown by MOCVD. To our knowledge, 
no such study of the nitridation process and its effect on 
growth by the RMBE technique has yet been performed. 
Notably, the activation process of the nitrogen species and 
the growth surface mediated chemical reaction, which leads 
to high growth rates (~2 /xm/h),13 are different in RMBE 
when compared with MOCVD. However, although there are 
a number of differences between MOCVD and RMBE, the 
nitridation process that involves active nitrogen species gen- 
erated from ammonia molecules on a heated sapphire sub- 
strate is similar in both cases. Yamamoto14 observed in the 
MOCVD process that nitridation of sapphire surface occurs 
at a temperature higher than 800 °C. Incidentally, this is the 
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TABLE I. Experimental conditions and area roughness data for nitrided surfaces and AIN layers. 

AIN growth Nitridation Nitridation D 

Sample temperature (°C) temperature (°C) time (min) Thickness (nm) Growth rate (nm/h) RA (nm) (nm) 

N0a 0.09 0.11 
Nla 800 1 0.13 0.17 
N5a 800 5 0.18 0.22 
N15a 800 15 0.17 0.21 
N30a 800 30 0.18 0.23 

Nib 850 1 0.07 0.08 
N5b 850 5 0.10 0.13 
N15b 850 15 0.12 0.15 

NlA40a 800 800 1 40 40 0.43 0.58 
N10A40a 800 800 10 40 40 0.34 0.44 
N10A120a 800 800 10 120 40 1.29 1.67 
NIOAOOa 800 800 10 130 130 0.44 0.62 

NlA40b 850 850 1 40 210 0.37 0.48 
NIAlOOb 850 850 1 100 210 0.64 1.00 
NlA210b 850 850 1 210 210 3.74 4.90 

nitridation and growth temperature used in our RMBE pro- 
cess. Thus, in this article, we discuss an AFM and x-ray 
photoelectron spectroscopy (XPS) study aimed at determin- 
ing the optimum conditions for nitridation and AIN growth, 
which provide smooth surfaces for the subsequent epitaxial 
growth of AIN buffer layers and GaN, respectively. This was 
accomplished by determining the effect of nitridation param- 
eters on the surface roughness and chemical state of the ni- 
trided surface, and on the surface roughness of AIN buffer 
layers grown after the nitridation process by RMBE. 

II. EXPERIMENT 

A conventional Riber 1000 MBE system was converted to 
a RMBE system in which ammonia gas was supplied 
through an ammonia injector. The temperature of the ammo- 
nia injector was maintained at 300 °C to avoid condensation 
of ammonia inside the injector tube during growth. The 
c -plane sapphire substrates were first degreased by dipping 
into warm trichloroethane, then cleaned with acetone and 
methanol, and finally rinsed with DI water. They were then 
etched in a hot solution of H2S04:H3P04=3:1 for 20 min 
and rinsed with DI water before being blow-dried with fil- 
tered nitrogen gas. Molten indium was used to mount the 
etched substrate on a silicon template held on a Mo block 
with carbon screws, and loaded into the sample introduction 
chamber. Before the initiation of growth, the substrates were 
heated to about 850 °C and held for about 3 min to desorb 
any surface contaminants. This was followed by nitridation, 
which was carried out by exposing the substrate to ammonia 
(16 seem) while keeping the substrate temperature at 800 or 
850 °C for a certain period of time. For some of the experi- 
ments, AIN was subsequently deposited. All of the growth 
parameters are listed in Table I. The thickness of the AIN 
layer was measured by an alpha-stepper and cross-sectional 
scanning electron microscopy. The surface morphology of 
the samples was investigated by AFM. To obtain reliable 
AFM images as well as surface roughness data, at least five 

regions of each sample were examined. The arithmetic mean 
deviation RA and root mean square deviation /!„ of AFM 
data values for a given area were used to describe the surface 
roughness of the samples. The nitrided substrates were ana- 
lyzed using a PHI 5400 XPS with a Mg target to detect the 
incorporation of nitrogen species into the nitrided surface. 

III. RESULTS AND DISCUSSION 

A. Nitridation 

Figures 1 (a) and 1 (b) depict three-dimensional AFM im- 
ages of the surfaces of the sapphire substrates after thermal 
desorption at 850 °C for 3 min and exposure to NH3 gas at 
800 °C for periods of 0 and 30 min (samples N0a and N30a, 
respectively). Substrate surface damage is clearly visible on 
the surfaces of each of the samples due to the substrate pol- 
ishing process. A low density (~108 cm""2) of surface out- 
growths was observed after 30 min of nitridation as shown in 
Fig. 1(b). The presence of surface damage does not appear to 
have influenced the formation of the protrusions and there is 
no clear correlation between the positions at which the pro- 
trusions have formed and the local surface topography. 
Uchida et al.11 observed similar protrusions after 5 min of 
nitridation at 1050 °C in a MOCVD system, however, the 
density was approximately three orders of magnitude greater 
than that observed in Fig. 1(b). It is likely that the combina- 
tion of a higher substrate temperature and background am- 
monia pressure promotes a more rapid nitridation reaction 
leading to a higher density of protrusions in MOCVD-grown 
samples. 

To further characterize the influence of temperature on 
surface topography during nitridation, the substrate tempera- 
ture was increased to 850 °C and fresh samples were ex- 
posed to ammonia flow (16 seem) for periods of 1, 5, and 15 
min (samples Nib, N5b, and N15b, respectively). Figure 2 
shows the variation in surface roughness as a function of the 

J. Vac. Sei. Technol. B, Vol. 15, No. 4, Jul/Aug 1997 



923 Kim et al.: Surface roughness of nitrided (0001) Al203 923 

1999.14 nm 

(a) 

1999.14 nm 

Onm 

(b) 

FIG. 1. AFM images of the surfaces of sapphire substrates after thermal desorption at 850 °C, and exposure to ammonia gas flow (16 seem) for (a) 0 min (bare 
sapphire), (b) 30 min at a substrate temperature of 800 °C. 
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FIG. 2. Variation in surface roughness with nitridation duration for two 
different temperatures (800 and 850 °C). Upper two lines correspond to 
nitridation at 800 °C and lower two lines to 850 °C. 0 min nitridation cor- 
responds to bare sapphire substrate after thermal desorption at 850 °C. Open 
markers are for RA and closed ones for Rlms roughness. Dotted lines con- 
necting data points are fitted curves. The error range for the data is ±10%. 

nitridation time, tN, for the two different substrate tempera- 
tures TN. The roughness data for the surfaces nitrided at 
850 °C are lower than for those nitrided at 800 °C for the 
nitridation periods used in this investigation as shown in Fig. 
2. A smoothing of the mechanical damage for the samples 
nitrided at 850 °C was apparent (not shown in this article), 
contributing to the lower surface roughness. For the nitrida- 
tion temperature of 850 °C, the data suggest an initial de- 
crease in surface roughness after 1 min nitridation. The mag- 
nitude of this decrease is comparable to the error in the 
roughness measurements, however, the form of the rough- 
ness curves as a function of nitridation time at the two tem- 
peratures are similar. Thus, the possibility of an initial de- 
crease in roughness during nitridation at 850 °C should not 
be ruled out since nitridation at this temperature does yield 
sapphire surfaces with lower roughness than those nitrided at 
800 °C. 

The nitridation reaction is believed to yield A1NA.01_X via 
the exchange of oxygen atoms from sapphire and nitrogen 
atoms from ammonia.11 XPS analyses were carried out to 
confirm the incorporation of nitrogen atoms into the sapphire 
substrate during the nitridation process. Figure 3(a) and 3(b) 
show high resolution XPS scans for oxygen 15 and nitrogen 
Is lines for a bare sapphire substrate (sample NO, curve 1), 
the sapphire substrate nitrided for 1 min at 800 °C (sample 
Nla, curve 2), and the sapphire substrate nitrided for 30 min 
at 800 °C (sample N30a, curve 3). There is essentially no 
nitrogen 1 s peak for the bare sapphire substrate, as expected. 
Based on the development of the nitrogen 1 s peak with ni- 
tridation time as shown in Fig. 3(b), it is speculated that 
nitrogen atoms are incorporated into the surface of the sap- 
phire substrate even with only 1 min of nitridation. From the 
XPS scan after 30 min nitridation, it can be seen that the 
oxygen Is line has been down shifted by about 0.25 eV 
relative to the spectra obtained from the bare sapphire 
sample and the sample nitrided for 1 min. Although further 

Nitridation 

@ 800 °C 

550 540 530 

Binding energy (eV) 

(a) 

520 

i i i i I i i i i I i i i i I i i i i I i i i i I i i 

Nitridation 

@ 800 °C 

Binding energy (eV) 

(b) 

FIG. 3. High resolution XPS scan for (a) O Is line, (b) N Is line. In the 
figures, curve 1 corresponds to the bare sapphire substrate, curve 2 to the 
sapphire substrate that underwent 1 min of nitridation, and curve 3 to 30 min 
of nitridation. 

investigation is required, it is possible that this is due to a 
chemical shift arising from the generation of a significant 
number of new bonding states between oxygen and nitrogen 
atoms in the nitrided layer. 

B. AIN growth 

It has been reported5 that AIN buffer layers grown by 
MOCVD at higher substrate temperatures have a rougher 
surface morphology than those grown at lower temperatures 
(«600 °C). It has also been reported that buried polycrystal- 
line or amorphous AIN layers deposited by MOCVD at 
lower temperatures are converted into single crystal form 
during substrate heating and GaN deposition at elevated tem- 
perature (&1000 °C),5 however, it is not clear how the con- 
version affects the growth of the GaN. Unlike the AIN buffer 
layers grown by MOCVD, RMBE-grown AIN buffer layers 
are not subjected to temperatures on the order of 1000 °C 
since the growth temperature of our GaN layers is the same, 
or lower than, the growth temperature of the AIN buffer. The 
surface roughness and crystalline quality of the as-grown 
AIN buffer layer will therefore have a more direct influence 
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1999.14 nm 

0 nm 

(a) 

(b) 

FIG. 4. AFM images for AIN surface grown with growth rate of 210 nm/h up to various thicknesses. The conditions for the growth and the nitridation are 
detailed in Table I. (a) Sample NlA40b, (b) sample NIAlOOb, (c) sample NlA210b. 
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2000 nm 
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FIG. 4. (Continued). 

on the quality of the GaN layer deposited on it. Table I 
summarizes the experimental conditions for the nitridation 
processes we investigated. It also lists the growth conditions 
for the A1N buffer, layers grown on various nitrided surfaces 
described earlier in the text. 

In order to understand the effect of nitridation time on the 
roughness of the A1N layers, two 40 nm-thick A1N films 
(samples NlA40a and N10A40a) were grown with 1 and 10 
min nitridation, respectively, keeping all other growth con- 
ditions identical. These periods were chosen since the former 
represents a relatively smooth nitrided surface and the latter 
a rougher surface as discussed in the previous section. From 
Table I it can be seen that, although the substrate surface is 
more rough after 10 min nitridation compared with only 1 
min of nitridation, the surface of the A1N layer with 10 min 
nitridation is smoother. The surfaces of the A1N layers are 
characterized by a high density of protrusions, with average 
diameters of 100 and 50 nm for the 1 min and 10 min nitri- 
dation times, respectively. The quoted feature dimensions 
should be treated with some caution, however, as they rep- 
resent upper bounds on the feature sizes since the images 
obtained using AFM actually represent a convolution of the 
tip and surface geometries. Although the latter film has a 
lower Rms surface roughness, there is a higher density of 
potential nucleation sites for subsequent GaN growth. It is 
not yet clear how this will affect the quality of subsequent 
GaN layers. In an attempt to obtain smoother A1N surfaces 
with large A1N crystallites, thicker (120 nm) layers were 

grown, one at the same growth rate as the previous layers (40 
nm/h), and one at the higher growth rate of —120 nm/h 
(samples N10A120a and N10A130a, respectively). Nitrida- 
tion of the substrate was performed for 10 min in both cases. 

An increase in film thickness at the same growth rate led 
to a significant increase in the coarseness of the A1N surface 
(the surface roughness increased by a factor of 4 for sample 
N10A120a), with the crystallites having an average diameter 
of approximately 143 nm. The sample grown at the higher 
growth rate (N10A130a), however, having almost the same 
thickness as sample N10A120a, was found to be significantly 
smoother. The main contributions to the surface roughness of 
this sample are isolated surface protrusions. 

Based on the data from the previous section, it is evident 
that nitridation at 850 °C for 1 min results in the smoothest 
substrate surface. Using this condition, three A1N layers 
(NlA40b, NIAlOOb, and NlA210b) were grown at the 
higher growth rate of 210 nm/h up to three different thick- 
ness (40, 100, and 210 nm, respectively). Figures 4(a)-4(c) 
show the AFM images of these three samples. The surface 
roughness increases with thickness as shown in Fig. 5. An 
inspection of Figs. 4(a)-4(c) indicates that substantial coars- 
ening of the A1N surface has occurred at a thickness of 100 
nm [Fig. 4(b)], with further surface roughening occurring at 
greater thickness [Fig. 4(c)]. It should again be noted that the 
images presented in Fig. 4 represent a convolution of tip and 
surface geometries; while the trend towards substantial sur- 
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min and then saturates with further nitridation. Within the 
scope of the experiment, the roughness values for higher 
nitridation temperature are smaller overall due to a smooth- 
ing out of substrate surface damage. The incorporation of 
nitrogen species during the nitridation period has been con- 
firmed using XPS. 

The surface morphology of A1N layers deposited on ni- 
trided surfaces in our system is influenced primarily by the 
layer thickness and growth rate. With increasing film thick- 
ness the surface undergoes a ripening transition leading to a 
rough, coarse-grained morphology. For a given layer thick- 
ness, an increase in the growth rate from 40 to 120 nm/h was 
found to give a reduction in the surface roughness by up to a 
factor of 3. 

FIG. 5. Variation in surface roughness of AIN layer with thickness. Nitrida- 
tion was carried out at 850 °C except one data point with thickness of 170 
nm, which was nitrided at 800 °C. Open markers are for RA and closed ones 
for firms roughness. Dotted lines connecting data points are fitted curves. The 
error range for the data is ±10%. 
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face coarsening is clear, the protrusions may in fact be 
sharper than their representations in the figure. 

It is evident from our investigation that, over the ranges of 
conditions investigated, nitridation period and growth tem- 
perature alone are not the primary factors determining the 
surface roughness of AIN layers. The most dramatic influ- 
ences on the surface roughness of AIN are layer thickness 
and growth rate; for a given growth rate there is a significant 
coarsening of the surface morphology with increasing thick- 
ness suggesting ä microstructural ripening mechanism which 
is not critically dependent on the initial density of nucleation 
sites provided by the nitrided surface. Our study indicates 
therefore that the optimum growth conditions required to ob- 
tain the smoothest AIN buffer layers are found with film 
thickness in the range 40-130 nm deposited at growth rates 
of between 130 and 210 nm/h, since lower growth rates in- 
crease the density of surface protrusions. 

IV. CONCLUSION 

The effect of different nitridation conditions on the sur- 
face roughness of sapphire substrates and AIN layers subse- 
quently deposited has been studied using AFM. At the nitri- 
dation temperatures used in this report (800 and 850 °C), the 
surface roughness increases with nitridation duration up to 5 

'S. N. Mohammad, A. Salvador, and H. Morkoc, Proc. IEEE 83, 1306 
(1995). 

2S. Nakamura, M. Senoh, N. Iwasa, and S.-I. Nagahama, Jpn. J. Appl. 
Phys. 34, L797 (1995). 

3S. Nakamura, M. Senoh, S.-I. Nagahama, N. Iwasa, T. Yamada, T. Mat- 
sushita, H. Kiyoku, and Y. Sugimoto, Jpn. J. Appl. Phys. 35, L76 (1996). 

4Z.-F. Fan, S. N. Mohammad, O. Aktas, A.E. Botchkarev, A. Salvador, 
and H. Morkoc, Appl. Phys. Lett. 69, 1229 (1996); S. N. Mohammad, 
Z.-F. Fan, A. Salvador, O. Aktas, A.E. Botchkarev, W. Kim, and H. 
Morkoc, ibid, 69, 1420 (1996); O. Aktas, W. Kim, Z.-F. Fan, A.E. Botch- 
karev, A. Salvador, S.N. Mohammad, B. Sverdlov, and H. Morkof, Elec- 
tron. Lett. 31, 1389 (1995). 

5I. Akasaki, H. Amano, Y. Koide, K. Hiramatsu, and N. Sawaki, J. Cryst. 
Growth 98, 209 (1989); J. N. Kuznia, M. A. Khan, D. T. Olson, R. 
Kaplan, and J. Freitas, J. Appl. Phys. 73, 4700 (1993). 

6S. Nakamura, Jpn. J. Appl. Phys. 30, L1705 (1991). 
7Y. Koide, N. Itoh, K. Itoh, N. Sawaki, and I. Akasaki, Jpn. J. Appl. Phys. 
27, 1156(1988). 

8H. Kawakami, K. Sakurai, K. Tsubouchi, and N. Mikoshiba, Jpn. J. Appl. 
Phys. 27, L161 (1988). 

9K. Masu, Y. Nakamura, T. Yamazaki, T. Shibata, M. Takahashi, and K. 
Tsubouchi, Jpn. J. Appl. Phys. 34, L760 (1995). 

10C.-Y. Hwang, M. J. Schurman, W.E. Mayo, Y. Li, Y. Lu, H. Liu, T. 
Salagaj, and R. A. Stall, J. Vac. Sei. Technol. A 13, 672 (1995). 

11K. Uchida, A. Watanabe, F. Yano, M. Koguchi, T. Tanaka, and S. Mina- 
gawa, J. Appl. Phys. 79, 3487 (1996). 

12T.D. Moustakas, T. Lei, and R. J. Molnar, Physica B 185, 36 (1993). 
I3W. Kim, O. Aktas, A.E. Botchkarev, A. Salvador, S. N. Mohammad, and 

H. Morkoc, J. Appl. Phys. 79, 7657 (1996). 
I4A. Yamamoto, M. Tsujino, M. Ohkubo, and A. Hashimoto, J. Cryst. 

Growth 137, 415 (1994). 

JVST B - Microelectronics and Nanometer Structures 



Influences of the [(Ba,Sr)Ti03]-modified Ru02 interface 
on the dielectric constant and current-voltage characteristics 
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Seoul 133-791, Korea 
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The electrical properties of (Ba,Sr)Ti03 (BST) thin films on modified Ru02 electrodes were 
investigated. The surfaces of rf magnetron sputtered Ru02 electrode were modified by rf plasma 
etching, 02 annealing, and overlayer coating of Pt. BST thin films were deposited on the various 
electrodes at identical conditions. There was no significant influence of the surface roughness on the 
phase formation and columnar, hillock-free, and dense BST films were obtained in all cases. BST 
films on different electrodes showed analogous dielectric constant when the effective electrode area 
was considered in calculation. But the roughened surface having large charge accumulation area is 
advantageous for carrying larger charge storage capacity. The leakage current of the BST film on 
Ru02 electrode without any modification at 1.5 V was 5.06X 1CT5 and it increased to 7.92 
X 10"5 and 1.07X 10"4 A/cm2 for the BST films on annealed Ru02 and rf plasma etched Ru02, 
respectively. The BST film on Pt/Ru02/Si02/Si showed the lowest leakage current of 9.64 
X 10~7 A/cm2. The Schottky barrier height acquired from the temperature dependence of I-V 
characteristics turned out to be 0.94, 0.79, 0.72, and 1.65 eV for the interface between the BST film 
and the Ru02 reference, rf plasma etched Ru02, annealed Ru02, and Pt(50 nm)/Ru02. © 7997 
American Vacuum Society. [S0734-211X(97) 14004-5] 

I. INTRODUCTION 

(Ba,Sr)Ti03(BST) thin film is an attractive material for 
the application in high density dynamic random access 
memories (DRAMs)1"4 because of the high relative dielec- 
tric constant and small variation in dielectric properties with 
frequency. In addition, BST thin film can exist in the form of 
paraelectric phase at room temperature by controlling the 
composition. Therefore, there is are no fatigue and aging 
issues which are a major concern of Pb(Zr,Ti)03 or 
(Pb,La)(Zr,Ti)03. 

BST films for DRAMs require a new electrode material 
due to the significant degradation of dielectric properties by 
the formation of low dielectric constant interfacial layer 
(Si02) in using conventional highly doped poly-Si. Noble 
metal electrodes like Pt have been adopted as storage elec- 
trodes because of high resistance to oxidation and stability, 
while a suitable etching technology for micropatterning of Pt 
is not fully developed. Fortunately, Ru02 can be used as a 
bottom electrode for DRAM capacitors because it has low 
resistivity (<100 JJTI cm at room temperature) and a capa- 
bility of blocking diffusion.5"7 It can also be easily patterned 
by oxygen-chlorine gas or oxygen-fluorine gas plasma.8 

However, the leakage current of BST thin films is larger on 
this oxide electrode than on Pt. Moreover, Ru02 has a 
rougher surface than Pt. Such roughness is originated from 
the faceted grains of Ru02. The leakage current mechanism 
of BST films on Pt has been reported in terms of thermally 
activated electron emission process by a few authors.9"12 

However, there are few reports about the investigation in the 

"'Electronic mail: msjeon@hymail.hanyang.ac.kr 
''Electronic mail: duck@email.hanyang.ac.kr 

leakage current of BST films on Ru02 and the influence of 
the surface roughness of Ru02 on the electrical properties of 
BST films. 

In this study, a Ru02 bottom electrode was modified in- 
tentionally by oxygen-argon gas plasma etching, thermal 
etching (annealing), and overlayer Pt film coating to study 
the role of the interface between BST and bottom electrodes 
on the electrical properties. The leakage current of 
BST/Ru02 and BST/Pt/Ru02 is analyzed by comparing the 
Schottky barrier height. 

II. EXPERIMENT 
Ru02 films (200 nm) were deposited by rf magnetron 

sputtering on thermally grown Si02 (200 nm)/Si substrates at 
a substrate temperature of 300 °C and gas pressure of 1 
X 10~2 Torr. Plasma etching with Ar+02 and thermal etch- 
ing (annealing) at 700 °C in atmospheric oxygen were 
adopted to modify the surface of as-deposited Ru02 elec- 
trode (Ru02 reference). For preparing hybrid electrode, an 
overlayer Pt film of 50 nm was deposited on the Ru02 ref- 
erence by dc magnetron sputtering at room temperature and a 
gas pressure of 3.5X 10~3 Torr. (Ba,Sr)Ti03 films (200 nm) 
were deposited at identical conditions by rf magnetron sput- 
tering on each type of Ru02 electrode with a 
(Ba0 5Sr0 5)Ti03 ceramic target at a substrate temperature of 
600 °C and gas pressure of 1 X 10~2 Torr. The sputtering 
conditions are summarized in Table I. 

The root mean square (rms) roughness of several elec- 
trodes was measured by atomic force microscopy (AFM) in 
the scanning range of 0.6 fimX0.6 fim. The phase formation 
and crystallinity of the (Ba,Sr)Ti03 films were investigated 
by x-ray diffraction (XRD) with Cu Ka radiation (40 kV, 30 
mA). The scanning range was from 20° to 50° and the scan 
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TABLE I. Sputtering conditions of Ru02 and Ba(Sr,Ti)03 thin films. 

Deposition conditions 

Ru02 film (Ba,Sr)Ti03 film 

Cold pressed (Ba05Sr0.5)TiO3 

Target powder sintered ceramics 
Substrate 300 °C 600 °C 

temperature 
Radio frequency 2.22 W/cm2 16.035 W/cm2 

power density 
Sputtering gas 10% O2-90% Ar 20% O2-80% Ar 
Gas pressure 1X10~2 Torr 1 X 10"2 Torr 
Film thickness 200 nm 200 nm 

speed was 77min. The surface morphology of the BST films 
and modified Ru02 electrodes was analyzed by scanning 
electron microscopy (SEM). For electrical measurements, 
Al/BST/modified Ru02/Si02/Si capacitors (MIM configura- 
tion) were fabricated. Al (300 nm in thickness) dots for top 
electrodes were thermally evaporated and patterned using a 
metal shadow mask of 200 /mm or 400 /nm in diameter. The 
dielectric constant of the (Ba,Sr)Ti03 films was calculated 
from the capacitance measured by a HP 4285A precision 
LCR meter at a frequency of 100 kHz. The leakage current 
of the BST films was measured by a HP 4145B semiconduc- 
tor parameter analyzer. I-V measurement was carried out 
with a staircase voltage ramp of 0.025 V which was applied 
to the top electrode with the bottom electrode grounded. To 
investigate the dependence of leakage characteristics on the 
polarity of bias voltage, leakage current was analyzed from 
—10 to 10 V at a step of 0.05 V. The temperature dependent 

/- V characteristics of the BST thin films were obtained at 
different temperatures in the range of 310-380 K. 

III. RESULTS AND DISCUSSION 

The surface morphology of the bottom electrodes is given 
in Fig. 1. An RuOz electrode prepared at standard process 
(Ru02 reference) was shown to have a rough and faceted 
surface. A rougher surface than the Ru02 reference was ob- 
tained by if plasma etching [Fig. 1(b)]. Pt (50nm)/RuO2 

substrate was observed to have hillock-free and similar sur- 
face morphology to the Ru02 reference. There is no signifi- 
cant difference of the surface morphology between the 
Ru02 reference and annealed Ru02 from SEM micrographs. 
A closer look of the surfaces was done by AFM. Thermally 
etched Ru02 reveals that the surface roughness increased in 
comparison to the Ru02 reference (Fig. 2). The rms rough- 
nesses of the substrates were 4.4, 9.5, 8.6, and 4.5 nm for the 
Ru02 reference, rf plasma etched Ru02, annealed Ru02, and 
Pt/Ru02, respectively. An increase in the roughness of the 
annealed Ru02 may be attributed to the volatile phase for- 
mation of Ru03 or Ru04 (Ref. 13) by the reaction between 
Ru02 and 02 at the grain boundaries at 700 °C. 

X-ray diffraction patterns of the BST films deposited on 
the modified Ru02 electrodes having different surface rough- 
ness are shown in Fig. 3. XRD peaks from Pt and Si sub- 
strates are also shown. When the peaks only from the BST 
films are considered, those are quite alike. Especially, the 
major BST (110) peak at about 32° does not show a big 
difference. This result indicates that there is no significant 
influence of the surface morphology of the bottom electrodes 
on the phase formation of the BST films. 

FIG. 1. SEM micrographs of bottom electrodes; (a) Ru02 reference, (b) rf plasma etched Ru02, (c) thermally etched Ru02, and (d) Pt/Ru02 
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im     0 

FIG. 2. AFM micrographs of bottom electrodes; (a) Ru02 reference, (b) rf plasma etched Ru02, (c) thermally etched Ru02, and (d) Pt/Ru02 

Figure 4 shows SEM micrographs of BST films. There is 
no remarkable difference of the surface morphology between 
the BST films regardless of the bottom electrodes. 

A. Dielectric properties 

Figure 5 illustrates the dielectric constant and dissipation 
factor (tan 8) of BST film capacitors. It is shown that the 
BST film on the rf plasma etched Ru02 has the highest ap- 
parent dielectric constant among all capacitors and the appar- 
ent dielectric constants are in good agreement with the sur- 
face roughness of the bottom electrodes. Such a difference in 
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FIG. 3. X-ray diffraction patterns of BST thin films deposited on (a) Ru02 

reference, (b) rf plasma etched Ru02, (c) thermally etched Ru02, and (d) 
Pt/Ru02. 

the apparent dielectric constants may not have originated 
from the inherent properties of the BST films because these 
films consist of almost identical grains and crystalline phase. 
Therefore, the effective electrode area due to the surface 
roughness may be responsible for such difference. To figure 
out the quasitrue dielectric constant considering the effective 
area of the capacitor, each faceted tip of grains was assumed 
as a circular cone. The height and diameter of the cone were 
drawn from the rms roughness and grain size of Ru02 (—50 
nm), respectively. This approach was done for illustrating 
the influence of the roughened surface on the dielectric con- 
stant under the judgment that the rms roughness can be used 
for the approximate comparison between the specimens. The 
effective electrode area was calculated from the surface area 
of each circular cone and the number of cones in the elec- 
trode area defined by a designed metal shadow mask 
(1.257X10~~3 cm2). The effective capacitor areas of four 
different electrodes considering the surface roughness were 
2.552X10"3, 2.688X10"3, 2.658XKT3, and 2.554 
X 10~3 cm2 in order of the modification. The apparent di- 
electric constants were corrected by these numbers and also 
given in Fig. 5 as the quasitrue dielectric constants (solid 
circle). Through the correction for the effective electrode 
area, the dielectric constant changed remarkably and showed 
no big difference between the BST films on the various elec- 
trodes. This surface roughness, however, would result in the 
improvement of charge storage capacity per unit cell in real 
application. The dissipation factor of the BST films crystal- 
lized on the various electrodes remained between 0.015 and 
0.025. 
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FIG. 4. SEM micrographs of BST films deposited on (a) Ru02 reference, (b) rf plasma etched Ru02, (c) thermally etched Ru02, and (d) Pt/Ru02. 

B. Current-voltage characteristics 

Figure 6 shows the leakage current characteristics of BST 
thin film capacitors with the polarity of applied voltage. The 
BST/Pt/Ru02 capacitor has a leakage current of 9.64 
X 10~7 A/cm2 at 1.5 V and shows high asymmetry. This 
result implies that the leakage current is controlled by 
Schottky (interface-limited) emission. Such asymmetry is 
from the large work function difference between BST (—4.0 
eV)14 and P (5.65 eV).15 Poole-Frenkel (bulk-limited) emis- 
sion, on the other hand, is related to the barrier lowering of 
trap sites in BST films by applied field. Therefore, there is no 

polarity dependence of Poole-Frenkel emission on I-V 
characteristics. The BST film on Ru02 reference does not 
show such asymmetry in the I-V curve and shows larger 
leakage currents than the BST film on Pt/Ru02. Such an 
increase in the symmetry of the I-V curve indicates that 
bulk-limited emission is somewhat effective relative to 
interface-limited emission which is favorable for the 
BST/Pt/Ru02 capacitors. For the BST film capacitors pre- 
pared on the plasma etched and annealed Ru02 electrodes, 
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FIG. 6. Leakage current vs applied voltage of BST thin film capacitors on 
modified Ru02 electrodes. 
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FIG. 8.  In {JIT2) vs  1000/T plots of (a) BST/Ru02 reference and (b) 
BST/Pt/RuO,. 

more symmetric /- V characteristics were obtained. The val- 
ues of leakage current at 1.5 V are 5.06X10-5, 1.07 
X 10"4, and 7.92X 10"5 A/cm2 for the BST/Ru02 reference, 
BST/RF plasma etched Ru02, and BST thermally etched 
Ru02, respectively. This increase in leakage current with the 
increase of the surface roughness may be ascribed to a local 
increase of field at the region of sharp tips on the bottom 
electrode. Therefore, after electrons are injected from the 
bottom electrode to the BST film over interfacial potential 
(Schottky barrier), they can be transported from columnar 
BST film to top electrode more easily through the high field 
region. 

Figure 7 shows J vs EV2 characteristics of the BST thin 
films on the Ru02 reference and Pt/Ru02 as a function of 
measurement temperature. The leakage current increases re- 
markably as the temperature is elevated. The linear region in 

the J vs Em curve at high field can correspond to either 
Schottky emission at the interface between the BST and bot- 
tom electrodes or Poole-Frenkel emission within the BST 
thin films. Therefore, there is a mixed contribution of the two 
mechanisms to the leakage characteristics of the BST thin 
films. The dominant operating mechanism, however, could 
be distinguished from the I-V curve with the polarity of 
applied bias, as explained in Fig. 6. In this study, the leakage 
characteristics of the BST films were mainly investigated in 
the aspect of Schottky (interface-limited) emission under the 
assumption that there might be no big difference in the bulk 
of BST films as a result of the identical deposition condi- 
tions. 

The temperature dependence of leakage current was fur- 
ther studied at different electric fields in the linear region of 
the / vs Em curve. In Fig. 8, the logarithm of JIT2 is plotted 
as a function of reciprocal temperature for the BST thin films 
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FIG. 9. Extrapolation of Schottky barrier height for the interface between 
BST films and modified Ru02 bottom electrodes. 

on the Ru02 reference and Pt/Ru02 electrodes. The Schottky 
barrier height including Schottky effect can be deduced from 
the equation of 

q$B = k[-1000S* + (qE/4TTe0erk
2)m], 

where S* represents the slope of ln(J/T2) vs 1000/r curve at 
each electric field (E) and er is the relative dielectric con- 
stant. The quasitrue dielectric constant in Fig. 5 was used for 
er. 

The Schottky barrier height of the interface between the 
BST and modified Ru02 electrodes at £ = 0 is extrapolated 
from each q<&B at the linear region of electric field (0.4-0.5 
MV/cm) (Fig. 9). Recently, Y. Shimada et al.i0 reported that 
Schottky barrier height between metal-organic chemical- 
vapor deposition BST and Pt is about 0.8 eV. And W. H. 
Hsu et al.n obtained a Schottky barrier height of 0.86 eV 
from sputtered (Bao 7Sr0 3)Ti03 and e-beam deposited Pt. It is 
known that practical Schottky barrier height can be influ- 
enced by defects and trap sites, carrier density, or interface 
states.16 These inhomogeneous states can be easily affected 
by deposition methods, processing conditions, or annealing 
conditions. Hwang et al.12 reported a Schottky barrier height 
of 1.5-1.6 eV for sputtered (Ba05Sr05)TiO3 film on dc sput- 
tered Pt and this value is close to our value of 1.65 eV. The 
interfaces between the BST and Ru02 based electrodes re- 
sulted in smaller values of the Schottky barrier height than 
the BST/Pt (50 nm)/Ru02. These values were 0.94, 0.79, 
and 0.72 eV for the BST films on Ru02 reference, rf plasma 
etched Ru02, and annealed Ru02, respectively. M. Tomk- 
iewicz et al.17 reported that the work function of Ru02 is 
about 4.9 eV. Since this value is 0.75 eV lower than that of 
Pt, the degree of rectification in the BST/Ru02 interface is 
much less effective than the BST/Pt interface. 

Ba(Sr,Ti)0, Ba(Sr,Ti)0: 

q4>, 

V—*—**— --  -r-  < 

Al 

,   -      ^ __ ,-r--' 
J RuO, 

c ~ ~~ —^ '"\_ 
)         ^ ~\ 
I    .  

FIG.    10.    Schematic   band   diagrams   of   (a)   Al/BST/Ru02   and   (b) 
Al/BST/Pt/Ru02. 

Schematic band diagrams of the BST/Ru02 and BST/Pt 
(50 nm)/Ru02 are illustrated in Fig. 10. Very small blocking 
or actually ohmic contact may be formed in the Al/BST in- 
terface because there is almost no difference of the work 
function between Al (4.28 eV)15 and BST (-4.0 eV). After 
BST film contacts with Ru02 or Pt/Ru02, electrons will flow 
from BST to bottom electrode to equilibrate the Fermi levels. 
As a result, the conduction and valence band bend upward. 
Therefore, rectifying contact is formed in the BST/Ru02 and 
BST/Pt7Ru02 interface as shown in the diagram. From the 
above observation, the leakage current is more affected by 
the Schottky barrier height between the BST film and elec- 
trode rather than the surface roughness of electrode. 

IV. CONCLUSIONS 

Paraelectric (Ba,Sr)Ti03 films were deposited on Ru02 

electrodes by rf magnetron sputtering. To investigate the de- 
pendence of electrical properties on the interface between 
BST and bottom electrode, as-deposited Ru02 was modified 
by the methods of rf plasma etching, annealing (thermal 
etching), and overlayer Pt film coating. In all cases, the crys- 
talline BST phase was obtained and all the BST films end up 
with columnar and dense grains with similar size. The qua- 
sitrue dielectric constant calculated from the actual surface 
area considering the surface roughness was different from 
the apparent dielectric constant calculated simply from the 
designed electrode area. The charge storage capacity of BST 
film capacitors per unit area could be increased by roughen- 
ing the surface. The leakage current increased as the surface 
roughness of Ru02 electrode increased. This result may be 
due to the field concentration at the sharp point of the ferro- 
electric films. However, the effect of the surface roughness 
on the leakage current is much less than that of the Schottky 
barrier height due to the work function difference. The large 
difference in the work function between BST thin film and Pt 
makes the leakage current suppressed by decreasing the elec- 
tron flow at the interface. In this study, the Schottky barrier 
height in the BST/Ru02 and BST/Pt/Ru02 turned out to be 
0.94 and 1.65 eV, respectively. 

JVST B - Microelectronics and Nanometer Structures 



934 M.-S. Jeon and D.-K. Choi: Influences of the [(Ba,Sr)Ti03]-modified RuQ2 interface 934 

'K. Takemura, T. Sakuma, and Y. Miyasaka, Appl. Phys. Lett. 64, 2967 
(1994). 

2T. Kuroiwa, Jpn. J. Appl. Phys. 33, 5187 (1994). 
3K. Takemura, Jpn. J. Appl. Phys. 34, 5224 (1995). 
4C. S. Hwang, Appl. Phys. Lett. 67, 2819 (1995). 
5R. G. Vadimsky, R. P. Frankenhal, and K. E. Thompson, J. Electrochem. 
Soc. 126, 2017 (1979). 

6E. Kolawa, F. C. T. So, E. T-S. Pan, and M-A. Nicolet, Appl. Phys. Lett. 
50, 854 (1987). 

7L. Krusin-Elbaum, M. Wittmer, and K. S. Yee, Appl. Phys. Lett. 50, 1879 
(1987). 

8S. Saito and K. Kuramasu, Jpn. J. Appl. Phys. 31, 135 (1992). 

J. F. Scott et al, Proceedings of the Eighth IEEE International Sympo- 
sium on Application of Ferroelectrics, Greenville, S. C., August 1992 
(unpublished), p. 356. 

10Y. Shimada, Jpn. J. Appl. Phys. 35, 140 (1996). 
"W. Y. Hsu, Appl. Phys. Lett. 66, 2975 (1995). 
I2C. H. Hwang and B. T Lee, Korean J. Ceram. 2, 95 (1996). 
13W. E. Bell and M. Tagami, J. Phys. Chem. 67, 2432 (1963). 
I4J. F. Scott, Integr. Ferroelectr. 9, 1 (1995). 
15H. B. Michaelson, J. Appl. Phys. 48, 4129 (1977). 
16S. M. Sze, Physics of Semiconductor Devices, 2nd ed. (Wiley, New York, 

1981), Chap. 5. 
17M. Tomkiewicz, Y. S. Huang, and F. H. Pollak, J. Electrochem. Soc. 7, 

1514 (1983). 

J. Vac. Sei. Technol. B, Vol. 15, No. 4, Jul/Aug 1997 



Equipment simulation of SiGe heteroepitaxy: Model validation by ab initio 
calculations of surface diffusion processes 
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Incorporation of very little Ge into a Si surface significantly increases deposition during chemical 
vapor deposition. This is due to the fact that hydrogen and chlorine desorb faster from the SiGe 
surface making available additional surface sites for adsorption. Two mechanisms are discussed to 
explain the observed catalytic effect: (i) the diffusion model where surface diffusion of H and Cl 
atoms from Si to Ge sites opens up an energetically more favorable path for H and Cl desorption via 
Ge surface sites and (ii) the collective model where incorporation of Ge into Si stimulates an overall 
change of the electronic structure of the surface, thus leading to increased desorption. Ab initio 
cluster calculations are used in this work to evaluate both models. Binding energies of H and Cl 
atoms on Si, Ge, and SiGe surfaces are calculated. It is observed that Si-H, Ge-H and Si-Cl, 
Ge-Cl binding energies do not change whether their neighboring surface atoms are Si atoms or Ge 
atoms. An overall change of the electronic structure of the surface due to Ge incorporation cannot 
be observed, making the collective model highly unprobable. To evaluate the diffusion model 
transition states for migration between different surface sites need to be located and the activation 
barriers need to be calculated. Surface diffusion of H and Cl atoms from Si to Ge is found to be 
energetically more favorable than desorption of H2, HC1, or SiCl2 from Si. Surface diffusion on 
mixed SiGe surfaces leads to enhanced desorption via Ge surface sites. Thus the diffusion model is 
considered a valid description. Macroscopic reactor simulations prove that the diffusion model can 
accurately describe enhanced deposition to explain the observed catalytic effect encountered during 
growth of SiGe heterolayers.   © 1997 American Vacuum Society. [S0734-211X(97)14804-1] 

I. INTRODUCTION 

Sij-j-Ge^. alloys attract considerable attention because of 
the possibility of band gap engineering with silicon-based 
materials at much lower cost than with III-V compound 
semiconductors. Si^^Ge^ alloys have been proven useful 
materials for manufacturing high speed electronic devices 
[High electron mobility transitions (HEMTs), heterojunction 
bipolar transitions (HBTs)] and optoelectronic components. 
The composition of the deposited Si^^-Ge^. alloys strongly 
affects growth during chemical vapor deposition (CVD). 
With just very little Ge incorporated into the film SiGe depo- 
sition is significantly faster than observed during pure Si 
growth, showing a catalytic behavior of the incorporated Ge. 
Growth rate and composition of the deposited film are 
strongly temperature dependent. Better understanding of the 
SiGe deposition process requires kinetic modeling and simu- 
lation of the thermal fluid environment present in a given 
reactor geometry. 

In order to simulate CVD processes, the chemical reaction 
mechanism and the related reaction rates must be known for 
the particular deposition chemistry being studied. The 
chemical mechanism provides a model for the understanding 
of the underlying chemical rate process. Accurate predictions 
of observed growth rates indicate that a selected mechanism 

is consistent with experimental observations. Chemical 
mechanisms can represent different levels of accuracy. 
Simple models consist of only a few lumped rate expressions 
which have been fitted to experimental data and require mod- 
est computational resources. They are not transferable to dif- 
ferent reactor geometries or different temperature and pres- 
sure regimes. Mechanisms based on elementary reactions 
usually need a higher computational effort. However, they 
provide a detailed understanding of complex deposition path- 
ways and are valid for a broad range of process conditions. 

Formulating mechanisms of elementary gas-phase reac- 
tions is feasible since the participating chemical entities are 
well defined. It is considerably more difficult to estimate 
surface rate parameters than to estimate gas-phase rate coef- 
ficients. The nature of the relevant surface species and their 
interactions with surface sites and surface atoms are mostly 
unknown. Computational chemistry has developed rapidly 
over the last years and allows one to calculate gas-phase 
molecules as well as molecule-surface interactions. A variety 
of techniques are available: semiempirical approaches, ab 
initio molecular orbital theory,1 and density functional 
methods.2 These techniques have been successfully applied 
to estimate thermodynamic properties and reaction rates for 
Si-H,3-6 Si-Cl-H,7,8 and Ge-H9"11 gas-phase systems. 
Quantum chemistry calculations can also be used to predict 
surface reaction rates. Cluster calculations as well as compu- 

"'Electronic mail: matthias.hierlemann@hlistc.siemens.de tations of extended solids have been demonstrated. 12-16 
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FIG. 1. Si( 100)2 XI cluster as used in present calculations. The dangling 
bonds are saturated with H atoms. The lower two Si layers are fixed during 
optimization. 

In this work cluster calculations are presented to deter- 
mine binding energies of H and Cl on Si, Ge, and mixed 
SiGe surfaces. Surface migration of H and Cl adatoms on Si 
and mixed SiGe surfaces is investigated. The goal of this 
work is to discriminate between two possible mechanisms 
for H/Cl-desorption from the mixed SiGe surface during 
CVD: 

1. The diffusion model: It is known that H2, HC1, and 
SiCl2/GeCl2 desorb faster from Ge than from Si (i.e., activa- 
tion barriers for H2-desorption from Ge: 37 kcal/mol,17-19 

from Si: 47 kcal/mol).20'21 H and/or Cl atoms diffuse from Si 
to available Ge sites and desorb from there. The indirect 
desorption via Ge sites is energetically more favorable than 
direct desorption from Si sites. The changes in the energetics 
of desorption are due to local diffusion phenomena. 

2. The collective model: Incorporation of Ge into Si 
stimulates an overall change of the electronic structure of the 
surface. Incorporation of Ge leads to an increased desorption 
reactivity (a lowering of the activation barrier) for all Si and 
Ge sites. The introduced changes in surface energetics are 
global. They base on collective interactions of a larger num- 
ber of atoms stimulated by the incorporation of Ge into the 
surface. 
Both mechanisms postulate enhanced desorption from a Ge- 
containing Si surface, leading to more free surface sites for 
adsorption of Si and Ge precursors and therefore to higher 
growth rates. The understanding of this surface catalytic ef- 
fect is crucial in setting up realistic kinetic models for SiGe 
alloy deposition. 

The following calculations are applied to discriminate be- 
tween the two suggested mechanisms to explain the catalytic 
effect: 

(1) Based on a cluster description (the Si cluster is shown in 
Fig. 1) the binding energies of H and Cl on a Si(100) 
2X1 surface, on a Ge( 100)2XI surface, and on a 
SiGe( 100)2 X 1 surface are calculated. 

(2) The lowest energy barrier (transition state) for surface 
diffusion of H and Cl atoms from Si to Ge sites is local- 
ized. 

For the diffusion model to be in effect, the following criteria 

have to be fulfilled: (i) the binding energy of H/Cl on Si has 
to be larger than that of H/Cl on Ge, and (ii) the activation 
barrier for surface diffusion of H/Cl adatoms from Si to Ge 
has to be lower than for H2, HC1 or SiCl2 desorption from Si. 
The criteria for the collective model are not that straightfor- 
ward. The possibility of collective effects is evaluated using 
the following reasoning: if incorporation of Ge stimulates an 
overall change of the electronic structure of the surface, then 
the binding energies of Si-H and Si-Cl are expected to 
change in the presence of a neighboring Ge atom. If this is 
not the case this means that the binding energies are deter- 
mined locally and collective effects are highly unprobable. 
The success of this work consists in the elimination of the 
more unlikely mechanism. 

II. METHODOLOGY OF CLUSTER CALCULATIONS 

Out of a variety of public domain and commercial codes 
the MSI BIOSYM software package22 has been chosen to per- 
form the theoretical chemistry calculations. The MSI BIOSYM 
package combines modules for various calculation tech- 
niques [molecular orbital (MO) theory density functional 
theory (DFT), molecular dynamics (MD)] with comfortable 
pre- and postprocessing and necessary analysis tools. The 
following quantum chemistry calculations have been per- 
formed using the DFT based DMOL23 module. 

For determining the binding energies of H and Cl adatoms 
on Si, Ge, and SiGe surfaces and locating the transition 
states (TS) for lateral H/Cl diffusion, we propose to use a 
cluster approach. According to Nachtigall and Jordan,16 clus- 
ter calculations lead to reliable activation energies for 
H-atom diffusion on Si. Nachtigall and Jordan could confirm 
that cautious cluster calculations are adequate to slab or ex- 
tended solid calculations. The cluster geometry chosen for 
our calculations is shown in Fig. 1. The surface is repre- 
sented by 35 Si and/or Ge atoms. The size of the cluster is 
selected according to suggestions of Tang and co-workers14 

who investigated the impact of cluster size and cluster relax- 
ation on accuracy. They use four vertical layers of Si atoms 
to represent the bulk, the 2X1 surface is built by two SiSi 
dimers [the Si(100) and Ge(100) surfaces are known to re- 
construct to a 2 X 1 structure with surface dimers]. Similar 
results on a reasonable cluster size are obtained by Nachti- 
gall and Jordan. In our calculations Tangs cluster is extended 
by one additional surface dimer. Now the middle dimer is 
neighbored on both sides by other dimers. This way cluster 
boundary effects (artifacts from describing a continuous sur- 
face as a cluster) are prohibited from largely influencing cal- 
culations for the center dimer. The systematic error of repre- 
senting a surface by a finite cluster is minimized. The 
dangling bonds at the cluster boundaries are saturated with 
hydrogen. The Ge cluster is built similar to the Si cluster. 
The mixed SiGe cluster is obtained from the Si cluster by 
replacing one Si atom of the middle dimer by Ge. 

DMOL,23 an all electron numerical BIOSYM module solving 
the local density functional equations, is applied to study the 
Si, Ge, and SiGe surfaces. The DNP basis set which contains 
5 atomic basis functions for H, 8 functions for Si and Cl, and 
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12 functions for Ge is used in our calculations. The DNP 
basis set uses double-numerical basis functions together with 
polarization functions, i.e., functions with angular momen- 
tum one higher than that of the highest occupied orbital in 
the free atoms. The DNP basis functions are comparable in 
quality to Gaussian 6-31G** basis functions and usually 
yield very reliable calculations. Specific orbitals have been 
frozen in our calculations: the ls2s for Si and Cl and the 
Is2s2p for Ge. Closed-shell systems (all bonds are satu- 
rated) have been calculated spin-restricted which forces both 
alpha and beta electrons into the same orbital, whereas open- 
shell systems (dangling bonds) have been calculated spin- 
unrestricted to allow electrons with different spins to use 
different orbitals. 

Cluster geometries have been optimized with the lower 
two layers of Si/Ge atoms frozen at their respective crystal 
positions. H atoms have been added at the cluster boundaries 
to saturate the dangling bonds. The bond lengths of the fro- 
zen H atoms to the Si/Ge bulk atoms have been taken from 
calculations on the silane/germane molecule and have been 
set to 1.48 and 1.52 A, respectively. Since we are interested 
in energy differences of certain cluster configurations where 
the lower two Si layers together with the saturating hydro- 
gens are frozen, the small error introduced by not exactly 
determining the Si-H/Ge-H bond lengths is canceled. The 
upper two layers of Si/Ge atoms and the bonded H and Cl 
atoms were allowed to relax during optimization. Geometry 
optimization has been done using VWN local spin density 
functionals. Usage of gradient-corrected functionals for ge- 
ometry optimization of the given clusters does not further 
change the optimized geometries and is not necessary. Once 
the optimum geometry is located improved energies are cal- 
culated using the Becke gradient-corrected exchange func- 
tional (B_88), together with local correlation (VWN) and the 
gradient-corrected correlation functionals of Perdew and 
Wang (PW). The gradient-corrected functionals are compu- 
tationally more expensive than the local functionals, but are 
necessary to obtain accurate energies. Absolute values for 
binding energies are expected to be within about 5 kcal/mol 
of the experimental values for the calculated clusters. 

III. CLUSTER CALCULATIONS: RESULTS AND 
DISCUSSION 

A. Binding energies of H and Cl 

Binding energies of Si-H/Si-Cl or Ge-H/Ge-Cl for Si, 
Ge, and SiGe clusters are determined by first optimizing the 
geometries of the hydrogen saturated clusters and the cluster 
geometries after abstraction of one H/Cl atom. In a second 
step the total energies of the optimized structures and a 
single H/Cl atom are calculated. The binding energy is the 
difference between the total energy of the saturated cluster 
and the sum of the total energies of the H/Cl atom and the 
cluster with one H/Cl abstracted. The calculated binding en- 
ergies are displayed in Table I together with available values 
from the literature. Binding energies for Si-H/Si-Cl and 

TABLE I. Comparison of calculated binding energies with available literature 
values. 

Bindin g energies [kcal/mol] 

Structure Calculated Experimental 

Molecules 
H-SiH3 89.6 90," 92b 

H-GeH3 84.1 83±2C 

Cl-SiCl3 100.4 107,d 108,e lllc 

Cl-GeCl3 81.7 81f 

Si cluster 
Si-H 78.5 82E 

Si-Cl 95.0 92h 

Ge cluster 
Ge-H 71.0 
Ge-Cl 85.1 

SiGe cluster 
Si-H 78.5 
Ge-H 71.8 
Si-Cl 93.4 
Ge-Cl 82.9 

"References 28 and 29. 
•"Reference 30. 
"Reference 28. 
Reference 29. 
"References 31 and 32. 
Reference 33. 
References 34 and 35. 

Ge-H/Ge-Cl in SiH4, SiCl4, GeH4, and GeCl4 molecules 
have been added as reference to determine the accuracy of 
the theoretical calculations. 

The calculated binding energies of Si-H and Ge-H in the 
silane and germane molecule exactly reproduce the literature 
data. The same is true for the binding energy of Ge-Cl in 
GeCl4. The accuracy of these calculations is inside the 
1 kcal/mol range. The binding energy of Si-Cl in SiCl4 is 
lower then all available literature values. The reason for this 
discrepancy is not clear. The theoretical calculations do well 
for Si-H and Ge-H systems (see SiH4, GeH4), and includ- 
ing Cl does not seem to be a problem either according to our 
GeCl4 calculations. Further investigation is needed here. In 
general we would like to conclude from above molecule cal- 
culations that DMOL allows accurate predictions of the ener- 
getics of the investigated species. 

The cluster calculations that have been performed to de- 
termine the binding energies of H/Cl on Si( 100)2XI are 
able to reproduce in good agreement values available from 
the literature. The difference between the calculated and the 
literature values is less than 4 kcal/mol. The larger part of 
this difference might be attributed to simplifications in the 
problem setup, e.g., freezing of the lower two Si layers in the 
cluster. However, this is necessary to keep calculation time 
inside reasonable limits. 

The calculated binding energies of H/Cl on Ge(100) 
2X1 are lower than of H/Cl on Si( 100)2XL This is ex- 
pected since the Ge/H bond in germane as well as the Ge-Cl 
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intradimer interrow 

FIG. 2. Three pathways for lateral diffusion are most feasible: (1) migration 
on the dimer (intradimer), (2) migration between parallel dimers (intrarow), 
and (3) migration via bridge sites (interrow). 

bond in GeCl4 are weaker than the comparable Si-H and 
Si-Cl bonds. 

The binding energies for Si-H/Si-Cl and Ge-H/Ge-Cl 
on a mixed SiGe( 100)2 XI surface do not differ signifi- 
cantly from those on the pure Si( 100)2 XI and Ge(100) 
2X1 surfaces. The observed energy differences are within 
the error bars of our calculations. This indicates that the bond 
strength of Si-H/Si-Cl or Ge-H/Ge-Cl is determined lo- 
cally. The H and Cl adatoms more or less only "see" its 
binding partner. From this point of view the collective model 
seems to be unable to explain enhanced desorption, espe- 
cially since the observed catalytic effect is most visible at 
very low Ge content in the SiGe film. Replacement of one Si 
surface atom by Ge represents very well this low Ge surface 
concentration. A neighboring Ge atom cannot change signifi- 
cantly the Si-H/Si-Cl binding energies. Hence, a general 
lowering of the activation barrier for, e.g., H2 and HC1 de- 
sorption is highly improbable. 

B. Localizing the transition states (TS) for surface 
hydrogen transfer 

1. Surface hydrogen transfer on the Si( 100)2 x 1 
surface 

Hydrogen surface transfer means that a H adatom mi- 
grates from its actual adsorption site to a neighboring one. 
This requires the actual bond to be broken and the one to the 
new adsorption site to be formed. It is the activation barrier 
of such a process we are interested in. On a Si( 100)2XI 
surface (as well as on a SiGe( 100)2 X 1 surface) every sur- 
face H atom has three distinct neighboring adsorption sites as 
shown in Fig. 2. TSs for the H surface transfer can be found 
by mapping out the energy surface. This is in general done 
by placing the H adatom at a number of positions on the 
surface and minimizing the energy in respect to the distance 
to the surface. Mapping out all of the energy surface is very 

FIG. 3. Energy mapping: the transition state is located by shifting the adatom 
from one adsorption site to the other. The lateral position between the ad- 
sorption states is fixed. However, the adatom can relax in the perpendicular 
plane. 

time consuming. In this work an alternative approach has 
been used. Three distinct migration pathways have been 
identified (Fig. 2). The most probable transfer path seems to 
be the migration of a H atom from one adsorption site of the 
dimer to the other one (intradimer transfer). This is the short- 
est possible distance to be travelled by the H adatom. The 
Si-H/Ge-H bonds do not need to be stretched that much this 
way. Hence, a low activation energy is expected for H trans- 
fer on a dimer. The second shortest path is the transfer be- 
tween neighboring dimers (intrarow transfer), the longest 
path is the transfer over a bridge site (interrow transfer). 

In a first calculation the TS for migration from one side of 
the dimer to the other side on a Si( 100)2 XI surface has 
been located. This has been done by stepwise shifting the H 
adatom from one adsorption site to the other side and calcu- 
lating the relevant total energy. The H adatom was fixed in 
its lateral position between the adsorption sites but could 
relax in the perpendicular plane. This is visualized in Fig. 3. 
By mapping out the migration path in respect to a maximum 
energy configuration, the TS (or saddle point on energy sur- 
face) could be located. For the Si cluster the saddle point was 
found right in the middle of the dimer in the same plane as 
both Si dimer atoms. This is in agreement with calculations 
of Brocks, Kelly, and Car12 who located the TS for Si ada- 
tom transfer on a dimer exactly in this symmetry position. 
The calculated activation barrier for the H transfer is 33.5 
kcal/mol. This value is lower than the activation energy 
needed for H2 desorption from the Si( 100)2 X 1 surface (ac- 
tivation: 47 kcal/mol20'21). Hence, intradimer surface transfer 
is very probable to occur. 

For the second shortest transfer path, migration between 
two neighboring dimers, the TS has been located in the same 
way as discussed before. The calculated activation barrier for 
intrarow H transfer is 46.3 kcal/mol. The activation energy is 
much higher than for the intradimer transfer. Still, this trans- 
fer path is energetically comparable to H2 desorption. A first 
calculation of the transfer over a bridge site indicates that 
interrow transfer is energetically much more difficult. The 
activation barrier is above 60 kcal/mol. This is significantly 
higher than the activation energy needed for H2 desorption. 
Interrow H transfer is very improbable to occur. The exact 
TS has not been located. 
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TABLE II. Calculated transition state structures for diffusion of H and Cl 
adatoms on Si, Ge, and SiGe surfaces. 

Intradimer H transfer on Si 

Symmetry plane 

Ea = 33.5 kcal/mole 

Intrarow H transfer on Si 

Symmetry plane 

= 46.3 kcal/mole 

Intradimer H transfer on SiGe 

Ea = 38.7 kcal/mole 
(reverse: Ea = 32.0 kcal/mole) 

Intradimer Cl transfer on Si 

Symmetry plane 

Ea = 35.4 kcal/mole 

Intradimer Cl transfer on SiGe 

Flipping of the dimer in the same 
direction as observed for H transfer 
on SiGe is energetically less 
favourable! 

Ea = 37.1 kcal/mole 
(reverse: Ea = 27.3 kcal/mole) 

O Si      0 Ge    • H l Cl   ; distances are in / 

The located TSs are summarized in Table II. Above re- 
sults are in good agreement with published data (see Ref. 16 
and references within). 

2. Surface hydrogen transfer on the SiGe( 100)2 x 1 
surface 

The TS for the mixed SiGe cluster has been located for 
the energetically most favorable pathway which is the migra- 
tion from the Si site of the dimer to the Ge site of the dimer 
or the other way. The calculated TS configuration is dis- 
played in Table II. The energy barrier for H transfer from Si 
to Ge is calculated to be 38.7 kcal/mol, for H transfer from 
Ge to Si to be 32.0 kcal/mol. Both values are lower than the 
activation energies needed for H2 desorption from 
Si(100)2Xl (activation: 47 kcal/mol20'21) and Ge( 100)2 XI 
(activation: 37 kcal/mol17-19). This makes H transfer on SiGe 
dimers feasible in both directions. Under CVD conditions the 
equilibrium is shifted in the direction of H transfer from Si to 
Ge, since the steady state concentration of free Ge sites is 
observed to be much higher than the concentration of free Si 
sites. The diffusion model is verified to be a valid approach 
to explain the observed increased deposition for SiGe hetero- 
layers. Surface diffusion of H adatoms and hydrogen desorp- 

tion via Ge is energetically more favourable than direct de- 
sorption from Si and results in a higher hydrogen desorption 
from the SiGe surface. 

The activation barrier for H transfer on SiSi dimers is 
about 5 kcal/mol lower than from Si to Ge on SiGe dimers. 
This can be explained the following way: for the SiGe dimer 
the TS is located further away from the Si site than for the 
SiSi dimer. This is due to the fact that the Ge-H bond is 
weaker than the Si-H bond. This implies that the Si-H bond 
has to be stretched further in the TS configuration. As a 
consequence the activation energy needed to reach the TS 
configuration is higher. 

The calculated values for lateral H diffusion on the SiGe 
dimer are higher than experimentally estimated ones: accord- 
ing to Rüssel24 the activation barrier for H transfer from Si to 
Ge is 23 ±3 kcal/mol, the barrier for the reverse transfer is 
approximately 6 kcal/mol. Our theoretical calculations for H 
transfer on the Si surface agree well with literature data.16 

We have not found problems with the inclusion of Cl atoms 
into the cluster calculations either. Thus we cannot explain 
this observed discrepancy. Further investigation is needed. 

C. Localizing the transition state (TS) for surface 
chlorine transfer 

1. Surface chlorine transfer on the Si( 100)2 x 1 
surface 

Intradimer Cl transfer on a pure Si surface has been in- 
vestigated (for the TS look at Table II). The energy barrier 
for Cl migration from one site of the dimer to the other one 
is calculated to be 35.4 kcal/mol. This energy barrier is only 
a little higher than the one calculated for intradimer H trans- 
fer, whereas the binding energy of Cl on Si is significantly 
higher than that of H on Si. This observed difference can be 
understood as follows: intradimer Cl transfer requires one 
Si-Cl bond to be broken and another one to be formed. The 
Si-Cl bond to be broken is stronger than the equivalent 
Si-H bond, however the interatomic forces between the un- 
occupied Si surface atom and the Cl adatom are also higher. 
The higher forces partly compensate. In addition the Si-Cl 
bond in the TS configuration does not need to be stretched as 
much as the Si-H bond since the Si-Cl bond length is 
larger. Hence we conclude that observed differences in bind- 
ing energies cannot be applied to estimate the scaling of 
activation barriers for adatom surface transfer. 

2. Surface chlorine transfer on the SiGe(100)2x 1 
surface 

The energy barrier for intradimer Cl transfer from Si to 
Ge on a mixed SiGe dimer is calculated to be 37.1 kcal/mol. 
Transfer from Ge to Si requires 27.3 kcal/mol activation. 
With respect to the 5 kcal/mol accuracy of our calculations 
these energy barriers are in the same range as for the com- 
parable surface H transfer. Both energy values are signifi- 
cantly below the activation energies needed for desorption of 
any  Cl   species   (e.g.,   HC1:   £desorp=72 kcal/mol,   SiCl2: 

and 25,26 £desorp=74 kcal/mol,  GeCl2:  £desorp=62 kcal/mol; 
references within). The energy differences are much higher 
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than between H adatom diffusion and H2 desorption. This 
results in an even more increased desorption of Cl species 
from the SiGe surface relative to the pure Si surface than 
observed for H2 desorption due to H surface diffusion. Depo- 
sition data confirm this observation. The growth rate en- 
hancement due to incorporation of Ge into the Si surface is 
more pronounced during SiGe deposition with dichlorosilane 
and germane than during deposition with silane and ger- 
mane. 

IV. REACTOR SIMULATIONS 

From above quantum chemistry calculations we con- 
cluded that surface transfer of H and Cl adatoms in between 
Si and Ge sites can explain faster desorption of H2, HCI, and 
SiCl2/GeCl2. 

We want to show next that surface diffusion is the key 
phenomenon in establishing a working chemical reaction 
mechanism as it is required for CVD equipment simulation. 
For this purpose H and Cl surface transfer is implemented 
into a detailed chemical reaction mechanism for Si^^Ge^. 
deposition. The chemical reaction mechanism is embedded 
into calculations for the flow fields and the temperature dis- 
tribution within a realistic CVD reactor geometry. In the fol- 
lowing combined calculations for Si^^Ge^. deposition from 
dichlorosilane (DCS) and germane (GeH4) in a single wafer 
reactor are presented. The calculations are performed using 
PHOENICS-CVD.27 PHOENICS-CVD accounts for surface spe- 
cies and surface coverages to calculate mass transfer between 
gas phase, surface, and bulk. Model predictions from our 
PHOENICS-CVD simulations are compared to in-house ex- 
perimental data. A schematic representation of the kinetic 
model used in our calculations is shown in Fig. 4. Previously 
calculated energies for H and Cl surface transfer have been 
implemented there. For details on the kinetic model and the 
experimental reactor set up the reader is referred to Ref. 26. 

Figure 5 shows measured and predicted growth rates for 
various GeH4 flows. Model predictions agree quite well with 
the experimental data. Our simulations reproduce very well 
the strongly enhanced growth for low Ge concentrations. The 

FIG. 5. Measured and predicted growth rates for various GeH4 flows. Model 
predictions agree quite well with experimental data. 

major increase in deposition at low Ge concentration is 
mainly due to accelerated Si deposition resulting from en- 
hanced desorption of H2, HCI, and SiCl2/GeCl2 via H and Cl 
surface migration to available Ge sites. Deposition saturates 
for larger GeH4 flow rates due to the fact that not the avail- 
ability of open Ge sites but the reaction rates for surface 
diffusion limit desorption and hence determine the availabil- 
ity of open Si sites for adsorption. H and Cl surface diffusion 
is the crucial feature in the reaction mechanism that allows 
the model to reproduce the observed deposition rates. 

V. CONCLUSIONS 

This work presents an approach to applying quantum 
chemistry calculations to surface reaction mechanisms and to 
explore their contributions to CVD processes. Binding ener- 
gies of H and Cl on Si, Ge, and mixed SiGe surfaces have 
been calculated in good agreement with data available from 
the literature. Si-H, Ge-H and Si-Cl, Ge-Cl binding ener- 
gies do not change whether their neighboring surface atoms 
are Si atoms or Ge atoms. An overall change of the elec- 
tronic structure of the surface due to Ge incorporation cannot 
be observed. Hence, the collective model cannot explain en- 
hanced deposition. Enhanced deposition is a result of H and 
Cl surface diffusion from Si to Ge sites and the facilitated 
H2, HCI, and SiCl2/GeCl2 desorption from the mixed SiGe 
surface. Macroscopic CVD simulations of Sij_xGex deposi- 
tion with DCS and GeH4 as precursor gases identify H and 
Cl surface diffusion as the key phenomenon to explain the 
observed catalytic effect during Sii_xGeA. deposition. 

The goal of this work was to discriminate between two 
possible mechanisms for facilitated H2, HCI, and 
SiCl2/GeCl2 desorption from the mixed SiGe surface. Quan- 
tum chemistry calculations provided the necessary informa- 
tion to reach this goal. This result is very encouraging for a 
further use of quantum chemistry to close the gap between 
the availability of experimental data and the need for kinetic 
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information in setting up chemistry models to understand 
and simulate deposition processes. Quantum chemistry cal- 
culations provide access to data where measurements would 
be much more time consuming, expensive, and sometimes 
basically not possible. From this point of view there is no 
alternative to quantum chemistry calculations. 

Presented at the 43rd AVS National Symposium, Philadelphia, PA, 14-18 
October 1996. 
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Physical and electrical properties in metal-oxide-Si capacitors with various 
gate electrodes and gate oxides 
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The physical and electrical properties in metal-oxide-Si (MOS) capacitors with the gate electrodes 
deposited using poly-Si or amorphous-Si (a-Si) and with the gate oxide grown in 02 or N20 have 
been investigated. The differences of a gate oxide grown in N20 with a conventional furnace and 
an oxide film annealed in N20 by a rapid thermal process (RTP) were also studied. The analysis of 
physical properties included the thickness variations of oxide films, the shrink ratios of gate 
electrode films, the nitrogen and hydrogen concentrations in oxides, and the Si02/Si interfacial 
strain. The measurement of electrical properties in MOS capacitors included the interface trap 
density (Dit), the charge-to-breakdown, and the hot electron and radiation induced ADit and 
flatband voltage shifts. To improve the electrical reliability of MOS devices with ultrathin gate 
oxides, an oxynitride should be introduced although some properties of it are slightly inferior to 
those of conventional oxides. The combination of a gate electrode deposited using a-Si and a gate 
oxide annealed in N20 using RTP is shown to exhibit excellent charge-to-breakdown performance 
and to reduce hot electron and radiation induced interface traps. This improvement can be explained 
using a mechanism based on the release of compressive stress in the oxide and the relaxation of 
Si02 /Si interfacial strain, which could be qualitatively analyzed using infrared spectra. © 7997 
American Vacuum Society. [S0734-211X(97)15104-6] 

I. INTRODUCTION 

Ultrathin (=S6 nm) gate dielectrics of high quality are re- 
quired when metal-oxide-Si (MOS) devices are scaled down 
for ultralarge-scale integration (ULSI) applications. The 
long-term reliability of these dielectrics has become an issue 
as the thickness is decreased leading to a search for a dielec- 
tric with better hot-electron hardness than thermal Si02.' It 
has been shown that the hardnesses for hot-electron and ra- 
diation in MOS devices can be improved by using amor- 
phous Si (a-Si) to form the gate electrodes.2,3 The improve- 
ment is due to the release of compressive stress in the 
oxide.4-6 Numerous reports have indicated that gate dielec- 
trics grown in N20 have excellent electrical characteristics 
such as large charge to breakdown (ÖBD)> considerable re- 
duction in interface state generation (ADit) under constant 
current stress, and good resistance to radiation exposure.1'3'7'8 

It has been reported recently that the oxynitride grown in 
N20 using rapid thermal process (RTP) shows much better 
hot-electron hardness than that using a conventional 
furnace.8'9 The mechanism for this improvement is attributed 
to the relaxation of Si02/Si interfacial strain, which is 
achieved by the nitrogen pileup at the Si02/Si interface.8-12 

The distribution of impurity in the oxide was measured using 
Fourier transform infrared spectroscopy (FTIR). This tech- 
nique is frequently used for determining the structure and 
composition of thin films.1314 

In this work, the physical and electrical properties in 
MOS capacitors with various gate electrodes and gate oxides 
were studied. An approach that is a combination of the gate 

''Corresponding author; Electronic mail:lkschang@ne.nthu.edu.tw 

electrodes deposited using a-Si and gate oxides annealed in 
N20 using RTP is shown to improve the hot-electron hard- 
ness in MOS capacitors. It is found experimentally that the 
(2BD is markedly increased and the hot-electron and 
radiation-induced ADit are decreased. A possible mecha- 
nism for this improvement is based on the release of com- 
pressive stress in oxide and the relaxation of Si02 /Si inter- 
facial strain, which is achieved by the nitrogen pileup at the 
interface. The Si02/Si interfacial strain was qualitatively 
analyzed by the value of full width at half-maximum 
(FWHM) at peak position —1080 cm-1 in the infrared spec- 
tra. Since the combination of a-Si deposited gate-electrode 
and gate oxide annealed in N20 by RTP requires few 
changes to the device fabrication process, it should be useful 
in practice. 

II. EXPERIMENT 

The MOS capacitors were fabricated on jo(100) Si wafers 
with a diameter of 6 inches and resistivities of 15-25 Ü, cm 
using the conventional poly-Si gate process. Oxide films 
with a thickness of 6 nm were grown at 900 °C in dry 02 for 
9 min (i.e., "O" samples). Some samples were annealed in 
N20 at 1050 °C for 15 sec by RTP (i.e., "OR" samples), 
which formed an oxide film of 6.4 nm. Oxide film 6.5 nm 
was grown at 900 °C in N20 for 65 min (i.e., "N" samples). 
The oxide thicknesses were measured using an ellipsometer 
(index =1.46) and were confirmed by the high-frequency 
capacitance-voltage (C—V) method. Next, using the con- 
ventional low pressure chemical vapor deposition (LPCVD) 
method, poly-Si films 250 nm thick were deposited at 620 °C 
on some samples (i.e., "P" samples) and a-Si films 330 nm 
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FIG. 1. SIMS results of (a) nitrogen (b) hydrogen in gate oxides for the O, 
N, and OR samples. 

thick were deposited at 550 °C on the remaining samples 
(i.e., "A" samples). Then, predeposition and drive-in of 
POCl3 were performed on all samples at 875 °C for 22 and 
20 min, respectively. The sheet resistance of poly-Si was 
about 50I1/D and that of a-Si was about 70H/D. Finally, 
after Al films 200 nm thick were evaporated onto the 
samples and patterned by lithography, the samples were an- 
nealed in N2 at 400 °C for 20 min. The MOS capacitors in 
this work were devices with various gate electrodes (P or A) 
and gate oxides (O or N or OR). The gate electrode area of 
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FIG. 2. FTIR spectra of gate oxides for the O, N, and OR samples in the 
wave number range of 1200-900 cirT1. 

the MOS capacitors in this work was 1.257X 10"3 cm2. The 
concentration profiles of nitrogen and hydrogen were ana- 
lyzed by secondary ion mass spectroscopy (SIMS) using 
Cs+ bombardment with an energy of 10 keV. H2 in the air 
might interfere with the detection of H atoms. To improve 
the precision of H measurement by SIMS, the chamber was 
cooled by liquid nitrogen and the amount of background 
H2 minimized. The thicknesses of the poly-Si and a-Si films 
were determined using a surface profile detector, which mea- 
sures the height and depth of a sample surface. The shrink 
ratio of the gate electrode film was defined as the value of 
final thickness (after POCl3 drive-in)/initial thickness (just 
after LPCVD). Infrared spectra of the various samples were 
measured using a FTIR. The time dependent dielectric break- 
down (TDDB) was assessed by the ÖBD which was mea- 
sured at a constant current stress of -100 mA/cm2. The 
<2BD values shown in this work were the data from perform- 
ing over 15 measurements for every sample. The hot- 
electron stress was performed at a constant current stress of 
—20 mA/cm2. The hot-electron-induced ADit and flatband 
voltage shift (AVFB) was determined by the high-frequency 
and low-frequency (quasistatic) C-V methods. 

III. RESULTS AND DISCUSSION 

A. Physical properties 

The gate oxide thicknesses for O, N, and OR samples are 
6.45±0.05, 6.48±0.16, and 6.93±0.1 nm, respectively. It 
can be seen that the data fluctuations of gate oxide thickness 

TABLE I. Midgap interface trap density (Ditm) for PO AO, PN, AN POR, and AOR MOS samples. 

Sample PO AO PN AN POR              AOR 

D/rm(10,0eV_1 cnT2) 6.62±0.37 6.97±0.16 7.11 ±0.23 7.23 ±0.29 6.88±0.17     7.04±0.08 
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TABLE II. QBD values for the PO, AO, PN, AN, POR, and AOR MOS capacitors. 

944 

Sample PO AO PN AN POR AOR 

ßBD(C/cm2)        5.98±0.75       6.15±0.92       5.38±0.62       6.56±0.76       7.11±0.43       8.32±0.70 

for various samples increase in the order: O, OR, and N. For 
the MOS devices with ultrathin gate oxide, the variation of 
oxide thickness should be as small as possible. Therefore, a 
MOS device with conventional gate oxide (i.e., "O" 
sample) seems to be good. The gate oxide grown in N20 by 
furnace (i.e., "N" sample) is not suitable for the applications 
of deep submicrometer MOS devices because of its large 
thickness variation. It has been reported that the thickness of 
gate oxide grown in N20 is not so uniform as compared to 
that grown in 02.

15 This may be due to the complexity of 
decomposition of N20 at a high temperature. The distribu- 
tion of oxygen decomposed from N20 would not be uniform 
on the surface of wafer. 

The gate electrode shrink ratio that is defined as final 
thickness (after POCl3 drive-in)/initial thickness (just after 
LPCVD) for PO, AO, PN, AN, POR, and AOR MOS 
samples are 0.92, 0.76, 0.98, 0.82, 0.96, and 0.78, respec- 
tively. The values of shrink ratio of "A" samples (i.e., AO, 
AN, and AOR) are clearly smaller than those of "P" 
samples (i.e., PO, PN, and POR). A smaller shrink ratio of 
gate electrode film would cause a larger increase of the com- 
pressive stress in gate oxide, which thereby release the mac- 
roscopic strain of this oxide film.12 It is known that the bend- 
ing curvature of the Si02/Si system is formed because the 
volume of Si02 is twice that of the reacted Si. If a deposited 
gate electrode film has shrink effects, it would counter the 
bending of the Si02 /Si system and then increase the com- 
pressive stress in the oxide. It has been shown that the 
smaller macroscopic strain (intrinsic stress) in the gate oxide 
film the better hardnesses of hot-electron and radiation in 
MOS devices.16 The deposition of a-Si to form gate elec- 
trode would be therefore a promising technique in improving 
the reliability of MOS devices. It is also observed that for the 
samples with identical gate electrode film and with different 
gate oxides, the shrink ratio of electrode film decreases in the 
order: N, OR, and O. The release of macroscopic strain in the 
gate oxide caused by the gate electrode would be reduced by 
the incorporation of nitrogen into oxide because the com- 
pressive stress at the Si02/Si interface is decreased by the 
nitrogen incorporation.6,12 

Figure 1 shows the SIMS results of (a) nitrogen (b) hy- 
drogen in gate oxides for the samples of O, N, and OR. In 
Fig. 1(a), the count number of nitrogen in the oxide bulk for 
the N sample is the largest and the centroid of the distribu- 

TABLE III. Differences of QBD for the MOS capacitors with 
trodes and those with poly-Si ones, which have the identica 

a-Si gate elec- 
gate oxides. 

Sample AO-PO AN-PN AOR-POR 

AQBD(C/cm2) 0.17 1.18 1.21 

tion is more away from the Si02/Si interface. The count 
number of nitrogen in the OR sample is smaller than in the N 
sample and the centroid of its distribution appear closer to 
the Si02 /Si interface. The count number of nitrogen in the O 
sample is certainly negligible. It is known that the nitrogen 
pileup at the Si02/Si interface causes some relaxation ef- 
fects on the interfacial strain.8'10 Therefore, the improved 
hot-electron and radiation hardnesses of MOS capacitors 
with gate oxide nitrided in N20 using RTP (i.e., OR sample), 
which will be shown later in this article, is believed to be due 
to the relaxation of Si02/Si interfacial strain. The nitrogen 
concentration profile plays an important role in the Si02 /Si 
interfacial strain.9"11 To accomplish the relaxation of 
Si02/Si interfacial strain, the nitrogen concentration in the 
oxide bulk should be reduced and that at the Si02/Si inter- 
face should be increased. In Fig. 1(b), the count numbers of 
hydrogen at the Si02/Si interface of various gate oxide 
samples increase in the order: O, N, and OR. The count 
numbers of N and OR samples (i.e., oxynitride) are larger 
than that of O, which may be due to the diffusion of 
hydrogen-related species into the oxide being enhanced dur- 
ing the process of nitrogen incorporation. It has been re- 
ported that the more hydrogen concentration in the oxide, the 
worse the hot-electron hardness of the MOS device.17,18 

However, the hydrogen-related species such as Si-H or 
Si-OH bonds can be minimized by the formation of Si-N 
bonds.19 For the oxynitride samples in Fig. 1(b), the large 
amount of hydrogen in the oxide seems to be not in agree- 
ment with the reduction of hydrogen-related bonds which act 
as electron traps. It is therefore believed that the hydrogen- 
related electron traps might not be understood only by the 
concentration of hydrogen atoms in the oxide. This observa- 
tion needs further investigation. 

Figure 2 shows the FTIR spectra of gate oxides for the O, 
N, and OR samples in the wave number range of 1200-900 
cm"1. It is observed that the FWHM for an OR sample has 
the largest value. The FWHM value of a N sample is smaller 
than that of OR and it is slightly larger than that of sample O. 
It has been reported that an increase of the FWHM value 
indicates an increase of the distorted network in the oxide 
layer.20,21 The higher porosity can be attributed to the in- 
creasing disorder in the oxide films. The larger FWHM val- 
ues for the oxynitride samples (i.e., N and OR samples) 
could be attributed to the incorporation of nitrogen into the 
oxide, which might increase the degree of disorder in 
Si02. Compared with the N sample, the larger FWHM value 
for OR sample is caused by the increase of the low frequency 
absorption shoulder. This low frequency shoulder has been 
shown to be the absorption of Si-0 stretching bonds such as 
Si203, SiO, and Si02,

22 whose distributions locate near the 
Si02/Si interface. Therefore, many Si^Oy species near the 
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TABLE IV. ÖBD values for the PO, AO, PN, AN, POR, and AOR MOS capacitors with gate areas of 1.257 
X10"3, 3.146xl0~\ and 1.767X10"4 cm2, respectively. 

ßBD(C/cm2)    for sample PO AO PN AN POR AOR 

Gate area       1.767 
(10~4 cm2)    3.146 

12.57 

9.88 10.7 10.4 11.3 11.8 12.6 
9.66 9.78 9.56 10.8 10.8 12.0 
5.98 6.15 5.38 6.56 7.11 8.32 

Si02/Si interface could be generated by the nitrogen pileup 
near the interface as for the OR sample, which then increases 
the disorder network near the interface. Since the Si02/Si 
interfacial strain is due to the lattice mismatch between Si02 

and Si,12 it might be released by increasing the disorder near 
the interface. On the other hand, only few Si^O^ species near 
the Si02/Si interface could be produced for the N sample 
because the nitrogen distribution is somewhat away from the 
interface, as concluded from the above. Finally, the Si02 /Si 
interfacial strain for the N sample can be slightly released as 
compared with the O sample. 

B. Electrical properties 

Table I shows the midgap interface trap density (Ditm) for 
PO, AO, PN, AN, POR, and AOR MOS samples. It is ob- 
served that the Ditm values of the PO samples are the small- 
est. A MOS device with conventional gate electrode and ox- 
ide, which are poly-Si electrode and oxide grown in 02 by 
furnace (i.e., PO sample), seem to be fine since a MOS ca- 
pacitor with a smaller Dit indicate the MOS transistor with a 
larger transconductance. For the samples with identical gate 
electrode, the Ditm values of MOS capacitors with various 
gate oxides decrease in the order: N, OR, and O. This ten- 
dency may be due to the fact that the nitrogen concentration 
at Si02/Si interface decreases in the order: N, OR, and O, 
which has been shown in Fig. 1(a). It is known that a MOS 
device with more impurity concentration at Si02 /Si interface 
will have a larger Dit. For the samples with identical gate 
oxides, the Ditm values of MOS capacitors with gate elec- 
trodes of poly-Si are smaller than those of a-Si. This may be 
because more hydrogen exists at the Si02/Si interface for 
the a-Si sample as compared to the poly-Si due to the large 
amount of hydrogen in the a-Si film. 

Table II shows the ÖBD values for the PO, AO, PN, AN, 
POR, and AOR MOS capacitors. It is observed that the gBD 

values increase in the order: PN, PO, AO, AN, POR, and 
AOR. Since the QBD values of the AOR samples are the 
highest, the time-dependent-dielectric-breakdown (TDDB) 
performance of MOS capacitors can be significantly im- 
proved by a gate electrode deposited using a-Si and a gate 

oxide annealed in N20 using RTP. For the identical gate 
oxides, it is found that the gBD values of MOS capacitors 
with gate electrodes of a-Si are larger than those of poly-Si. 
This indicates that the TDDB performance of MOS devices 
can be improved using a-Si to form gate electrodes. The 
improvement is due to a release of macroscopic strain in the 
gate oxides caused by an a-Si gate electrode,2-6 which has 
been shown above. The gBD value of the PN sample is lower 
than that of the PO sample, which has also been observed by 
other workers.8 This may be due to the fact that the large 
amount of nitrogen in the oxide bulk for the PN sample 
cannot promote the relaxation of Si02/Si interfacial strain 
and it would finally produce more defects in the oxide. These 
defects degrade the <2BD performance of PN sample although 
the hydrogen effects might be suppressed. 

For the samples with identical gate oxides, the differences 
of gBD for the MOS capacitors with a-Si gate electrodes and 
those with poly-Si ones are shown in Table III. The positive 
values of AgBD indicate that the TDDB performance of 
MOS capacitors with gate electrode of a-Si is better than 
that of poly-Si. It is worthwhile noting that the AgBD values 
for gate oxides of oxynitride (i.e., N or OR samples) are 
much larger than that of conventional oxide (i.e., O sample). 
This suggests that to significantly improve the TDDB perfor- 
mance of MOS capacitors with a-Si gate electrode, an ox- 
ynitride should be used to form the gate oxide. The a-Si gate 
electrode might increase the hydrogen-related species in the 
gate oxide,3 and the hydrogen effects can be minimized by 
the incorporation of nitrogen into the oxide.19 Therefore, the 
gate electrode of a-Si should be used together with gate 
oxide of oxynitride for significantly improving the hot- 
electron hardness of MOS devices. 

Table IV shows the QBD values for the PO, AO, PN, AN, 
POR, and AOR MOS capacitors with gate areas of 1.257 
X 1CT3, 3.146X 10"4, and 1.767X 10~4 cm"2, respectively. 
The gBD values are increased as the gate areas decreased. It 
has been reported that the hot-electron induced ADit of 
MOS devices are decreased as the gate area decreased.4 It is 

TABLE V. Midgap interface trap density (ADitm) and fiatband voltage shift (AVpu) for PO, AO, PN, AN, 
POR, and AOR MOS capacitors which had been subjected to constant current stress with a density of -20 
mA/cm2. 

Sample PO AO PN AN POR AOR 

AD(7m(1012 eV~' cm"2) 
AVra(V) 

8.39 
-0.186 

8.11 
-0.302 

7.50 
-0.122 

6.66 
-0.134 

5.34 
-0.254 

5.01 
-0.239 
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TABLE VI. Midgap interface trap density (ADitm) and flatband voltage shift (AVFB) for PO, AO, PN, AN, 
POR, and AOR MOS capacitors which had been subjected to radiation exposure of Co-60 gamma ray with a 
total dose of 2M rad(Si02). 

Sample PO AO PN AN POR AOR 

ADitm(lOn eV"1 cm"2) 
AVra(V) 

3.53 
-0.023 

2.99 
-0.042 

2.46 
-0.083 

2.06 
-0.075 

2.12 
-0.041 

1.76 
-0.060 

known that the ßBD values have a strong dependence on the 
hot-electron induced ADit.23 The smaller hot-electron in- 
duced ADit the larger QBD for the MOS device. Therefore, 
the gate area effects on the QBD in Table IV are reasonable. 
Note that the orders of QBD performance in various samples 
have similar tendencies for all gate areas. 

Table V shows the midgap interface trap density (ADitm) 
and the flatband voltage shift (A VFB) for PO, AO, PN, AN, 
POR, and AOR MOS capacitors which had been subjected to 
constant current stress with a density of -20 mA/cm2 for 
100 s (2CV cm2). The ADitm for the AOR sample has the 
smallest value. The ADitm values of MOS capacitors de- 
crease in the order: PO, AO, PN, AN, POR, and AOR. For 
the samples with identical gate oxides, the ADitm values of 
the a-Si samples are smaller than those of the poly-Si ones. 
For the samples with identical gate electrodes and with dif- 
ferent gate oxides, the ADit values decrease in the order: O, 
N, and OR. The reduction of hot-electron induced ADit may 
be due to the release of macroscopic strain in the oxide 
caused by a-Si and the relaxation of Si02/Si interfacial 
strain accomplished by the incorporation of nitrogen into the 
interface. The negative values of AVFB indicate that there 
exist many hole trappings in the oxide. Although lots of elec- 
trons are trapped in the oxide under high current density 
stressing,24 the electrons are easily detrapped and the remain- 
ing holes are still trapped in the oxide for gate oxide thick- 
ness under ~6 nm.25 The AVFB values of MOS samples 
with gate oxide grown in N20 by a furnace (i.e., PN and AN) 
are smaller than those of the other samples. This may be in 
that the weak Si-H or Si-OH bonds near the Si02/Si inter- 
face are minimized by the formation of numerous Si-N 
bonds for the N samples. These strong Si-N bonds can re- 
duce the high-field stress induced charge trapping.19 

Table VI shows the midgap interface trap density 
(ADitm) and the flatband voltage shift (A VFB) for PO, AO, 
PN, AN, POR, and AOR MOS capacitors which had been 
subjected to radiation exposure of Co-60 gamma ray with a 
total dose of 2M rad(Si02). The ADitm value for the AOR 
sample has the smallest value. The radiation-induced ADit 
of MOS capacitors can be significantly reduced using a-Si 
gate electrode and gate oxide annealed in N20 by RTP. The 
ADitm values of MOS capacitors decrease in the order: PO, 
AO, PN, POR, AN, and AOR. These behaviors of various 
gate electrode/gate oxide samples in Table VI are similar to 
those in Table V, which thereby have similar mechanism 
explanations. All the AVFB values are negative because the 
radiation-induced oxide trap charges are positive charges.26 

The | A VFB| values of MOS capacitors with the different gate 
oxides and with the identical gate electrodes increase in the 

order: O, OR, and N. The tendency is similar to that of Table 
I. This could be also due to the defects generations formed 
by the nitrogen incorporation into the oxide bulk,3 which 
would increase the radiation-induced oxide-trap-charge 
(got) in oxynitride samples (i.e., OR and N). For the samples 
with gate oxides of O or OR, the radiation-induced Qot in 
MOS capacitors with gate electrode of a-Si are more than 
those of poly-Si. This might be that the hydrogen effects, 
enhanced by a-Si, would increase the radiation-induced 
ßot as explained in Table I. 

IV. CONCLUSIONS 

Effects of various gate electrodes and gate oxides on the 
physical and electrical properties in MOS capacitors were 
discussed. From the thickness variations of gate oxide and 
the Dit of MOS capacitors, the properties of oxynitride 
samples are slightly worse as compared to the conventional 
oxide. However, the oxynitride should be used to improve 
the electrical reliability of MOS devices with ultrathin gate 
oxides. An oxynitride that was formed by the conventional 
thermal oxide and then annealed in N20 by RTP is shown to 
have superior electrical properties. A gate electrode depos- 
ited using a-Si would improve the electrical properties of 
MOS capacitors although it might enhance the hydrogen ef- 
fects. To significantly improve the hot-electron hardness of 
MOS capacitors, the gate electrode of a-Si should be used 
together with the gate oxide of oxynitride. The increase of 
ß ED and the reduction of hot-electron and radiation induced 
ADit can be accomplished by a combination of a gate elec- 
trode deposited using a-Si and an oxide film annealed in 
N20 using RTP. A possible mechanism for this improvement 
is based on the release of compressive stress in the oxide and 
the relaxation of Si02/Si interfacial strain which is achieved 
by the nitrogen pileup at the interface. By the infrared spec- 
tra analysis of physical properties for the gate oxide, the 
Si02 /Si interfacial strain could be qualitatively analyzed by 
the value of FWHM at peak position ~ 1080 cm"!. This new 
approach of gate electrode and gate oxide would be good 
promise for the ULSI applications. 
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Gas phase and surface reactions in subatmospheric chemical vapor 
deposition of tetraethylorthosilicate-ozone 
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A new physical-chemical model, which applies over a wide range of operating pressures, describes 
the gas phase and surface reactions in subatmospheric chemical vapor deposition of silicon dioxide 
for producing inter-layer dielectrics in a cold-wall reactor. Tetraethylorthosilicate (TEOS) reacts in 
the gas phase to form an intermediate which is adsorbed and reacts on the surface to produce a 
silicon dioxide film. The results compare favorably with experimental data over a pressure range of 
100-600 Torr and a temperature range of 370-500 °C. The concentration distributions of TEOS, 
intermediate and ozone in the gas phase and their ratios at the surface of the wafer are determined 
to study gas phase nucleation and the relationship between composition distributions and film 
quality. Previous models based on low pressure data in the range of 30-90 Torr need to be modified 
to predict accurately the rates of deposition from 100 Torr to atmospheric pressure. Gas phase 
reactions cause the maximum in the deposition rates to shift to higher pressures at lower deposition 
temperatures, both in the model and experiments. At higher pressures, particulates are formed by the 
gas phase reactions which must be included to represent properly the chemical dynamics of the 
process. The deposition rate increases up to an asymptotic value as the TEOS flow rate is increased; 
above this level no further increase in growth rate occurs. This is a consequence of the basic 
mechanism of the surface reaction which predicts the asymptotic behavior observed. © 7997 
American Vacuum Society. [S0734-211X(97)00904-9] 

I. INTRODUCTION 

New submicron devices with three or four levels of metal 
and high aspect ratio structures are increasingly difficult to 
fill without a void. Silicon dioxide deposited as the inter- 
layer dielectric by the tetraethylorthosilicate-ozone 
(TEOS-O3) chemical vapor deposition (CVD) process has 
the ability to fill high aspect ratio topographies conformally. 

Between 30 and 90 Torr TEOS-ozone CVD produces 
conformal films but they are porous1 and have a high dielec- 
tric constant. At 760 Torr, TEOS-ozone atmospheric pres- 
sure chemical vapor deposition (APCVD) provides high 
quality dielectric films with excellent step coverage.2'3 But in 
APCVD, the deposition rate is too low at temperatures where 
the film is dense and has a low dielectric constant. Based on 
these observations, Kim and Gill4'5 predicted that Si02 can 
be deposited at relatively high deposition rates, good unifor- 
mity and high density film by TEOS-ozone CVD at 200-400 
Torr, 400 °C and inlet ozone/TEOS ratio above 5.6 

Experiments by Shareef et al? conducted in the pressure 
range between 100 and 600 Torr and the temperature range 
of 370-500 °C qualitatively confirm the trends predicted by 
Kim and Gill in deposition rates, uniformity and film density. 
However, the deposition rates observed in the experiments 
were much higher than those predicted by the model. This 
occurred for at least two reasons. First, the reaction rate con- 
stants were based on experiments conducted at much lower 
pressures, between 30 and 90 Torr,8 in an Applied Materials 
Precision 5000 (AM P5000) reactor. Second, it was assumed 
that the showerhead was maintained at 70 °C. Because the 

showerhead of the AM P5000 reactor is not water-cooled, 
the temperature actually may be as high as 150 °C due to 
heat transfer by radiation and conduction from the substrate. 
The activation energies of the gas phase reactions are very 
high, and the temperature differences are large between wa- 
fer and showerhead. Therefore, the reaction rates vary dras- 
tically between the showerhead and wafer in this cold-wall 
reactor. Assuming that the showerhead is at 70 °C leads to 
rate constants that are too low. Based on the deposition 
mechanism proposed by Kim and Gill, here we derive new 
rate constants for the experiments between 100 and 600 Torr 
in a research reactor with an air-cooled showerhead at 60 °C, 
which is described in detail elsewhere.7'9 The temperature of 
the wafer surface also was measured accurately using a py- 
rometer in these new high pressure experiments, and the 
temperature, pressure, TEOS flow rate and the ozone/TEOS 
ratio all were varied significantly. These rather large varia- 
tions in process parameters provide various challenges for 
the new model to meet as we show here. 

II. DEPOSITION MECHANISM 

The Kim and Gill model of Si02 deposition by TEOS- 
ozone CVD includes gas phase and surface reactions as in- 
dicated in the following description: 

(1) Ozone is excited on collision with other molecules and 
decomposes to atomic and molecular oxygen as proposed by 
Popovich et al.10 Atomic oxygen recombines with ozone to 

^Corresponding author; Electronic mail: gillw@rpi.edu 

form molecular oxygen: 

03-r-MoOf+M, (1) 
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o3*^o+o2, 

0+03-^202. 

(2) 

(3) 

(2) TEOS is oxidized by excited ozone to an intermediate 
specie (I) which is assumed to be silanol. Fourier transform 
infrared (FTIR) studies of TEOS-03 CVD by Kawahara 
et al.n also suggest that this occurs as 

TEOS+Of- >I. (4) 

(3) Some fraction of the intermediate specie decomposes 
to useless products in the gas phase before reaching the wa- 
fer surface 

I—> useless products. (5) 

(4) Undecomposed intermediate species adsorbs on the 
surface, and reacts on the surface according to the 
Langmuir-Hinshelwood mechanism to produce silicon diox- 
ide. It is assumed that the decomposition reaction is the rate 
limiting step 

I+XoI.X, 

I.X- Si02+ by-products. 

(6) 

(7) 

A similar mechanism was proposed by Desu for Si02 

deposition in the absence of ozone from the thermal decom- 
position of TEOS at high temperatures. 

If we assume steady state for the atomic oxygen and ex- 
cited ozone concentrations and dilute concentrations of reac- 
tants, then the rates of the gas phase reactions of TEOS-03 

CVD are:5 

Ron.—   ^OJCMCQJ, ls.o3 

R g.TEOS" CCMCO.CT 

Rg,i~ ^TEOSCMCOJCTEOS   ^rQ- 

(8) 

(9) 

(10) 

Figure 5 of Kim and Gill5 indicates clearly the existence of 
gas phase reactions and the consequence of their role is dis- 
cussed on the basis of experimental behavior by Shareef 
et al. 

The rate of deposition of Si02 from the surface reaction 
mechanism is derived by the Hougen-Watson-Langmuir- 
Hinshelwood method to be 

^SiO,~ 
KKqcm 
l+^dCO)' (11) 

where Ka is the equilibrium constant for the adsorption of 
intermediate, kr is the surface reaction rate and Ci(Q) is the 
concentration of the intermediate at the gas-wafer interface. 
At high concentration of intermediate Ci(0), Equation (11) 
suggests that the rate becomes constant and equal to kr. We 
assume in obtaining Equation (11) that the concentration of 
the by-product formed on an un-patterned wafer by the sur- 
face reaction is small and does not affect the deposition rate. 
This assumption is not true in high aspect ratio 
microstructures.13 Note that the ozone decomposition in the 
gas phase is given by Eq. (8) and is not influenced by the 

showerhead" 
'JSH_T-XSH r ~i -y---f--y -z=h 

wafer- 
T=T z=0 

FIG. 1. Schematic of the CVD reactor used in the analysis. 

TEOS concentration. The same behavior for ozone decom- 
position was observed by Kawahara et al.n in their experi- 
ments. 

III. MODEL DESCRIPTION 

To determine the kinetic coefficients it is desirable to sim- 
plify the fluid mechanics and thermal models to make the 
problem tractable. Reference 9 describes the stagnation point 
flow research reactor in which the experiments we analyze 
here were carried out. In such a system, a large part of the 
wafer surface is uniformly accessible and can be analyzed by 
a one dimensional model14 as shown in Figure 1. The verti- 
cal velocity in the gap between showerhead and wafer is 
approximated sufficiently well by a linear profile, 
u{z)= — uSH{zlh) where z is the distance from the wafer 
and h is the distance between the showerhead and the wafer. 
The heat transfer in the gas phase occurs mainly by conduc- 
tion and the temperature can also be approximated as 

T(z)-Tv z 
h' T      -T U- <12> 1SH     JW       " 

The concentrations of the different species (i = 03, TEOS, 
and I) are determined by the convective-diffusion equation: 

d       dC, 

dz\Di^h 

d d\nT 
+ di[D^a'^z-]+R g,' 

dCj 

dz 
(13) 

where Dt is the diffusion coefficient, a, is the thermal diffu- 
sion factor of specie i, and the coordinate system is shown in 
Figure 1. 

The boundary conditions for the different species (i = 03 

and TEOS) are 

dC; dlnT 
Di^

1(0) + DiaiCi—j^(0) = 0 1 dz 

at the wafer, and 

dz 

dCj 
uSHCi(h)+Di — (h) = uSHCiM 

(14) 

(15) 

at the showerhead where Ciin is the known inlet concentra- 
tion of the ith species. For the intermediate specie I, the 
boundary conditions at a wafer and showerhead are 

dCi dlnT krKaCiiO) 
ßl_(0) + DlfllCI^r(0)=TT]E^ö), (16) 

dCi 
uSHCl(h) + Dl — (h) = 0. (17) 
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FIG. 2. Comparison of model with experimental data. Flow rates: 
N2=20 000 seem, O2 = 10000 seem, 03=325 seem, TEOS=41 seem. Ex- 
perimental data for the figure are obtained from Ref. 17. 
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FIG. 3. Concentration distribution of ozone between the showerhead and the 
wafer surface. Flow rates: N2=20 000 seem, O2 = 10 000 seem, 03=325 
seem, TEOS=41 seem. The solid and dashed lines are for 600 and 200 Torr, 
respectively. 

At the showerhead, we use the Danckwerts condition15 

which applies when analyzing CVD processes where diffu- 
sion is important in the transport of the species.5 Equation 
(16) states that the rate of diffusion of intermediate at the 
surface is equal to the rate of reaction. This set of differential 
equations in dimensionless form was solved numerically us- 
ing the D02RAF subroutine of the Numerical Algorithm 
Group (NAG) library16 to determine systematically the ki- 
netic coefficients that are consistent globally with the various 
results obtained experimentally. The Appendix gives the pro- 
cedure to determine the physical properties, a, and £>,. 

IV. RESULTS AND DISCUSSION 

A. Comparison between model predictions and 
experiments 

A systematic procedure based on the mechanism of the 
gas phase and surface reactions was used to extract the rate 
constants from the experimental data. Evaluation of the sur- 
face reaction rate kr was based on the experimental deposi- 
tion rate data attaining an asymptotic value at high TEOS 
flow rates because the film surface is saturated by the inter- 
mediate specie and the resistance to adsorption of the inter- 
mediate is negligible. Thus the growth rate is limited only by 
the surface reaction rate. Consequently the term KaCi(0) in 
the denominator of Equation (11) is much larger than 1, and 
the asymptotic value of the growth rate as shown in Figure 5 
can be approximated as RSi0 ^kr. With kr known, an itera- 

tive procedure was used to determine the pre-exponential 
factor and activation energy of the other three rate constants 
and Ka that characterize the TEOS-03 deposition process. 
Initial values for the different rate constants were obtained 
from Kim and Gill5 based on data from 30 to 90 Torr. The 
final values obtained for the rate constants over the range of 
100-600 Torr, 370-500 °C, N2=20 000 seem, O2 = 10 000 
seem, 03 = 325 seem, TEOS=41 seem were: 

fco3=1.0lXl016exp(-24.9/flr) cm3 mol"1 s"1, 

£TEOS= 1-06X 1021 exp(- 19.6/RT)  cm6 mol-2 s"\ 

fc,= 4.12Xl05 exp(-ll.0/RT)  s~\ 

&r=6.38X10"7 exp(-4.31//?r)  cm"2 mol s"1, 

and 

£a = 5.02X10n exp(-4.l/RT)  cm3 moF1 , 

where R is universal gas constant = 0.002 kcal/mol K. These 
values were obtained by requiring the model to satisfy simul- 
taneously various criteria with respect to behavior of the ex- 
perimental data that will be discussed next. 

The growth rate depends on the concentration of interme- 
diate and the temperature at the wafer surface. However the 
wafer temperature also affects the temperature at various 
points in the gas phase and therefore the gas phase reactions. 
Consequently, the temperature and concentration of interme- 
diate at the wafer surface are intimately connected through 
the gas phase reactions. A comparison of the predictions of 
the model and the experimental data is shown in Figure 2. 
The model predicts correctly the increase-decrease behavior 
of the deposition rate as the total reactor pressure or the 
wafer temperature is increased. The temperature effect is 
seen in the crossover of the curves between 100 and 200 
Torr. Also, for all three wafer temperatures the rate increases 
to a maximum and then decreases, and the maximum occurs 
at higher pressure with lower temperature. This behavior is 
explained in Figures 3 and 4 and Table I. The increase in 
deposition rate from row 1 to 2 of Table I occurs because the 
gas phase temperature is higher at higher wafer temperatures 
and more TEOS is oxidized to form the intermediate. How- 
ever, even though more intermediate is produced in the gas 
phase at 500 °C and 200 Torr than at 370 °C and 200 Torr, 
the decomposition reaction given by Equation (5) consumes 
it rapidly at higher temperatures before it reaches the wafer. 
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FIG. 4. Concentration distribution of intermediate between the showerhead 
and the wafer surface. Flow rates: N2=20 000 seem, O2 = 10 000 seem, 
0,=325 seem, TEOS=41 seem. The solid and dashed lines are for 600 and 
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FIG. 5. Deposition rate versus TEOS flow rate showing that the deposition 
rate reaches an asymptotic value at high flow rates. Pressure =200 Torr, 
flow rates: N2=20 000 seem, O2 = 10 000 seem, 03=325 seem. Experimen- 
tal data for the figure are obtained from Ref. 17. 

200 Torr, respectively. 

The depletion of intermediate is enhanced further by rapid 
consumption of ozone at these high temperatures (Figure 3). 
Therefore the concentrations on the wafer surface and the 
rate of film growth are lower at 500 °C. 

As the reactor pressure is increased, the concentrations of 
the reactants in the gas phase become higher and more inter- 
mediate is formed in the reactor. In Table I, we see that 
C,      at 600 Torr is an order of magnitude higher than 

max 

C,     at 200 Torr. Hence the deposition rate in rows 4 and 5 
max 

is higher than in rows 1 and 2 of Table I. The deposition rate 
at 600 Torr and 500 °C is very low because of the increased 
rate of ozone consumption so that very little TEOS is oxi- 
dized to form intermediate close to the wafer surface. 

As explained above, the combined effect of temperature 
and pressure leads to a shift in the maximum deposition rate 
to lower pressures at high temperature. The maximum 
amount of intermediate in Table I is formed at 250 °C and 
600 Torr. At this low wafer temperature the intermediate 
concentration maximum occurs close to the wafer (no sig- 
nificant ozone consumption or intermediate decomposition) 

and the high pressure provides high reactant concentrations. 
However, the deposition rate is limited by Equation (11) to 
kr and the maximum deposition rate possible at a 250 °C 
wafer temperature is —0.16 ytim/min because of this satura- 
tion effect. 

In experiments at high reactor pressures and temperatures, 
white particulate residues were observed on the reactor win- 
dows due to the intermediate decomposition reactions in the 
gas phase. With an increase in pressure, more intermediate is 
formed and is decomposed at high wafer temperatures as 
shown in Figure 4; this leads to particulate formation. The 
observation of particulate formation further supports the 
parasitic gas phase reaction postulated by Kim and Gill. ' 

Figure 5 shows a comparison of the model predictions 
with the experimental data for deposition rate at various 
TEOS flow rates. The predictions agree well with the experi- 
ments. The film growth rates reach asymptotic values at high 
TEOS flow rates, because the wafer surface becomes satu- 
rated with intermediate. Under these conditions, the growth 
rate is determined only by the surface reaction rate constant, 

TABLE I. The variation of intermediate concentration with the gap spacing for different process conditions and 
its effect on deposition rate. 

Process conditions Values where C; occur 
C, at 
wafer Reactor Wafer Distance Gas phase C'ma* 

Growth 

No. 
pressure 

(Torr) 
temperature 

(°C) 
from wafer 

(cm) 
temperate 

(°C) (mol/ccX1010) 
surface 

(moVccXIO10) 
rate 

(/im/min) 

1 250 0.1 213 1.4 0.30 0.04 

2 200 370 0.12 299 6.7 0.83 0.22 

3 500 0.18 342 8.0 0.08 0.14 

4 250 0.06 227 78 66 0.16 

5 600 370 0.19 255 63 1.6 0.27 

6 500 0.26 276 69 0.03 0.06 
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TABLE II. Regions of maximum deposition rate for various flow rates of 
TEOS and ozone. Flow rates: N2=20 000 seem and O3 = 10000 seem. Gap 
spacing=0.5 cm. 
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Reactor Pressure(torr) 

FIG. 6. A contour plot which shows that the maximum deposition rate of 
0.29 /im/min occurs at reactor pressure=450 Torr and wafer temperature 
=375 °C for a TEOS and ozone flow rates of 40 seem and 325 seem, 
respectively. N2=20 000 seem and O2 = 10 000 seem. Numbers in the figure 
represent deposition rate in fim/min. 

B. Effect of process variables on deposition rate 

In a single-wafer reactor as described in Ref. 9, the pro- 
cess variables that can be manipulated to change the deposi- 
tion process are: (1) reactor pressure, (2) wafer temperature, 
(3) showerhead temperature, (4) carrier gas flow rate, (5) 
ozone flow rate, (6) TEOS flow rate, and (7) gap spacing 
between the wafer and showerhead. The model developed in 
this paper can be used to determine the effect of these pro- 
cess variables on the deposition rate. The question we answer 
here is, what combination of temperature and pressure gives 
a maximum rate of deposition for various fixed values of the 
flow rates of reactants. 

Extensive simulations were conducted to obtain the reac- 
tor pressure and wafer temperature for which the deposition 
rate is a maximum at various flow rates of TEOS and ozone. 
Figure 6 shows a contour plot of the deposition rate over 
ranges of values of pressure (100-760 Torr) and wafer tem- 
perature (250-500 °C) for TEOS and ozone flow rates of 40 
and 325 seem, respectively. We see that the maximum depo- 
sition rate of 0.29 ^tm/min occurs at a reactor pressure of 450 
Torr and a wafer temperature of 375 °C. The results of simi- 
lar calculations give the temperatures and pressures at which 
the deposition rates are a maximum for other flow rates of 
TEOS and ozone and these are summarized in Table II. For 
lower flow rates of TEOS or ozone, RmaK, the deposition rate 
maximum occurs at a higher reactor pressure and lower wa- 
fer temperature. These changes in process conditions lead to 
higher concentrations of TEOS and ozone in the reactor 
which compensates for the decreased concentration of reac- 
tants due to the lowering of their flow rates. The temperature 
and pressure for 7?max changes with different flow rates of 
TEOS and 03, and one needs to find the combination of 
processing condition which leads to Rmax. The maximum 
deposition rate increases as the TEOS flow rate is increased. 
But the slope of the deposition rate decreases as the TEOS 

Reactant flow rates Region of maximum deposition rate 

TEOS Ozone Pressure Temperature Max. dep. rate 
No. (seem) (seem) O3/TEOS (Torr) (°C) (/im/min) 

1 20 325 16 600 300 0.18 
2 40 325 8 450 375 0.29 
3 60 325 5.5 375 400 0.35 
4 80 325 4 300 425 0.39 
5 120 325 2.7 200 450 0.46 
6 40 650 16 300 390 0.32 
7 80 650 8 225 450 0.46 

flow rate increases because the wafer surface becomes satu- 
rated with the intermediate (Figure 5). This limits the cost- 
effectiveness of increasing the TEOS flow rate in the reactor. 
Moreover, if the 03 to TEOS ratio is too low, the quality of 
the film is poor.2'6 The increase in deposition rate with in- 
creasing ozone flow rate is not very high as shown in Table 
II. But a high flow rate should be maintained to obtain good 
film quality. The ozone flow rate is limited by the total oxy- 
gen flow rate and the efficiency of the ozonator which is 
usually less than 8% by volume. 

Shareef17 characterized the quality of the silicon dioxide 
film deposited at 400 °C and 100-400 Torr by TEOS-ozone 
CVD. The measurements of dielectric constant and density 
of the film show that at reactor pressures above 300 Torr, the 
quality of the film is comparable to thermally grown oxide. 
Simulations were performed to obtain the TEOS and ozone 
flow rate for which a deposition rate maximum occurs at 
400 °C and 400 Torr. Figure 7 shows the deposition rate 
reaches an asymptotic value of 0.4 ^m/min at 400 °C and 
400 Torr for TEOS and ozone flow rates of 80 seem and 600 
seem, respectively. The simulation results together with ex- 
periments of Shareef17 show that the TEOS-O3 CVD system 

Ozone Flow Rate(sccm) 
TEOS Flow Rate(sccm) 

FIG. 7. Deposition rate predicted by model at 400 °C and 400 Torr for 
various flow rates of TEOS and ozone. Flow rates: N2=20 000 seem, 
02 = 10 000 seem. 
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FIG. 8. A plot showing model prediction of the decrease in deposition rate as 
the showerhead temperature is raised. Pressure =100 Torr, Flow rates: 
N2=20 000 seem, O2 = 10 000 seem, 03=325 seem. 

can be used to deposit inter-layer dielectric at growth rates of 
0.4 fim/rmn with film quality comparable to thermally grown 
oxide. 

Figure 8 shows that higher showerhead temperatures de- 
crease the deposition rate drastically because more interme- 
diate and ozone decomposition occurs closer to the shower- 
head. Thus paniculate formation also may occur in the gas 
phase if the temperature of the showerhead is too high. Thus 
the temperature of the showerhead of a TEOS-03 CVD re- 
actor should be low, so that maximum intermediate forma- 
tion occurs close to the wafer surface. 

The showerhead of CVD reactors usually has slots or 
small holes, and the total open area of the showerhead is 
much smaller than the reactor area. The gas mixture thus 
enters the reactor as jets, but these jets should mix within a 
small fraction of the gap spacing to obtain a uniform film on 
the wafer surface. Moreover, re-circulation by natural con- 
vection may occur in these reactors at large gap spacing and 
high pressure and this increases the nonuniformity of the film 
thickness. Therefore, to study the effect of carrier gas flow 
rate and gap spacing, a more complex model which simu- 
lates the jet phenomena and natural convection is required. 
For a total flow rate of 30 000 seem and gap spacing of 0.5 
cm, experiments showed that the film deposited is uniform 
and the jet effect or re-circulation does not affect film uni- 
formity. Consequently a linear velocity distribution between 
the showerhead and wafer is a good assumption in this case. 

V. CONCLUSIONS 

Based on the model results, we can conclude that: 

(1) The kinetic model proposed in this article successfully 
describes the deposition characteristics of TEOS-03 

CVD in the ranges of 100-600 Torr and 370-500 °C. 
(2) The decrease of the deposition rate at higher reactor tem- 

peratures or pressures occurs due to depletion of the 
ozone concentration near the wafer surface and increased 
parasitic gas phase reaction of the intermediate. 

(3) At high TEOS flow rates, the deposition rate reaches an 
asymptotic value because the wafer surface becomes 
saturated with the intermediate specie. 

(4) High quality films can be produced at high deposition 
rates in the neighborhood of 400 °C and 400 Torr. 

(5) The showerhead should be cooled to improve the depo- 
sition rate as shown in Figure 8. 

APPENDIX 

The physical properties of the gas mixtures were deter- 
mined at a pressure of 1.0 Torr and 343 K as follows: 

Parameters 

Carrier gases 

Reactant gases o2 N2 He 

O3 D° 139.1 134.7 513.2 

A 0.317 0.313 1.24 

B 55.72 50.8 67.32 

TEOS D" 57.6 57.07 248.3 

A 1.19 0.912 2.61 

B 196.8 333.8 224.4 

I D" 82.03 80.48 347.1 

A 0.808 0.654 1.87 

B 203.6 152.5 146 

1 1 

li-iXlDlr 
(Al) 

where k = 03, TEOS or I and j = 02, N2 or He. Dkj is the 
binary diffusion coefficient in cm2/s of the kth species in j 
and Xj represents the mole fraction of the y'th species. The 
diffusion coefficient at any other temperature T(in K), and 
pressure P (in Torr) is given by 

nl.5 

Dki(T,P) = D°k kj 6352.4P' 
(A2) 

The thermal diffusion coefficient was calculated as 

<*k=Ak T' 

where 

A*=2 XjAk 

and 

Bk~ 2J 
xfikji 

(A3) 

(A4) 

(A5) 

where Akj is dimensionless and Bkj has the units of tempera- 
ture. 
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Borophosphosilicate glass thin films monitored by infrared 
absorption spectroscopy 
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Infrared absorption spectra of 108 borophosphosilicate glass (BPSG) thin films produced in a 
multiple-wafer low-pressure chemical vapor deposition (LPCVD) reactor were collected to enable 
the development and testing of a rapid and inexpensive method for determining if films are within 
the desired specifications. Classification of samples into good and bad product categories was made 
by applying principal component analysis to the spectra. Mahalanobis distances were used as the 
classification metric. The highest overall percentage of correct classification of samples based upon 
their spectra with two-step classification was 95%. The misclassified samples were, however, within 
the error of the reference methods that were used in making the original classification against which 
the infrared (IR) classification methods were tested. The classification errors are thus just as likely 
to be a result of misclassification by the reference method rather than errors by the IR classification. 
Although reference measurements were used in this article for the original classification of the 
samples, these expensive and time-consuming reference methods can be eliminated simply by 
building classification models on samples determined to produce a product within the correct device 
specifications. The IR classification methods presented here hold great promise as a tool for rapid 
quality control of BPSG deposition. © 7997 American Vacuum Society. 
[S0734-21 lX(97)00104-2] 

I. INTRODUCTION 

Borophosphosilicate glass (BPSG) is one of the dielectric 
materials that is widely used in the manufacturing of modern 
integrated circuits. At present, BPSG thin films are moni- 
tored for boron content, phosphorus content, and film thick- 
ness. The performance of BPSG films in devices can gener- 
ally be predicted accurately when the boron content, 
phosphorus content, and film thickness of the films are 
known. Rapid, precise, and accurate at-line film thickness 
measurement tools are readily available and are widely em- 
ployed. At-line measurements of film content have not been 
as widely adopted as have at-line film thickness measure- 
ments. Thus some manufacturers depend on time-consuming 
and destructive off-line measurements for boron and phos- 
phorus content in BPSG thin films. 

Fourier transform infrared (FTIR) spectroscopy, when 
combined with multivariate calibration, has been shown to 
be capable of a rapid, precise, simultaneous, and accurate 
determination of BPSG film thickness and content.1"4 FTIR 
spectrometers are available at many microelectronic fabrica- 
tion sites and can be readily employed at line to provide 
rapid quality control. The multivariate calibration procedure 
requires, however, that a relatively large set of wafers with 
films spanning the property ranges of interest be produced 
and   characterized   using   established   reference   methods. 

a)Electronic mail: niemczyk@unm.edu 

These films are used to train the multivariate calibration pro- 
cess. The fact that production and characterization of the 
training set of films are time-consuming and expensive has 
presented a barrier to the widespread adoption of at-line 
monitors that utilize multivariate calibration techniques. 

The fact that a FTIR spectrum can be used to simulta- 
neously measure the film content and film thickness with 
high precision suggests that very small changes in the film 
properties are reflected in meaningful changes in the spectral 
data. This spectral sensitivity to small changes in the films 
implies that a method might be developed using FTIR spec- 
tral data to monitor small changes in the film properties with- 
out developing a quantitative model for content and thick- 
ness. Spectral monitoring of the films can then be reduced to 
a classification problem. The required calibration process 
could be achieved by collecting spectral data from a set of 
"acceptable" or "good" films, i.e., films that vary due to 
normal process variation but remain within the process 
specifications. The spectral data would form a "spectral en- 
velope" in the multidimensional data space that defines ac- 
ceptable materials. A rapidly obtained infrared spectrum of 
an unknown film can then be compared to this envelope. If 
the spectral data from the unknown film is outside the enve- 
lope, then the unknown film would be classified as ' 'unac- 
ceptable" or "bad," and a potentially faulty product would 
be detected. 

Several well-documented methods, such as linear dis- 
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criminant analysis (LDA), the ^-nearest neighbor (KNN) 
method, the Bayesian method (probability density function), 
and soft independent modeling of class analogy (SIMCA), 
have been used to classify samples based on spectral data. 
LDA requires a large number of training samples homoge- 
neously collected from each class and uses a hyperplane to 
separate the classes.5 This method is not very useful for a 
system such as that encountered here, where we desire to 
build classification models using only a single class of 
"good" product samples. The KNN method is less depen- 
dent on homogeneity and distribution of the sampling within 
each class, but it does not work well if the number of training 
samples in each class is not approximately the same.6 The 
Bayesian method and SIMCA are both modeling approaches 
and are the most attractive methods for many chemical ap- 
plications. The Bayesian method, however, requires a very 
large set of training samples to calculate the probability den- 
sity function that describes the distribution of each sample 
class.7 SIMCA uses principal component analysis combined 
with an F test to define a hyperbox for each class,8'9 which 
does not describe the class distribution very well and is com- 
putationally complicated. Therefore, none of the established 
techniques is ideally suited to the classification of thin films 
based only on a set of good data. 

The Mahalanobis distance metric, introduced by Mahal- 
anobis in 1936,10 is a sensitive method of classifying multi- 
dimensional data. It takes the variance-covariance matrix of 
each training class into account and describes each class us- 
ing a hyperellipsoid whose boundary is defined by the stan- 
dard deviation away from the class centroid. Mark and 
Tunnell11'12 and Shah and Gemperline13 have reported the 
qualitative identification of raw materials by near infrared 
(NIR) spectroscopy using a Mahalanobis distance classifica- 
tion technique. In this article, the extension of this classifi- 
cation method to the fault detection of BPSG thin films using 
infrared absorption spectroscopy is discussed. Principal com- 
ponent analysis (PCA) is first applied to the data to reduce 
the dimensionality of the spectral data and to identify those 
features that change in the spectral data. The Mahalanobis 
distance metric is then applied to the principal components 
(scores) of the PCA model to develop the classification met- 
ric. When applied to a large set of BPSG thin films, we show 
that the combination of FTIR spectral measurements and the 
Mahalanobis distance classification can produce a sensitive 
classification technique. 

II. THEORY 

Principal component analysis converts the original vari- 
ables to mutually orthogonal principal components (PCs) 
that define a reduced spectral space containing all the varia- 
tions in the original spectral data that are important for clas- 
sification. The PCA model can be described 

A(».m) = A(„>m) + T(„>;t)L(;tim)-l-E(„jm),    (k<m), (1) 

where A is_the spectral data matrix with n samples and m 
intensities, A is the matrix with a mean spectral vector in 
each row, T is the score matrix of the first k PCs, L is the 
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FIG. 1. A two-dimensional depiction of a Mahalanobis distance classifica- 
tion. The closed circles represent the samples in one class and open circles 
represent the second class. The shaded circle represents an unknown sample 
to be classified. 

matrix with the first k loading vectors in rows, and E is the 
residual matrix representing the portions of the spectral data 
not incorporated in the PCA classification model. Thus ma- 
trix A can be represented by matrix T. If the original vari- 
ables are highly correlated, nearly all of the sample specific 
variations in the original data can be modeled by the first few 
PCs. In this study, the optimal number of PCs, k, was deter- 
mined based on an F test of the predicted error sum of 
squares (PRESS) for models with fewer PCs relative to the 
model yielding minimum PRESS.7 

The Mahalanobis distance is a measure of the distance 
from an individual point to the centroid of a population in a 
multidimensional space based on the assumption of a multi- 
variate normal distribution N(fi,2,) for the population. The 
Mahalanobis distance is expressed by 

D?=(x1-At)'2-1(xI-/i), (2) 

where Di is the Mahalanobis distance, x, is a vector repre- 
senting a sample, /j, is a vector representing the centroid of 
the population, and 2 is the variance-covariance matrix of 
the population. In the situation described in Fig. 1, the well- 
defined training class can then be described by an ellipsoid 
with the boundary defined proportional to the standard de- 
viation from the class centroid. 

In practice, the estimated mean vector x and variance- 
covariance matrix S from a sample size of n are used instead 
of ix and 2. Since all the PCs are orthogonal and the PC 
scores for each PC, ttj (z = l,2,...n; 7=1,2,...*), are mean 
centered, the estimated variance-covariance matrix S calcu- 
lated from the PC scores becomes a diagonal matrix with the 
diagonal terms given by 

*,7=E (tn)2/(n- 1). 
i = i 

(3) 

The modified Mahalanobis distance for the ith sample repre- 
sented by t,, a vector of k scores, can then be expressed by 
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FIG. 2. Diagram of the LPCVD apparatus used to produce the 108 BPSG 
films. 

DH-s-'t;. (4) 
Equation (4) can be rewritten as 

/>?=£ (rfj/sjj). (5) 
7=1 

An unknown sample will be classified as a good or accept- 
able sample if its normalized Mahalanobis distance is less 
than unity, i.e., within the range of the original good samples 
used in building the classification model. In contrast to the 
Euclidean distance metric, the Mahalanobis distance is 
scaled in each dimension by the standard deviation of the 
scores in that dimension. Therefore, the Mahalanobis dis- 
tance is given equal weight in each PC dimension and is not 
necessarily dominated by the early PC dimensions. 

III. EXPERIMENT 

The 108 BPSG thin films on 150-mm-diam undoped sili- 
con wafers used in this study were prepared at Intel Corpo- 
ration (Santa Clara, CA) in the low pressure chemical vapor 
deposition batch reactor depicted in Fig. 2. The reactor is 
capable of holding five boats of wafers with boat 1 nearest 
the gas inlet port and boat 5 nearest the exit (exhaust) port. 
Each boat holds 22 wafers as 11 back-to-back pairs. The first 
and the last slots of the reactor were loaded with dummy 
wafers thus leaving 108 test wafers. The target of the depo- 
sition process was 2.0 wt % boron, 6.7 wt % phosphorus, and 
1.0 fim film thickness. The process was carried out using 
silane/phosphine/trimethylborane chemistry at 390 °C and 
280 mTorr for 280 min. A thin capping layer of 100-200 A 
undoped oxide was deposited at the end of the process to 
minimize the formation of boric acid crystals. 

The reference measurements of the as-deposited, unan- 
nealed films were made at the center of all the films using a 
univariate spectral peak ratio FTIR method for boron, x-ray 
fluorescence (XRF) for phosphorus, and a Nanospec optical 
interference fringe method for film thickness. Three samples 
were pulled from the set to study the time-dependent effects 
on boron due to exposure to ambient air. Samples were de- 
fined as good if they were within ±5% of the target values 
for boron and phosphorus and within ±8% of the 1.0 fim 
target for film thickness. 
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FIG. 3. Reference property determinations for the 108 BPSG films vs sample 
position in the LPCVD reactor. The solid horizontal lines are the property 
target values and the dashed lines are the property specification borders. 

FTIR absorbance spectra of the unannealed thin films 
were collected at nine points in a cross pattern at Sandia 
National Laboratories with a Nicolet ECO-8S FTIR spec- 
trometer. The wafer surfaces were thoroughly wiped with 
isopropyl alcohol prior to performing measurements. The 
spectra collected at the center of the wafers were used to test 
the classification procedure. All spectral data were processed 
using multivariate calibration and classification software de- 
veloped in our laboratory.14,15 A number of data preprocess- 
ing options was tested with the aim of improving the classi- 
fication results. The spectral preprocessing methods included 
first derivative, second derivative, smoothing, pathlength 
correction, autoscaling, range scaling, variance scaling, nor- 
malizing to unit length, and normalizing to mean-centered 
variance. The spectral region from 400 to 1600 cm'1 was 
used in the analyses. Twenty-five randomly selected good 
samples from the set of 59 good sample thin films were 
selected to build the classification model. The remaining 34 
good and all 49 bad samples were tested as unknown 
samples to be classified. Mean centering and PCA on the 
pretreated spectral data were used to simplify construction of 
the mathematical model. The normalized Mahalanobis dis- 
tances were calculated from the scores of the first three to 
five principal components and the variance-covariance ma- 
trix. 

IV. RESULTS AND DISCUSSION 

A. BPSG test sample set 

The reference values for each of the three measured prop- 
erties for all of the 108 samples are shown in Fig. 3 as a 
function of sample position in the reactor, where position 1 is 
nearest the gas inlet. It is clear that the films in boat 1 (po- 
sitions 1-21) and in the latter half of boat 5 (positions 99- 
108) have thickness values that deviate dramatically from the 
target value. The first and last wafers in each boat have de- 
viations in film thickness of about + 0.2 fim, which is larger 
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FIG. 4.  Infrared spectra collected from (a) 25 randomly selected good 
sample films and (b) every third sample from the entire data set. 

TABLE I. Classification results of the PCA/Mahalanobis distance classifica- 
tion using different data preprocessing methods. The test set consisted of 83 
samples (34 "good" and 49 "bad"). The number of misclassified samples 
is noted in parentheses. 

Preprocessing method 
No. of 
PCs 

% correct 
good 

% correct    % correct 
bad overall 

None 3 
Smoothing 3 
Pathlength correction 4 
First derivative 3 
Second derivative 5 
Autoscaling 3 
Range scaling 3 
Variance scaling 3 
Normalized to unit 
length 3 
Normalized to mean-centered 
length 3 

91(3) 
91(3) 
94(2) 
97(1) 
97(1) 
97(1) 
97(1) 
97(1) 

84 (8) 
84 (8) 
90 (5) 
78 (11) 
47 (26) 
78 (11) 
78 (11) 
78 (11) 

87 (11) 
87 (11) 
92 (7) 
86 (12) 
68 (27) 
86 (12) 
86 (12) 
86 (12) 

91 (3)        84 (8) 87 (11) 

91 (3)        84 (8) 87 (11) 

than the specified error limit. The pattern of occurrence of 
bad films based on the boron or phosphorus content is very 
similar to that of film thickness, i.e., the films at the ends of 
the reactor and at the ends of each boat show variations. The 
boron content and phosphorus content variations at the boat 
ends are negative, in contrast to the positive variations in 
film thickness. As can be seen from the data in Fig. 3, the 
phosphorus content is only out of the specification range for 
films that are also out of the specified thickness range. It is 
the variations in boron content that cause bad products at 
wafer positions 94-102. 

Figure 4 contains the spectra of the 25 good samples used 
to develop the classification model [Fig. 4(a)] and spectra 
collected from every third sample, 36 total, from the entire 
data set. The large amount of variation in the data in Fig. 
4(b) relative to that in Fig. 4(a) is indicative of the fact that 
IR spectral data are very sensitive to changes in the film 
properties. The largest changes in the data occur in regions 
where Si-0 absorbs, 1100, 810, and 450 cm"1. Changes in 
film thickness cause significant changes in the intensities of 
these bands. The variation of film thickness across the range 
of good samples, 1.0±0.08 /xm, is reflected in the variation 
of the strongest Si-0 band, 1100 cm"1, in Fig. 4(a). Note 
that the band at 610 cm"1 is invariant in both sets of spectra. 
This is the Si-Si phonon band, i.e., a spectral feature due to 
the substrate rather than to the film. The bands at ~ 1320 and 
-1400 cm"1 are due to P=0 and B-O, respectively. The 
relative intensities of these bands, when scaled for film thick- 
ness, are only approximately proportional to the boron and 
phosphorus content of the thin films. Previous studies have 
shown that a simultaneous determination of boron content, 
phosphorus content, and film thickness is possible if infor- 
mation contained across the entire 1600-400 cm"1 region is 
used.16'17 In fact, these prior studies have shown the IR data 
to be very sensitive to small changes in film properties. 

B. Classification of BPSG thin films 

Based on the reference values for the boron content, phos- 
phorus content, and thickness for each film, shown in Fig. 3, 

and the property specification ranges, there were 34 good 
samples and 49 bad samples in the test set. The spectral data 
were treated using a variety of preprocessing methods with 
the hope of identifying a method that would yield optimal 
classification results. In order to determine the number of 
principal components to use in the classification models, 
principal component regression (PCR) calibration was per- 
formed after preprocessing the spectral data. The PCR cali- 
bration results in the determination of an optimal number of 
principal components for each property based on all samples. 
The average optimal number of components was used for 
classification. In most cases, this optimal number of factors 
was only three factors. The preprocessing methods tested and 
the resulting number of principal components for each 
method are summarized in Table I. Also included in Table I 
are the results of the Mahalanobis distance classification ex- 
pressed as the percentage of the samples in the test set cor- 
rectly classified. The correctly classified percentages of the 
good, the bad, and the entire set of the test samples are listed 
separately. 

The data in Table I show that the optimal number of prin- 
cipal components is three for all but two of the data prepro- 
cessing techniques. The accuracy of the classification model, 
when applied to good samples, was always over 90% and 
was relatively less sensitive to the preprocessing method ap- 
plied when compared to the classification accuracy of the 
bad samples. Presumably the 25 good samples used to de- 
velop the classification model are representative of the good 
samples in the test set since these 25 samples were randomly 
selected. 

Figure 5 indicates the positions of the misclassified 
samples for all of the data preprocessing options tested. A 
sample is flagged as misclassified in Fig. 5 even if misclas- 
sified by only one of the classification methods tested. The 
misclassified good samples are the same set, or subset, of 
three samples (samples 29, 31, and 34) for all preprocessing 
conditions. The classification error for all three samples 
could be due to the errors in the reference methods. For 
example, an optimistic estimate of the reference boron con- 
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FIG. 5. Class membership vs sample position in the LPCVD reactor. (O) 
Good samples; (•) bad samples, film thickness out of specification; (♦) 
bad samples, boron content out of specification. 

tent error is ±0.1 wt %. If one takes this error into account, 
all three of these good samples could actually lie in the space 
of the bad samples (i.e., the samples may have been accu- 
rately classified, but are actually placed in the wrong cat- 
egory because of the poor precision of the reference methods 
used to place the samples in the good or bad categories). 

The misclassified bad samples all come from boat 2 and 
boat 5. For the best model, five samples are misclassified. 
These five samples all have acceptable thickness and phos- 
phorus content, but unacceptable boron content. Again, for 
four of these samples, the boron content as determined using 
the reference procedure lies within ±0.10 wt % (the esti- 
mated error in the reference method) from the good/bad bor- 
der, and the fifth is only 0.13 wt % from the border. Hence 
the IR misclassification might also be caused by reference 
determination errors. Spectral noise and classification model 
error might also contribute to the classification errors. How- 
ever, previous results using FTIR spectral data with multi- 
variate calibration have demonstrated that the reference mea- 
surement error of 0.10 wt % for B content dominates over 
spectral noise and calibration model error. 

As illustrated in Fig. 4, the spectral changes due to film 
thickness variations are much more dramatic than are 
changes due to variations in boron and phosphorus content. 
An examination of the misclassified bad samples shows that 
most are samples for which the film thickness is within the 
range specified are acceptable, but the boron content is out- 
side the acceptable range. This implies that the classification 
models are dominated by film thickness variation. The path- 
length correction preprocessing largely removes the effects 
of thickness variation, making the classification model more 
sensitive to changes in boron content, resulting in a classifi- 
cation model with the highest overall classification accuracy 
of the spectral preprocessing methods tested. 

The large changes in the spectral data due to changes in 
film thickness suggest the use of a hybrid calibration/ 
classification model. The hybrid model employs a quantita- 
tive film thickness calibration as an initial screen followed by 
a Mahalanobis distance classification of those samples with 
acceptable thickness values. The partial least-squares (PLS) 
algorithm was used to build a film thickness calibration 
model using the spectral data collected from the entire set of 
samples and their corresponding thickness reference 
measurements.14'18 The spectral data were baseline corrected 
prior to calibration. The first step of the two-step classifica- 

1600     1400     1200     1000     800      600      400 

FREQUENCY (cm"1) 

FIG. 6. Spectra collected at nine different points on a typical good sample. 

tion method used the cross-validated predicted thickness val- 
ues of the 83 test samples to classify samples into good and 
bad categories based on the film thickness values contained 
in the specified thickness range (e.g., 1.0±0.08 /im). Those 
samples with thicknesses outside the specified range were 
immediately classified as unacceptable, i.e., bad, and not 
subjected to further classification. The remaining samples in- 
cluded all good samples and nine bad samples. All nine of 
these bad samples had the reference boron content outside 
the specified range required for good samples. 

These nine bad samples and 34 good test samples were 
then subjected to classification using the Mahalanobis dis- 
tance model built from the randomly selected 25 good 
samples. Of the 34 good samples, the classifier identified all 
but one sample correctly. This sample, position 29, is right at 
the boundary of the good samples and bad samples in boat 2, 
and is misclassified in 8 of the 10 cases listed in Table I. This 
result gives a 97% classification accuracy for the good test 
samples. When the Mahalanobis distance model was applied 
to the nine bad samples, all but three were correctly classi- 
fied. Again, the three misclassified samples were at the 
boundary of the good and bad samples. This is an improve- 
ment by two samples relative to the best result achieved 
without film thickness screening. This two-step method im- 
proves the overall accuracy from 92% to 95%. 

C. Spatial analysis of spectra over the wafers 

Figure 6 shows infrared absorption spectra collected at 
nine different spots on a typical good sample. From Fig. 6, it 
can be seen that the intensities of the band centered near 
1100 cm-1 vary from spot to spot. The band at 1100 cm-1 is 
the Si-0 stretch and is highly correlated with film 
thickness.17 The spectral variations indicate a film thickness 
variation of approximately 200 A across the wafer based 
upon the PLS thickness model predictions. The spectral in- 
tensities of other spectral features in the nine spectra are 
more consistent with the exception of some features in the 
spectrum collected from the top of the wafer. In this spec- 
trum, the bands at 1400 cm"1 (B-O), 1320 cm"1 (P=0), 
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920 cm-1 (B-O-Si), and 530-450 cm"1 (Si-O) have sig- 
nificantly higher intensities than those of the other eight 
spectra. Using the PLS model predictions for thickness and 
B, these spectral data indicate the film is thickest at the top of 
the wafer, and the boron content is 50% higher than at the 
center of the wafer. The boron content near the side edges is 
also higher than it is in the center region of the wafer. The 
phosphorus content is relatively constant throughout the en- 
tire wafer. This pattern of high boron content at the top and 
sides of the wafer is consistent across the test set with the 
exception of one or two wafers at the very ends of the reac- 
tor. 

These spatial analysis results suggest that a rapid IR clas- 
sification method would be able to identify portions of each 
wafer that are within or outside specification. Clearly an 
analysis method that analyzes the composition integrated 
over the entire wafer or a method that is so slow that it 
permits only a single analysis point will not be able to iden- 
tify portions of a wafer that are outside specifications. Thus a 
rapid IR classifying method could be used to classify the 
wafer at each microchip location to provide potentially fewer 
individual chip errors and higher classification specificity. 

V. CONCLUSION 

Infrared spectral measurements, when combined with 
chemometric data interpretation, were shown to be capable 
of producing very accurate and precise determination of thin 
dielectric film properties. The method requires, however, that 
a carefully designed calibration set of samples be produced 
and characterized using reference determination methods. 
The production and characterization of the calibration 
samples is time-consuming and expensive, a fact that has 
limited the degree to which the method has been adopted in 
the microelectronics industry. The FTIR/PCA/Mahalanobis 
distance classification procedure presented here eliminates 
the complex calibration process, but retains the inherent pre- 
cision and accuracy of the IR data. The classification model 
training is carried out by collecting IR data from good 
samples, and it requires no reference determinations. It is 
important that a large enough set of good samples be used in 
the training process to fully characterize the tolerable process 
variations. 

The samples used for these studies, and those generally 
employed when IR monitoring of thin film production is em- 
ployed, are films deposited on monitor wafers. Precise and 
accurate determination of dielectric thin film properties on 
real product wafers can be made if IR emission19 or IR 
reflection20 data are used as the basis of the calibration. The 
IR/PCA/Mahalanobis distance classification could be applied 
to such data equally well as to absorption data. If emission or 
reflection data were used, the samples used in the training 
could be an actual good product, and the model used to clas- 
sify subsequently a produced product. Such a procedure 
would completely eliminate the need for monitor wafers. 

In all cases where the measurement precision was care- 
fully examined, IR/chemometric determination of thin-film 

dielectric properties was limited by the precision of the ref- 
erence determinations used in the calibration process.18""20 

This points out the stability of modern IR spectrometers and 
the inherent sensitivity of IR data. The data used for the 
classification process considered here are no different. The 
fact that a perfect classification was not achieved is most 
likely caused by the lack of precision of the reference deter- 
minations. The misclassified samples were all samples in 
which the boron content was very close, within the precision 
estimate for the reference method, to the good/bad border for 
this film property. Better boron reference determinations 
would likely have resulted in fewer misclassified samples. 

Although not found to aid in the classification of the 
samples tested in this study, the film variance data showed a 
strong correlation to the actual classification of the samples. 
It is another piece of data that could aid in the classification 
of future samples, especially if acceptability specifications 
for film variability across a wafer were known. 

The IR classification method described here is sufficiently 
rapid that classifications could be made at multiple locations 
on the wafers. In fact, the IR classification could be mapped 
on the monitor wafers to the location of individual micro- 
chips on the wafer for minimizing lost product that may only 
represent a portion of the wafer that is out of specification. 
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Highly preferred (111) texture aluminum-copper films formed with argon 
plasma treatment of the titanium underlayer and their electromigration 
endurance as interconnects 

Kazuyoshi Kamoshidaa) and Yasuyuki Ito 
NTT System Electronics Laboratories, 3-1 Morinosato Wakamiya, Atsugi-shi, Kanagawa 243-01, Japan 
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A new fabrication technology for producing hypertextured aluminum-copper (Al-Cu) films has 
been developed. The key feature of this technology is the argon (Ar) plasma treatment of the 
titanium (Ti) underlayer. The full width at half-maximum values of the Al (111) rocking curve 
decrease with increasing Ti etched thickness. That is, the texture of the Al-Cu film improves with 
increasing Ti etched thickness. The Ti surface treated with Ar plasma has a high surface energy 
because the Al island wetting angle is small. We think this means the Ar-plasma-treated Ti surface 
structure is amorphouslike and rough. Consequently, highly preferred (111) texture Al-Cu films 
were obtained with argon plasma treatment of the Ti underlayer. The electromigration (EM) lifetime 
of these films is one order of magnitude higher than that of films obtained without the plasma 
treatment. The longer EM lifetime of the hypertextured Al lines is considered to be due to the small 
grain-boundary diffusivities for the bamboo microstructure. The argon plasma treatment of the 
titanium underlayer, combined with Al-Cu deposition, makes it possible to form highly 
EM-resistant multilevel interconnections without any of the drawbacks of the conventional method. 
© 1997 American Vacuum Society. [S0734-211X(97)14104-X] 

I. INTRODUCTION 

Electromigration (EM) failure in aluminum (Al) intercon- 
nections has become an increasingly serious problem in 
large-scale integrated circuits.1-4 Efforts to make metal lines 
less susceptible to EM have focused on creating new alloys 
such as Al-Si-Ti,5 Al-Cu-Ti,6 Al-Pd-Si,7 and Al-Sc8 and 
on using a layered structure with underlying TiN/Ti9 or       A. Film preparation and evaluation 

orientation of Al-Cu films deposited on a treated Ti surface 
changes in such a way that Al-Cu/Ti layered interconnects 
formed on the treated Ti film exhibit a highly reliable EM 
performance. 

II. EXPERIMENT 

TiN10"12 barrier metals. 
Microstructures strongly influence EM behavior in thin Al 

films. The most thorough study of microstructural effects 
was conducted by Vaidya and Sinha,13 who varied grain size, 
grain size distribution, and texture over a variety of process- 
ing conditions for Al-0.5%Cu. Their results produced the 
following relation between microstructural variables and me- 
dian time to failure (MTTF): 

MTTF« ^l0gu 
(in) 

(200) r- CD 

where S is the median grain size, a is the distribution of the 
Al grain sizes, and 7(111) and /(20o) are the x-ray intensities of 
the Al (111) and Al (200) peaks. Equation (1) suggests that 
the highly preferred (111) texture is more resistant to EM. A 
variety of deposition techniques14'15 and substrates16-19 have 
been used in attempts to improve Al film texture, and 
Toyoda et al. showed that using an amorphous Al-Ta under- 
layer, which has a large surface energy, produces overlying 
Al (111) with excellent texture.20 

This article investigates the effects of an Ar-plasma- 
treated Ti film on the overlying aluminum-copper (Al-Cu) 
layered interconnects. Results show that the crystallographic 

"Electronic mail: kamosida@aecl.ntt.co.jp 

The samples used to evaluate the properties of aluminum 
alloy (Al-0.5 wt. %Cu)/Ti films and the effect of the Ar 
plasma treatment of the Ti surface were fabricated as fol- 
lows. A 300-nm-thick Si02 film was deposited by plasma 
chemical-vapor deposition (P-Si02) on 6 in. Si wafers using 
SiH4+N20 gases at a substrate temperature of 450 °C. Tita- 
nium films 5 to 100 nm thick were then deposited on the 
unheated P-Si02/Si substrate using a multichamber dc mag- 
netron sputtering system. The base pressures before Ti depo- 
sition were below 1X 10"9 Torr (1.3X 10-7 Pa), and the Ar 
gas pressure during sputtering was 2 mTorr (0.27 Pa). The 
deposition rate was 0.8 nm/s. The Ti target purity was 
99.9999%; the oxygen content was lower than 100 ppm. The 
Ti surface was etched with Ar to the Al-Cu deposition using 
inductive coupled plasma (ICP) etching equipment (Fig. 1). 
The rf power applied to the substrate was 13.56 MHz and 
that applied to the ICP coil was 400 kHz. The vacuum sys- 
tem in ICP was turbo pumped and the base pressure before 
etching was about 1X10-8 Torr (1.3X10"6 Pa). Etching 
pressure was 0.4 mTorr (0.05 Pa) at the ICP power of 205 
W, and the bias power was 175 W. The Ti surface etching 
rate was approximately 36 nm/min. 

Films of Al-Cu 10-500 nm thick were deposited on the 
Ar-plasma-treated Ti/P-Si02 structure at 100 and 300 °C us- 
ing the multichamber dc magnetron sputtering system. In 
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Plasma 

ICP coil 

TABLE I. Average Al grain size, dispersion of the Al grain size, and FWHM 
values of Al films. 

Quartz bell jar 

RF) 400 kHz 

FIG. 1. Schematic diagram of the Ar-plasma-treatment apparatus. 

other samples, Al-Cu films were deposited, also at 100 and 
300 °C, on Ti/P-Si02 and directly on the P-Si02 layer with- 
out a Ti underlayer. An Al-Cu film was deposited on the 
Ar-plasma-treated Ti, and the untreated Ti substrate without 
breaking vacuum. The base pressure before Al-0.5 wt. %Cu 
deposition was below lX10"9Torr (1.3X 10"7 Pa), and 
the Ar gas pressure during sputtering was 2 mTorr (0.27 Pa). 
The deposition rates varied from 3.3 to 19.2 nm/s. 

0     10    20    30    40    50    60    70    80    90   100 

Ti etched thickness (nm) 

FIG. 2.   FWHM values obtained from Al-Cu (500 nm)/Ti formed on 
P-Si02 as a function of Ti etched thickness. Final Ti thickness was 20 nm. 

FWHM of 
Average Standard Al (111) 

Ar plasma grain size deviation rocking 
treatment (nm) (nm) curve (deg) 

Without 220 33 2.7a 

With 200 38 1.8b 

aTi thickness: 20 nm. 
bTi etched thickness: 30 nm; remaining Ti thickness: 20 nm. 

The degree of the (111) texture was evaluated in terms of 
the full width at half-maximum (FWHM) of the rocking 
curve for the Al (111) peak. The rocking curve was mea- 
sured by x-ray diffraction (XRD), using a Cu Ka line, by 
scanning at an incident angle 6 while the diffraction angle 26 
was fixed for the Al (111) peak at 38.47°. The grain sizes 
and cross sections of the Al-Cu films were observed by 
cross-sectional transmission electron microscopy (XTEM), 
the surface morphology was observed by scanning electron 
microscopy (SEM), and the surface roughness of the Ti film 
was evaluated by atomic force microscopy (AFM). The ar- 
gon concentration in the Ti films was determined by a total 
reflection x-ray fluorescence (TXRF) analysis. The TXRF 
analyzer was equipped with a tungsten anode x-ray tube. The 
high voltage was 30 keV at a tube current of 200 mA. 

B. Electromigration test 

For EM evaluation, the samples were TiN (30 nm)/Ti (10 
nm)/Al-0.5%Cu (500 nm) metal lines formed on Ti 
(20 nm)/P-Si02 (300 nm) double layer films with and with- 
out Ar plasma treatment. The layered metal lines were 480 
nm wide and 1 mm long. A TiN layer was deposited by 
reactive sputtering with a pure Ti target in 40% N2 ambient 
without substrate heating. The base pressures before TiN 
deposition were below 1X10"9 Torr (1.3X10-7 Pa), and 
the Ar+N2 gas pressure during sputtering was 3 mTorr (0.4 
Pa). The deposition rate was 0.65 nm/s. The purpose of the 

us 

Oi 

0 : wetting angle 

O \ : interfacial energy 

Of : surface energy of island 

Os  ; surface energy of substrate 

FIG. 3. Schematic illustration of the terms in Young'.s equation. 
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FIG. 4. SEM observation of the Al-Cu surface morphologies. Al-Cu films formed on (a) P-Si02 (300 nm), (b) Ti (5 nm), and (c) an Ar-plasma-treated Ti 
underlayer (Ti etched thickness: 25 nm; remaining Ti thickness: 5 nm). Al-Cu deposition temperature was 300 °C. Al-Cu thickness was 10 nm. 

top layer of TIN was to serve as the antireflective coating 
layer for patterning of submicrometer-level interconnects by 
photolithography. That of the Ti layer was to prevent forma- 
tion of A1N during the deposition of TiN using Ar+N2 

plasma on the Al-Cu layer.21'22 The Al-Cu film deposition 
temperature was 100 °C and the Ti thickness after Ar plasma 
etching was 20 nm. 

For the EM tests, fully processed wafers were used with 
four-terminal stripes. After deposition, the multilayered 
structures [TiN (30 nm)/Ti (10 nm)/Al-0.5%Cu (500 nm)/Ti 
(20 nm)/P-Si02 (300 nm)] were patterned by lithography and 
reactive ion etching in order to produce interconnects. The 
EM-test samples were unpassivated, and EM-test wafers 
were subjected to a continuous dc current density of 1 
X 107 A/cm2 at a temperature of 200 °C using a resistively 
heated sample holder. The failure criterion was a 10% in- 
crease from the initial metal line resistance. 

III. RESULTS AND DISCUSSION 

A. Effects of Ar-plasma-treated Ti underlayer on Al 
film properties 

The FWHM value of Al (111) rocking curve for the Al- 
0.5 wt. %Cu films is plotted in Fig. 2 against the Ti etched 
thickness. In this case, the remaining Ti thickness was 20 
nm, the metal structure was Al-0.5%Cu/Ti/P-SiO2, and the 
Al-Cu was deposited at 100 °C to a thickness of 500 nm. 
The FWHM values decrease with increasing Ti etched thick- 
ness. That is, the texture of the Al-Cu films improved with 
increasing Ti etched thickness. The FWHM value of Al 
(111) varied from about 2.7°, without plasma treatment, to 
1.8° when the Ti etched thickness was 30 nm and to 1.5° 
when the Ti etched thickness was 80 nm. These results mean 
Al-Cu film with the highly preferred (111) texture were ob- 
tained with the Ar-plasma-treated Ti samples. 

(a) (b) (c) 50 nm 

FIG. 5. Cross-sectional TEM view of the Al-Cu films formed on (a) P-Si02 (300 nm), (b) Ti (5 nm), and (c) an Ar-plasma-treated Ti underlayer (Ti etched 
thickness: 25 nm; remaining Ti thickness: 5 nm). Al-Cu deposition temperature was 300 °C. Al-Cu thickness was 10 nm. 
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TABLE II. Al wetting angle. 

Underlayer 

Wetting 
angle 
(deg) 

P-SiO, 
Ti (without Ar treatment) 
Ti (with Ar treatment) 

144 
36a 

7b 

aTi thickness: 5 nm; Al thickness: 10 nm. 
bTi etched thickness: 25 nm; remaining Ti thickness: 5 nm; Al thickness: 
nm. 

10 

We measured the average Al grain size and the distribu- 
tion of the Al grain size. The average Al grain size, the 
distribution of the Al grain size, and the FWHM values of 
the Al films are summarized in Table I. The average Al grain 
sizes and distributions are almost the same with and without 
the treatment, but the FWHM values of the Al (111) rocking 
curve are different: 2.7° with no treatment and 1.8° with 
treatment. 

Cvl 
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co 
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10 20 30 40 50 

Ti etched thickness (nm) 

FIG. 6. Argon content determined by TXRF analysis vs Ti etched thickness. 

B. Initial growth of Al-Cu film 

In classical theory, island shape (Fig. 3) is determined by 
Young's equation 

cos 6- (2) 

where 6 is the wetting angle of the island, as and ay are the 
respective surface energies of the substrate and the island, 
and a-, is the interfacial energy between the island and the 
substrate. Toyoda et al. suggested that when cos 6 is nearly 1 
(0=0) the film grows two dimensionally (layer growth).20 In 
this layer-growth mode, it is expected that two-dimensional 
islands form the most stable (111) closely packed configura- 
tion, especially for face centered cubic structure (fee) metals 
such as Al and Cu. Mitsuzuka reported that Al films on ul- 
trathin amorphouslike metal buffer layers have a good tex- 
ture but that Al films on thick buffer layers have poor texture 
even though the surface energy of the ultrathin and thick 
buffer layers is the same.19 This suggests that an amorphous 
state of the underlayer is very important for improving the 
texture. Hasunuma et al. suggested that an amorphous sub- 
strate will enhance layer growth because there is no specific 
crystal-lattice-matching restriction between a film and sub- 
strate that obstructs stable (111) two-dimensional island 
formation.23 The (111) texture of the film is improved by the 
layer-growth mode according to Eq. (2), high as and low 
cr, are preferable for obtaining a small wetting angle. These 

TABLE III. Titanium surface roughness. 

Ar plasma treatment 
Roughness 
(rms: nm) 

Without 
With 

0.26a 

1.22b 

aTi thickness: 20 nm. 
bTi etched thickness: 30 nm; remaining Ti thickness: 20 nm. 
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previous results indicated that both a small wetting angle 
(high surface energy or low interfacial energy) and an amor- 
phous state are necessary for improving the texture. 

Figure 4 shows surface morphologies observed by SEM 
when Al-Cu films were grown on (a) P-Si02, (b) untreated 
Ti, and (c) treated Ti substrates. The Al-Cu islands formed 
on P-Si02 [Fig. 4(a)]. The Al-Cu film grown on untreated Ti 
is not uniform and has a semispherical surface [Fig. 4(b)]. 
On the other hand, the Al-Cu film grown on the treated Ti is 
smooth and uniform [Fig. 4(c)]. Figure 5 shows XTEM im- 
ages of the initial Al-Cu film growth in Fig. 4. The island- 
type growth is apparent on the P-Si02 substrate [Fig. 5(a)], 
and one can see the slightly rugged surface the Al-Cu films 
growth on the untreated Ti [Fig. 5(b)]. In contrast, it is clear 
that continuous Al-Cu films were grown on the treated Ti 
[Fig. 5(c)]. 

We therefore next measured the wetting angle of the Al 
island so that we could compare the surface energy of the 
substrate between samples with and without Ar treatment. 
The substrate dependence of the wetting angle is summa- 
rized in Table II: Al-island wetting angles were 144° on 
P-Si02, 36° on Ti, and 7° on Ar-plasma-treated Ti. These 
results suggest that surface energy of Ar-plasma-treated Ti 
samples is larger than that of the untreated Ti surface and the 
P-Si02 surface. The present study thus indicates that the Ar- 
plasma-treated Ti surface has a high surface energy because 
the Al-island wetting angle is small. 

Figure 6 shows the relation between the argon concentra- 
tion and the Ti etched thickness. The argon content of the Ti 
films increased with etched thickness, from about 1.8 
X 1013 cm"2 at 10 nm to about 2.2X 1013 cm"2 at 40 nm. 
This suggests that the Ti surface structure consists of a mix- 
ture of Ti and Ar. From these results, we think that the Ar- 
plasma-treated Ti surface structure is amorphouslike. 

Figure 7 shows the Ti surface morphologies observed by 
AFM for untreated and treated Ti. The untreated Ti surface is 
smooth and the treated surface is rough and has a large grain 
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FIG. 7. AFM observation of the Ti surface morphologies, (a) Without Ar-plasma-treated Ti (Ti thickness: 20 nm), (b) an Ar-plasma-treated Ti (Ti etched 
thickness: 30 nm; remaining Ti thickness: 20 nm). 

size. Table III lists the rms roughness values calculated from 
AFM images of Ti surfaces with and without Ar plasma 
treatment. These results suggested that the surface contained 
a large number of Al-Cu nucleation sites. Consequently, it is 
postulated that the continuous Al-Cu film (two-dimensional 
island formation) growth would proceed in the early stage. 
This possibility will be examined in future experiments. 

C. EM performance in Al-Cu/Ti layered interconnects 

We used XTEM to evaluate the grain boundary distribu- 
tion of the Al-Cu films grown on Ti underlayers with and 
without the Ar plasma treatment. Figure 8 shows that there is 
a large difference between treated and untreated samples: 

Without the treatment the grain boundaries formed at ran- 
dom, whereas with the treatment they are perpendicular to 
the substrate and bamboo microstructure. 

Figure 9 shows the results of EM tests carried out on 
metal lines formed on samples with and without the Ar 
plasma treatment of the Ti underlayer. The initial resistance 
values of the samples at time t = 0 were measured without 
(208.9 ti) and with (220.2 ti) Ar plasma treatment. With the 
Ar plasma treatment, the MTTF is ten times what it is with- 
out it (1.6X 105 vs 1.6X 104 s). The longer EM lifetime for 
the hypertextured Al line is considered to be due to the small 
grain boundary diffusivities of the bamboo microstructures: 
this low diffusivity suppresses formation of void/hillock 
pairs in the Al-Cu lines. 

(a) (b) 
200 nm 

FIG. 8. Cross-sectional TEM view of 500 nm-thick Al-0.5%Cu films formed on Ti (20 nm) P-Si02 (300 nm) double layer films (a) without and (b) with Ar 
plasma treatment of the Ti underlayer. 
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FIG. 9. EM test results. The samples were TIN (30 nm)/Ti (10 nm)/Al- 
0.5 %Cu (500 nm) layered metal line formed on Ti (20 nm)/P-Si02 (300 nm) 
double layer films with and without Ar plasma treatment. The Al-Cu depo- 
sition temperature was 100 °C, and dc current density during the test at 
200 °C was 1 X 107 A/cm2. 

IV. CONCLUSION 

We have developed hypertextured Al-Cu film formation 
technology based on Ar plasma treatment of a Ti underlayer. 
The FWHM values decrease with increasing Ti etched thick- 
ness. That is, the texture of Al-Cu film improves with in- 
creasing Ti etched thickness. The Ar-plasma-treated Ti sur- 
face has a high surface energy because the Al island wetting 
angle is small. We think this means Ar-plasma-treated Ti 
surface structure is amorphouslike and rough. Consequently, 
highly preferred (111) texture Al-Cu films were obtained 
with argon plasma treatment of the Ti underlayer. The EM 
lifetime in films grown on treated underlayers is one order of 
magnitude higher than in films grown on untreated underlay- 
ers. This longer EM lifetime for the hypertextured Al lines is 
thought to be due to the small grain-boundary diffusivities 
for the bamboo microstructure. 

The argon plasma treatment of the titanium underlayer, 
combined with Al-Cu deposition, makes it possible to form 
highly EM-resistant multilevel interconnections without any 
of the drawbacks of the conventional method. 
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Surface nitridation of silicon dioxide with a high density nitrogen plasma 
R. Kraft,a) T. P. Schneider, W. W. Dostalik, and S. Hattangady 
Semiconductor Process and Device Center, Texas Instruments Inc., Dallas, Texas 75243 

(Received 20 February 1997; accepted 16 May 1997) 

A high density nitrogen plasma generated with a helicon plasma source has been used to incorporate 
approximately 15 at. % nitrogen into the top 0.5 nm of a silicon dioxide layer. The surface 
nitridation was accomplished in 10 s with a high flux of low energy ions which were extracted from 
the high density nitrogen plasma and accelerated in the plasma sheath towards the surface an 
electrically floating silicon dioxide surface. A rf compensated Langmuir probe was used to measure 
the nitrogen ion energy and ion current density as a function of the nitrogen pressure and source 
power. The nitrogen ion energy, ion current density, and exposure time determine the nitrogen range 
and dose into the silicon dioxide surface. This process may be advantageous for nitriding the gate 
oxide in advanced complementary metal-oxide semiconductor process flows. © 1997 American 
Vacuum Society. [S0734-211X(97) 14204-4] 

I. INTRODUCTION 

Plasma nitridation is a useful technique for modifying the 
physical characteristics of materials.1'2 For example, in the 
complementary metal-oxide semiconductor (CMOS) pro- 
cess flow it may be desirable to nitride the surface of a ma- 
terial to change its electrical properties, oxidation resistance, 
etch resistance, or diffusion barrier properties. When the ni- 
tridation process described in this article was applied to a 4.0 
nm gate oxide in a 0.18 /urn CMOS process flow,3'4 boron 
penetration from the doped polysilicon gate was suppressed. 
This was accomplished with (1) no degradation in 
«-channel or p-channel mobility, (2) drive currents which 
were equivalent to, or exceed that of control oxide, (3) little 
flat band voltage shift, and (4) no significant variation in 
midgap interface trap density from that of control oxide. 

The attractive feature of plasma nitridation for CMOS ap- 
plications is that high nitrogen concentrations can be con- 
fined very close to the top surface of the nitrided material. 
Compared with typical high thermal budget nitridation pro- 
cesses, such as with N20 or NO,5'6 the plasma nitridation 
process incorporates nitrogen much closer to the surface and 
does not put any nitrogen at the oxide/silicon interface. Com- 
pared with ion implantation nitridation, plasma nitridation 
can be performed at much lower ion energies and much 
higher ion current densities. In particular, a low pressure, 
high density nitrogen plasma generated in an inductively 
coupled, electron cyclotron, or Helicon source can deliver 
ion current densities of 5 mA/cm2 and ion energies of 10 eV 
over large areas such as a 300 mm wafer. High nitrogen 
concentration can be attained in a short period of time, thus 
making the plasma nitridation process suitable for high vol- 
ume semiconductor manufacturing. 

II. THEORY 

In the plasma nitridation process we describe in this ar- 
ticle, the nitrided substrate was allowed to float in potential 

to attain low nitrogen ion energy to the substrate surface. 
This resulted in a shallow nitrogen incorporation range. 
When the substrate is unbiased, it will attain a potential 
known as the floating potential Vy, while the bulk plasma 
will attain a more positive potential known as the plasma 
potential Vp. The positive plasma potential arises to contain 
the electrons, which are more mobile than the ions, and 
therefore maintain charge neutrality in the bulk of the 
plasma. The floating potential arises to balance the net elec- 
tron and ion current to the substrate which must be in the 
steady state condition. 

The ion current to the substrate7 is expressed as 

//=0.6Af,-e(i/,-) = 0.6Af,-e 
%TP 

(1) 

where e is the electronic charge, (vt) is the ion random ther- 
mal velocity, m,- is the ion mass, and Te is the electron tem- 
perature. The Böhm criterion was used in Eq. (1) to relate 
(Vj) to Te. The high density Helicon plasma source used in 
this study was capable of generating ion densities in the 
1010-1011 ions/cm3 range which resulted in ion current den- 
sities in the 1-5 mA/cm2 range. 

The ion energy to the substrate is mainly determined by 
the difference between the plasma and floating potential. The 
ions acquire this energy as they pass through the sheath re- 
gion at the substrate surface. The ion energy is therefore 
expressed as 

E,~e(Vp-Vf) (2) 

The term (Vp — Vf) can be related to electron temperature by 
equating the ion and electron currents at the substrate sur- 
face. Assuming a Maxwell-Boltzmann electron energy dis- 
tribution, the relationship for the ion energy becomes 

a'Present address: Semiconductor Process and Device Center, Texas Instru- 
ments, Inc., 13536 N. Central Expressway, Dallas, TX 75243; Electronic 
mail: kraft@spdc.ti.com 

e(Vp-Vf)= — ]n 
217m, 

■-Ei, (3) 
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FIG. 1. Cross section of the experimental process module. 

where me is the electron mass. The high density Helicon 
plasma source used in this study generated electron tempera- 
tures in the 2-3 eV range which resulted in average ion 
energies in the 8-14 eV range. 

III. EXPERIMENTAL APPARATUS 

The experiment was performed in a standard process 
module on a commercial etch tool.8 The process module 
(Fig. 1) consisted of (1) a Helicon9'10 plasma source powered 
by a 13.56 MHz if generator with a maximum 3300 W out- 
put capability (the Helicon wave was excited with a Nagoya 
type III antenna which was located outside of the quartz bell 
jar), (2) a pair of electromagnets to generate the magnetic 
field required to support the Helicon wave in the plasma, and 
(3) a multipole fixed magnet reaction vessel for plasma con- 
finement. 

The controllable process conditions were nitrogen flow, 
chamber pressure, power to the Helicon source, magnetic 
field strength, and process time. An automatic matching net- 
work was used to ensure a good match between the rf gen- 
erator and the Helicon source. The dc currents through the 
inner and outer electromagnets were adjusted to modify the 
magnetic field profile in the chamber and attain the best 
plasma uniformity at the wafer surface. The magnetic field in 
the bell jar region was approximately 125 G and approxi- 
mately 0 G at the wafer surface. The nitrogen gas was intro- 
duced through holes in the upper plate of the chamber and 
the flow was regulated at 100 seem with a molecular flow 
controller. The chamber pressure was controlled with a 
throttle valve, pressure transducer, and a turbo-molecular 
pump. 

The substrates used in this study were 150 mm diameter 
(100) silicon wafers with a 40 A thermally grown oxide 
layer. The wafer was loaded into the chamber by an auto- 
matic wafer handling system. The distance between the bot- 
tom of the quartz bell jar and the wafer surface was 18.7 cm. 
The wafer was held on a ceramic lift ring well away from 
any grounded surfaces in the chamber. 

Time averaged plasma parameters were measured 5 cm 
above the wafer surface with a commercial rf compensated 
single Langmuir probe.11 The details of the theory and op- 
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FIG. 2. Schematic of the rf compensated Langmuir probe. The high fre- 
quency compensation for plasma potential measurements and the reference 
electrode for low frequency compensation are noted. 

eration of the Langmuir probes can be found elsewhere.12 

The plasma parameters measured included the electron tem- 
perature, Te, ion density, N{, ion saturation current, J{, 
floating potential, Vf, and the plasma potential, Vp . All the 
plasma measurements were uniform to within a few percent 
across the wafer surface and the reported plasma parameters 
corresponding to the center of the wafer. 

The Langmuir probe system (Fig. 2) consisted of a tung- 
sten tip, stainless steel high frequency compensation elec- 
trode, ceramic rod, stainless steel reference electrode, and a 
vacuum flange including electrical feedthroughs. The entire 
system was attached to a linear translator that enabled radial 
spatial plasma measurements over a range of 25 cm. Since 
the plasma in the chamber was confined from the walls by 
permanent magnets, we found it was necessary to install a 10 
cm long tungsten ground rod into the plasma to ensure a 
good return current path for the Langmuir probe. The ground 
rod (Fig. 1) was positioned in the same plane as the Lang- 
muir probe and was long enough to pass through the mag- 
netic field from the permanent magnets. 

IV. EXPERIMENTAL PLASMA MEASUREMENTS 

Plasma measurements were made for source powers of 
750-2500 W and pressures of 4-20 mT. The electron tem- 
perature and difference between the plasma and the floating 
potentials are shown in Figs. 3 and 4. The electron tempera- 
ture was relatively insensitive to the source power but it did 
decrease as the pressure was raised possibly due to an in- 
crease in the number of electron-ion collisions. The differ- 
ence between the plasma and floating potentials (which de- 

-4mT 
-8mT 
-20 mT 

1000 1500 2000 

Source Power (Watts) 

FIG. 3. Electron temperature as a function of source power for pressures of 
4, 8, and 20 mT. 
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FIG. 4. Experimental and theoretical values of the difference between the 
plasma and floating potentials as a function of source power for pressures of 
4, 8, and 20 mT. 
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FIG. 6. Nitrogen ion current density as a function of source power for pres- 
sures of 4, 8, and 20 mT. 

termines the ion energy at the wafer surface) follows the 
same trend as the electron temperature as one would expect 
from Eq. (3). There is good agreement between the experi- 
mental and theoretical values derived from Eq. (3). 

The nitrogen ion density and current density are shown in 
Figs. 5 and 6. As the source power is raised, more energy is 
transferred from the Helicon wave to the plasma electrons, 
the ionization rate increases and the nitrogen ion density in- 
creases. As the pressure is raised, the ion density decreases 
due to a higher ion-electron recombination rate and possibly 
a lower ionization rate. The ion current density follows the 
same trend as the ion density as one would expect from Eq. 
(1). The plasma measurements indicate that one has rela- 
tively independent control of the ion energy and ion flux 
with the pressure and source power, respectively. 

V. EXPERIMENTAL NITRIDATION MEASUREMENTS 

The goal of the nitridation experiment was to incorporate 
a high concentration of nitrogen within 1 nm of the silicon 
dioxide surface in a short period of time. We chose a nitro- 
gen pressure of 4 mT, a source power of 2000 W, and a 
plasma exposure time of 10 s. The substrate was formed by 
growing a 4 nm layer of silicon dioxide on a silicon wafer 
with a furnace process. Following nitridation, depth profiling 
was performed13 by dynamic secondary ion mass spectros- 
copy (SIMS) using 1 keV Cs primary ion bombardment, and 
monitoring CsSi+, CsO+, and CsN+ ions to track [Si], [O], 
and [N] concentrations, respectively. Separately, time-of- 

-4mT 
-8mT 
-20 mT 

flight SIMS (TOFSIMS) analysis was performed (in house) 
using 2 keV Ga+ primary ion bombardment, achieving 0.5- 
0.7 nm depth resolution within the top 5 nm of the dielectric 
film. 

Figure 7 shows typical depth profiles for nitrogen and 
oxygen attained with dynamic SIMS. The nitrogen peak oc- 
curred approximately 0.5 nm into the silicon dioxide layer 
and the peak concentration was approximately 17 at. %. 
TOFSIMS, which has better depth resolution, showed a simi- 
lar nitrogen and oxygen concentration and range profiles. 
SIMS measurements from the center and edge of the wafer 
were nearly identical, reflecting a high degree of plasma uni- 
formity across the wafer as we observed with the Langmuir 
probe measurements. 

An order of magnitude calculation of the number of nitro- 
gen ions incorporated into the silicon dioxide and the number 
of nitrogen ions which impinged on the silicon dioxide sur- 
face indicates that about 1 in 1000 nitrogen ions are actually 
incorporated into the silicon dioxide. Although this is a small 
percentage, the very high nitrogen ion flux (2.5 
X 1016 ions/s cm2) results in a peak nitrogen concentration of 
17 at. % in only 10 s. 

By increasing the source power or the duration of the 
plasma exposure, the nitrogen concentration was found to 
increase, although it was not linear with either source power 
or time. For example, a 60 s plasma exposure resulted in 
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FIG. 5. Nitrogen ion density as a function of source power for pressures of 
4, 8, and 20 mT. 

FIG. 7. Atomic nitrogen and oxygen concentrations as a function of position 
as measured with SIMS. 
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approximately a twofold increase in the nitrogen concen- 
tration. The nitrogen range can be modified slightly by vary- 
ing ion energy with the pressure, or if desired, a negative 
bias (if or pulsed) could be applied to the wafer. We are in 
the process of further quantifying the dependence of nitrogen 
dose on exposure time and source power and ion range on 
pressure. 

Transmission electron microscope (TEM) pictures of the 
nitrided oxide show a well defined nitrided layer at the sur- 
face of the oxide. The nitrided layer appears to be amorphous 
with a well defined interface between the nitrided layer and 
the silicon dioxide. The TEM pictures showed no visible 
increase in the surface roughness following the nitridation 
process as one would expect due to the low ion energy used 
in the process. 

Surface-charge analysis14 revealed surface voltages of ap- 
proximately 0.5 V after oxide nitridation which indicates a 
very low electric field stress on the oxide. The surface volt- 
age was reduced to zero volts after a subsequent postnitrida- 
tion anneal of the nitrided oxide. Nitrided oxide (100 nm 
starting oxide, 800 °C N20-grown) electrical integrity, as 
measured by ramped voltage tests on large-area capacitors 
(0.01 cm2) had a low incidence of low-field breakdowns. 
Concomitantly, constant current (100mA/cm2) charge-to- 
breakdown measurements ranged from 40 to 120 C/cm2 for 
substrate injection, and 0.9-2.4 C/cm2 for gate injection, at- 
testing to little damage to the oxide. Details of the electrical 
measurements can be found in Ref. 3. 

VI. CONCLUSIONS 

We have demonstrated incorporation of approximately 15 
at. % nitrogen into the top 0.5 nm of a silicon dioxide layer 
with a low pressure, high density nitrogen plasma. The 
plasma nitridation process incorporates nitrogen much closer 
to the surface than typical high thermal budget (N20 or NO) 
nitridation processes or ion implantation nitridation pro- 
cesses. 

Langmuir probe measurements indicate that the nitrogen 
ion range can be controlled with the process pressure which 
controls the ion energy. The application of a substrate bias 
can also be used to further increase the ion range. The nitro- 
gen ion dose can be controlled with the plasma exposure 
time and the source power which controls the ion flux. 

The nitridation process can also be applied to other mate- 
rials such as silicon to form silicon nitride. Silicon nitride 
formed in this manner would have a low hydrogen concen- 
tration (unlike conventionally formed silicon nitride) which 
would make it a gate dielectric candidate for CMOS transis- 
tors. 
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Ar, N2, and Cl2 electron cyclotron resonance plasmas measured 
by time-of-flight analysis: Neutral kinetic energies and source gas cracking 
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Neutral mean kinetic energies, ion intensities, and neutral source gas cracking from Ar, N2, and Cl2 

electron cyclotron resonance (ECR) plasmas, are measured by modulated beam time-of-flight (TOF) 
analysis. The TOF distributions are characterized by a two component form consisting of an 
effusive Maxwell-Boltzmann distribution and a fast Gaussian component, that accounts for 
nonthermal species produced in the source. The mean kinetic energies of neutral species are found 
to range between 0.04 and 0.45 eV, depending on species and plasma conditions. Mean kinetic 
energies increase at a nearly constant rate, with decreasing pressure from 8.0X 10-2 to 2.5 
X 10-2 Pa with constant applied microwave power. At pressures below 2.5X 10-2 Pa, the neutral 
mean kinetic energies sharply increase. This sharp increase in neutral mean kinetic energy is 
attributed to an abrupt increase in the ion flux out of the source. The increase in kinetic energy can 
be separated into two contributions, (i) thermal at higher pressures and (ii) nonthermal at lower 
pressures. This effect is much stronger for atomic neutrals than for molecular neutrals, where 
internal degrees of freedom can accept energy in momentum transfer collisions. Cracking of N2 and 
Cl2 is also examined as a function of source pressure at constant microwave power. The N:N2 flux 
ratio from the ECR source varies between 0.2 and 1.4. The C1:C12 flux ratio varies from 10 to 16, 
indicating a very high degree of dissociation in the plasma. Both flux ratios decrease with increasing 
source pressure. The total flux of Cl increases with increasing source pressure over the entire range, 
while the N atom flux peaks at — 1.3X10-2 Pa and decreases on either side of this pressure. 
© 1997 American Vacuum Society. [S0734-211X(97)14904-6] 

I. INTRODUCTION 

The production of ultralarge scale integration (ULSI) cir- 
cuits entails precise control over morphological features 
transferred to various materials on a submicron scale. The 
use of plasmas, which provide energetic and chemically ac- 
tive species to etch micron and submicron features, is ubiq- 
uitous in the production of solid state devices.1-5 As circuit 
element densities are increased to improve device perfor- 
mance, higher degrees of etch anisotropy and selectivity are 
required. Electron cyclotron resonance (ECR) plasma 
sources, with their high reactive particle and ion densities, 
have been suggested as a potential means of achieving 
greater control over device morphologies, in many etching 
and deposition applications.1 

ECR plasmas consist of a coupled electron, ion, and neu- 
tral gas plasma with superimposed static magnetic and mi- 
crowave fields. Energy is resonantly absorbed by free elec- 
trons from the applied microwave field when their cyclotron 
frequency, which is determined by the local magnetic field 
strength, is equal to the frequency of the microwave field. 
Typically, microwaves at 2.45 GHz are employed, which 
results in ECR coupling at a magnetic field strength of 875 
G. These ECR heated electrons then transfer energy to heavy 
particles through collisions and through the action of ambi- 
polar drift fields. This ECR coupling allows efficient power 
absorption at low pressure, which results in a plasma with 

high radical and ionic particle densities.1 These reactive and 
energetic particles are responsible for the etch and deposition 
characteristics, which include etch rates, etch anisotropy, and 
film morphology.6"8 A detailed understanding of the behav- 
ior of ECR plasmas as a function of process parameters, may 
lead to greater control over etch and deposition characteris- 
tics. 

The many potential applications of ECR plasma sources, 
have motivated considerable experimental effort aimed at de- 
termining how excited particles produced in ECR plasmas 
depend on external parameters. Kinetic energy distributions 
of ionic and neutral species in ECR plasmas have been mea- 
sured by laser induced florescence (LIF) Doppler 
spectroscopy,9 ~14 emission Doppler spectroscopy,9'15 15 ab- -18 

a)Staff member, Quantum Physics Division, National Institute of Standards 
and Technology; Electronic mail:SRL@JILA.colorado.edu 

sorption Doppler spectroscopy, and nonoptical 
methods.20-22 Emission Doppler linewidth measurements 
have obtained neutral and ion average kinetic energies rang- 
ing between 0.1-0.6 and 1.0-2.5 eV, respectively.18 How- 
ever, other groups report neutral and ion temperatures of 
only a few tenths of an eV, with neutral temperatures gener- 
ally cooler than ion temperatures having energies as low as 
0.03 eV.9-17 These results are summarized in Table I. The 
considerable spread in reported values may be due to the 
different plasma reactor geometries and conditions, since 
ECR plasma properties depend on various parameters in a 
complex interdependent fashion. Additionally, Doppler mea- 
surements are difficult to perform and require a detailed 
knowledge of the instrument response function and other 
possible contributions to the linewidth in order to extract 

971       J. Vac. Sei. Technol. B 15(4), Jul/Aug 1997       0734-211X/97/15(4)/971/12/$10.00       ©1997 American Vacuum Society       971 
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TABLE I. Summary of previous kinetic energy measurements of species in 
ECR plasmas. 

Plasma Average translational Experimental 
species energy/eV technique Reference 

Ar 0.041-0.072 LIF, emission 
Doppler 

9 

Ar -0.5 Emission Doppler 16 
Ar+ <0.1 
Ar 0.1-0.6 Emission Doppler 18 
Ar+ 1.0-2.5 
Ar 0.068," 0.030b LIF Doppler 12 
Ar+ «0.5,c ~0.25b 

Ar,He 0.032 ± 0.004 to 
0.072±0.006 

Pressure depletion 13 

Ar+ 0.26-0.47 LIF Doppler 
Ar 0.2 Pressure depletion 20 
Ar 10-20 TOF 21 
N2

+ 0.12-0.25 LIF Doppler 11 
Cl 0.069 ±0.009 Absorption Doppler 19 
Cl+ 0.24-0.6l,d 0.26-0.42c LIF Doppler 14 

aIn the ECR plasma. 
bDownstream from the ECR plasma. 
'Parallel to ECR magnetic field. 
dPerpendicular to the ECR magnetic field. 

accurate velocity information. Finally, some measurements 
are made directly within the plasma, while others interogate 
the species emanating from the plasma. 

A previous study by Tsuchizawa et al. employed modu- 
lated beam time-of-flight (TOF) mass spectrometry, to mea- 
sure the flux of neutral Ar emanating from a pin hole down 
stream from an Ar ECR plasma.21 This group observed some 
fast neutrals with median energies between 10 and 20 eV, 
which is approximately the energy of the ions emanating 
from the plasma, suggesting that some fast neutrals are pro- 
duced directly from ions via a charge exchange process.21 

However, in this study the ion extraction voltages of the 
quadrupole mass spectrometer, were adjusted to discriminate 
against slow particles in order to reduce the Ar background 
contribution to the mass signal. Therefore, the efficiency of 
the fast neutral production and the fraction of fast neutrals, 
compared to all neutrals emanating from the source were not 
determined. 

Theoretical methods have also been employed to obtain 
an understanding of ion and neutral transport in high-density 
plasmas, i.e., plasmas that have high ion and radical 
densities.23'24 Monte Carlo (MC) simulations of low pres- 
sure, high ion density plasmas suggest that hot neutrals pro- 
duced through charge exchange, and electron impact disso- 
ciation will be present at wafer surfaces with fluxes 
comparable to those of ions.24 These hot neutrals could con- 
tribute to activated surface processes, that otherwise would 
not be accessible, such as isotropic etching.24 Other MC 
simulations suggest significant neutral density depletion in 
and downstream from an ECR plasma source, due to neutral 
ionization and collisional heating of neutrals.23 

The degree of source gas dissociation and the flux of dis- 
sociated particles at the wafer surface are also of central 
importance to the etching and deposition characteristics of 

ECR plasmas. However, few studies have quantified these 
details for even the most simple systems, such as N2 and Cl2. 
Chlorine dissociation in an ECR plasma has been examined 
through both kinetic simulation, emission, and LIF 
spectroscopies.25'26 They report the C1/C12 ratio in their ECR 
plasma is l%-2%, suggesting little cracking of Cl2 source 
gas.25 Additionally, their results from simulations suggest 
that the Cl2

+ molecular ion is more abundant than the atomic 
ion, Cl+, in ECR plasmas.26 In contrast, another study mod- 
eling non-ECR radio frequency and microwave chlorine dis- 
charges, suggests a high degree of chlorine dissociation.27 

Dissociation of nitrogen in an ECR plasma has also been 
examined through emission spectroscopy and chemical 
titration.28'29 The chemical titration study measured a N/N2 

dissociation ratio of 12% downstream from an ECR 
plasma.28 The emission study, performed in the same type of 
ECR source as this study, observed strong emission from N 
atoms, suggesting significant cracking of N2, but the disso- 
ciation fraction was not quantified.29 

This article describes the use of modulated beam TOF 
analysis to measure neutral mean kinetic energies, ion pro- 
duction, and source gas cracking of species emanating from 
Ar, N2, and Cl2 ECR plasmas. These TOF measurements 
reflect the velocity components, perpendicular to the wafer 
surface rather than the velocities of species in the bulk 
plasma. In all the experiments performed in this study, the 
measurements are made without any applied accelerating po- 
tentials to extract ions from the ECR source. Many studies of 
Ar ECR plasmas have been performed due to the relative 
simplicity of this system, therefore, measurements of Ar 
ECR plasmas are performed as a benchmark for comparison 
with the earlier studies. N2 and Cl2 plasmas are chosen for 
study because of their relevance to plasma-enhanced deposi- 
tion of III-IV materials and etching, respectively. The rela- 
tionship between source pressure and neutral mean kinetic 
energy for Ar, N2, and Cl2 ECR plasmas at constant micro- 
wave power is reliably obtained. Additionally, a strong cor- 
relation between increased ion flux and increased kinetic en- 
ergy of neutral particles, at lower pressures is observed. 
Cracking of N2 and Cl2 source gases and relative atom fluxes 
as a function of source pressure are also reported. 

II. EXPERIMENT 

Modulated beam TOF analysis is employed to study neu- 
tral and ionic species that emanate from Ar, N2, and Cl2 ECR 
plasmas. A continuous beam of energetic particles generated 
in the ECR plasma source, passes from this source to a slot- 
ted disk chopper, where the beam is modulated. The particles 
that make up the modulated beam, then pass from the chop- 
per to a quadrupole mass spectrometer (QMS), where they 
are detected. The elapsed flight times of the particles in the 
modulated beam between the chopper and the QMS are re- 
corded, resulting in a TOF distribution. This TOF distribu- 
tion is used to determine the mean kinetic energy and inten- 
sity of neutral species downstream from the ECR plasma. 
Ion intensities are also measured by this method and exhibit 
correlated behavior with neutral measurements. 
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FIG. 1. Schematic of modulated-beam TOF-QMS system illustrating the 
ECR source, chopper and QMS chambers. 

A schematic of the experimental apparatus used in this 
study is shown in Fig. 1. The apparatus consists of three 
chambers, one each for the ECR source, chopper, and QMS. 
The energetic particles of interest are generated in an ECR 
(AsTex compact™ ECR plasma source), plasma source pow- 
ered by a 250 W 2.45 GHz microwave power supply. The 
microwave power supply indicates total microwave power 
output and the reflected power. A slug tuner allows efficient 
coupling of microwaves, and is adjusted to minimize the 
reflected microwave power to < 10 W. The spatially varying 
static magnetic field is produced by a water-cooled solenoid 
magnet, surrounding the plasma chamber. This electromag- 
net is powered by a 40 V, 25 A dc power supply. This ar- 
rangement results in a configuration in which the magnetic 
field strength decreases, continuously from the back of the 
source to the source exit. The ECR region, with a magnetic 
field strength of 875 G, may be shifted relative to the source 
exit by varying the magnet current. The plasma source was 
operated with an applied microwave power (forward power 
minus the reflected power) of 200 W, and a magnet current 
of 17 A in all of the experiments reported here. These con- 
ditions result in efficient microwave coupling to the plasma 
and placed the ECR layer 3.8 cm from the source exit. 
Source gases are introduced through the rear of the source 
around a cylindrical ceramic plug, which also acts as the 
waveguide for launching microwaves into the plasma cham- 
ber. The plasma chamber consists of a quartz liner 
— 2.5 cm in diameter and 15.2-cm-long. The source chamber 
pressure during operation varies from 6.7X10-3 to 9.3 
X 10~2 Pa, depending on the source gas flow rate. Conduc- 
tance calculations reveal that the pressure in the source, close 
to the ECR layer, is approximately an order of magnitude 
higher than that of the surrounding chamber. Source gas flow 
rates are monitored using flow meters. Ar, N2, and Cl2 

source gases are 99.97% purity or greater and are used with- 
out further purification. 

The chopper chamber is separated from the source cham- 
ber by a grounded stainless steel plate with a 2.0 mm aper- 
ture. This chamber contains a slotted chopper disk driven by 
a 61 Hz electric motor. The chopper disk has two sets of slits 

180° apart. Each set of slits has three sections with different 
widths corresponding to 50, 250, and 550 jis openings at a 
disc rotation of 61 Hz. The widest slit is required for all 
measurements in order to obtain sufficient signal-to-noise. 
The chopper assembly is mounted on a translation stage; so 
that the chopper disc may be moved transversely to the 
source aperture, allowing the particles leaving the source to 
pass through any of the three slit widths. The edges of each 
slit are cut along the radius to give a constant width in time 
over the length of each section. The aluminum chopper disk 
is grounded with a copper brush, that makes contact to the 
motor axle on which the chopper is mounted. Also contained 
in this chamber is a set of deflectors used to remove ions 
from the beam, when neutrals alone are of interest. 

The last chamber is separated from the chopper chamber 
by a grounded 2.5 mm stainless steel aperture. A QMS, with 
an off axis electron multiplier and a crossed beam ionizer, is 
mounted in this last chamber and is used to detect the modu- 
lated atoms and molecules from the ECR plasma source. The 
electron energy in the crossed beam electron bombardment 
ionizer is set to 70 eV. The flight length from the chopper to 
the ionizer of the QMS is 0.41 m. This is followed by a 
second flight path through the QMS to the detector of 0.25 
m. Ions are extracted from the cross beam ionizer with an 
11.8 V potential between the ionization region and the rods 
of the QMS. The base pressure of the QMS chamber is 1 
X10"6Pa and remains <lX10"5Pa, while the ECR 
source is in operation. Even with a base pressure of 1 
X 10~5 Pa, the background level of the species of interest 
was relatively high and required the co-addition of many 
chopper cycles to acquire a TOF distribution with sufficient 
signal-to-noise. 

A beam from the source is defined by the aperture be- 
tween the source and chopper chambers, and the entrance 
aperture of the ionizer of the QMS. The apertures are aligned 
before the experiments using a theodolite. The QMS is op- 
erated in a pulse counting mode and the signal is collected by 
a multichannel scalar, which is triggered by a light-emitting 
diode (LED) photodiode switch mounted on the slotted disk 
chopper assembly. The LED-photodiode switch is mounted 
such that the multi-channel scalar is triggered prior to the 
chopper slit's pass, through the beam to ensure the entire 
transmission of gas is measured. The multichannel scalar has 
a record length of 1024 bins, each with a width of 6 /us to 
give a total collection time of 6.144 ms. This is sufficient to 
collect the entire TOF distribution and allows the baseline to 
flatten before the end of the record. TOF distributions are 
collected via 50 000 co-additions at 122 Hz; each co-addition 
corresponds to one opening of the chopper through the beam. 
Data are saved to disk for subsequent analysis. Data analyses 
of TOF distributions will follow in Sec. III. Slotted disk 
velocity measurements have been described in detail by 
many authors and a detailed discussion of the technique is 
available.30 

III. RESULTS AND DISCUSSION 
The following sections describe the acquisition and analy- 

sis of TOF data for atomic and molecular species emanating 
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FIG. 2. Typical neutral Ar TOF distribution from the ECR source after 
subtraction of the component, due to UV emissions and the background of 
the detector chamber. A fit to the data and the residuals are also pictured. 

from Ar, N2, and Cl2 ECR plasmas. Acquisition of TOF 
distributions, determination of neutral mean kinetic energies, 
ion intensities, and treatment of cracking data for molecular 
source gas plasmas are discussed in detail. A discussion of 
results is included in each section. 

A. Argon 

Figure 2 shows typical TOF data for neutral Ar from an 
Ar ECR plasma, along with a fit to the data (described be- 
low), and the residuals from this fit. This spectrum is ob- 
tained by a subtraction of two scans of 50 000 co-additions 
each. Typical raw co-addition traces from which TOF distri- 
butions are extracted and are depicted in Fig. 3. The QMS 
was set to detect Ar+ with mle = 40. The first scan, Fig. 3(a), 
is taken with the ionizer of the QMS on and the deflectors in 
the chopper chamber biased to + 300 V, to remove ions from 
the beam. This scan includes contributions from ultraviolet 
(UV) source emissions, Ar gas background in the QMS 
chamber and directed neutrals born in the ECR plasma. The 
second scan, Fig. 3(b), is taken with the deflectors biased and 
with the QMS ionizer off. The signal in this scan is due 
mainly to UV emissions from the ECR plasma, which gen- 
erate secondary electrons in the QMS. The Ar TOF data in 
Fig. 2 is generated from a subtraction of the two scans, Fig. 
3(a) minus Fig. 3(b), followed by a background subtraction. 
The background level, which is due to the gas background in 
the QMS chamber, is fit and subtracted during the fitting 
procedure described below. The last trace in Fig. 3(c) shows 
the result, when the deflectors are grounded and the ionizer is 
off. This condition passes the ions and the UV light from the 
source. The difference of Fig. 3(c) minus Fig. 3(b) is the ion 
flux. 
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FIG. 3. Raw data used to acquire the TOF distribution and ion flux intensity 
for Ar from the ECR source with the source pressure below 1.5 
X 1CT2 Pa. 50 000 passes of chopper with, (a) deflectors biased to 300 V 
and the ionizer of the QMS on; (b) deflectors biased and ionizer off; (c) 
deflectors grounded and ionizer off. The ordinate axis in (a) extends to zero, 
but is not shown for clarity. The neutral TOF distributions were determined 
by subtracting (b) from (a), a typical result of which is seen in Fig. 2. The 
ion signals are determined by subtracting (b) from (c) and integrating the 
resulting difference. The UV component in panel (b) represents a worst 
case, and is much smaller at higher pressures and with other source gases. 

The resulting neutral TOF distribution, G{t), is not a pure 
reflection of the velocities of neutrals leaving the source, but 
is a convolution of the true TOF, g(t), with the chopper slit 
function, ch(t)\ 30 

-/ 
G{t)=     g(t — x)ch(x)dx. (1) 

A close approximation to the chopper function is shown 
in Fig. 3(b), and is obtained from many co-additions of the 
UV emission, when the ionizer is left off and the deflectors 
are biased to exclude ions. As the slit of the chopper disc 
passes through the solid angle of collection of the QMS, 
defined by the first aperture in front of the plasma source, 
and the aperture of the ion source on the QMS, the signal 
from UV emissions gives a close approximation to the shape 
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of the chopper function. In principle, a slit with a very nar- 
row width compared to the TOF distribution could be used to 
obtain a measurement close to the actual TOF distribution. 
However, the signal is sufficiently weak, due to a high back- 
ground of species in the mass spectrometer detection cham- 
ber, that the widest slit, with an opening time of 550 fis, is 
required for all neutral measurements. As a result, the chop- 
per width is comparable to the width of the TOF distribu- 
tions; therefore, the precise shape of the true TOF distribu- 
tion, g(t), is lost, and is represented by G(t), in Eq. (1). 

Mean kinetic energies of atomic and molecular species 
are calculated from mean TOF, determined from the TOF 
distributions. The mean time (?) is defined by 

<'> = 
fotG(t)dt 

JoG(t)dt ' 
(2) 

where G(t) is the TOF distribution defined above. Determin- 
ing (t), directly from the data proves to be difficult, since 
any noise in the data makes (t) very sensitive to the position 
of the baseline of G(t). With a perfect choice of base line, 
the random scatter of data around the base line, would not 
skew the determination of the mean; however, if the base 
line were slightly over or underestimated, the numerator in 
Eq. (2), and hence the mean value, (t), would be incorrect. 
In order to avoid this problem, the mean value and integrated 
neutral intensity are determined from a fit to the data. An 
attempt to fit the measured TOF distribution with an effusive 
Maxwell-Boltzmann distribution, with and without a stream 
velocity and convoluted with the chopper function, was per- 
formed and resulted in inadequate agreement with the data. 
Therefore, a two component form shown in Eq. (3), consist- 
ing of a Gaussian at short times and an effusive Maxwell- 
Boltzmann distribution without a stream velocity is used (see 
Ref. 30 for a derivation of this component): 

-(t-t0)2\ 1        /       ml2 

g(r) = aexp| —rb7™<\~2kf? 
+ c.     (3) 

Equation (3) contains three constants: k, the Boltzmann con- 
stant, m, the mass of the particles being measured, and I, the 
flight length between the chopper and entrance to the QMS. 
This form is convoluted with the chopper function, Fig. 3(b), 
and fit to the data by minimizing \2 with a Powell minimi- 
zation routine as a function of the six remaining 
parameters.31 These parameters are a scale factor for the 
Gaussian and Maxwell-Boltzmann components, a and b, an 
offset, c, a temperature, T, and the Gaussian center, t0, and 
width, 8. An example of a fit generated by this procedure is 
shown as the solid line in Fig. 2. Due to the width of the 
chopper opening and the large number of fit parameters, no 
attempt was made to draw any physical information from the 
fit parameters. As mentioned above, the purpose of the fit is 
to aid in computing mean kinetic energies, and integrated 
intensities of particles in the beam from the shape of the 
distribution without complications due to noise in the data. 

Using these fits to the TOF data, mean flight times for 
particles emanating from the source are calculated. In order 
to obtain an accurate mean TOF, the flight time through the 

QMS must be accounted for, and the time base must be 
adjusted so that f = 0 corresponds to the middle of the chop- 
per opening. In order to do this in a simple fashion, an ap- 
proximation is made that the width of the TOF distribution 
does not increase during the flight through the QMS. In a 
more rigorous treatment, the initial velocities of particles en- 
tering the QMS should be accounted for, since they will 
cause the distribution to spread in time during flight through 
the QMS. However, this effect does not need to be consid- 
ered here, because the initial velocity of most particles en- 
tering the QMS is small compared to the velocity after ex- 
traction from the ion source. Ions formed by electron impact 
ionization in the ionization region are extracted with an 11.8 
V potential, between the ionizer and the rods of the QMS. 
The difference in flight time through the QMS for an Ar+ ion 
with an initial translational energy of 0.03 eV (thermal) and 
an Ar+ ion with an initial translation energy of 20 eV, which 
is estimated to be an upper limit on the energy of fast particle 
exiting the ECR source, is only 12.7 fis, which is just greater 
than the width of two bins of the multichannel scalar. The 
arrival distributions are generally 1800-//.s-wide; hence, the 
width of the TOF distributions will be almost unaffected by 
the flight through the QMS. Under this approximation, the 
mean TOF is first shifted by the time it takes for an ion 
accelerated by the 11.8 V extraction voltage, to pass through 
the 0.25 m path through the QMS. For an Ar+ ion with no 
initial velocity this flight time in the QMS is 33.2 /xs. Next, 
the mean TOF is shifted by the amount necessary to adjust 
the r = 0 to the middle of the chopper opening, which is 
exactly 348 fis from the actual trigger point. The mean TOF, 
calculated from the measured TOF distribution, shifted by 
the two corrections mentioned above, closely approximates 
the mean TOF of particles over the 0.41 m between the 
chopper and the ionizer of the QMS. These mean flight times 
are then converted into mean kinetic energy. 

To verify the validity of this procedure, measurements 
were made on thermal argon beams generated by backfilling 
the source chamber with argon. The gases are introduced via 
a tube off the beam axis. A thermal beam defined by the 
aperture between the source and the chopper chambers was 
modulated by the chopper and measured by the technique 
described above. Mean TOF measurements result in mean 
kinetic energies of 0.026± 0.001 eV. These experiments are 
also conducted by introducing gas through the source, where 
the inlet orifice lies on the beam axis. These measurements 
resulted in mean translational energies of 0.033±0.001 eV, 
indicating flow from the orifice in the source is not purely 
effusive. This noneffusive behavior manifests itself in the 
measurements of neutral intensities, and is further discussed 
below for nitrogen and chlorine measurements. All data pre- 
sented below are measured for gases introduced through the 
source orifice. 

Figures 4(a) and 4(b) show the mean kinetic energies of 
neutral Ar emanating from Ar ECR plasmas with slightly 
different conditions, as noted below. The mean kinetic ener- 
gies are determined as indicated above. The coincident Ar+ 

ion  intensity  emanating   from  the  ECR  plasma  source 
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FIG. 4. Mean neutral kinetic energy of Ar, (a) and (b), and ion flux intensity 
of Ar+, (c) and (d) from Ar ECR plasmas vs source chamber pressure. •, 
■. ▲ indicate data taken on different days. Panels (a) and (c) are measured 
from the same plasma. Panels (b) and (d) are from another plasma, where 
the impedance matching was purposely detuned to reduce ion flux. Applied 
microwave power of 200 W and magnet current of 17 A for both sets. 

versus source chamber pressure, measured for the same two 
plasmas as in Figs. 4(a) and 4(b), are shown in Figs. 4(c) and 
4(d), respectively. The ion intensities were determined by 
integrating the ion flux, the determination of which is de- 
scribed above. However, ion energies were not calculated 
from the TOF distributions, since the mechanical chopper 
and the voltages in the QMS significantly alter their flight 
times. The ion energies would be better measured by a re- 
tarding  field  analyzer and  are left to  future  work.  As 

mentioned above, the applied microwave power and magnet 
current are held at 200 W and 17 A, respectively. For the 
measurements shown in Figs. 4(b) and 4(d), the slug tuner, 
used to impedance match the plasma to the microwave 
source, is slightly detuned. This increased the reflected 
power; however, the absorbed microwave power is main- 
tained at 200 W by increasing the forward power. As indi- 
cated above, the pressure in the source around the ECR layer 
is estimated to be about an order of magnitude higher than 
the source chamber pressure indicated on these plots. Data 
for mean kinetic energies and ion intensities are taken to- 
gether, before changing plasma parameters, ensuring that 
plasma conditions were as identical as possible for the neu- 
tral and ion measurements. 

The Ar neutral kinetic energy continuously increases at 
low pressures below —1.5X10"2 Pa only when accompa- 
nied with a sharp increase in the ion flux, as indicated in Fig. 
4. Above 1.5 X 10~2 Pa the ion signal is very low and the 
increase in neutral kinetic energy is much more gradual. The 
two dominant processes determining the neutral mean kinetic 
energy are charge exchange between fast ions and the neutral 
background and the moderation of fast ions and neutrals 
through elastic collisions with the slower neutral back- 
ground. At high pressures, the plasma is close to thermal 
because most particles undergo many collisions before exit- 
ing the source. One would expect, by an energy balance ar- 
gument, that the mean kinetic energy in this higher pressure 
regime would increase as the pressure and, hence, the density 
is lowered at constant absorbed microwave power; this is 
observed. The plasma is thought to be under this near- 
thermal condition at source chamber pressures above 1.5 
X 10~2 Pa. As the pressure is decreased below 1.5 
X 10~2 Pa, the mean free path in the source becomes long 
enough that the particles in the plasma do not approach equi- 
librium before exiting the source region. At the same time, 
the measured flux of ions out of the source, shown in Fig. 
4(c), greatly increases as the pressure is lowered. In this low 
pressure regime, the number of fast neutrals that are born via 
charge exchange increases, raising the mean neutral kinetic 
energy. Direct evidence supporting charge exchange as a 
mechanism for neutral heating was provided by Tsuchizawa 
et al, where neutrals with kinetic energies of 10-20 eV were 
measured.21 We found evidence for such high velocity neu- 
trals at the leading edge of the TOF distributions measured in 
this study; however, it is clear from mean kinetic energy data 
presented here that most of the neutrals emanating from the 
source are much less energetic. Additionally, the cross sec- 
tion for resonant charge transfer with collision energies be- 
tween 4 and 25 eV is the same order of magnitude as the 
elastic cross section.32 Thus, many fast neutrals generated 
through charge exchange will also undergo elastic collisions 
with the Ar background, redistributing energy among the 
neutral background. 

The measurements shown in Figs. 4(b) and 4(d) are analo- 
gous to those shown in Figs. 4(a) and 4(c), but, as mentioned 
above, with different plasma conditions. In contrast to the 
data in Figs. 4(a) and 4(c), the neutral mean kinetic energy of 
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Fig. 4(b) does not rise as sharply at low pressure, nor does 
the corresponding ion signal in Fig. 4(c), supporting the cor- 
relation between higher neutral mean kinetic energies and 
the flux of ions out of the plasma. The origin of the slug 
tuner's effect is not understood. The microwaves could be 
absorbed by some mechanism other than ECR heating, re- 
ducing the effective power absorption and, hence, the ion 
density. The spatial variation of the microwave absorption 
could also change, resulting in lower ion flux at the sampling 
aperture. However, the reduction in ion flux, whatever the 
root cause, is clearly correlated with the neutral mean kinetic 
energies. 

Table I summarizes the previous measurements of aver- 
age kinetic energies of various plasma species produced in a 
variety of ECR plasma systems. The results for neutral Ar 
average kinetic energies vary over a considerable range, but 
generally begin at 0.03 eV and range up to 0.6 eV. This 
study reports, neutral kinetic energies from —0.1 to 0.41 eV 
for neutral Ar emanating from an Ar ECR plasma. Optical 
emission results from two groups show that the neutral gas 

15 18 temperature decreases with decreasing source pressure. ' 
One difference between these measurements and those of 
this study, is that the neutrals pass through a sheath formed 
on the sampling aperture in front of the plasma, whereas 
those measured optically are in the bulk plasma and do not 
cross a sheath region. The measured neutral mean kinetic 
energy is sensitive to the ion flux through the aperture bor- 
dering the plasma, which can provide additional neutral heat- 
ing through charge exchange collisions. Additionally, the 
previous studies examined plasmas at higher pressure and 
with different reactor geometries. 

B. Nitrogen 

1. Mean neutral kinetic energies 

Figures 5(a) and 5(b) show the N and N2 neutral mean 
kinetic energies versus source chamber pressure with an ap- 
plied microwave power and magnet current of 200 W and 17 
A for a nitrogen ECR plasma. These measurements were 
made in an identical manner to the Ar neutral mean kinetic 
energy measurements detailed above. However, there is a 
contribution in the atomic TOFs from atoms that were pro- 
duced via dissociation of the parent molecule in the ionizer 
of the QMS rather than in the plasma. This contribution will 
result in a slight underestimation of the N atom mean kinetic 
energies. This error is small since the cracking in the QMS is 
small compared to cracking in the ECR plasma as indicated 
by the cracking data below. The thermal mean kinetic energy 
data are also shown in Figs. 5(a) and 5(b) and are indicated 
by open symbols. This thermal data were analyzed in the 
same manner as that for Ar. Figure 5(c) shows relative N+ 

and N2
+ ion intensities versus source chamber pressure mea- 

sured at the same time as the neutral data shown in Figs. 5(a) 
and 5(b). The ion intensity of N+ has been reduced by a 
relative quadrupole mass transmission efficiency, sN/^N2 

= 1.2 ±0.1, the determination of which is discussed in Sec. 
Ill B 2. 
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FIG. 5. Neutral mean kinetic energy for N, (a), and N2, (b) vs source cham- 
ber pressure. •, ■. ▲, and T indicate data taken on different days with the 
plasma on. O indicate data with the plasma off. Ion flux intensity, (c), vs 
source chamber pressure for the same plasmas. Ion data from different days 
was averaged for clarity. Microwave power of 200 W and magnet current of 
17 A. 

The mechanism involved in the production of fast neutrals 
in the nitrogen plasma is similar to that in the Ar plasma 
discussed above. However, dissociation of molecular N2 to 
form N atoms provides an additional route for the production 
of fast neutral N.33 The other possible mechanism for the fast 
neutral production is through charge exchange collisions be- 
tween N+ and N atom. The data suggest that charge ex- 
change may be important at the lower pressures, since the 
increase in ion intensity in Fig. 5(c) is accompanied by an 
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increase in N mean kinetic energy in Fig. 5(a). One would 
expect that the detection of fast neutrals produced through 
charge exchange reactions would be more likely in this type 
of measurement, since they will be directed by the ion ve- 
locity, which has a large component perpendicular to the 
sampling aperture due to the ambipolar fields along the mag- 
netic field lines produced by the source. In contrast, the en- 
ergetic neutrals produced through dissociation will be direc- 
tionally isotropic, reducing the efficiency with which they 
will emerge from the source chamber relative to those pro- 
duced through charge exchange with directed ions. 

The mean kinetic energy of the N2, shown in Fig. 5(b), 
emanating from the source is similar to that of the N mean 
energies; however, the kinetic energies at low pressure do 
not rise as rapidly for N2 as for N atom. At the higher pres- 
sures investigated, the mean kinetic energies of both N and 
N2 are about equal, suggesting that they may have reached 
equilibrium before exiting the source, however, at lower 
pressure this is not the case. To our knowledge, the kinetic 
energies of neutral N and N2 produced in ECR plasmas have 
not been previously measured; however, a mean kinetic en- 
ergy of 0.12-0.25 eV for N2

+ produced in an ECR plasma 
has been measured by Den Hartog et al.u These results seem 
consistent with ion energies in the bulk plasma measured for 
other species summarized in Table I. 
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2. Source gas cracking 

In addition to mean kinetic energies, cracking of the mo- 
lecular source gas in the ECR source is also investigated. 
Figure 6(a) shows the cracking ratios of neutral nitrogen, as 
a function of source chamber pressure determined from the 
measured N and N2 signals with the plasma on and off. The 
intensities of N and N2 were determined by integrating the 
area under the fits of the neutral TOF data. No attempt has 
been made to include ion intensity data with the neutral data 
in the cracking results, since the neutral and ion data will not 
be attenuated equally as the particles travel from the aperture 
in front of the plasma to the QMS. Ions accelerated across 
the sheath formed at the sampling aperture in front of the 
source will be more directed than most of the neutrals, which 
will be more effusive in nature. However, the ions will also 
have losses due to Coulombic repulsion between ions in the 
beam and stray fields that may exist along the flight path. 
Hence, the intensities of ions and neutrals measured by the 
QMS do not directly reflect the relative fluxes of ions and 
neutrals at the aperture in front of the plasma. The neutral 
cracking ratio was calculated using the measured intensities 
and the procedure described below. 

The N2 and N atom TOF peaks are not resolved in the 
experiments. Therefore, several contributions to the relative 
sensitivities of N and N2 must be considered to get an accu- 
rate cracking ratio. Consider the measured N2 and N intensi- 
ties, /N+ and /N+, which are proportional to the true flux of 
N2> /N2. 

and N, fN, by the following relations: 

-2 
Source Pressure /10    Pa 

FIG. 6. Source gas cracking from N2ECR plasma vs source chamber pres- 
sure. Panel (a) shows corrected N:N2 cracking ratio vs source pressure; (•) 
plasma on; (O) plasma off. (b) flux of neutrals emanating from the ECR 
source vs source pressure, (■) N, plasma ON; (D) N, plasma OFF; (•) N2, 
plasma ON; (O) N2, plasma OFF. Measurements are from the same plasma 
as data of Fig. 5. 

/N+ oc aN+sN fN+ cr^N /N,. (5) 

where crN+ is the cross section for electron impact ionization 

of N2 to form the molecular ion, <j^+, is the cross section for 
electron impact dissociative ionization of N2, crN+ is the 
cross section for the electron impact ionization of N atom, 
sNi and sN are the QMS collection sensitivity factors for N2

+ 

and N+ formed via direct ionization of incident flux of N2 

and N, respectively, and s^ is the collection sensitivity factor 
for N+ formed via dissociative ionization of N2. Assuming 
an identical proportionality, which depends on the electron 
density and energy in the ionizer of the QMS, we solve these 
two equations for the ratio of incident flux of N and N2 in 
terms of the measured intensities, cross sections and sensi- 
tivities. We arrive at Eq. (6) below: 

7
N2

+
 
a crN+sN2fN2, (4) 

/N       /N+0"N+*N2
_-'rN+0-N+'yN 

/N2 ^N+^N+^N 
(6) 
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The cross sections used above are known for each of the 
three ionization processes for 70 eV electrons, which is the 
electron energy for the QMS ionizer used in this experiment. 
(o-N+=1.75XlO"16cm2; a^+ = 5X 1(T17 cm2; <rN+=1.55 

X 10"16 cm2).34 To calculate the true cracking ratio due to 
the plasma, /N//N , from the measured intensities, the rela- 

tive sensitivities, sN /sN and s^/s-^, must be determined. 
The first of these, sNz/sN, stems from the mass dependent 

probability of transmission through the QMS and can be es- 
timated by a simple experiment where known fluxes of spe- 
cies, with different mass and known electron impact ioniza- 
tion cross sections, are measured with the QMS. To do this, 
three experiments are conducted where the source chamber 
was filled with each of Ne, Ar, and Kr gases, so that the 
densities of each gas measured by the QMS are equal. 
Analysis of the measured intensity of each gas, accounting 
for the known electron impact ionization cross sections, 
gives the mass dependent transmission and detection effi- 
ciency of the QMS. From this data the relative sensitivity of 
the QMS to fluxes of N and N2, s^2/sN= 0.82+0.07, is de- 
termined. The relative sensitivity of the QMS to N+ formed 
via dissociative ionization of N2 and N atom ionization, 
s^/sN, is all that is still needed to determine the cracking 
ratio,/N//N . The ratio, s^/s^, is not equal to one since the 
collection efficiency of N+ produced via dissociative ioniza- 
tion of N2 will be reduced due to the isotropic deposition of 
kinetic energy into the atomic fragments during the dissocia- 
tive ionization process. 

The determination of s^/s^ follows from the ability to 
determine s^/sN . described above, and the fact that the 
relative sensitivity, s^/sN , can be determined from the mea- 
sured cracking of thermal N2. The intensity of N+ and N2

+ 

from cracking of thermal N2 in the ionizer are related to the 
incident flux of N2, /M , by 

'N2
+
 
a ON

+
SN+/N2> 

1N+ a:  0"N+SN+/N  , 

(7) 

(8) 

where the definition of cross sections and sensitivities are 
defined above. It follows that 

7N+crN+ 

(9) 

With the cross sections and the measured intensity from ther- 
mal cracking we obtain 5N/SN2

=0
-
20±0

-
03
 

and' hence, 
s^/sN=0.17±0.04. Now, with these relative sensitivities, 
cross sections and the measured N and N2 intensities, the 
neutral cracking ratio is determined. Cracking ratios deter- 
mined in this fashion are reported for a N2 ECR plasma, as a 
function of source chamber pressure with a constant micro- 
wave power of 200 W and magnet current of 17 A and are 
shown in Fig. 6(a). The raw intensities of N and N2 emanat- 
ing from the ECR source, with the source on and off, are 
shown in Fig. 6(b). These intensities are not scaled by any of 
the corrections mentioned above. 

The source gas cracking ratio, N:N2, from Fig. 6(a), 
shows that the cracking ratio increases with decreasing pres- 
sure over the range measured and varies between 0.2 and 1.4. 
This is expected since the dissociation probability will be 
highest at the lower pressure due to higher electron energy. 
The cracking ratio reaches a maximum of 1.4 ±0.5 at a pres- 
sure of 7.5X 10"3 Pa. Hence, at this pressure, 41% of the N2 

is cracked in the plasma. This is greater than the reported 
cracking of 12% determined via chemical titration by Meikle 
et al.-2S however, those measurements are made after a con- 
siderably long path through a narrow tube, allowing a greater 
opportunity for N atom recombination on the tube surface. 

Many applications of ECR's are dependent on the flux of 
reactive radicals which exit the source rather than the crack- 
ing ratio. As in the case of growing group III nitrides, one 
needs a high flux of N atoms to react with substrate materi- 
als. Figure 6(b) depicts the unsealed intensities of N and N2 

with the plasma on and off, from which the cracking ratios 
were calculated. The measured flux of N atoms increases 
with decreasing pressure down to —1.6X10"2 Pa and then 
the N atom flux decreases again as the pressure is lowered 
further. For a constant electron density and electron energy 
distribution function (EEDF) in the source, one would expect 
the N atom production to decrease with decreasing N2 den- 
sity. However, if the EEDF increases in energy, as is sug- 
gested from measurements by Hopwood et al.,22 the EEDF 
may overlap with a resonance that would increase the rate of 
N atom production via electron impact dissociation of N2 at 
lower pressures. No attempt has been made to measure the 
electron density or energy concurrently with the TOF mea- 
surements. This behavior could have a significant effect on N 
atom ECR source applications. 

Note that the thermal measurements in Fig. 6 are for gases 
introduced through the source, which results in noneffusive 
flow as eluded to above, where the thermal Ar mean trans- 
lational energy is measured for different inlets. This directed 
noneffusive flow leads to a nonzero beam intensity, when 
linearly extrapolated to zero source chamber pressure. For 
purely effusive beams, where gas is introduced through a 
source not on the line-of-sight with the beam axis, the zero 
pressure beam intensity extrapolates to zero within experi- 
mental error. Direct comparison of intensities in Fig. 6(b) 
should avoided, since data with the plasma on and off was 
collected many days apart, allowing the condition of the de- 
tector to drift. 

C. Chlorine 

1. Neutral mean kinetic energies 

Mean kinetic energies for neutral atomic and molecular 
chlorine from a pure chlorine ECR plasma are presented in 
Figs. 7(a) and 7(b), along with mean kinetic energies with 
the plasma off. Mean kinetic energies are determined from a 
fit to the experimental TOF data as described in detail for Ar. 
As is the case with the nitrogen data, Cl TOFs have contami- 
nation from Cl+ produced via electron impact dissociation of 
Cl2   in   the   ionizer   of   the   QMS.   Therefore,   the   Cl 
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FIG. 7. Neutral mean kinetic energy vs source chamber pressure for (a) Cl; 
(b) Cl2. •, ■. and ▲ indicate data with plasma on taken on different days; 
O indicates data with the plasma off. (c) Ion flux intensity vs source cham- 
ber pressure for the same plasmas. Ion data from one series of runs is 
depicted. Microwave power of 200 W and magnet current of 17 A. 

kinetic energies are slightly lower than if there are no con- 
tamination; however, the amount of Cl+ produced in the 
QMS compared to that produced in the ECR source is small, 
so this correction has been neglected. The Cl and Cl2 data are 
taken immediately after one another, before changing plasma 
parameters to ensure identical plasma conditions for each 
species measurement. Figure 7(c) displays the Cl+ and Cl2

+ 

ion intensities emitted from the ECR source as a function of 
source pressure. These data are taken at the same time as one 

of the runs of data pictured in Fig. 7(a) and 7(b). Data taken 
on other days are not reported since the detector efficiency 
changed with each day of chlorine experiments, due to chlo- 
rine attack on the electron multiplier in the QMS. However, 
the trends indicated in Fig. 7(c) are present in the chlorine 
ion data taken on different days. The ion data for Cl+ are 
reduced by a mass transmission efficiency factor, scl/sa 

= 2.8±0.6, which is determined via the calibration proce- 
dure mentioned above. There is no contamination of the Cl+ 

ion intensity from dissociative ionization of Cl2, because the 
ionizer of the QMS is not on during ion data collection. 
Additionally, vertical lines are shown in the plot to group the 
Cl+ and Cl2

+ measurements taken from the same plasmas. 
The Cl neutral mean kinetic energy data in Fig. 7(a) are 

similar to that for Ar and N atom, where the neutral mean 
kinetic energy rises with the increase in ion signal, seen in 
Fig. 7(c). However, the quality of the data at low pressure is 
poor due to low signal-to-noise in the TOF distributions. The 
mean kinetic energies of Cl and Cl+ within a chlorine ECR 
plasma were measured with Doppler spectroscopy and are 
also presented in Table I.14'19 The kinetic energies measured 
here (0.1-0.5 eV) are found to be much higher than those for 
neutral Cl measured by the Doppler method. In our measure- 
ments neutrals are produced through charge exchange with 
ions that pass through the sheath, which have greater kinetic 
energy, raising the mean kinetic energy of the neutrals exit- 
ing the source. The Cl2 mean kinetic energies, shown in Fig. 
7(b), are indistinguishable from the thermal Cl2 data pictured 
with open symbols. The reason for this behavior is not clear, 
however, it may be that the only Cl2 molecules that escape 
undissociated have not undergone collisions with the ener- 
getic species in the source and, therefore, are nearly thermal. 
Data for Cl2 are only presented down to 3 X 10"2 Pa, below 
which the TOF distributions are obscured by the background. 
It is worth noting, that simulations by Ono et al. suggest that 
Cl2

+ is the major ion produced in Cl2 ECR plasmas.26 How- 
ever, as seen in Fig. 7(c), where the vertical lines indicate 
measurements made of Cl+ and Cl2

+ from the same plasma, 
the Cl+ ion intensity is greater than the Cl2

+ ion intensity for 
all measurements. 

2. Source gas cracking 

Figure 8 shows the C1:C12 flux ratio as a function of 
source chamber pressure for constant microwave power and 
magnet current. The intensities of the neutrals are determined 
by integrating the area under the fits of the experimental 
TOF distributions. As with the nitrogen data, the transmis- 
sion efficiency and electron impact ionization cross sections 
must be considered in calculating accurate cracking ratios 
from the measured ion intensities. The individual cross sec- 
tions for the production of molecular Cl2

+ and Cl+ from the 
Cl2 parent via electron impact ionization are not known; 
however, the total ionization cross section for Cl2 is known 
for 70 eV electrons (7.1 X 10"16 cm2 and 6.5X 10"16 cm2, 
respectively).35,36 The cross section for the electron impact 
ionization of Cl atom with 70 eV electron energy is also 
known       (3.5IX 10"16 cm2       and       3.47X 10"16 cm2, 
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FIG. 8. Source gas cracking from C12ECR plasma vs source chamber pres- 
sure. Panel (a) shows corrected C1:C12 cracking ratio vs source pressure; (•) 
plasma on; (O) plasma off. (b) Flux of neutrals emanating from the ECR 
source vs source pressure, (■) CI, plasma ON; (D) CI, plasma OFF; (•) 
Cl2, plasma ON; (O) Cl2, plasma OFF. Measurements from the same 
plasma as data of Fig. 7. 

respectively).37'38 The contribution to the measured CI atom 
intensity from dissociative ionization of Cl2 in the QMS is 
neglected, since this contribution is small compared to the 
flux of CI atoms from the ECR source. The electron impact 
ionization cross section to form Cl2

+ from Cl2, <xCI*, is es- 

timated from C1:C12, from the thermal Cl2 cracking data, and 
the total electron impact ionization cross section for Cl2 with 
70 eV electron energy. The thermal cracking ratio, C1:C12, as 
measured with the QMS at 70 eV electron energy, is 0.6 
±0.1. The true cracking ratio will be higher, since the col- 
lection efficiency of Cl+ produced by dissociative ionization 
is less than that of Cl^ produced by electron impact of Cl2, 
as discussed above for nitrogen. Using this cracking ratio, 
the estimated cross section for the electron impact ionization 
of Cl2 to form Cl^, crcl+, is estimated to be 37% ± 6% of the 

total ionization cross section for Cl2. With these approxima- 
tions, the ratio of the incident flux of CI and Cl2, /ci//cu> 
may be expressed in terms of the measured intensities of CI, 
7C1+, and Cl2, Ia+, the cross sections, and the sensitivities 

by 

where scl/scl is the relative sensitivity reported above, and 

o-cl+ is the ionization cross section for ionization of CI with 
70 eV electrons. The cracking ratios in Fig. 8(a) are deter- 
mined from the scaled ratio of the measured intensities as a 
function of source chamber pressure. 

The C1:C12 flux ratio data for the Cl2 ECR plasma shown 
in Fig. 8(a) display trends similar to those for the N2 plasma 
shown in Fig. 6(a). The ratio increases from 10±2 to 16 
± 6 with decreasing pressure, which is expected because the 
electron density increases with decreasing pressure and the 
EEDF increases to higher energy. Both of these will increase 
the dissociation probability at lower pressure. The degree of 
cracking of Cl2 in this plasma far exceeds that of N2. Here, at 
the lowest pressure where a Cl2 TOF could be measured, the 
cracking of Cl2 was 94%. This is contrary to the previously 
reported ratio of l%-2%,25 but is in agreement with a theo- 
retical prediction for a non-ECR discharge.27 The reason for 
this difference is unclear, however, the reactor geometries 
used in this study and that of Ono et al.25 are quite different. 
The reason for different cracking behavior in N2 and Cl2 

plasmas may be due to the much weaker Cl2 bond. These 
results do show that the plasma behavior is very dependent 
on the nature of the source gas used and that it is difficult to 
draw general conclusions concerning ECR plasmas in differ- 
ent source gases. The differences are in part due to the dif- 
ferences in cross sections for electron impact dissociation. 
Additionally, plasma properties such as the electron density, 
and the EEDF for each plasma may be different and depend 
on the electronic states of the plasmas constituents. 

Figure 8(b) shows the raw intensity of neutral CI and Cl2 

as a function of source chamber pressure. Intensities were 
determined by integrating the area under the fits to the ex- 
perimental TOF data. Note that as in the case of the thermal 
nitrogen, the thermal chlorine flow was introduced through 
the source and results in noneffusive behavior, which leads 
to nonzero beam intensity when linearly extrapolated to zero 
source chamber pressure. The intensities were not scaled by 
any of the factors mentioned in the cracking treatment. Here, 
unlike the case for nitrogen, the CI flux from the plasma 
continuously increases with increasing source pressure. This 
is largely due to the very high degree of cracking in the 
plasma. Slight changes in the plasma, affecting the rate of 
cracking, would not be sufficient to increase the flux of CI 
atom with the decreasing stock of Cl2 source gas. 

It is interesting to consider how the behavior of this 
Cl2 ECR plasma might affect chlorine etching applications, 
especially since there are many competing factors. Ion inten- 
sity, with its undesirable charging effects, is nonetheless a 
major element in determining etch rates. Generally, the 
greater the ion flux to the surface, the greater the etch rate; 
however, loading of the neutral reactive species will also be 
important. If there are not enough reactive species, the rate of 
the etching reaction will not occur at a high rate even in the 
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presence of a high ion flux. Therefore, there will be a com- 
petition in the selection of plasma parameters between the 
reactive particle loading and ion flux requirements. Lower 
pressure favors ion flux but limits flux of reactive radicals, 
and higher pressure limits the ion flux but increases the flux 
of reactive species. 

IV. CONCLUSIONS 

Modulated beam TOF measurements are employed to 
study Ar, N2, and Cl2 ECR plasmas. Neutral mean kinetic 
energy, ion flux, and source gas cracking information are 
extracted from measured TOF distributions. Mean neutral 
kinetic energies vary between 0.04 and 0.45 eV. Enhance- 
ment in neutral mean kinetic energy shows a strong correla- 
tion with ion flux out of the source for all source gases stud- 
ied. At pressures below 2.0X 10"2 Pa, ion flux sharply 
increases causing the neutral mean kinetic energy to increase 
rapidly. This effect is much stronger in atomic neutrals as 
compared to molecular neutrals. This effect is not observed 
for Cl2, since the molecular signal in the low pressure regime 
was too low. Source gas cracking is also examined as a func- 
tion of source pressure. The cracking ratios of both N2 and 
Cl2 are found to increase with decreasing pressure; however, 
the Cl2 cracking ratio is an order of magnitude greater than 
that of the N2 cracking ratio. The fluxes of atomic and mo- 
lecular species were also measured. The flux of N atoms 
emanating from the ECR plasma is found to first increase, 
and then decrease with increasing source pressure. This be- 
havior is not observed for chlorine where the Cl flux in- 
creased, continuously with increasing source pressure. 

The technique of modulated beam TOF-QMS is demon- 
strated as a reliable tool for monitoring the plasma environ- 
ment, to reveal the behavior of single source gas plasmas in 
terms of neutral kinetic energies, and relative neutral and 
ionic fluxes downstream from the plasma. This is a robust 
technique which can be extended to measure plasmas of 
complex source gas mixtures, that would be difficult to mea- 
sure with optical methods. The kinetic energy results are 
consistent with the many previous studies in which optical 
Doppler width measurements were employed to determine 
neutral kinetic energies. Modulated beam mass spectrometry 
is not dependent on the electronic nature of the particle in 
question, and can be extended to the measurement of veloc- 
ity distributions of atomic or molecular species, where the 
lack of a metastable state would preclude the use of Doppler 
spectroscopy to measure mean kinetic energies. Addition- 
ally, these measurements are insensitive to any correlation 
that may exist between kinetic energies and electronic states 
of particles in the plasma. Additional studies, coupling Lang- 
muir probe measurements with neutral and ion flux measure- 
ments could provide a very complete picture of the ECR 
plasma environment, to further the understanding of these 
complex interdependent systems. 
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Ar plasmas 

F. Ren 
Bell Laboratories, Lucent Technologies, Murray Hill, New Jersey 07974 

J. W. Lee, C. R. Abernathy, and S. J. Peartona) 

Department of Materials Science and Engineering, University of Florida, Gainesville, Florida 32611 

C. Constantine and C. Barratt 
Plasma Therm IP, St. Petersburg, Florida 33716 

R. J. Shul 
Sandia National Laboratories, Albuquerque, New Mexico 87185 

(Received 4 December 1996; accepted 11 April 1996) 

The effects of Ar plasma exposure on transconductance, channel sheet resistance, output resistance, 
and gate contact ideality factor of GaAs metal-semiconductor field-effect transistors (MESFETs) 
were investigated using two different high-density plasma sources, namely inductively coupled 
plasma and electron resonance plasma. Ion-induced damage is found to be reduced at moderate 
source powers (-200 W) because of the reduction in cathode dc self-bias and hence ion energy, but 
at higher source powers the increase in ion flux produces significant deterioration of the device 
performance. Careful attention must be paid to both ion flux and ion energy in order to minimize 
ion-induced damage. Due to their relatively low channel doping levels, MESFETs are found to be 
more sensitive to plasma damage than devices with very heavily doped component layers such as 
heterojunction bipolar transistors.   © 1997 American Vacuum Society. [S0734-211X(97)03304-0] 

I. INTRODUCTION 

The GaAs metal-semiconductor field-transistor (MES- 
FET) is still the workhorse of III-V electronic device tech- 
nology, with wide-ranging applications in wireless commu- 
nication, collision avoidance radar systems, and intelligent 
cruise control for automobiles, digital signal processing, and 
power microwave systems.1"5 The majority of these devices 
are fabricated by direct ion implantation into semi-insulating 
GaAs substrates, with a selective area channel (for n -layer 
formation) and selective area source/drain (for n+ contact 
formation) implantation process. To simplify the lithography 
requirements it is also common to form sequential n+In lay- 
ers by implantation or epitaxy, and then etch down to the 
channel layer prior to gate metal deposition.2 Finally, use of 
SiNx surface passivation layers deposited by plasma- 
enhanced chemical vapor deposition is common for achiev- 
ing stable long-term surface characteristics. These films are 
generally patterned in areas requiring interconnects (source, 
drain, and gate pads) by dry etching with a high selectivity 
for nitride over GaAs.6"10 

Based on the ubiquity of dry etching in GaAs MESFET 
processing,11'12 an understanding of possible ion-induced 
damage occurring during these steps is highly desirable. This 
is particularly necessary with the recent emphasis on high- 
density plasma sources that operate at ion densities approxi- 
mately two orders of magnitude higher than in conventional 
capacitively coupled reactive ion etching (RIE) systems. The 
basic configuration of these new single-wafer reactors is 

plasma generation in an (almost) remote high-density plasma 
source, with ion energies of 20-30 eV, ion densities of 
>10n cm"3, and separate rf biasing of the sample position 
to control the incident ion energy.13"19 This additional accel- 
eration of the ions may be necessary to achieve the requisite 
etch rates and anisotropy. The high ion fluxes in these new 
etch tools have made possible improved pattern transfer pro- 
cesses for materials with involatile etch products such as 

22 

"'Electronic mail: spear@mse.ufl.edu 

InP, ' and high bond strengths, such as GaN and A1N. 
However, there has been little study into the damage induced 
in device structures for different plasma conditions. One way 
to examine this is to employ nonetching plasma chemistries, 
such as Ar, which simulates the ion bombardment compo- 
nent received by a device during an etch process.6'8'10'1 Ar- 
gon is a particularly relevant choice since it is generally 
added to plasma recipes in high-density etch tools to facili- 
tate discharge ignition at the low pressures (~ 1 mTorr) that 
are typically used. Since the sputter rates with pure Ar plas- 
mas are much lower than the etch rates with a chemistry such 
as Cl2/Ar, the ion-induced damage is able to accumulate 
without the accompanying material removal of a real etch 
process. Thus, the study of Ar-induced plasma change rep- 
resents a worst case scenario and provides a valuable upper 
bound on the amount of device degradation expected. 

We have commenced a systematic study of damage in- 
duced in MESFETs, high electron mobility transistors, and 
heterojunction bipolar transistors during various dry pro- 
cesses. In this article we compare the effects of Ar plasma 
exposure on the performance of GaAs MESFETs using two 
different types of high-density sources, namely inductively 
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FIG. 1. Scanning electron microscope micrograph of MESFET. 

coupled plasma (ICP) and electron cyclotron resonance 
(ECR). Most work to date on developing etch processes for 
III-V materials using high-density plasmas has been done 
with ECR sources that operate at microwave frequencies. 
However, the simpler design, potential for easier scale-up to 
large wafer diameters and more mature matching network 
technology available for rf ICP sources makes them an at- 
tractive choice for manufacturing applications. 

II. EXPERIMENT 

The MESFETs consisted of 4000 Ä of Si-doped «-type 
(n = 2X 1017 cm-3) epitaxial GaAs grown on semi- 
insulating GaAs (100) substrates. AuGeNi source/drain con- 
tacts were patterned by lift-off and alloyed at 420 °C for 30 
s, while TiPtAu gate contacts (1 fim gate length) were also 
patterned by lift-off. The gates are recessed into the channel 
by —800 A. Device isolation was achieved by Ar+ ion mill- 
ing (500 eV, 10 °C, vertical incidence), followed by a wet 
etch clean-up (NH4OH:H202:H20). A scanning electron mi- 
crograph of a completed device is shown in Fig. 1. 

The devices were exposed to ICP or ECR Ar plasmas 
with the gates in place, to measure the effect of damage 
induced between the source-gate and gate-drain regions. The 
unpassivated MESFET is used as a vehicle for characterizing 
plasma damage—our conditions would not be part of a nor- 
mal process. The ICP system was a Plasma-Therm 790 series 
reactor in which the disk geometry source was operated at 2 
MHz and powers of 0-1000 W. The He backside-cooled 
sample chuck was biased with 13.56 MHz power (10-300 
W) and produced dc self-biases of 0 to - 340 V. Process 
pressure was held constant at 2 mTorr, with 20 seem Ar 
injected into the ICP source through an electronic mass flow 
controller (MFC). The ECR system was a Plasma-Therm 
SLR 770 reactor in which the low profile (single magnet) 
Astex 4400 6 in. (f> source was operated at 2.45 GHz and 
powers of 0-1000 W (the upper magnet current was 170 A 
and the lower magnet current was 40 A). The He backside- 
cooled sample chuck was biased with 13.56 MHz power 
(10-200  W)   and  produced   dc   self-biases   of   -25   to 
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FIG. 2. /DS- VDS characteristics for MESFETs before (top) or after ICP Ar 
plasma exposure (500 W source power, 15 s) at either 50 W (center) or 100 
W (bottom) rf chuck power. 

-340 V. Process pressure was again held constant at 2 
mTorr with 20 seem of Ar injected into the ECR source 
through a MFC. In both systems the source-sample distance 
was ~ 10 cm and plasma exposures were 15 s in duration. 
Loss of material by sputtering was <400Ä in all cases. 
Device characterization consisted of measuring the source- 
drain current voltage (/DS- VDS) characteristics as a function 
of gate voltage, the channel layer sheet resistance from trans- 
mission line patterns (100X 100 /xm2 AuGeNi contact pads) 
that are an integral part of the device maskset, the ideality 
factor n of the gate contact under forward bias, the device 
output resistance, and finally its transconductance, gm. A 
key point to remember is that the ECR system develops 
higher dc self-biases than the ICP for a given rf chuck power 
because of the smaller electrode diameter (4 in. vs 8 in.). 

III. RESULTS AND DISCUSSION 

Figure 2 shows some typical 7DS- VDS characteristics for 
MESFETs before (top) and after (center and bottom) expo- 
sure to 500 W ICP plasmas with two different rf chuck pow- 
ers. The decrease in saturation current is obvious in the 
plasma-exposed devices and is more pronounced at higher rf 

J. Vac. Sei. Technol. B, Vol. 15, No. 4, Jul/Aug 1997 



985 Ren et al.: Dry etch damage in GaAs MESFETS 985 

< 
4 

3 

2 

1 

0 

" 

 1 r 

Control 

 1                i 

V    - 0.7 V 

Step = -0.25 V 

_ c. 
0) 

Ü 

c 

ffl 
- 

O " 

c 

Drain Voltage (V) 

< 

c 

3 
Ü 

4 

3 

2 

1 

(1 

" 

50 W RF 

0 W 1CP 

Vg = 0.7 V 

Step = -0.25 V     _ 

(0 

 ,  

Drain Voltage (V) 

50 W RF 

500 W ICP 

V    = 0.7 V 
g 

Step - -0.25 V 

Drain Voltage (V) 

FIG. 3. /DS- VDS characteristics for MESFETs before (top) and after ICP Ar 
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chuck powers. A comparison with the results in Figure 3 
shows that this latter power is a stronger influence than ICP 
source power, at least to 100 W chuck power and 500 W 
source power. As seen in Figs. 2 and 3, saturated current 
decreases with increasing rf power and source power, but 
there is a stronger dependence on increasing rf power. 

Similar data for MESFETs exposed to ECR Ar plasmas is 
shown for different rf chuck powers in Fig. 4 and for differ- 
ent ECR source powers in Fig. 5. In this case, both powers 
have a strong influence on device performance and this is 
related to the differences in ion energy between the two sys- 
tems. 

The high-density source power basically controls the ion 
flux incident on the sample position, while the chuck power 
controls ion energy. The effects of these two parameters 
were systematically investigated in both tools. 

Figure 6 shows MESFET channel sheet resistance and 
gate contact ideality factor for devices exposed to ICP Ar 
discharges at fixed rf power (50 W), as a function of ICP 
source power. Note that the cathode dc self-bias is sup- 
pressed as source power is increased, even though ion flux 
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FIG. 4. 7DS-VDs characteristics for MESFETs before (top) and after ECR 
Ar plasma exposure (500 W source power, 15 s) at either 50 W (center) or 
100 W (bottom) rf chuck power. 

will increase. This is due to the higher plasma density under 
these conditions. The change in channel sheet resistance ini- 
tially decreases as the ion energy decreases because there are 
fewer deep traps created per incident ion, but then increases 
as ion flux increases at higher ICP powers. Even when the dc 
self-bias is completely suppressed there will still be an ion 
energy of 20-30 eV because of the positive plasma potential 
relative to the sample position.16 The sheet resistance of the 
channel layer will be increased if the incident energetic ions 
create deep electron traps found by diffusion of point defects 
from the near-surface into the channel region that remove 
carriers from the conduction process. This is the same tech- 
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nique used to create high resistance regions for electrical 
device isolation.23 The ideality factor is unchanged under 
all conditions, indicating that surface damage around the 
periphery of the contact that might induce generation- 
recombination currents is not significant.24 

The effects of ICP source power on gm and output resis- 
tance are shown in Fig. 7 for fixed rf power (50 W) plasma 
exposures. The transconductance is reduced by —25% at 
low source powers (=£200W) and decreases further as ion 
flux is increased. These changes are in good correlation with 
the behavior of the channel layer sheet resistance. The device 
output resistance decreases initially as ion flux increases (to 
— 500 W ICP source power), but improves somewhat there- 
after as ion energy is reduced. The results in Figs. 6 and 7 
suggest that moderate ICP source powers (200-500 W) pro- 
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FIG. 6. Channel layer sheet resistance, gate control ideality factor, and cath- 
ode dc self-bias as functions of ICP source power for fixed rf chuck power 
(50 W). 

duce the least device degradation, and emphasize the trade- 
off at fixed rf chuck power between lower ion energy (which 
occurs at high source power) and lower ion flux (which oc- 
curs at low source power). 

MESFETs exposed to ECR Ar plasmas as a function of 
source power showed similar behavior to those treated in 
ICP discharges. Figure 8 shows the effect of increasing ECR 
microwave power on channel layer sheet resistance and gate 
contact ideality factor. Once again the dc self-bias is sup- 
pressed as the source power is increased, but remains at 
-75 V even at 1000 W microwave power. This is most 
likely a result of the different electrode diameters (4 in. for 
the ECR tool, 8 in. for the ICP tool) and the resulting higher 
power per unit area in the ECR case. The sheet resistance is 
again least affected at moderate source power, and increases 
at higher powers in correlation with the higher ion flux inci- 
dent on the MESFET. The gate diode ideality factor shows 
no measurable change with microwave power. 
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FIG. 10. Channel layer sheet resistance, gate contact ideality factor, and 
cathode dc self-bias as functions of rf chuck power for fixed ICP source 
power (500 W). 

The effects of ECR source power on gm and output resis- 
tance are shown in Fig. 9. Transconductance is least affected 
at source powers around 200 W, and decreases at higher 
powers indicating that ion flux is the dominant factor in de- 
grading the device performance under these conditions. By 
contrast output resistance improves slightly at higher ECR 
source powers, and tracks the decrease in ion energy, as was 
the case with the ICP exposures. 

As was seen in the 7Ds_ ^DS characteristics, the rf chuck 
power has a strong influence on device properties of plasma 
exposed MESFETs. Figure 10 shows the effect of rf chuck 
power on the channel layer sheet resistance and ideality fac- 
tor of MESFETs exposed to ICP discharges at fixed source 
power (500 W). The sheet resistance increases in an almost 
linear manner above —50 W rf chuck power and is approxi- 
mately a factor of 4 larger than the control value for devices 
exposed at 300 W. 

In order to understand the relationship between the 
change in device characteristics, ion damage, and ion flux, 
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FIG. 9. Transconductance, output resistance, and cathode dc self-bias as 
functions of ECR source power for fixed rf chuck power (50 W). 

some calculations were performed. The number of defects 
created by impinging ions Nd is given by the Kinchin-Pease 

25 formula 

N,= EJ2E, (1) 

where En is the energy lost by nuclear stopping and Ed is the 
energy threshold for displacement of lattice atoms. If the 
self-bias at 300 W is - 140 V, and the plasma potential adds 
another ~30 V, then the "Transport of Ions is Matter" 26 

ion stopping code predicts that approximately 15% of this 
170 eV will go into nuclear stopping. Assuming Ed is 
~ 25 eV for a semiconductor, then each ion will create ap- 
proximately one displacement defect. The ion flux is of order 
2X 1017 ions cm-2 s"1 for a 500 W source power, 300 W rf 
chuck power condition, and thus ~3X 1018 defects cm-2 

would be created in 15 s. However, in ion implantation ex- 
periments it is well established that defect recombination and 
annihilation greatly reduce the final amount of damage, and 
in our case the surface clearly does not become amorphous 
as judged by its reflectivity, and thus the number of stable 
defects remaining is <S0.1% of those created. Indeed the 
number of defects remaining must be comparable to the dop- 
ing density, based on the sheet resistance increase, and thus 
averaging over the channel thickness (which is a gross sim- 
plification because the damage will be concentrated near 
the surface), one obtains an areal defect density of 
=£5X1013 cm"2, i.e., only 1 in 6X104 defects is stable. 
There are several other options; the Kinchin-Pease formula 
may grossly overestimate defect production at these low en- 
ergies, or many defects may be diffusing into the material to 
depths where they are electrically unimportant. This area has 

28 recently been reviewed by Hu et al. and Murad et al. 
Note also in Fig. 10 that the gate contact ideality factor rises 
above 100 W rf chuck power, indicating the onset of severe 
damage creation around the contact periphery. From these 
results the rf chuck power should be maintained below 50 W. 

The influence of chuck power on gm and output resistance 
is shown in Fig. 11 for devices exposed to ICP Ar plasmas at 
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fixed source power (500 W). Transconductance falls rapidly 
above 50 W chuck power in correlation with the sheet resis- 
tance and the increasing ion energy, whereas output resis- 
tance is less affected by ion energy, but is well below the 
control value under all conditions. The combined results of 
Figs. 7 and 10 clearly show that both rf chuck power and ICP 
source power should be kept to moderate values to minimize 
ion-induced damage to GaAs MESFETs. For dielectric etch- 
ing in SF6/Ar or CF4/02, ICP reactors offer the advantage 
over conventional RIE of lower ion energies due to the sup- 
pression of cathode dc self-bias as source power is increased. 

The influence of rf chuck power on channel layer sheet 
resistance and gate contact ideality factor for ECR exposed 
devices at fixed source power is shown in Fig. 12. As was 
the case with the ICP exposed MESFETs, the sheet resis- 
tance of the channel increases rapidly above ~ 50 W rf chuck 
power. The ultimate change in this sheet resistance is worse 
than for the ICP reactor because of the higher dc bias for a 
given rf chuck power. The gate contact ideality factor also 
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increases rapidly above a chuck power of ~ 50 W, corre- 
sponding to the introduction of recombination centers around 
the periphery of this contact. The gate metal itself protects 
the region underneath it from ion-induced damage and thus 
the increase in ideality factor originates from degradation of 
the GaAs around the boundary of the contact. 

Figure 13 shows the effect of rf chuck power on gm and 
output resistance of MESFETs exposed to 500 W microwave 
power ECR discharges. Once again there is a rapid decrease 
in gm above —50 W rf chuck power as was the case with the 
ICP samples. The main difference is that for the ECR ex- 
posed devices the output resistance now increases well above 
the control value, which is related to the higher ion energies 
encountered in the ECR tool. These conditions clearly pro- 
duce unacceptable changes in MESFET characteristics. 

IV. SUMMARY AND CONCLUSIONS 

There are several key results that emerge from this study: 
(i) Both ion energy and ion flux contribute to device deg- 

radation in MESFETs exposed to high density plasmas. It is 
widely understood that dc self-bias should be minimized 
(consistent with achieving the necessary etch anisotropy) 
during dry etching, but high source powers can induce sig- 
nificant changes in device operating characteristics even at 
low ion energies. 

(ii) Moderate ICP or ECR source powers produce the 
least change in MESFET performance because of the de- 
crease in cathode self-bias as ion density increases. The ion- 
induced damage is less under these conditions than with RIE, 
and there should be an associated advantage of higher etch 
rates with the high density reactors. 

(iii) In our reactors the ICP tends to produce slightly less 
damage to MESFETs than the ECR tool at similar source 
powers, which we believe is accounted for by the slightly 
lower dc bias for a given rf chuck power in the former be- 
cause of its larger electrode area. 

(iv) MESFETs are more sensitive to changes in their 
channel resistance and transconductance upon plasma expo- 
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sure than are devices such as heterojunction bipolar transis- 
tors (HBTs),29 in which the doping levels are much higher in 
the individual layers and thus sheet resistance and gain are 
altered only when comparatively higher amounts of damage 
have been accumulated. In similar experiments on GaAs/ 
AlGaAs HBTs we observed that changes were minimized at 
somewhat higher ICP and ECR source powers (-500W) 
than seen for MESFETs (-200 W). 
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Dry etching of germanium in magnetron enhanced SF6 plasmas 
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Magnetron enhanced reactive ion etching of germanium was investigated in SF6 plasmas. Ge etch 
rates were determined as a function of cathode power density (0.1-0.5 W/cm2), pressure (2-8 
mTorr), and SF6 flow rate (2-11.5 seem). Etch rate increased as pressure and flow rate were 
increased, but exhibited the unusual characteristic of decreasing as cathode power was increased. 
Auger electron spectroscopy measurements showed the presence of a sulfur residue (<1 at. %) upon 
etching, while scanning electron microscopy revealed that smooth etched surfaces were attained in 
SF6 magnetron enhanced plasmas.   © 1997 American Vacuum Society. [S0734-211X(97)14304-9] 

I. INTRODUCTION 

Present day electronic computer logic gates with large 
fanout requirements can have propagation delays up to many 
hundreds of picoseconds due to electrical capacitance. These 
delays, independent of individual logic component speeds, 
severely limit electronic computer performance. Optical in- 
terconnects have the capability of dramatically improving 
electronic computer performance speeds through the reduc- 
tion of electrical capacitance, along with providing an inher- 
ently high bandwidth capability. The digital logic compo- 
nents can be improved in speed and power by direct optical 
connections at the gate level. With removal of the capaci- 
tance in the fanout logic gates and wiring by using optics, the 
electronic logic can reach its natural switching time of less 
than 10 ps. In addition, the power dissipation in electronic 
circuits arises from the charging of these capacitors, and is 
also reduced with the use of optical interconnects. Very large 
scale integrated optics provides high bandwidth interconnec- 
tions using optical waveguides as transmission lines directly 
connected to the logic gates.1 

The problem of light scattering in the optical waveguides 
at the wavelengths normally associated with III-V semicon- 
ductor light sources can be solved by use of longer wave- 
length (10 /um) midinfrared light because the scattering 
losses drop with wavelength to the third power.2 Appropriate 
waveguides can be created with a high refractive index ratio 
between cladding and guide. A practical implementation of 
such a waveguide in the midinfrared region uses Ge with 
refractive index 4.0 on GaAs with refractive index 3.27. Ge 
has an almost perfect lattice match with GaAs, and can be 
deposited onto a GaAs substrate via ultrahigh vacuum 
(UHV) e-beam deposition.3 Subsequent processing of Ge for 
waveguide formation requires patterning of appropriate 
structures by dry etching techniques. Since the chlorides and 
fluorides of Ge are volatile species,4 Cl-based and F-based 
plasmas are obvious choices for use in the dry etching of Ge. 
Reactive ion etching (RIE) of Ge has been reported in CF4, 
SF6, CC12F2, CF3Br, and HBr plasmas.5^8 This article re- 
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ports on the magnetron enhanced reactive ion etching (MIE) 
of Ge in SF6 plasmas. MIE is similar to conventional RIE but 
with the presence of a magnetic field close to the wafer sur- 
face. This magnetic field confines electrons in closed orbits 
and increases ionization efficiency, resulting in high density 
plasmas with high etch rates. MIE has been successfully used 
in the past to etch silicon9 and III-V semiconductors.10'11 

II. EXPERIMENT 

Magnetron reactive ion etching experiments on germa- 
nium were performed in a Materials Research Corp. MIE 
710 system described previously.12 Ge samples having very 
low absorption in the midinfrared wavelength range were 
obtained by depositing Ge layers (1 /xm thick) onto (100) 
GaAs substrates at 100 °C using an UHV e-beam deposition 
system. Patterns were formed on the samples with AZ5214 
photoresist, which was removed with an acetone rinse sub- 
sequent to the etch. To prevent etching into the substrate, 
etch durations were chosen to produce etch depths which 
were less than film thickness. Etch depth was determined 
from Dektak profilometer measurements. Etch rates were 
measured as a function of cathode power, pressure, and flow 
rate in SF6 plasmas. The Ge layer etch rates were identical to 
rates obtained on bulk single crystal Ge samples. Auger elec- 
tron spectroscopy (AES) measurements of etched and control 
samples were performed in a Perkin Elmer PHI 660 scanning 
Auger microprobe. Etch profiles were examined by scanning 
electron microscope measurements. 

III. RESULTS 

Figure 1 shows Ge etch rate and cathode bias voltage as a 
function of cathode power density. Germanium fluoride is 
more volatile than the chlorides or bromides of Ge, and it is 
reasonable to assume that GeF4 is the main etch product for 
Ge etching in SF6 plasmas.7 Increasing cathode power usu- 
ally results in greater generation of reactant species and 
higher ion bombardment energies, producing higher etch 
rates. Bright et a/.13 have reported this type of etch rate de- 
pendence on power for RIE of Ge in CF4/H2 plasmas. How- 
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FIG. 1. Germanium etch rate and cathode bias voltage as a function of 
cathode power density, with 5.0 seem SF6 flow rate and 2 mTorr pressure. 

ever, Fig. 1 shows that Ge etch rate decreases as power is 
increased, in spite of higher cathode bias voltages and result- 
ant ion bombardment energies. This type of behavior has 
been reported previously for RIE of III-V semiconductors in 
chlorine-based etch gases.14"16 It was attributed to sputter 
desorption of the halogen radicals at higher powers and bias 
voltages, before these radicals could react with the wafer 
surface. 

Thus, under the conditions reported here, Ge etching ap- 
pears to be adsorption limited above some relatively low 
cathode bias voltage. Unlike Si etching, Ge etch rates in 
fluorine-based plasmas are known to depend more on chemi- 
cal reactivity rather than physical sputtering,7 and for MIE of 
Ge in SF6 the sputtering component can actually lower the 
etch rate substantially. 

Figure 2 exhibits the flow rate dependence of Ge etch 
rate. The substantial etch rate increase with flow rate indi- 
cates that the etch rate is limited by the SF6 feed gas supply 
over the given flow rate range. An etch rate greater than 1 
^tm/min was attained when flow rate was increased to 11.5 
seem, with further etch rate increase achievable with even 
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FIG. 3. Germanium etch rate as a function of pressure, with 5.0 seem SF6 

flow rate and 0.3 W/cm2 cathode power density. 

higher flow rates. The dependence of etch rate with chamber 
pressure is shown in Fig. 3. Etch rate increases significantly 
as pressure is raised, reaching 1.2 yum/min at about 8 mTorr, 
whereupon it shows an indication of approaching saturation. 
Etch rate increase with pressure is due to an increase in re- 
actant fluorine species production resulting from greater 
availability of the SF6 source gas. The results here show that 
etch rates above 1 /mi/min are easily achieved with MIE 
SF6 plasmas. In comparison, Oehrlein et al? obtained a Ge 
etch rate of 0.6 /tm/min using RIE with SF6 at 150 mTorr, 
150 W, 100 seem etch conditions. 

AES surface measurements performed on a Ge sample 
etched in SF6 revealed the presence of a sulfur residue with a 
concentration of < 1 at. %, but no evidence of the presence 
of fluorine. Involatile germanium sulfides are known to in- 
hibit Ge etching in SF6/H2 plasmas,7 but should have no 
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FIG. 2. Germanium etch rate as a function of SF6 flow rate, with 2 mTorr 
pressure and 0.3 W/cm2 cathode power density. 

FIG. 4. Scanning electron micrograph of Ge sample patterned with AZ5214 
photoresist and etched in SF6 with 5.0 seem flow rate, 2 mTorr pressure, and 
0.3 W/cm2 cathode power density. Etch depth is 2.75 fim. 
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effect at the low sulfur concentrations found here. Figure 4 
shows a scanning electron micrograph of a Ge sample pat- 
terned with AZ5214 photoresist and etched in SF6. The 
etched surface is smooth, with a negative undercut profile 
caused mostly by photoresist edge erosion. 

IV. SUMMARY 

In summary, magnetron enhanced SF6 plasmas have pro- 
duced high Ge etch rates with smooth surfaces. The Ge etch 
mechanism appears to be adsorption limited under the con- 
ditions studied, with Ge etch rate decreasing as cathode 
power and bias voltage is increased. 
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Spatial variation of the etch rate for deep etching of silicon by reactive ion 
etching 

Bo Asp Möller Andersen,a) Ole Hansen, and Martin Kristensen 
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The macroscopic uniformity of deep etching into silicon by reactive ion etching (RIE) with a 
SF6-02 plasma was studied. The spatial variation of the etch rate across a 4 inch wafer in a single 
wafer system is a function of the process parameters and the configuration of the etch chamber. It 
was found that, for a constant load of silicon exposed to the plasma, the etch rate variation can be 
controlled through the applied rf power, the chamber pressure, and the gas mixture. It was also 
found that the etch rate uniformity varies with the load of silicon exposed to the plasma. The result 
is a balance between the flux of neutral radicals and the flux of energetic ions to the surface. This 
balance is due to the RIE etch mechanism, which involves synergism between the two fluxes. 
© 1997 American Vacuum Society. [S0734-211X(97)15204-0] 

I. INTRODUCTION 

Reactive ion etching (RIE) is an important process for the 
fabrication of many integrated semiconductor devices. RIE is 
a plasma-assisted process, that involves interaction of a glow 
discharge with a solid substrate. The plasma serves as a 
source for reactive species by dissociation and ionization of 
the gases. The neutral radicals react with the solid to form 
volatile products, which are pumped away. The ionization in 
the plasma gives rise to a bombardment of the substrate due 
to the self-bias voltage across the plasma sheath. The ion 
bombardment enhances the etch rate and the anisotropy of 
the process. Coburn and Winters1 found that an etch rate 
with a simultaneous flux of ions and radicals is larger than 
the sum of the etch rates from individual fluxes. 

The main parameters of the process are the gas mixture, 
the applied rf power, and the chamber pressure. Through 
these parameters the amount of radicals and the ion bom- 
bardment can be controlled. Other parameters such as the 
configuration of the etch chamber, the masking material on 
the wafer, and the design of the mask pattern will also affect 
the etch process. These numerous interrelated parameters in 
RIE complicate general use of the process. In addition, dif- 
ferent properties of the etch process have to be optimized. 
These include the selectivity between the mask material and 
the material to be etched, the sidewall profile of the etched 
structures, the etch rate, and the uniformity. 

For many applications a precise etched depth is most im- 
portant. Methods have been developed to perform in situ 
measurements of the etch depth. These techniques only mea- 
sure the etch depth at a single point or at a few selected 
points. The resulting accuracy is therefore limited by the 
uniformity of the RIE process. 

Different types of uniformity in the RIE process have to 
be taken into account. These can roughly be divided into 
macrouniformity and microuniformity. The microuniformity 
is a feature size dependent parameter that is given by the 
variation in etch depth as a function of the linewidth. The 

''Electronic mail: bam@mic.dtu.dk 

macrouniformity is the overall uniformity of identical struc- 
tures as a function of position on the wafer. 

Fluorine chemistry has been widely used for RIE etching 
of silicon, and gas mixtures of SF6 and 02 have been espe- 
cially popular. Other fluorine gases such as CF4, CHF3 and 
C2F6 have also been widely used. In this article the spatial 
variation of etch rates was investigated for RIE of silicon in 
a SF6- 02 plasma. The variation was studied as a function of 
the ratio between SF6 and 02 in the input gas mixture, the 
applied rf power, the chamber pressure, and the loading ef- 
fect of exposed silicon area. 

II. EXPERIMENT 

A. Equipment 

The experiments were carried out in a Surface Technol- 
ogy System cluster system consisting of a RIE chamber and 
a plasma enhanced chemical vapor deposition (PECVD) 
chamber connected to a loadlock through a closed transfer 
chamber. The RIE chamber has parallel plate electrodes con- 
nected to a 13.56 MHz rf generator through an automatic 
matching network. The chamber is made of aluminum and is 
electrically connected to the grounded aluminum top elec- 
trode. The aluminum bottom electrode has a diameter of 27 
cm. A 1.0 cm thick shield plate made of quartz with a 4 inch 
hole in the center covers the bottom electrode. The electrode 
spacing is 9 cm. An oil bath system cools the bottom elec- 
trode to 30 °C. The gases are let into the chamber through 
the top electrode which has a showerhead. The flow of each 
gas and the chamber pressure can be controlled indepen- 
dently. 

B. Wafer preparation 

The experiments were performed with lightly doped 4 
inch silicon wafers. The masking material was a thermal ox- 
ide. The wafers were cleaned in a standard RCA process and 
thermally oxidized to a thickness of 1 /im. After the thermal 
process the wafers were treated with hexamethyldisilizane 
(HMDS) and 1.4 /tm of photoresist was spun onto the wa- 
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fers. The resist was patterned through a standard photolitho- 
graphic process. The mask pattern consisted of an array of 7 
by 7 mm chips covering the entire wafer. The resist pattern 
was transferred to the oxide by wet etching in buffered hy- 
drofluoric acid, and then stripped off before the silicon etch 
process. 

C. RIE chamber conditioning 

Cleaning and preconditioning of the etch chamber was 
performed before each experiment. The chamber was 
cleaned by an oxygen plasma for 10 min followed by a 5 min 
preconditioning with the process used in the experiment. 
Both the cleaning and the preconditioning were carried out 
with a blank 4 inch silicon wafer in the chamber. 

D. Measurements 

The oxide mask was removed by immersing in hydrofluo- 
ric acid after the RIE etch. Etch depths were measured at 
identical structures in 14 positions on each wafer with a Ten- 
cor stylus step profiler. 
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FIG. 1. Radial variation of the etch depth with the applied if power as the 
parameter. The measured etch depths are shown by symbols. The dashed 
lines are fits to the etch depths according to Equation (14). 

E. Process parameters 

The RIE etch time was 60 min in all processes. The etch 
process was investigated by varying the applied rf power, 
chamber pressure, oxygen flow, and the surface area of ex- 
posed silicon. The chamber configuration was unchanged 
throughout the complete series of experiments. 

III. RESULTS 
Through preliminary etch experiments a process was de- 

veloped that yields good uniformity. This process was used 
as a starting point for investigating the impact of the differ- 
ent parameters. The variation of etch depths across the wa- 
fers are now discussed. 

A. Power variation 

The influence of the applied rf power on the etch rate was 
investigated using a mask with a surface coverage of 50%. 
The gas mixture was 50 seem SF6 and 20 seem 02 at a 
pressure of 150 mTorr. Rf power levels of 32 W, 40 W, 50 
W, and 60 W were used. In Figure 1 the etch depths mea- 
sured are shown as a function of radial position with the 
applied rf power as the parameter. 

At high rf power (50 W and 60 W) the etch rate is lowest 
at the center of the wafer, and increases monotonically to- 
wards the edge. At an applied rf power of 40 W the etch rate 
is most uniform. The variation of the etch depth is less than 
1% within a diameter of 8 cm. The etch rate decreases close 
to the edge. At 32 W the etch rate is highest at the center of 
the wafer and it monotonically decreases towards the edge. 

B. Pressure variation 

The influence of the chamber pressure on the etch rate 
was investigated using a mask with a surface coverage of 
50%. The applied rf power and the gas mixtures were 40 W, 
50 seem SF6, and 20 seem 02, respectively. Experiments 

were performed with chamber pressures of 100 mTorr, 120 
mTorr, 150 mTorr, and 165 mTorr. The etch depths mea- 
sured are shown in Figure 2 as a function of radial position 
with the chamber pressure as the parameter. 

At a pressure of 100 mTorr the etch rate is lowest at the 
center of the wafer and has monotonically increasing etch 
rate towards the edge. At 120 mTorr and 150 mTorr the etch 
rate is again lowest in the center. The etch rate increases 
towards the edge of the wafer, it passes through a maximum, 
and then decreases at the edge. When the pressure is in- 
creased further to 165 mTorr, the etch rate is highest in the 
center, and decreases monotonically towards the edge of the 
etched wafer. 

50 - 

r-7 48 
£ 
a. 
"-"46 

a. 
<D 44 
Q 

O 42 

-°o 

?-o-o--o^ 
o-o- 

Cd 

40 

38 

O 100 mTorr 

A 120 mTorr 

x 150 mTorr 

0 165 mTorr 

O^A 

A 

V 

ON s0 \ 

fc 

1   ■   ■   ■ 

10 20 30 40 50 
Radial Distance From Center [mm] 

FIG. 2. Radial variation of the etch depth with the chamber pressure as the 
parameter. The measured etch depths are shown by symbols. The dashed 
lines are fits to the etch depths according to Equation (14). 

J. Vac. Sei. Technol. B, Vol. 15, No. 4, Jul/Aug 1997 



995 Möller Andersen, Hansen, and Kristensen: Spatial variation of the etch rate of Si 995 

60 

55 - 

Ü50 

a 
a 45 
0) 
Q 

fj40 
1-> 

Cd 

35 

30 

, ' ' ' ' 1 ■ ■ ■ ■ 1 

'■ aQ ; 

'■=Q.Q-Q-0--G-S 

^-o o 

i-A- A- A-A--A-A _A^-^_A--AA _ ~A " 

■ O 12 seem Og 
- A 20 seem 03                  ~ 
: x 28 seem 08 

^x- x - -x-x—x-x- -X-X-_X-X-_K                         " 
*-^    : 

.   .   .   .   1   .   .   .   .   1   .   .   .x-. • 
0 10 20 30 40 50 

Radial Distance From Center [mm] 

FIG. 3. Radial variation of the etch depth with the oxygen flow as the 
parameter. The measured etch depths are shown by symbols. The dashed 
lines are fits to the etch depths according to Equation (14). 

50 

X! 
a 45 
<u a 
£ 
O 

Cd 
40 

.,...., 1   i   i 11      1      ' 

-e© --oo—oa 
-O0_ 

" 

-A- £- A-A—A-A 

O 30% Load 
A 50% Load 

-A-A- 

\ 
■A 

\ 
© \ 

X 70% Load Q   . 

=--#- 
.   i  .  ,  .  .  i 

__>*-- _x*~' 

 I_l_l_ 

--If 

.                 .                  I 

-#-• 

0 10 20 30 40 50 
Radial Distance From Center [mm] 

FIG. 4. Radial variation of the etch depth with the percentage of the wafer 
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The dashed lines are fits to the etch depths according to Equation (14). 

C. Variation of the oxygen content 

The influence of the gas mixture on the etch rate was 
investigated using a mask with a surface coverage of 50%. 
The applied if power and the chamber pressure were 40 W 
and 150 mTorr, respectively. The SF6 flow was kept constant 
at 50 seem. The etch rate variation was investigated for oxy- 
gen flows of 12 seem, 20 seem, and 28 seem. The etch 
depths measured are shown in Figure 3 as a function of ra- 
dial distance with the oxygen flow as the parameter. 

At a low oxygen flow rate (12 seem) the etch rate is 
lowest at the center of the wafer, with a monotonic increase 
towards the edge. When the oxygen flow is increased to 20 
seem the variation of the etch rates shifts. There is a local 
minimum of the etch rate in the center of the wafer. The etch 
rate increases towards the edge, goes through a maximum, 
and then decreases close to the edge. With the oxygen flow 
increased to 28 seem a similar spatial variation is observed. 

D. Variation of the exposed silicon area 

The etch process was investigated for different areas of 
silicon exposed to the plasma. The remaining plasma param- 
eters were fixed at 40 W of applied rf power, a chamber 
pressure of 150 mTorr, and gas flows of 50 seem SF6 and 20 
seem 02. In Figure 4 the etch depths measured are shown as 
function of radial distance with the area of exposed silicon as 
the parameter. Three masks which exposed 30%, 50%, and 
70% of the wafer area were used. 

For an exposed area of 30% the etch rate is highest at the 
center of the wafer and it decreases monotonically towards 
the edge. At 50% load the etch rate is reasonably uniform 
within a central diameter of 8 cm. The variation of the etch 
depth is only 1% within this area. The etch rate falls off close 
to the edge of the wafer. At an exposed area of 70% the etch 
rate increases monotonically from the center towards the 
edge. 

IV. DISCUSSION 

The spatial variation of the etch depths in Figures 1-4 
depends systematically on the process parameters. Changing 
the process parameters will change the plasma in the etch 
reactor and hence the characteristics of the etch process. In 
the following we will develop a simple model for a connec- 
tion between process parameters, changes in the plasma, and 
spatial variation in the etch depth. With this simple model we 
show that the etch rate variation across a wafer can be ex- 
plained qualitatively. 

The surface processes involved in plasma-assisted etching 
have been discussed by several researchers. Reactive ion 
etching can be driven in three different regimes characterized 
by physical sputter etching, ion assisted chemical etching, 
and pure chemical etching as the dominant etching mecha- 
nisms. Winters et al? have reviewed the etch mechanisms 
and provided evidence that RIE relies on an enhancement of 
the chemical etching by the energy transferred to the surface 
by bombarding ions. The bombarding ions induce a chemical 
reaction, which produces a weakly bound molecule that de- 
sorbs from the surface of the substrate. This process is called 
chemical sputtering. 

Reactive ion etching is most efficient in the chemical 
sputtering regime and most RIE processes are therefore 
driven in this regime. In the chemical sputtering regime the 
etch rate can be expressed as a combination of the volume of 
silicon removed per incident ion and the volume of silicon 
removed per neutral radical sticking to the surface. The etch 
rate will then be a function of the ion energy, the ion flux, 
and the neutral flux. Gottscho et al? have given a simple 
expression where the etch rate is expressed as 

R = 
KEJJJ 

1 + KEJi/vSnJ (1) 

where K is the volume of silicon removed per unit bombard- 
ment energy and ion, Et is the ion energy, Jt is the ion flux to 
the surface, v is the volume removed per reacting neutral, 
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S0 is the sticking probability of neutrals to the silicon sur- 

face, and Jn is the flux of neutrals to the surface. 
The etch rate will become very small in the two other 

regimes where one etching mechanism, either the chemical 
etching by neutrals or the sputter etching by energetic ions, 
becomes dominant. 

The measured variation of the etch rate across the etched 
wafers can be explained through Equation (1), if the spatial 
variation of the contribution from the neutrals and the ions to 
the etch rate can be found. The flux of neutral radicals to the 
surface, and hence the contribution to the etch rate, is as- 
sumed to be directly proportional to the neutral concentra- 
tion. The spatial variation of the ion bombardment across the 
etched wafer can originate from concentration differences 
and from distortion of the electrical field due to the configu- 
ration of the etch chamber. 

A model describing the fluorine concentration in the 
chamber can be obtained from a steady state solution to the 
continuity equation including generation, loss, and diffusion 
of fluorine. If recombination of fluorine in the bulk of the 
plasma is ignored, the steady state fluorine concentration C 
is determined by the continuity equation, 

dC 

~dt 
= DV2C+G = 0, (2) 

where G is the volume generation rate of fluorine in the 
plasma, and D is the diffusivity of fluorine in the gas phase. 
The etching reactor has circular symmetry. Equation (2) is 
therefore most conveniently solved using cylindrical coordi- 
nates, where the angular dependence can be ignored. Equa- 
tion (2) can be solved for C with the appropriate boundary 
conditions at the center of the chamber (r = 0), at the pump 
(r = R2), and at the wafer and electrode surfaces. In the cen- 
ter of the chamber there is no lateral flux, 

<?C(0,e,z) 
dr 

= 0. (3) 

At the lower horizontal surface the drain of fluorine is given 
by the reaction coefficient and the fluorine concentration, 

D- 
dC(r,0,O) 

~~d~z 
■-k(r)C(r,®,0), (4) 

where k(r) is the fluorine reaction rate at the wafer and at the 
shield surface. Surface reactions at the top electrode are ne- 
glected, hence 

dC(r,®,h) 
D = 0, 

dz 
(5) 

where h is the electrode spacing. A boundary condition has 
to be selected for the outer rim of the bottom electrode (r 
= R2). An assumption could be made that the pump is totally 
absorbing at the edge, which will take the concentration 
close to zero. This assumption, however, requires a pumping 
speed three orders of magnitude higher than the actual pump- 
ing speed. Hence, it is more appropriate to assume that the 
pump is nonabsorbing, which will give a zero radial flux at 
the edge and the boundary condition at r = R2 will be 

dC(R2,®,z) 

dr 
= 0. (6) 

In reality there will be some loss due to recombination on 
surfaces which is not considered in this model. However, this 
will not influence the form of the spatial fluorine concentra- 
tion distribution significantly in the vicinity of the wafer 
placed in the center of the reactor. 

Even with these simple boundary conditions Equation (2) 
is difficult to solve for the cylindrical geometry of the etch- 
ing chamber. The main features of the solution are preserved, 
however, even if rather crude approximations are made. If 
the average fluorine concentration in the z direction is ob- 
tained from integration of Equation (2), the loss of fluorine to 
the surface will appear as a bulk recombination term, 

k(r)C(r)     C(r) 

h T{r)- 
(7) 

Then Equation (2) can be transformed into a one dimen- 
sional equation (for convenience the z average of C is not 
explicitly stated): 

dC . 1 
—-=DW2

rC+G--C=0. 
dt r r 

(8) 

The stationary solution can be found with the boundary 
conditions, 

(9) 

dC(0) dC{R2) 

dr dr 

k(r<R]) = kl,k(Ri<r<R2) = k2, 

where /?! is the wafer radius (50 mm). Furthermore C and 
dCldr have to be continuous as function of the radius. Equa- 
tion (8) can be simplified into 

D 
dzC     1 dC\ 1 

dr1 r dr 
-C-- (10) 

Equation (10) has to be solved for the two different areas 
of the bottom electrode, which are over the etched wafer and 
over the quartz shield, respectively. The solution to the ho- 
mogeneous equation is a sum of modified Bessel functions. 
The general solutions (11) and (12) give the fluorine concen- 
tration variation over the entire bottom electrode: 

for0«r=£tf, 

Cl(r) = G\AvI0 + Ti (11) 

and 

fortf, =Ä, 

C2(r) = G \A2-l B2-K0 + r2   .   (12) 

The coefficients, A1; A2, and B2, are functions of TX, T2, 

R\, R2. The fluorine concentration given by Equations (11) 
and (12) is shown in Figure 5 where r2 was set to 
r2=r1/50, which corresponds to the selectivity in the etch 
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process between silicon and silicon dioxide. It can be ob- 
served that the concentration of neutral radicals above the 
shield is higher than above the wafer. Above the wafer the 
concentration is highest at the edge of the wafer, with a 
monotonic decrease towards the center. This corresponds 
well with the concentration variation of neutral radicals 
found by numerical calculations for a plasma etch system 
with a similar shield configuration by Kobayashi et al.A 

For use in the etch rate model, Equation (11) which cov- 
ers the area of the wafer, can be approximated by an expan- 
sion into a series given by 

C(r) = G\kl+a^+^+^ (13) 

where the coefficients kj and a are functions of TX and D. 
This approximation to C(r) is also shown in Figure 5. The 
two curves coincide for r<Ri. 

The contribution from the ion bombardment to the spatial 
variation of the etch rate across the wafer originates from the 
chamber configuration. The 10 mm thick quartz shield plate 
placed on the bottom electrode gives rise to distortion of the 
electrical field. This was confirmed by visual inspection of 
the dark space of the plasma through a window in the side- 

lIONS SILICON WAFER 

FIG. 6. A schematic view of a cross section of the RIE chamber. The de- 
flection of the glow region of the plasma that is observed will result in a 
variation of the angular incidence of the ions. 

wall of the chamber. The plasma distortion is shown sche- 
matically in Figure 6. The thickness of the dark space is of 
the order of 10-15 mm over the range of parameters inves- 
tigated in this work. 

The distortion of the plasma will result in an angular in- 
cidence of the ions, with an increasing angle from normal 
incidence on the wafer towards the edge. Mayer and Barker5 

have found that the etch efficiency of the ion bombardment 
in fluorine based RIE systems decreases monotonically with 
an increasing angle of incidence. The spatial variation of the 
etch rate due to the ion bombardment will enter Equation (1) 
through the product zcE,/,. 

Matsuo6 observed this effect in an investigation of RIE 
etching of Si02. The Si02 was etched by the reactive ion 
CF„ and the contribution to the etch process from neutrals 
was insignificant. Variation of the etch rate induced by a 0.5 
mm high step was entirely due to variations in the ion bom- 
bardment. 

It is difficult to measure the spatial variation of the ion 
contribution to the etch rate. Instead, the variation can be 
estimated from the measured etch depths for a process where 
the ion bombardment is the etch rate limiting factor. This is 
the case in the process where the chamber pressure is in- 
creased to 165 mTorr. There is an excess of fluorine atoms 
across the entire wafer and, simultaneously, the ion energy 
decreases so that the ion bombardment is the limiting factor. 
A function approximating the variation of the etch rate in 
this case, and thus the product KJJEJ , can be found by fitting 
a function to the measured etch depths. A fourth order poly- 
nomial of the type c0(l+cl-r

2 + c2-r4), where r is the dis- 
tance from the center, is a good fit. 

Equation (1) can now be rewritten to give the etch rate 
variation as function of the radius from the center of the etch 
chamber. 

R(r)-- 
Co(l+crr2+crr

4) 

l+c0(l+cvr2 + c2-r4)/[k0-(k1 + a-r2 + a2/l6-r
4 + a3/576-r6)Y 

(14) 

r 

where k0 represents vS0G from Equation (1). The coeffi- 
cients in Equation (14) (c0, cu c2, k0, ku a) are difficult to 
determine directly from the reactor geometry and the process 
parameters. Instead, these coefficients can be obtained by 
using Equation (14) to fit the center process used in the in- 

vestigations. The coefficients obtained from a fit to the cen- 
tral process are listed in Table I. 

Curves describing the spatial variation of the etch rate are 
obtained by fitting Equation (14) to the experimental data. 
The fits are obtained with c0 and k0 as the only free param- 
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TABLE I.   Values  obtained  by  fitting Equation  (14)  to  the  measured 
etch depth for the central process. 

C0,c 

(/im/h) (cm"2) 
C2,c 

(cm"4) 
*0,c 

(jitm/h) (cm"2) 

103.3 -5.58E-4 -5.91E-4 .99 3.26E-3 

eters, whereas the shape parameters cu c2, ku and a are kept 
at the values obtained from the center process. These curves 
are shown as dashed curves in Figures 1-4. We find that the 
curves obtained from the model [Equation (14)] coincide 
well with the experimental data. The obtained values for c0 

and k0 relative to the center values are shown in Table II. 
From Table II it can be seen that the value of c0 describ- 

ing the ion bombardment increases with increasing rf power. 
This is due to the increase in the ion energy, which is the 
main change in the plasma, as the dc self-bias increases with 
increasing rf power.7 The value of k0 describing the change 
in the contribution to the etch rate from the neutrals is almost 
independent of the rf power. k0 is at a maximum for 32 W, 
decreases slightly as the power is increased to 40 W, and 
then increases slightly from there as the power is increased 
further to 50 W and 60 W. This coincides with the measured 
intensity of the 703.7 nm emission line during the etch pro- 
cesses. This intensity is related to the concentration of the 
atomic fluorine in the chamber. The value of k0 and the 
intensity of the 703.7 nm line are shown in Figure 7 as func- 
tion of applied rf power. The relatively high fluorine concen- 
tration for 32 W applied power is assumed to be due to a low 
consumption of fluorine due to oxygen passivation of the 
silicon surface. As the ion energy is low, the removal of the 
passivation layer is inefficient. 

For variation in the chamber pressure c0 and k0 vary 
monotonically with the pressure. With increasing pressure 
the dc self-bias decreases due to the decrease in the mean 
free path, which will decrease the energy of the bombarding 
ions, and hence cause c0 to decrease. Simultaneously the 
generation of fluorine atoms will increase with increasing 
pressure,8 which will cause k0 to increase. 

There are three effects of adding oxygen to the gas mix- 
ture. One effect in the plasma is a decrease in the ion 
density,7 which results in a decrease of c0 with increasing 
oxygen content. A second effect of adding oxygen is an ini- 
tial increase in the concentration of free atomic fluorine. The 
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FIG. 7. The measured emission signal from atomic fluorine and k0 relative to 
the values for the center process. 

oxygen will react with unsaturated compounds of SFX and 
prevent recombinations with atomic fluorine. The result will 
be an initial increase of k0 with the addition of oxygen. The 
third effect of adding oxygen is a passivation of the silicon 
surface due to adsorption of oxygen atoms. This results in a 
competition between fluorine and oxygen for surface sites 
and hence a decrease in k0 for high flows of added oxygen. 

When the area of exposed silicon is increased and the 
other process parameters are kept fixed, the consumption of 
fluorine atoms will increase. Hence, with increasing silicon 
area the fluorine concentration decreases, leading to a de- 
crease of k0. An increase of the silicon area results in less 
oxygen passivation, leading to an increased etch efficiency 
by the bombarding ions, and hence an increase of c0. 

Good predictions for the etch rate uniformity using other 
process parameters can be obtained from Equation (14) by 
using coefficients obtained from an interpolation between the 
extracted coefficients. The coefficients will depend strongly 
on the configuration of the etch chamber. If the shield around 
the etched wafer has a low consumption of fluorine, as is 
assumed here, the high fluorine concentration at the edge of 
the wafer has to be compensated by a low ion bombardment 
efficiency at the edge. If, on the other hand, the shield should 
consume an amount of fluorine comparable to the wafer, 

TABLE II. Values obtained by fitting Equation (14) to the measured etch depths relative to the central process. 

rf power (W) Silicon load (%) 

32 40 50 60 30 50 70 

c0/c0c 

k0/k0c 

0.386 
1.13 

1                 1.86 
1                1.06 

Pressure (mTorr) 

2.89 
1.09 

0.69 
1.91 

Oxygen 

1 
1 

flow (seem) 

1.21 
0.66 

100 120 150 165 12 20 28 

c0/c0c 

k0 lkQiC 

1.56 
0.79 

1.20 
0.89 

1 
1 

0.73 
1.37 

2.17 
0.79 

1 
1 

0.62 
0.88 
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then a flat shield would be preferable in order to give a 
uniform ion bombardment efficiency. It is possible to find 
expressions for the parameters in Equation (14) for any given 
etch chamber geometry. 

V. CONCLUSIONS 

In this work the relation between the process parameters 
and the spatial variation of etch rates across the etched wafer 
was investigated for RIE of silicon by SF6 —02 gas mixtures 
in a single wafer system. It was found that the variation of 
the etch rate across the wafer depends strongly on the pro- 
cess parameters and the configuration of the chamber. The 
RIE process is a synergism between the neutral radicals and 
the bombarding ions in the chamber. It was shown that both 
the flux of atomic fluorine to the surface and the etch effi- 
ciency of the incident ions have spatial variations. Models 
for calculations of etch rates have to incorporate the spatial 
variation, by accounting for the chamber configuration, the 
mask design on the etched wafer, and the balance between 
the neutral radicals and the ions as given by the process 
parameters. 

The material of the shield surrounding the wafer on the 
bottom electrode has a large influence on concentration 
variation of the neutral radicals in the gas phase above the 
wafer. The geometric shape of the shield affects the ion bom- 
bardment, and induces a spatial variation of the etch effi- 
ciency of the incident ions. In the circular symmetric etch 
chamber used for these investigations the spatial variations 
are found to be center symmetric. Through variations of the 
rf power, the pressure, the gas mixture, and the load of sili- 
con exposed to the plasma it was possible to shift the etch 
rate from having a maximum at the center of the wafer to a 
maximum at the edge of the wafer. 
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Efficiency evaluation of postetch metal stack anticorrosion treatments 
using chemical analyses by x-ray photoelectron spectroscopy 
and wide dispersive x-ray fluorescence 
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Chemical analyses by x-ray photoelectron spectroscopy (XPS) combined with wide dispersive x-ray 
fluorescence (WDXRF) have been used to evaluate the efficiency of metal stack anticorrosion 
treatments previously etched in a low-pressure high-density plasma source. Analyses demonstrate 
that residual chlorine is still present in the metal stack showing that corrosion could occur in the 
subsequent technological steps of the process. In particular, XPS analyses have shown that, after 
anticorrosion treatment, residual chlorine species are located on the aluminum sidewalls of the 
features. Combining the results obtained by WDXRF and XPS has allowed a better understanding 
of the action of anticorrosion treatments. © 7997 American Vacuum Society. 
[S0734-211X(97) 14604-2] 

I. INTRODUCTION 

After dry etching, when metal stack interconnects are ex- 
posed to atmospheric moisture, rapid corrosion of the etched 
structures may occur, leading to integrated circuit failure and 
yield degradation. Furthermore, the continuous reduction in 
device dimensions imposes at the same time an increase in 
the number and complexity of metal stacks for interconnec- 
tions. To address all corrosion related issues becomes 
critical.1-4 

The corrosion of patterned aluminum line interconnects 
occurs when chloride compounds present on the wafer sur- 
face after etching hydrolyze by reaction with ambient mois- 
ture after being removed from the etching system.5 The hy- 
drolysis reaction generates hydrochloric acid that can 
subsequently react with the aluminum sidewalls. 

The typical reaction scheme usually proposed is the 
following:5 

A1C13 + 3 H20-+ Al(OH)3 + 3 HC1, 

Al(OH)3 + 3 HC1 + 3 H20-+ A1C13 • 6H20, 

2 AICI3 • 6H20^ A1203 + 9H20+ 6HC1. 

(1) 

(2) 

(3) 

The hydrochloric acid resulting from this reaction path is 
able to dissolve aluminum from the metal stacks after the 
etching process. Another important point resulting from this 
reaction path is that it is self-sustained. Once started, the 
corrosion of aluminum continues as long as moisture is 
available. 

Assessment of the degree of corrosion on etched wafers 
often relies on scanning electron microscopy views of corro- 
sion sites on conductive lines. However, even if the corro- 
sion reaction is not visible during an inspection, corrosion 
may still occur after encapsulation of the circuit. Further- 
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more, metallization schemes are becoming increasingly com- 
plex: copper is being alloyed with aluminum, and layers of 
titanium nitride (TiN) and titanium are being used as antire- 
flective coatings or diffusion barriers. Such metallization 
schemes have a greater susceptibility to corrosion: chlorides 
of copper are nonvolatile and may remain on the surface of 
the wafer after etching, or galvanic cell formation can occur 
when dissimilar metals are present. The subjective nature of 
corrosion has led to the development of practical techniques 
that enable a more reliable evaluation of the effectiveness of 
postetch corrosion treatments such as ion chromatography,3 

thermal desorption spectroscopic analysis,1 x-ray fluores- 
cence techniques, or x-ray photoelectron spectroscopy 
techniques.7 

Since the presence of chlorine on metal surfaces can lead 
to corrosion, postetch anticorrosion treatments have to be 
efficient at removing all chlorine-based compounds from all 
surfaces of the metal stacks. As the anisotropy of the etching 
is obtained by forming chlorine-rich carbon films on the alu- 
minum and resist sidewalls of the features, anticorrosion 
treatments must decrease the chlorine concentration as much 
as possible throughout the thickness of the sidewall passiva- 
tion polymer formed.6'7 Modern anticorrosion treatments 
consist in many cases of high-pressure H20/02-based plas- 
mas followed by a depolymerizing wet chemistry. The role 
of the water-based plasma treatment is to strip the photoresist 
(which after being exposed to chlorine-rich plasmas contains 
a large amount of chlorine) and lower the chlorine content on 
surfaces by forming volatile HC1. The role of the wet depo- 
lymerizing chemistry is to remove the chlorine-rich alumi- 
num species left on the metal surfaces after anticorrosion 
plasma treatments. After this process, no chlorine should re- 
main on any metal surface of the stack. 

In this work, metal stacks were etched in a commercial 
inductively coupled plasma reactor (ICP) using the widely 
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used C12/BC13 chemistries.8'9 After etching, anticorrosion 
treatments were performed in situ in H20- and 02-based 
plasmas followed by a water rinse and depolymerizing wet 
chemistry treatment. The efficiency of the anticorrosion 
treatments were qualified using wide dispersive x-ray fluo- 
rescence (WDXRF) and chemical topography analyses by 
x-ray photoelectron spectroscopy (XPS) analyses. The 
WDXRF technique allows the overall chlorine level remain- 
ing after anticorrosion treatments to be determined through- 
out the volume of the metal stack. Using the combination of 
(1) geometrical shadowing of photoelectrons and (2) the dif- 
ferential charging of insulating portions of the features, the 
chemical topography10"13 of the metal features by XPS al- 
lows analysis of the chemical composition of the tops anti- 
reflective coating (ARC TiN), sidewalls (aluminum), and 
bottoms (Si02) of the metal features after anticorrosion 
treatments. By combining the results of WDXRF and XPS, 
the efficiency of various postetch anticorrosion treatments 
was assessed and the localization of the chlorine remaining 
on the metal surfaces could be accurately determined. 

II. EXPERIMENT 

Etching experiments were conducted using a LAM® 
Rainbow platform consisting of a load-lock chamber, etching 
chamber, DownStream Quartz (DSQ) installed in the exit 
load lock, and an integrated water rinse module. The etching 
chamber used was a LAM® transformer coupled plasma 
(TCP) equipped with an 8 in. coil and a half-shaped window. 
A process was developed for metal stack etching according 
to 0.25 /nm design rules. 

The anticorrosion treatment evaluated used the DSQ 
chamber. After etching, samples were transferred in situ into 
the DSQ chamber. The discharge was created in a quartz 
chamber by a TCP source. No bias was applied to the wafer 
during the DSQ treatment. The plasma treatment is a two- 
step etching process. In the first step, a high-pressure (1.2 
Torr) H20 plasma removes the chlorine from the resist and 
metal surfaces. The second step, performed at the same pres- 
sure, uses an 02/H20 gas mixture (800 sccm/80 seem) and 
acts as a resist removal step. During both steps, the TCP 
source power was 1000 W. After the DSQ treatment, the 
wafers were rinsed in the water rinse station. 

After anticorrosion treatment using DSQ, a wet chemistry 
was used to remove chlorinated aluminum residues left on 
the metal stack sidewalls. The aqueous organic mixture used 
is commercialized by EKC Technology Inc. under the name 
of EKC 265®. The EKC 265 depolymerizer is composed of 
2.2 aminoethoxyl ethanol (50%), hydroxylamine (35%), 
cathechol (5%), and water. After etching and the DSQ anti- 
corrosion treatment, the samples were immersed in an EKC 
bath heated to a temperature of 65 °C for 33 min, including 
rinsing and drying. 

200 mm diam wafers were used. The following layers 
were deposited on Si wafers: 500 nm Si02, 40 nm Ti, 60 nm 
TiN, 650 nm Al containing 0.5% Cu, 40 nm of TiN, and 1.1 
^m of deep ultraviolet (DUV) photoresist (Shipley SNR 

200®). The SNR resist was exposed using DUV light and 
developed with a resolution down to 0.25 /an. 

The chlorine concentrations left on the metal sidewalls 
after anticorrosion treatments were measured using wide dis- 
persive x-ray fluorescence and x-ray photoelectron spectros- 
copy. WDXRF combines the technique of x-ray fluorescence 
and diffraction of the emitted x-ray beam on a suitable single 
crystal.14 The crystal planes act as a monochromator grating 
for the fluorescent radiation emitted from the sample. By 
adjusting the incident angle between the beam and the crystal 
planes, the characteristic wavelength radiation of a specific 
element can be detected with excellent selectivity and sensi- 
tivity. Variations in stoichiometry between samples can be 
detected to within less than 0.8% of the element concentra- 
tion in the volume of the sample. With a number of precon- 
figured detectors, specific different elements can be analyzed 
simultaneously, ranging from beryllium to uranium. Varia- 
tions in stoichiometry measurements can be quickly obtained 
at various spots across the surface of the wafer allowing 
wafer mapping to be achieved. In this work, WDXRF was 
used to measure the chlorine level left in the metal lines after 
anticorrosion treatments. WDXRF allowed measurement of 
the chlorine level throughout the volume of the metal stacks 
after different treatments. However, the location of chlorine 
on metal lines could not be determined. 

X-ray photoelectron spectroscopy experiments were con- 
ducted in an analysis chamber equipped with an x-ray pho- 
toelectron spectrometer (Fisons Surface Systems ESCALAB 
220i), a single electrostatic lens flood gun (VG model LEG 
41), and a mass spectrometer (Micromass 386). A mono- 
chromatized Al Ka is provided for XPS analysis; further 
details on the analysis system can be found elsewhere.10 The 
source is provided with a source defined small spot toroidal 
monochromator. We used a 1000 /mm spatial resolution mode 
resulting in an x-ray spot diameter of less than 1 mm. 

The mask design used in this study allows characteriza- 
tion of the chemical topography of the tops, sidewalls, and 
bottoms of the features by XPS.10 Photoelectron signals from 
different portions of the features are separated using the 
methods of geometrical shadowing of photoelectrons and 
differential charging of the insulating and conducting sur- 
faces. Lines and spaces can be arranged in parallel or per- 
pendicularly to the axis of the electron analyzer. Conse- 
quently, the tops of the features and bottoms of the spaces (in 
the parallel mode) or tops and desired parts of the sidewalls, 
depending on the space between the lines, of the features (in 
the perpendicular mode) can be analyzed (see Fig. 1). The 
patterned areas analyzed in this study consist of regular ar- 
rays of trenches, a blanket substrate, and unpatterned mask 
material, the size of the areas being at least 1.5 mm2. This 
geometry allows the x-ray beam (1 mm diam) to be focused 
on one individual array, the resulting signal being the aver- 
age of many identical lines and spaces. Variations in line and 
space widths allows analysis of the desired portion of the 
features. In this study, when the resist remained on top of the 
metal lines after metal etching and before the DSQ treat- 
ment, we analyzed the 1 /on line and space metal lines in the 
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TABLE I. Chlorine level as measured by WDXRF in the volume of the metal 
stack after various treatments. 

FIG. I. Dense and isolated metal lines etched in the ICP source using a 
C12BC13 gas mixture. 

parallel or perpendicular mode. When the resist was removed 
after metal etching and the DSQ anticorrosion treatment, we 
analyzed 0.5 /mm line/space (L/S) structures (to use the shad- 
owing effect and analyze only the aluminum sidewall in the 
perpendicular mode). 

After etching and anticorrosion treatment, wafers were 
transferred ex situ into the analysis chamber. The wafer was 
placed in the focal plane of the electron energy analyzer and 
x-ray sources using a stage elevator. A charge coupled de- 
vice video camera installed on top of the chamber was 
aligned with the focal point of the x-ray and electron energy 
analyzer and allowed selection of the desired area of the 
sample to be analyzed. Using this chemical topography 
analysis technique, chlorine concentrations were measured 
on the tops of the metal features (TiN), bottoms of the fea- 
tures (Si02), and sidewalls of the features (Aluminum). Con- 
trary to WDXRF, XPS provided some information on the 
chemical composition of the near surface of the sample ana- 
lyzed (usually, the thickness probed by XPS is around 10 
nm). 

The process developed in the LAM® TCP 9600 for metal 
etching according to 0.25 /an design rules was optimized 
using a statistical design of the experiments. The rf power 
injected into the source was 460 W and rf bias power 180 W. 
The gas mixture used was C12/BC13 (65 sccm/20 seem), the 
pressure in the etching chamber was fixed at 10 mTorr. The 
chuck temperature was controlled at 50 °C throughout the 

Metal stack processing Chlorine concentration (arbitrary unit) 

Reference sample 
Metal etch (LAM TCP 9600) 
Metal etch + DSQ 
Metal etch + DSQ + EKC 

28 
1547 
50 
42 

etching process. Figures 1(a) (0.45 /mm line, 0.6 /mm space) 
and 1(b) (0.45 /mm isolated line) show that using these etch- 
ing conditions followed by the DSQ treatment and wet de- 
polymerizer EKC 265, anisotropic metal lines were obtained. 

III. RESULTS 

WDXRF experiments were performed to measure the 
chlorine concentrations on (a) a reference sample, (b) the 
metal stack after etching, (c) the metal stack after etching 
followed by the DSQ anticorrosion treatment, and (d) the 
metal stack after etching, the DSQ anticorrosion treatment, 
and the EKC 265 depolymerizer. The results are summarized 
in Table I. The reference was recorded before etching on a 
sample covered with the metal stack and photoresist patterns. 
WDXRF shows that after etching the metal stack, the chlo- 
rine level increases dramatically. The chlorine level mea- 
sured on this sample averages the chlorine concentration 
present on the resist mask, on the sidewalls of the metal 
stack, and on the silicon dioxide at the bottom of the fea- 
tures. After etching and the DSQ anticorrosion treatment 
(which also acts as the resist removal step), the chlorine level 
decreases considerably (see Table I), but still remains at a 
higher level (approximately twice) than in the reference 
sample. This result shows that most of the chlorine measured 
in the sample after etching was trapped in the resist and that 
chlorine was still present after DSQ, either on the aluminum 
sidewalls of the features, or on Si02 at the bottom of the 
features (TiN on top of the features was not exposed to the 
C12/BC13 plasma as it was protected by the photoresist mask 
during the etching process). After the entire process (metal 
stack etching + DSQ + EKC 265), the chlorine level de- 
creases even more. As expected, the EKC wet depolymerizer 

TABLE II. Element concentration measured by XPS in 1 fim L/S metal lines 
after metal etching. The lines are aligned perpendicularly to the electron 
energy analyzer. 

Element 
after metal 

Concentration (in %) 
etching 

A\2p 
B Is 
Cls 
Cl2p 
Fls 
N1S 
0 1s 
Si 2/7 
Ti2p 

5.4 

54.5 
29.0 

10.0 

1.1 
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FIG. 2. Cl 2p XPS spectra recorded with the flood gun turned on after metal etching + DSQ on (a) blanket TiN, (b) blanket Si02, and (c) 0.5 /im lines and 
spaces aligned perpendicularly to the electron energy analyzer, (d) Al 2p XPS spectra recorded in 0.5 /im lines and spaces aligned perpendicularly to the 
electron energy analyzer. 

removes a thin chlorine-containing aluminum layer. How- 
ever, as the chlorine level is still higher than in the reference 
sample, the depolymerizer efficiency is not high enough to 
completely remove the chlorinated aluminum layer. These 
results show that chlorine originating from the etching pro- 
cess is still trapped in the aluminum lines and could possibly 
generate corrosion. 

X-ray photoelectron spectroscopy analyses were con- 
ducted on the same samples. First, no chlorine was detected 
on the reference sample by XPS. After the etching process, 
XPS analyses recorded in 1 /mm line and space metal lines 

aligned in parallel with the electron energy analyzer (the ana- 
lyzed areas are the top of the resist mask and Si02 at the 
bottom of the features) show that high concentrations of 
chlorine are still present on the resist mask (9%) and on 
Si02 at the bottom of the features (12.5%). XPS analyses 
were also performed in the same structures with the lines 
aligned perpendicularly to the electron energy analyzer (the 
analyzed areas are the tops and sidewalls of the resist mask 
and sidewalls of the metal lines). Concentrations of the ele- 
ments (reported in Table II) were calculated by dividing the 
integrated peak intensities by the theoretical Scofield cross 
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TABLE III. Element concentration measured by XPS in 0.5 fim L/S metal 
lines after metal etching and DSQ treatment. The lines are aligned perpen- 
dicularly to the electron energy analyzer. 

Element 
after metal 

M2p 
B \s 
C Is 
C\2p 
Fls 
N 15 
O Is 
Si 2p 
Ti2p 

Concentration (in %) 
etching + DSQ 

28.0 
5.2 

10.4 
0.4 

10.4 
1.4 

43.1 

1.1 

sections (Al 2p:0.54, Si 2p:0.82, C ls:l, C12p:2.29, O 
15:2.93, F 15:4.43, Ti 2p:7.91, N Is: 1.80, B ls:0.48).15 

When the charge neutralizer was turned on, no separation of 
the contributions coming from the resist mask and metal 
lines could be obtained. We attributed this inability to dis- 
criminate insulating and conducting surfaces to the thick 
carbon-based polymer deposited on all surfaces during the 
etching process, which electrically contact all surfaces. Con- 
sequently, the concentrations presented in Table II are an 
average of the element concentrations measured on the tops 
and sidewalls of the resist mask and aluminum sidewalls. 
Very high concentrations of carbon and chlorine were de- 
tected on the surfaces analyzed, whereas no elemental alu- 
minum was detected on the sidewalls. These results show 
that the polymer, which builds up on the aluminum sidewalls 
and allowed the anisotropic etching profiles to be obtained, is 
a chlorine-rich carbon film. The absence of elemental alumi- 
num originating from the sidewalls demonstrates that the 
carbon-based passivation polymer is thicker than the thick- 
ness probed by XPS. As the electron escape depth K in a 
carbon-rich film can be estimated to be 35 Ä,16 the sidewall 
thickness probed by XPS is 3X cos 9, i.e., 75 A (9 is the 
angle between the normal to the sidewall and the electron 
energy analyzer). These results are in good agreement with 
XPS analyses performed in situ after etching wafers in an- 
other ICP commercial etcher with a C12/BC13 gas mixture.7 

XPS analyses also revealed that a chlorine-rich carbon film 
was formed on the sidewalls of the aluminum features during 
the etching process. The chemical sidewall composition in- 
dicated that chlorine-rich aluminum species were present in 
the passivation film. The chlorine-rich carbon polymer film 
enhances anisotropic etching by providing a thin protective 
layer against the spontaneous etching reaction of chlorine 
with aluminum.7 When the analyses were performed in situ, 
the chlorine concentrations measured on all surfaces were 
greater than the concentrations reported here. When the wa- 
fers are exposed to air after etching and before introduction 
into the XPS chamber, the surface of the sample is oxidized 
and the chlorine adsorbed on metal or resist surfaces may be 
replaced by oxygen atoms, therefore, leading to an underes- 
timation of the true chlorine content in the film. 

XPS analyses recorded on the sample after metal etching 

and DSQ show that the chlorine concentration decreased dra- 
matically on all surfaces of the metal stack. First, Cl 2p XPS 
spectra were recorded on blanket TiN [Fig. 2(a)] and Si02 

[Fig. 2(b)] areas. In both cases, spectra were recorded with 
the flood gun on. As the shift in energy induced by the flood 
gun on TiN was 12 eV, Cl 2p should have been located at an 
energy of 187 eV. The shift in energy induced by the flood 
gun on SiOz was 5 eV. However, no Cl 2p was observed at 
a binding energy of 194 eV on the Si02 surface. Similarly, 
no chlorine was detected when the features were aligned in 
parallel with the electron energy analyzer (showing that there 
was no chlorine on TiN on the tops of the metal lines and no 
chlorine on Si02 at the bottoms of the features). 

XPS spectra were also recorded with the flood gun turned 
on in 0.5 ^tm L/S structures aligned perpendicularly to the 
electron energy analyzer. As the tops and sidewalls of the 
features were conducting surfaces, it was impossible, even 
with the flood gun on, to separate the contributions originat- 
ing from TiN on the top of the features and those from alu- 
minum on the sidewalls. However, as the metal stack was 
formed on a 0.5 /uum thick Si02 layer, the metal stack was 
electrically floating on Si02 and the flood gun induced 
chemical shifts. The presence of chlorine in the 0.5 pm L/S 
features demonstrated [see Fig. 2(c)], as there was no chlo- 
rine on the tops of the features, that all the chlorine-based 
species were located on the sidewalls of the aluminum stack 
(in this configuration, the analyzed areas are the tops and 
sides of the resist mask and aluminum sidewalls). An oxygen 
containing aluminum layer (called alumina oxide, hereafter) 
was detected on the aluminum sidewalls throughout the 
thickness probed by XPS [no elemental aluminum was de- 
tected on the sidewalls in Fig. 2(d)]. As a shift of 10 eV was 
induced by the flood gun on all the XPS peaks recorded in 
0.5 fim L/S features, the Cl 2p peak was located at an en- 
ergy of 189 eV, whereas a peak located at 182 eV was at- 
tributed to the B Is present on the analyzed surfaces. The 
position of the Al 2p peak was 64 eV, showing that the Al 
2p peak originated from an aluminum oxide layer formed on 
the aluminum sidewalls during the DSQ process. 

Concentrations of the elements (reported in Table III) 
were calculated by dividing the integrated peak intensities by 
the theoretical Scofield cross sections.15 Consequently, the 
concentrations reported in Table III average the concentra- 
tions of the various elements detected on the analyzed area. 
A very high oxygen concentration (48%) was measured on 
the features as a logical consequence of the oxidation of the 
metal lines by the DSQ treatment. As aluminium is mainly 
linked to oxygen and as the electron escape depth A. of Al 
2p photoelectrons in alumina is —28 A, the approximate 
depth probed by XPS on the sidewall was 60 Ä (3 A. cos G), 
showing that the thickness of the aluminum oxide after the 
DSQ treatment was greater than 60 A. Fluorine was also 
detected on the surfaces analyzed and was attributed to re- 
sidual fluorine present in the DSQ chamber (due to previous 
treatments using CF4/02 gas mixtures from other experi- 
ments). Carbon was detected on the surfaces (see Table III) 
and was attributed to contamination due to the transport of 
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Electron energy analyser 
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FIG. 3. XPS spectra recorded with the flood gun turned on in 0.5 /im lines and spaces aligned perpendicularly to the electron energy analyzer after metal 
etching + DSQ + EKC (a) Cl 2p XPS spectrum, and (b) Al 2p XPS spectrum. 

wafers in ambient air. As analyses in the parallel mode have 
shown that no chlorine was detected on TiN surfaces on the 
tops of the features, and as in 0.5 /mm L/S features the ana- 
lyzed areas on the tops and sidewalls have the same size, the 
chlorine concentration on the aluminum sidewalls was twice 
as high as that measured (0.8%). XPS experiments demon- 
strate that the DSQ treatment efficiently removes chlorine 
from Si02 between the metal lines. They also show that dur- 
ing the DSQ treatment, an aluminum oxide film is formed on 
the sidewalls of the metal stack with chlorine still trapped 
inside. 

XPS experiments were also conducted on samples after 
etching, DSQ, and depolymerization using the EKC 265. As 
above, no chlorine was detected on blanket TiN and Si02 

surfaces and on TiN on the tops of the metal lines and on 
Si02 between the metal lines (when features were aligned in 
parallel with the electron energy analyzer). On the other 
hand, when XPS spectra were recorded with the flood gun on 
in 0.5 /tun L/S structures aligned perpendicularly to the elec- 
tron energy analyzer, chlorine was also detected. Figure 3(a) 
shows that, due to charging, chlorine was shifted by 12 eV 
from its original position. As above, the detection of chlorine 
when metal lines are aligned perpendicularly to the electron 

energy analyzer shows that chlorine-based species are lo- 
cated on the sidewalls of the aluminum stack. Elemental alu- 
minum [see Fig. 3(b)] was detected on the sidewalls of the 
features (also shifted by 12 eV), showing that the thickness 
of alumina was thinner than that probed by XPS (less than 60 
Ä, based on the previous discussion). The calculated concen- 
trations derived from the integrated peak intensities are listed 
in Table IV. A large amount of oxygen was present on all the 
surfaces analyzed (45% on average on the tops and sidewalls 
of the metal lines). On the other hand, no boron was detected 
and the fluorine concentration decreased from more than 
10% to less than 2%. Carbon due to air contamination was 
still present on all surfaces. As no chlorine was detected on 
TiN on the tops of the features, the chlorine concentration on 
the aluminum surface originating from the sidewalls was, as 
above, twice as high as that measured, i.e., 1.8%. 

IV. DISCUSSION 

WDXRF and XPS experiments have shown that after 
metal etching, high concentrations of chlorine are present on 
all the metal stack surfaces exposed to high-density chlorine- 
based plasmas. Both techniques also show that the chlorine 
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TABLE IV. Element concentration measured by XPS in 0.5 /um L/S metal 
lines after metal etching, DSQ treatment, and wet depolymerizing chemis- 
try. The lines are aligned perpendicularly to the electron energy analyzer. 

thickness probed 
by XPS: 60 A 

Element 
after metal 

Concentration (in %) 
etching + DSQ + EKC 

A\2p 
B Is 
Cls 
C\2p 
F\s 
N1S 
0\s 
Si2p 
Ti2p 

23.5 

17.0 
0.9 
1.5 
4.0 

46.0 

7.1 

level is significantly decreased after the DSQ anticorrosion 
treatment. The DSQ treatment has two different roles. The 
first role is to act as a resist stripper and efficiently remove 
the photoresist in which a large amount of chlorine is trapped 
after metal etching. The second role is to remove the 
chlorine-rich carbon film, which builds up on the aluminum 
sidewalls during the etching process. After the DSQ treat- 
ment, XPS shows that chlorine is still present on the side- 
walls of the metal lines. In situ1 and ex situ XPS analyses 
(this study) have also shown that chlorine-rich aluminum 
species are embedded in the sidewall passivation film after 
metal etching. Contrary to carbon-based species, which can 
easily be removed by the DSQ treatment, chlorine-rich alu- 
minum species may be oxidized and trapped in the aluminum 
oxide film formed on the sidewalls during the C12/BC13 etch- 
ing process, possibly explaining why chlorine is still present 
after DSQ. 

After metal etching + DSQ + EKC 265 depolymerizer, 
WDXRF analyses have shown that the EKC 265 has de- 
creased the chlorine level measured in the volume of the 
stack (Table I) with respect to samples measured after metal 
etching + DSQ. These measurements confirm the role of the 
depolymerizer, which is expected to remove the chlorinated 
aluminum residues left on the metal stack. However, as the 
chlorine level is still higher than in the reference sample, the 
depolymerizer did not remove all the chlorine containing 
aluminum film. XPS analyses confirm that EKC has removed 
a thin aluminum sidewall film as, again, elemental aluminum 
was detected by XPS (showing that the aluminum oxide film 
thickness has decreased on the sidewall). On the other hand, 
XPS analyses have shown that after DSQ + EKC 265, the 
chlorine concentration on the aluminum sidewalls was 
greater than after DSQ, which seems to be in contradiction 
with the WDXRF results showing that throughout the vol- 
ume of the metal stack, the chlorine level has decreased. 

A plausible hypothesis explaining the difference between 
the WDXRF and XPS measurements is that (1) DSQ does 
not lower the chlorine concentration throughout the thickness 
of the chlorine-containing film left on the sidewall of the 
stack and (2) EKC thins or may even totally remove the 
layer, which has been depleted in chlorine by the DSQ, but 
not by all the chlorine-containing metal layer. The composi- 

(a) 

I      I   Aluminum sidewall 

H  Aluminum oxide film containing chlorine 

|tlfi;|   Aluminum oxide film depleted in chlorine 
by the DSQ treatment 

thickness probed 
by XPS: 60 A 

FIG. 4. Schematic view of the aluminum sidewall surface composition (a) 
after metal etching + DSQ, and (b) after metal etching + DSQ + wet 
depolymerizer. 

tion of the aluminum sidewall corresponding to the mecha- 
nism proposed above is represented in Fig. 4. Figure 4(a) is 
a schematic view of the aluminum sidewall after metal etch- 
ing + DSQ. Figure 4(b) is a schematic view of the aluminum 
sidewall after metal etching + DSQ + EKC. After DSQ, a 
first layer on the surface of the aluminum sidewall is de- 
pleted in chlorine and a second layer contains a higher chlo- 
rine content [see Fig. 3(a)]. As XPS is more sensitive to the 
top surface, the XPS Cl 2p signal mostly originates from the 
chlorine-depleted layer. On the other hand, after DSQ + 
EKC, EKC has partially removed the chlorine-depleted layer 
and XPS probes a layer containing a higher chlorine concen- 
tration. The chlorine concentration as measured by the inten- 
sity of the XPS Cl 2p peak is, therefore, higher than after 
DSQ, whereas the chlorine level in the volume of the stack 
has, indeed, decreased (as measured by WDXRF). In Fig. 
4(b), we illustrate the case in which EKC has partially re- 
moved the chlorine-depleted layer by DSQ. However, EKC 
possibly removes all the chlorine-depleted layer. In this case, 
XPS will still measure a higher chlorine concentration on the 
aluminum sidewalls than after DSQ. Furthermore, the sche- 
matic view represented in Figs. 4(a) and 4(b) represents the 
case in which the chlorine concentrations in both layers are 
uniform, whereas a gradient in chlorine would probably be 
more representative of the real case, which cannot be readily 
measured. However, the conclusions based on the discussion 
above would again be unchanged. 

Combining the WDXRF technique, which is sensitive to 
the chlorine level variation in the volume of the metal stack 
and XPS analyses, which are more sensitive to the surface 
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modifications, is of great help in understanding the mecha- 
nisms involved in the anticorrosion treatments. Based on the 
discussion above, the chlorine level on the sidewalls of the 
aluminum lines could be decreased even more by reducing 
the passivation sidewall polymer thickness formed during 
metal stack etching or by reducing the chlorine content of 
this film. This could be achieved by developing a process 
using plasma operating conditions, producing a thinner side- 
wall passivation film while maintaining the anisotropy of the 
etching. The DSQ treatment may also have a significant im- 
pact on the final chlorine level in the metal line. Indeed, 
although DSQ removes all the chlorine-rich carbon species 
from the aluminum surfaces, it may also favor the diffusion 
of chlorine deeper into the aluminum (during DSQ the sub- 
strate temperature is 250 °C). If, after DSQ treatment, chlo- 
rine species have been trapped in the aluminum metal lines 
due to diffusion, wet depolymerizing chemistries become in- 
effective at removing them. Therefore, reducing the DSQ 
temperature could also be an interesting way of decreasing 
the chlorine level in the metal stack. A compromise would 
have to be found between the chlorine diffusion in the metal 
line and the efficiency of DSQ at removing chlorine-rich 
carbon species from the aluminum sidewalls. Finally, im- 
proving the efficiency of wet depolymerizing chemistries 
could also improve the overall efficiency of anticorrosion 
treatments. 

V. CONCLUSION 

Chemical topography analyses by XPS combined with 
WDXRF have been used to evaluate the efficiency of widely 
used metal stack anticorrosion treatments consisting of high- 
pressure water-based plasmas followed by depolymerizing 
wet chemistry. Prior to anticorrosion treatments, wafers were 
etched in a low-pressure ICP plasma using C12/BC13 gas 
mixtures. The most important result is that, after metal etch- 
ing followed by the complete anticorrosion treatment, re- 
sidual chlorine is still present in the metal stack, showing 
that corrosion could occur in the subsequent technological 
steps of the process. Chemical topography analyses by XPS 
have shown that, after anticorrosion treatment, residual chlo- 

rine species are located on the aluminum sidewalls of the 
features. Combining the results obtained by WDXRF and 
XPS has led to a better understanding of the action of both 
the DSQ anticorrosion treatment and the wet depolymerizer. 
The DSQ lowers the chlorine concentration at the near sur- 
face of the aluminum sidewall but not throughout the chlo- 
rinated aluminum layer. The wet depolymerizer partially or 
totally removes the layer, which has been depleted in chlo- 
rine by DSQ, but is not efficient enough to remove the all 
chlorine-containing metal layer. 

ACKNOWLEDGMENTS 

This work has been carried out within the framework of 
the GRESSI consortium between CEA-LETI and France 
Telecom-CNET. It is part of the Adequat+ Esprit program. 

'Y. Teraoka, H. Aoki, I. Nishiyama, E. Ikawa, and T. Kikkawa, J. Vac. 
Sei. Technol. A 13, 2935 (1995). 

2C. Gabriel and R. Wallach, Proceedings of the Symposia on Reliability of 
Semiconductor Devices/Interconnections and Dielectric Breakdown for 
Microelectronic Applications, 1992, p. 152. 

3T. Ishida, N. Fujiwara, M. Yoneda, K. Nakamoto, and K. Horie, Jpn. J. 
Appl. Phys. 31, 2045 (1992). 

4S. Madokoro, S. Hagiwara, and S. Ushio, Extended Abstracts of the 16th 
Conference on Solid State Devices and Materials, Kobe, Japan (1984), 
pp. 51-54. 

5G. Cameron and A. Chambers, Semicond. Int. 12, 142 (1989). 
6C. B. Labelle, H. L. Maynard, and J. T. C. Lee, J. Vac. Sei. Technol. B 
14, 2574 (1996). 

7P. Czuprynski, O. Joubert, L. Vallier, M. Heitzmann, and P. Berruyer, J. 
Vac. Sei. Technol. B (submitted). 

8F. R. Clayton and S. A. Beeson, Solid State Technol. 36, 93 (1993). 
9S. Bradley, C. H. Chen, and G. Kovall, Proceedings of the Eighth Inter- 
national IEEE VLSI Multilevel Conference, Santa Clara, CA, 1991, p. 
298. 

10F. H. Bell, O. Joubert, and L. Vallier, J. Vac. Sei. Technol. B 14, 1796 
(1996). 

"M. C. Peignon, F. Clenet, and G. Turban, J. Electrochem. Soc. 143, 1347 
(1996). 

12G. S. Oehrlein, K. Chan, and M. Jaso, J. Appl. Phys. 64, 2399 (1988). 
13K. V. Guinn and V. M. Donnelly, J. Appl. Phys. 75, 2227 (1994). 
14A. Reader and K. Nieuwenhuizen, Solid State Technol. 16, 516 (1996). 
15J. H. Scofield, J. Electron Spectrosc. 8, 129 (1976). 
16S. Tanuma, C. J. Powell, and D. R. Penn, Surf. Interface Anal. 11, 577 

(1988). 

JVST B - Microelectronics and Nanometer Structures 



RAPID COMMUNICATIONS 

This section is reserved for short submissions which contain important new results and are intended for accelerated publication. 

Isolation of a lattice-mismatched AllnAs/GalnAs layer on InP using ion 
implantation for high energy mobility transistor realization 

Herve Fourre,a) Jean Claude Pesant, Olivier Schüler, and Alain Cappy 
Institut d'Electronique et de Microelectronique du Nord U.M.R. C.N.R.S. 9929, Departement 
Hyperfrequences et Semiconducteurs, Cite Scientifique, 59652 Villeneuve d'Ascq, Cedex, France 

(Received 16 January 1997; accepted 30 May 1997) 

In this communication, we present Ar+ implant isolation results of InGaAs/InAlAs/InP layers for 
high electron mobility transistor fabrication. Ar+ implantations were performed at 100 keV at room 
temperature with doses ranging from 5 X 1012 to 1015 at./cm2. A sheet resistance of about 30 Mft 
was measured after 10 hours annealing at 300 °C. Using deep Auger analysis, we show that this high 
resistivity is due to the intermixing of InGaAs and InAlAs layers. © 7997 American Vacuum 
Society. [S0734-211X(97) 15004-1] 

I. INTRODUCTION 

InGaAs/InAlAs/InP material based transistors are being 
used increasingly for millimeter wave integrated circuits and 
high speed applications. For large scale production of high 
electron mobility transistors (HEMTs) on an InP substrate, 
ion implantation is preferred to mesa etching for device iso- 
lation, for several reasons. 

(1) Implant isolation maintains a planar structure, which is 
desirable in device fabrication and wafer processing. 

(2) Implant isolation avoids breaking the gate at the mesa 
sidewalls. 

(3) Implant isolation suppresses the gate leakage problem 
related to contact of the gate with the highly doped chan- 
nel layer through the side wall. 

Implant isolation of InGaAs/InAlAs/InP HEMT layers is, 
however, difficult. The energy band gap of the InGaAs com- 
position, which is lattice matched (LM) on InP, is only 0.74 
eV and the intrinsic resistivity of this material is small. We 
can expect difficulties in achieving good isolation in this 
material by ion implantation. On the other hand, a high- 
resistivity region can be obtained by implantation in InAlAs 
lattice matched on InP. Sheet resistances of about 107 ft 
have been achieved this way in LM-InAlAs after implanta- 
tion of either He+ (Ref. 1) or 0+ (Ref. 2) ions, while the 
highest sheet resistance obtained with LM-InGaAs after im- 
plantation is only about 105 ft. Unfortunately, this value is 
too low for device applications. In a previous article, we 
presented implant isolation of an InP LM-HEMT layer using 
H+, B+, F+, and Ar+ ions.3 Proton implantation leads to 
very poor isolation of only 3 kft/square and this result cor- 
relates well with previously reported H+ implantation in In- 
GaAs (Refs. 2 and 4) that shows a sheet resistance of only 
500 ft/square after implantation. B+ or F+ implantation of- 

a) Electronic mail: fourre@helena.iemn.univ-lillel.fr 

fers much better isolation and our best results were obtained 
by implanting either 1014 B+/cm2 at 20 keV or 5X1015 

F+/cm2 at 35 keV. In both cases, post-implant annealing was 
performed at 300 °C for 10 minutes and the sheet resistances 
obtained were, respectively, about 1 Mft/square and 2 M 
ft/square. These results are close to the value reported by 
Fink et al.5 using 0+ implant isolation for LM-HEMTs. 

According to the sheet resistance variation as a function 
of annealing time and temperature, we have deduced that B+ 

and F+ implant isolation is due to damage-induced defects.6 

Ar+ implantation also provides good results with regard to 
these different ions. We chose Ar+ because of its heavier ion 
mass (40) compared to B+ (10) and F+ (18). We can expect 
that this ion will, therefore, generate more defects in the 
layer. In this communication we present the results of Ar+ 

implantation investigation and analysis. Particular problems 
associated with the fabrication of LM-HEMT are addressed 
and discussed. Results obtained with Ar+-isolated transistors 
are also presented. 

II. EXPERIMENTAL PROCEDURE 

Different implantations were performed using an Eaton 
Ga 3204 which allows room temperature implantation at 200 
keV with an ion current of 3 mA. The structure of the epi- 
layers used in this work is shown in Figure 1. In order to 
avoid channeling effects, the samples were implanted with 
an incident angle of 7° normal to the sample surface. Inves- 
tigations of Ar+ implantation were performed for doses rang- 
ing from 5X1012 to 1 X 1015 at./cm2. The expected range 
(Rp) for these implantations is 100 nm for a 100 keV implant 
energy. This value is found in the InAlAs buffer layer (Fig- 
ure 1). The first sample (Figure 1(a)) was used for sheet 
resistance measurements by transmission line methods 
(TLM) patterns, which were fabricated prior to the implan- 
tations. The samples's initial sheet resistance was 230 
ft/square. The non-implanted regions were protected by a 
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FIG. 1. (a) and (b) Structure of the implanted epilayers. 

thin layer of Si^Ny deposited by plasma-enhanced chemical 
vapour deposition (PECVD) at 300 °C, and a thick photore- 
sist mask. It should be noted that a lift-off profile for the 
resist mask was used because it greatly reduces the polymer 
traces after wafer cleaning. After removing the photoresist 
mask, post-implant annealing was performed in a tubular fur- 
nace under N2 gas for times ranging from 10 minutes to 24 
hours at 300 °C. Samples for Auger analysis were implanted 
and annealed under the conditions that gave the best isolation 
without any protection. The layer used for Auger analysis is 
shown in Figure 1(b). 

The implant and annealing parameters were carefully cho- 
sen to be compatible with our HEMT fabrication process. 
One major difficulty in the implant isolation process is to 
find some good protection for the non-implanted regions that 
can afterwards be removed while keeping the wafer clean. 
During our experiments, we found that a 1.4 /urn thick resist 
mask offered good protection. But ion bombardment leads to 
resist degradation and leads to polymer formation. As a con- 
sequence, the epilayer is left with traces of polymers after 
removing the resist. The resist mask degradation is related to 
both current density and total ion dose. We have found that a 
lift-off profile for the resist mask reduces the number of 
polymer traces after acetone cleaning. For high current den- 
sities, the sample temperature increases and more polymer is 
created. Hence, we chose a current density of about 0.25 
yLtA/cm2. Moreover, since the total amount of polymer cre- 
ated is proportional to the implanted ion dose, the ion dose 
was less than 1015 Ar+/cm2 throughout this work. In addi- 
tion, a 20 nm Si^N^ layer was deposited by PECVED at 
300 °C prior to the resist mask deposition. This thin Si^Ny 
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FIG. 2. Sheet resistance of a 100 keV Ar+ implanted HEMT layer vs an- 
nealing time at 300 °C for different doses (+) 5 X 1012, (•) 1 X 1013, (X) 
5 X 1013, (A) 1 X 1014, (■) 5 X 1014, and (D) 1 X 1015 cm"2. 

layer allowed us to perform 02 reactive plasma etching (RIE) 
to remove traces of the polymer without degradation of the 
non-implanted areas which correspond to the active layer of 
the HEMT. The chosen post implant annealing temperature 
was about 300 °C in order to avoid degradation of the TiAu 
alignment marks used in the electronic lithography process. 
No experiments were performed at higher annealing tem- 
peratures. 

III. RESULTS AND DISCUSSION 

Figure 2 shows the sheet resistance of Ar+ implanted 
samples measured for different doses and different annealing 
times at 300 °C (from 0 to 24 hours). The highest sheet re- 
sistance measured was about 30 Mfl/square, for implanted 
ion doses greater than 5 X 1014 cm-2 and for annealing times 
greater than 10 hours at 300 °C. In order to investigate the 
isolation mechanisms, sputtering Auger electron analysis 
was carried out for a non-implanted sample and for a 1 
X1015 cm-2 implanted sample annealed at 300 °C for 10 
hours. Figure 3 shows the deep Auger profiles for these two 
samples. For the non-implanted sample, the different layers 
are clearly defined. In the second Auger profile, we observe 
the diffusion of Ga and Al species and the formation of 
InGaAlAs layers. In In^j^Ga^AlyAs layers, sheet resis- 
tances greater than 10 Mfi/square have already been re- 
ported with He+ implantation.7 The sheet resistances ob- 
tained in this work are close to this value. 

Therefore, the isolation mechanisms for Ar+ implants can 
be explained as follows. Due to their heavy mass, Ar+ ions 
create many defects in the layer during the implantation pro- 
cess. During annealing, these defects lead to intermixing, by 
diffusion. This diffusion process is well correlated with the 
annealing time dependence of the sheet resistance shown in 
Figure 2. Moreover, this behavior is in agreement with the 
annealing time and annealing temperature dependence re- 
ported for InGaAs/InP intermixing.8 It should be noted that 
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FIG. 3. Depth Auger profile of HEMT layer: (a) as grown, (b) implanted 
(1 X 1015 Ar+/cm2, 100 keV) and annealed (300 °C 10 hours). 

the annealing temperature is too low to remove ion damage 
since the lowest temperature at which ion damage removal 
was reported is 500 °C.6,9 

It should be emphasized that our implant isolation process 
characterized by room-temperature implantation and low- 
temperature annealing requires thin InGaAs layers and com- 
paratively thicker InAlAs layers, which are the Al source for 
the InGaAlAs layer. Other implantation processes, in which 
intermixing phenomena have been observed, have been al- 
ready reported. In particular, it is well known that ion im- 
plantation performed at a temperature higher than a critical 
Tc promotes intermixing.6'8"10 Furthermore, in this implanta- 
tion technique no post-implant annealing is necessary. For 
III-V materials the values of Tc is generally between 200 °C 
and 300 °C. This implantation process also has the advantage 
of being compatible with HEMT fabrication. However, it has 
been suggested that the number of defects generated by im- 
plantation at temperatures above Tc become depleted after 
implantation.8 Actually, our implantation equipment does not 
allow us to perform high temperature implantation, and again 
we do not know if the number of defects would be sufficient 
and efficient enough to provide good isolation in the inter- 

mixed InGaAlAs layers. 

IV. DEVICE APPLICATION 

To demonstrate that ion implantation is a promising 
HEMT processing technique, we fabricated implant-isolated 
LM-HEMTs on InP. The epilayer used to fabricate these 
implanted HEMTs is given in Figure 1(b), except for the 
channel layer which was a 15 nm thick Irio^Gao^As 
pseudomorphic layer. Prior to implantation, the sheet resis- 
tance was 170 n/square. After implantation, it was measured 
by TLM patterns to be about 49 MH/square. This is the 
highest resistivity obtained in this work and we assume that 
it is due to the presence of a pseudomorphic InGaAs layer. 
We know that Ar+ implantation can create defects that favor 
strain relaxation by formation of misfit dislocations. The 
implant-isolated transistors have electrical performance simi- 
lar to that of the mesa-isolated transistors fabricated on the 
same layer. This indicates that the proposed implantation 
process did not degrade the active part of the devices. 

V. CONCLUSION 

Implant isolation of InP LM-HEMT layers using Ar+ ions 
was investigated. Good isolation was obtained with sheet 
resistances greater than 30 Mil/square using moderately 
high doses (1015 cm-2) and long-term annealing at rela- 
tively low temperature (300 °C, 10 hours). To our knowl- 
edge, this is the best isolation result for LM-HEMT on an 
InP layer obtained by implantation. This implantation pro- 
cess is compatible with LM-HEMT fabrication. The feasibil- 
ity of HEMT using this process was demonstrated. 
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Quantitative two-dimensional dopant profiling of a gatelike structure is achieved by scanning 
capacitance microscopy (SCM). A processed silicon wafer is sectioned then polished such that a 
cross section is made through a gatelike structure. This structure consists of two n+ doped regions 
separated by a lighter doped n region. The two-dimensional SCM data are converted to dopant 
density through a physical model of the SCM-silicon interaction. Improvements to the physical 
model and SCM data to dopant profile algorithm are discussed. Advances in sample preparation are 
described. Adjustment of the conversion model parameters allows for fitting of the SCM dopant 
o^filVu° a VertlCal secondary-ion-mass-spectroscopy profile. The accuracy of this fit is better than 
20%. This fit also gives strong evidence that the full two-dimensional profile is truly quantitative 
© 1997 American Vacuum Society. [S0734-211X(97)00404-6] 

I. INTRODUCTION 

Quantitative two-dimensional (2D) dopant profiling is 
identified as one of the significant needs of the semiconduc- 
tor industry.1 Having 2D dopant information provides for 
calibration of technology computer aided design (TCAD) 
simulators and will shorten process development time.2 Sev- 
eral methods are being investigated for 2D dopant profiling. 
These include: selective etching, 2D secondary-ion-mass- 
spectrometry (SIMS), Nano-spreading resistance profiling 
(SRP), and scanning capacitance microscopy (SCM) tech- 
niques. These technologies are under development, and have 
been recently reviewed by Diebold et al? The dopant profil- 
ing performed by SCM uses a conversion model to convert 
SCM data into 2D dopant profiles. Quantitative vertical dop- 
ant profiles from SCM measurements have previously been 
reported.4 This paper represents the first 2D dopant profile of 
a 2D structure, quantitatively converted directly from SCM 
data. The 2D profiles are a result of improved sample prepa- 
ration, better physical modeling of the SCM-silicon interac- 
tion, and an improved SCM data to dopant profile conversion 
algorithm. 

II. TECHNIQUE AND SAMPLE PREPARATION 

The SCM technique uses an atomic force microscope 
(AFM) to scan a conducting tip over a sample. The tip is 
electrically connected to a sensitive capacitance sensor. Lo- 
cal changes in the sample's capacitance are measured as the 
tip is scanned. In this way, both topographic and capacitance 
data are acquired simultaneously. For the measurements dis- 
cussed, a NanoScope Ilia AFM, with a Dimension 3000 head 
manufactured by Digital Instruments, is used. The capaci- 
tance measurements are performed with an RCA capacitance 
sensor. ' In this configuration, the input capacitance to the 
RCA sensor is about 1 pF. Most of this is stray capacitance. 
This sensor uses a 915 MHz probing voltage for capacitance 
detection. To separate the small tip capacitance from the 

"'Electronic mail: clayton@physics.utah.edu 

much larger stray capacitance, it is necessary to look for 
changes in capacitance. This is accomplished on semicon- 
ducting samples by applying a time varying bias voltage to 
the sample. The bias voltage typically has a frequency be- 
tween 5 and 15 kHz. This bias voltage modulates the deple- 
tion capacitance in the semiconductor. This is a standard 
SCM configuration which has been successfully used with 
both commercial and home built AFMs.7'8 

For this system to work, it is necessary to have an insu- 
lating layer between the tip and semiconductor. It is found 
that the ~2 nm native oxide that grows on silicon is too 
thin.  The voltages required to operate the SCM cause con- 
duction through this oxide. A thicker oxide (~3 nm or 
greater) is required for the SCM measurement. To have 
maximum capacitance change, the bias voltage applied to the 
sample must be able to drive the silicon under the tip into 
both deep depletion and accumulation. Measured capacitance 
versus voltage (C-V) curves show that this voltage can be 
upwards of 4 V peak.10 While large bias voltages are good 
for large signals, they are not good for high resolution. The 
SCM spatial resolution is determined by the volume of the 
silicon that is depleted under the tip. With a large bias am- 
plitude and lightly doped sample, this depleted region is 
larger than the tip diameter. Resolution degradation can be 
overcome by varying the amplitude of the applied bias in 
such a way that the change in capacitance measured by the 
sensor is small and is held constant.11 This leads to large bias 
voltages in heavily doped regions where the depletion is kept 
small by the large number of carriers and a small bias in 
lightly doped regions. Using this configuration, the SCM 
resolution is limited by the diameter of the tip. 

The amplitude of the bias voltage is measured and related 
to the dopant density through a conversion algorithm. The 
algorithm is based on a quasi-3D model of the tip sample 
capacitor.4 Using this method, high resolution vertical dopant 
profiles on silicon wafers have been achieved.4,12 These pro- 
files are found to be in good agreement with vertical SIMS 
measurements. 

The previous results report only vertical profiles obtained 
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RG. 1. Cross-sectional SCM data showing a gatelike structure. Image (a) shows the topographic data, (b) the applied depletion bias, and (c) the converted 

dopant density. 

on cross-sectioned surfaces by SCM. Advances in sample 
preparation and the conversion algorithm have been made in 
order to obtain full 2D quantitative profiles. A large SCM 
signal is needed to allow for fast data acquisition. One way 
to achieve this is to use thinner oxides on the silicon surface. 
Previously, cross-sectional samples were cleaved and then a 
sputtered Si02 layer was deposited on the surface. This 
method presents two problems for continued use: the thick- 
ness of the very thin oxides (5 nm) is hard to control in the 
sputtering system, and cleaving is too imprecise a process to 
allow for examination of specific structures on a silicon wa- 
fer. To provide for examination of structures, the sample can 
be cleaved near the area of interest and then polished to the 
structure using standard techniques. It is found that for the 
SCM data to be of adequate quality, topographic height 
variations caused by polishing must be less than 1 nm over a 
1 fim2 region. 

In the final step of the polishing process, a colloidal silica 
suspension solution is used.13 Samples prepared in this way 
require no additional deposition of oxide on the surface for 
insulation. The colloidal silica solution contains a hydroxide 
that reacts with the silicon during polishing to produce a thin 
insulating layer. The size of the C-V curves generated with 
the SCM indicates that the layer on the surface after polish- 
ing is thin (about 3 nm) and of sufficient insulating quality to 
be useful for SCM. However, it is observed that sometimes 
the C-V curves are offset by more than 5 V. We believe this 
is due to trapped charge at the surface. Since this insulating 
layer is quite thin and uniform over the surface it is not 
expected to affect the dopant distribution. 

III. MEASUREMENT AND CONVERSION TO 
DOPANT DENSITY 

The 2D profile reported here is obtained on an n-type 
sample that is implanted with 80 keV phosphorus ions with 
a dose of 1015 cm"2. The substrate doping level is approx- 
imately 1015 atoms cm"3 and the peak concentration is 
8X 1019 atoms cm"3. The sample is prepared, as described, 
by cleaving and polishing to the desired implanted area. The 
area of interest is a series of gatelike structures; heavily im- 

planted regions separated by a lighter doped region under- 
neath the gates. These structures are created by ion implan- 
tation, with 0.56-/xm-wide lines of oxide used to mask the 
gate area. Figure 1 shows a 1.5 /xm cross-sectional scan of 
this gatelike structure. The first image (a) is the topography. 
The sample edge is seen on the right side of this image. The 
edge is not abrupt due to slight rounding that has occurred 
during polishing. The second image (b) is the amplitude of 
the applied depletion bias to the sample. Note that the bias is 
greatest in the heavily implanted regions. The third image (c) 
is the inverted 2D dopant profile. The effect of the topo- 
graphic edge is seen in image (b) as a drop in the depletion 
bias voltage. All data in images (b) and (c) to the right of the 
topographic edge are meaningless. Figure 2 shows cuts 
through the 2D profile in Fig. 1. These cuts show the dopant 
density variation due to the oxide mask. The data collected 
has 512 points per line and 128 lines per image. The 128 
lines are interpolated to 512 lines. The data are processed 
with  a   16  pixel  Gaussian  filter in both  the x  and y 
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FIG. 2. Line cuts from image (c) in Figure 1, taken parallel to the topo- 
graphic edge through the gatelike structure. 
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directions before the conversion. The Gaussian width used in 
the filter was 25 nm which is less than the tip's radius. The 
Gaussian filter is used to average out noise in the measure- 
ment. Since the filter size is kept small relative to both the tip 
and the dopant gradient no information is lost in this process. 

This 2D dopant profile is achieved with several improve- 
ments to the physical model and the conversion algorithm. 
In the earlier model, the tip was represented by a sphere, 
embedded in a half plane of dielectric. The model now uses 
an approximate solution for a tip surrounded with air, resting 
on a thin sheet of oxide which is covering the silicon. 
Changes to the conversion algorithm have resulted in it being 
faster and more accurate. The root finding procedures have 
been improved. The iteration to find the dopant density for 
each data point is replaced by a simulation of the required 
sample bias for a range of dopant densities. The values are 
stored in a look up table. The conversion is then accom- 
plished by simply matching a measured bias for each data 
point with the corresponding value in the look up table and 
performing an interpolation to find the desired dopant den- 
sity. These changes allow the improved conversion algo- 
rithm to convert a 2D array of 512X512 SCM data points to 
a 2D profile in 10-20 min on a 90 MHz Pentium computer, 
more than 300 times faster than the original algorithm. The 
variance in the conversion time is mainly due to the model- 
ing of the sensor probing voltage and is almost independent 
of the number of points in the input data. 

The conversion algorithm requires several parameters. 
These are: tip radius, peak dopant density and corresponding 
ac bias, oxide thickness, oxide dielectric constant, and size of 
the SCM sensor probing voltage. In this measurement a 
heavily doped silicon tip with a radius of 37 nm (determined 
by imaging with niobium film15) was used. The peak dopant 
value used in this conversion is 8 X 1019 atoms cm"3, and is 
determined by SIMS. Changing any of the other model pa- 
rameters (oxide thickness, dielectric constant, or the ampli- 
tude of the sensor probing voltage) has a similar effect; they 
all affect the lowest dopant value generated with the conver- 
sion process. Currently none of these parameters is exactly 
known, but reasonable values can be chosen for two of the 
three, and the third varied as a free parameter within reason- 
able limits. The two values fixed in this conversion are the 
oxide thickness and the oxide dielectric constant. The thick- 
ness is chosen to be 3 nm, slightly larger than a native silicon 
oxide. The value of the dielectric constant used is 3.0. This 
value was chosen to be similar to a chemical vapor deposi- 
tion (CVD) oxide dielectric constant. 

The value of the free parameter, the sensor probing volt- 
age, is adjusted so that the dopant profile taken in the vertical 
direction in an implanted region most closely fits the SIMS 
profile. The final value for the sensor probing voltage is 1.15 
V peak, a reasonable value. Figure 3 shows two SCM dopant 
profiles compared with a vertical SIMS profile, and the cor- 
responding topographic information from the SCM data. The 
two SCM profiles are taken horizontally from the 2D profile 
shown in Fig. 1. The finely dotted line is extracted from the 
2D profile 30 nm from the top of image (a) in Fig. 1 and the 
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FIG. 3. (a) SCM topographic data and (b) a comparison of SCM vertical 
profiles to a SIMS vertical SIMS profile. 

dashed line 30 nm from the bottom. Since the sample's edge 
is not well defined, the SCM and SIMS curves are shifted 
laterally for the best fit. The shift from the apparent edge is 
not more than +/— 15 nm. 

The fit of the dopant profile to the SIMS profile is quan- 
tified by taking a point by point comparison, calculating the 
absolute percent difference for each point, and averaging the 
result. The dopant range considered is 1020—1017 

atoms cm-3. The average percent difference for the dashed 
line is 17%, while for the dotted line it is 12%. The same 
model parameters are used for all the points in converting the 
2D SCM data and there is no preferential direction in the 
data acquisition. However, the conversion model assumes 
the dopant density is uniform underneath the tip. This can 
lead to errors in the accuracy of the converted profile if the 
change in dopant density is large across the diameter of the 
tip and if the gradient varies significantly across the sample. 
In this case, the dopant change is not large (one order of 
magnitude for 200 nm) and the tip is small (37 nm radius). In 
addition the dopant change is approximately the same 
whether taken vertically or laterally through the gatelike re- 
gion. Therefore, any effect the dopant change causes should 
be approximately the same throughout the sample, and is 
compensated for by fitting to the vertical SIMS profile. This 
indicates that the accuracy in the full 2D image should be 
comparable to that of the vertical profile. 

IV. CONCLUSION 

Quantitative 2D dopant profiling is performed by SCM. 
This is achieved with improved sample preparation, im- 
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proved physical modeling of the SCM-silicon system, and 
an improved conversion of SCM data to dopant profiles. The 
accuracy of the SCM dopant profile is compared with a 
SIMS profile of the same sample and is in good agreement in 
the vertical direction. This provides strong evidence that the 
full 2D profile is quantitative. Future work will concentrate 
on devices with junctions and on achieving higher resolution 
results. 
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PREFACE 

This volume contains papers presented at the 24th Annual Conference on the Physics and 
Chemistry of Semiconductor Interfaces (PCSI-24). The Conference was held at the Sheraton 
Imperial Hotel and Convention Center, Research Triangle Park, NC, 12-15 January 1997. The 
Center provided a relaxing environment for the meeting, with the schedule, poster sessions, and 
social events arranged to encourage interaction. 

The Conference has continued to emphasize fundamental theoretical and experimental under- 
standing of interface problems relevant to emerging areas of technology. The size of the meeting, 
as measured by the number of attendees and abstracts submitted, was about the same as in 1996. 
A total of 75 papers were presented in 8 primary categories of topics, including invited talks 
intermixed with oral and poster presentations. In keeping with the Workshop tradition, every 
invited and oral presentation was accompanied by a poster. This allowed abundant opportunities 
for in-depth discussions during the informal break as well as the scheduled poster sessions. 

Topics presented can be divided approximately into four major and four minor categories. 
With the usual caveat that some papers could be placed in several categories, the breakdown is as 
follows. The major categories were: silicon and related materials (16 papers); wide-bandgap 
materials, mainly nitrides and organics (15 papers); heteroepitaxy (14 papers), and nanostructures 
and self-assembly (12 papers). Minor categories included metal-semiconductor interfaces (6 pa- 
pers); surface and interface spectroscopy (6 papers); interface analysis (4 papers); and passivation 
(2 papers). Thus the topics of nanoscale, self-assembly, and wide-bandgap materials continued to 
gain attention. The traditional Tuesday evening rump session focused on proximal probes with the 
provocative title "Proximal probes: what good are they?" Application of lateral resolution to 
improve our understanding of fundamental processes is expected to be a primary theme of 
PCSI-25 which is scheduled to meet in Utah. Decreasing activity was evident in metal- 
semiconductor interfaces and in passivation, although the Sunday evening talk by Professor Karl 
Hess on device applications of deuterium passivation received considerable attention. 

The conference succeeded through the efforts of many individuals. We would like to recog- 
nize in particular the many anonymous reviewers who performed their work carefully, thoroughly, 
and efficiently, ensuring that the high standards of the Journal of Vacuum Science and Technology 
B were maintained; Jack Dow for conference management; Carole Dow for registration manage- 
ment; Rebecca Savage for local management; and Becky York for providing a smooth interface 
between the PCSI Proceedings Editor and the Journal of Vacuum Science and Technology B. The 
commitment of Gary McGuire for making this collection a part of JVST B is also appreciated, 
along with that of Galen Fisher, who provided an effective link with the American Vacuum 
Society. Financial support from Larry Cooper of the Office of Naval Research and Jack Rowe 
from the Army Research Office is gratefully acknowledged. The conference was held under the 
sponsorship of the American Vacuum Society through the Electronic Materials and Processing 
Division, the Office of Naval Research, and the Army Research Office. 

Looking ahead, PCSI-25 will be held 18-22 January 1998 in Salt Lake City and will be 
chaired by R. M. Feenstra. (feenstra@andrew.cmu.edu; http://stml.phys.cmu.edu/pcsi/). 

D. E. Aspnes 
Conference Chair and Proceedings Editor 

J. E. Rowe 
Local Arrangements Chair 
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Atomic wire electronics are considered, where the band structure and the resultant Fermi energy are 
designed by manipulating the lattice constant. Using the tight-binding theory with universal 
parameters, it is shown that Si wires and arrays are metallic, Mg wires are insulating, and Mg arrays 
have metallic and insulating phases for infinitely large, isolated cases. Structures are of finite size, 
and electrodes are necessary for the applications. The finite size brings about discrete electron 
energy levels, and electrodes will charge or discharge the structure, reflecting the work function 
difference, so that even the basic electronic properties may be altered. The electrodes will cause 
further complications such as the energy level broadening, the Coulomb interaction through an 
effective capacitance, or the mode-selection resistance. When the contact satisfies certain 
conditions, a metallic wire is predicted to show two distinct I-V patterns for small voltages. 
Depending on whether the highest occupied level is either partially or fully filled, the current starts 
to flow rapidly or does not flow until the voltage overcomes the next level, respectively. © 7997 
American Vacuum Society. [S0734-211X(97)08704-0] 

I. INTRODUCTION 

Due to the recent progress in scanning tunnel microscope 
(STM) technology,1 it is now becoming possible to manipu- 
late atoms, or place them at desired positions. It is also rou- 
tinely possible to prepare an atomically flat surface possess- 
ing two-dimensional periodicity. One such example is a 
reconstructed semiconductor surface. Using the STM atom 
manipulation technology, foreign atoms can be placed at the 
minima of the substrate periodic potential to form a one- 
dimensional atomic wire or a two-dimensional atomic array. 
After successful electronic isolation between the atomic 
structure and the substrate, electrons are confined within the 
structure and a low-dimensional electron system is obtained. 
The most attractive feature of this system is that we can 
manipulate the lattice constant and design the band structure 
and the resultant Fermi energy.2 

The choice of a substrate providing both two-dimensional 
potential and electronic insulation is not trivial and we are 
studying the possibility of using a Si( 100)2 XI recon- 
structed surface where the dangling bonds are saturated with 
hydrogen atoms.3'4 Foreign atoms are placed at the minima 
of the periodic potential created by substrate surface atoms 
via van der Waals-like interparticle interaction, and an 
atomic structure such as a wire is created. The mechanical 
stability of such a wire may be an experimental concern: 
there might be a tendency for the wire atoms to deform the 
wire shape spontaneously, e.g., clustering or dimerization. 
This issue can be addressed with a phenomenological inter- 
particle potential.5'6 The potential includes the effects of ki- 
netic, Coulomb, and exchange energies, and is featured in 
general by a hard core barrier for short distances, followed 
by a potential well that gives the natural separation of the 
particles, with an exponentially decaying tail for longer dis- 

a'Electronic mail: yamada@loki.stanford.edu 

tances. In the present case, the separation among constituent 
wire atoms is chosen to be well beyond the natural distance 
and close to or inside the tail region, while the constituent 
atoms and the substrate atoms keep the natural distances, so 
that the wire will be mechanically stable. 

The electronic properties of various atomic structures 
with Si or Mg atoms are studied4 with the tight-binding cal- 
culation with universal parameters,7 assuming that the struc- 
tures are successfully isolated from the substrate and are in- 
finitely large. It is shown that one-dimensional Si wires and 
two-dimensional Si arrays are metallic regardless of the lat- 
tice constant. One-dimensional wires of Si diatomic mol- 
ecules are also metallic. All of these results reflect the fact 
that the highest occupied level is 3p and is partially filled in 
an isolated Si atom, and the Fermi energy is located in the 
3p -originating band. It seems quite difficult to obtain a semi- 
conductor or an insulator with Si atoms having low- 
dimensional atomic structures. We thus need to use group II 
atoms such as Mg or Be atoms for a semiconductor or an 
insulator, since the s level is fully filled and the p levels are 
completely empty in these atoms, and their periodic struc- 
tures will have a fully filled lower band and an empty upper 
band. According to the calculation, Mg wires are insulating 
or semiconducting, and two-dimensional Mg arrays have 
metallic and insulating phases depending on the lattice con- 
stant. 

Metallic structures with partially filled bands will be con- 
ductive and insulating structures with completely filled bands 
will not be conductive, as long as the response to a small 
electric field is concerned. One may further expect that the 
metallic wires will exhibit an integer multiple of a quantum 
unit of conductance in the linear response regime since there 
are at most several one-dimensional modes (discrete mo- 
menta in the transverse directions and continuous momenta 
in the longitudinal direction) involved in the wire transport. 
In fact, the present situation is similar to that of mesoscopia, 
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where the conductance quantization in small structures pos- 
sessing at most a few modes has been verified theoretically 
and experimentally:8 this is independent of the details of the 
dispersion (how the discrete energy levels form in the finite 
wire limit). 

This naive view is subject to various modification.9 First, 
electrodes have to be placed at the ends of the atomic struc- 
tures for electronic measurements and device applications. 
Because of the possible work function difference between 
the wire and the electrodes, there would be a space-charge 
layer formation with an atomic scale, and the entire or part of 
the wire will be charged.9'10 Once the wire is charged, the 
Coulomb interaction might be important in the transport, via 
the effective capacitance at the contact between the wire and 
the electrodes. Second, the number of atoms used in a wire is 
limited to an order of 101 as long as the structure is created, 
e.g., by placing foreign atoms one by one with STM atom 
manipulation technology. Due to the finite wire length, the 
discreteness of the energy levels, or a zero-dimensional ef- 
fect (discrete momenta in the transverse and longitudinal di- 
rections) in the wire will be relevant. 

The physical processes at the contact decide the relative 
importance of the Coulomb interaction and the discreteness 
of the energy levels.9 When the particle exchange between 
the wire and the electrodes is extremely rare, an effective 
capacitance at the contact will be extremely small and the 
Coulomb interaction will be relevant. The longitudinal quan- 
tization effects are quite important, but the Coulomb interac- 
tion significantly modifies the discrete energy levels through 
the effective capacitance and even the spin degeneracy will 
be lifted. As the particle exchange rate increases, the Cou- 
lomb interaction is less and less relevant and the discrete 
energy levels are more and more broadened. When the par- 
ticle exchange is extremely frequent, the electrons spread 
over the entire system and the effective capacitance is ex- 
tremely large. The discrete nature of electron energy level is 
no longer present, and continuous bands appear. 

With intermediate particle exchange, where the capaci- 
tance is large and the discrete nature of the electron levels is 
still relevant, we can expect two distinguished transport pat- 
terns reflecting how the electrons are accommodated in these 
discrete levels. When the highest occupied level of the wire 
is fully filled, the current does not flow without a voltage 
greater than the separation of the highest occupied and low- 
est unoccupied levels. Or, there is an offset voltage for the 
current onset. When the highest occupied level is partially 
filled, the current can flow even with a voltage smaller than 
the scale of quantized energy separation, but the differential 
conductance will not be infinite, but limited on the order of 
the quantum unit of conductance, due to the mode-selection 
resistance at the contact as in the mesoscopic systems.8 Each 
time the Fermi energies in the electrodes cross a new wire 
level, there will be a sudden increase in current, resulting in 
stairlike I-V characteristics. 

In Sec. II, the band properties of the Si and Mg atomic 
structures are shown, using the tight-binding model with uni- 
versal parameters. In Sec. Ill, physical processes at the con- 

tact between the wire and the electrodes are discussed. In 
Sec. IV, /- V characteristics for metallic wires with two dif- 
ferent fillings for the highest occupied level are shown, re- 
flecting the momentum quantization along the wire. Sum- 
mary and discussions are given in Sec. V. 

II. ATOMIC WIRE ELECTRONICS-ELECTRONIC 
PROPERTIES OF Si AND Mg STRUCTURES 

As long as the system has periodicity, we can find the 
following general behavior of the electronic states when 
changing the lattice constant without changing the lattice 
symmetry.2 This general behavior can apply for all the lattice 
symmetry and dimensions.11 When the lattice constant is 
large, the electrons are localized in each atom. The energy 
levels are in principle discrete and equivalent to those of 
isolated atoms, e.g., with an s level and three p levels in 
addition to the stable core levels that have rare gas configu- 
rations. As the lattice constant is reduced, the discrete energy 
levels have a finite width to form a band, because of an 
overlap of neighboring electron wave functions. At this 
stage, there are one lower state and three upper states, and 
each state can accommodate two electrons with spin up and 
down. If the lattice constant is further reduced, the band 
widths become so wide that one of the p -originating upper 
bands and the s -originating lower band touch. This is called 
band crossing. With further reduction in the lattice constant, 
there would be three possible cases, depending on the lattice 
symmetry and the dimension. (1) The touching upper band 
sticks to the lower band and they behave together. The re- 
sulting band structure is such that there are two lower states 
and two upper states, separated by a forbidden gap. Due to 
the change in accommodation number in the lower and upper 
bands, this will provide a mechanism for a metal-insulator 
transition. The usual diamond-structure Si crystal is semi- 
conducting since the natural lattice constant happens to cor- 
respond to the one after band crossing. (2) The touching 
upper and lower bands repel each other to reopen a band gap 
after band crossing. There is no change in the number of 
states in the upper and lower bands, although the band gap is 
modulated with the lattice constant, resulting in no metal- 
insulator transition. This is the case for one-dimensional 
atomic wires. (3) The touching upper and lower bands over- 
lap after band crossing, and the overlapped region is allowed, 
with each energy region corresponding to momenta in differ- 
ent directions. Thus, a large unified allowed energy region 
appears. This will also provide a mechanism for a metal- 
insulator transition. This behavior can be seen for two- 
dimensional arrays. 

By using the tight-binding theory with universal 
parameters,7 it is shown that Si wires are metallic and Mg 
wires are insulating regardless of the lattice constant.4 Fig- 
ures 1 and 2 show the band structure of Si and Mg wires for 
three different lattice constants, respectively. In principle, we 
can see the general behavior of the electronic states corre- 
sponding to (2). The only band gap reduces as the lattice 
constant is decreased, and vanishes at 2.7 A for the Si wire 
and at 4.2 A for the Mg wire. These lattice constants corre- 
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FIG. 1. Band structure of Si wire for selected lattice constants. 

spond to band crossing. After this band crossing, a band gap 
reopens in both wires and we again have one state in the 
lower band and three states in the upper bands. The number 
of electrons that can be accommodated in the lower and up- 
per bands remains the same. The major difference between 
Si and Mg is the number of electrons, or the Fermi energy 
position. In an isolated Si atom, the highest occupied level is 
3p and is one-third filled. Since the number of states in the 
lower and upper bands remains the same regardless of the 
lattice constant, the Fermi energy always lies within the TT 

band originating from two 3p levels normal to the wire and 

-10 
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FIG. 2. Band structure of Mg wire for selected lattice constants. 
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FIG. 3. Band structure of Si array for selected lattice constants. 

this makes the Si wire metallic. In an isolated Mg atom, the 
highest occupied level is 3 s and is fully filled while the 3p 
levels are empty. The lower band is always fully filled and 
the upper band is always completely empty, regardless of the 
lattice constant. This is why Mg wires are insulating or semi- 
conducting. 

Figure 3 shows that two-dimensional Si square arrays are 
metallic regardless of the lattice constant d, for the same 
mechanism as Si wires, where the Fermi energy is again 
within the TT band. The only band gap disappears at d 
= 3.4 Ä after band crossing, corresponding to the general 
behavior of (3) above, but the Fermi energy is always well 
above the band gap and its disappearance has no effect on 
the electronic properties. If we can create a Si diatomic mol- 
ecule so that the highest occupied molecular level is fully 
filled, then a Si insulator would be possible by simply plac- 
ing these Si diatomic molecules along a line. It turns out that 
this idea does not really work since the required interatomic 
distance is unreasonably small, less than the natural Si atom 
diameter, but it would work for C atoms.4 Thus, it seems 
quite difficult to obtain an Si insulator having one- or two- 
dimensional lattice structures. Two-dimensional Mg square 
arrays have metallic and insulating phases depending on the 
lattice constant d, reflecting the disappearance of the band 
gap as shown in Fig. 4. For d>5.2 A, the lower band is fully 
filled and the upper bands are empty, resulting in an insula- 
tor. At d = 5.2 A, the band crossing occurs and the band gap 
disappears. For d<5.2 A, the array is metallic since the up- 
per and lower bands overlap and a large unified allowed 
energy region appears. 

There is a pioneering experiment towards atomic wire 
electronics by Stroscio, Feenstra, and Fein.12 They have ob- 
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M      rxM       TXM      rxM 

FIG. 4. Band structure of Mg array for selected lattice constants. 

served a cleaved Si(lll)2Xl surface with STM. The sur- 
face is characterized by a one-dimensional zig-zag wire of Si 
atoms with two basis atoms in a unit cell of 6.65 Ä 
X3.84 A. Practically, we may think that one-dimensional 
wires consisting of dangling bonds with the lattice constant 
of 3.84 Ä are placed in parallel, and the separation of wires 
are so large (6.65 A) that interwire coupling is negligible. If 
the neighboring dangling bonds successfully couple in the 
wire direction and the electron wave spreads coherently over 
the entire wire, upper and lower bands are expected to form, 
which are separated by the only band gap. The electron fill- 
ing is such that the lower band is fully filled and the upper 
band is empty,12,13 so that the Fermi energy lies around the 
middle of the band gap and the wire is insulating. The posi- 
tive substrate voltage (shifting the entire substrate bands 
downward with respect to the tip Fermi energy) is expected 
to image the upper empty band and the negative voltage the 
lower filled band. At each Si position, the electron wave 
function has a maximum for the lower band states and has a 
minimum for the upper band states (the strongest contrast at 
the Brillouin zone edge), thus creating 7r-phase shift differ- 
ence between the two images of opposite bias polarity. 

They have experimentally observed this 77-phase differ- 
ence in STM images for positive and negative substrate volt- 
ages. This experiment demonstrates a coherent wave- 
function overlap between neighboring atom sites in the wire 
direction even with a separation of ~4 Ä, much wider than 
the natural Si atom separation of 2.35 Ä in the usual 
diamond-structure crystal. The overlap is still strong enough 
for electrons to form a band structure in spite of this large 
lattice constant. This is encouraging for the present situation. 
The lattice constant of an atomic structure has to be chosen 

well beyond the atom diameter to achieve a reasonable me- 
chanical stability in order to avoid the possible deformation 
such as clustering or dimerization, but this may cause un- 
wanted decoherence. Their experiment shows that the coher- 
ency is quite robust, and the decoherence would not be the 
case. 

If we proceed to use foreign atoms to create an atomic 
structure, an appropriate substrate providing both periodic 
potential and electronic insulation has to be found. One 
possibility14 is to use a Si reconstructed surface where the 
surface dangling bonds are saturated with hydrogen atoms to 
form a monohydrogen layer.3'4 The dangling bonds are satu- 
rated so that the surface is expected to provide a two- 
dimensional van der Waals potential plane, and wire atoms 
are placed at the bottom of this potential without creating 
chemical bonds with the substrate atoms. The constituent 
wire atoms keep distances of well beyond their atom diam- 
eter, while the wire atoms and substrate atoms have distances 
corresponding to the natural separation. 

There might be concern about the possible deformation 
such as clustering or dimerization after aligning wire atoms 
along a line, and this problem could be addressed with the 
help of a phenomenological interparticle potential.5'6 The po- 
tential includes the effects of kinetic, Coulomb, and ex- 
change energies and is featured by a hard core barrier for 
small distances, and a shallow potential well outside the bar- 
rier that gives the natural distances, followed by an exponen- 
tially decaying, slowly varying potential tail for large dis- 
tances. The detail of the functional form depends on the kind 
of atoms. In the case of Si-Si interparticle-interaction, it is 
shown6 that the potential minimum is at —2-2.5 Ä (the 
natural diameter of the Si atom) with the depth of ~ 2 eV, 
followed by an exponentially decaying tail for the distances 
larger than —3-3.5 Ä with a negligible depth. The cluster- 
ing of a Si wire will be relevant when the lattice constant is 
small, roughly corresponding to 2-2.5 Ä. For the lattice con- 
stant to be larger than or equal to 3-3.5 Ä, the deformation 
will be unlikely. The wire atoms are held by substrate atoms 
with the natural distance, while the wire atoms themselves 
keep distances well beyond the natural distance, so that the 
confining potential energy is much larger than a possible 
gain energy with deformation. No bands are half-filled in Si 
or Mg wires, and thus the Peierls transition15 is not expected. 
The Peierls transition could be relevant if we were interested 
in wires that are half-filled, such as an alkali metal wire, but 
not here. 

III. PHYSICAL PROCESSES BETWEEN WIRE AND 
ELECTRODES 

For future atomic wire electronics, it is essential that tech- 
nology be established to make a contact to electrodes that 
will be connected to batteries or to other atomic scale de- 
vices, and we need to clarify the physical processes of the 
contact at this stage. There will be particle exchange between 
the wire and the electrodes after contact, and if this occurs, 
the charge neutrality within the wire is not guaranteed, even 
in thermal equilibrium. (1) If the particle exchange through 
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the contact is extremely rare so that the electrons localize 
well inside the wire, the effective capacitance at the contact 
will be quite small and even the spin degeneracy will be 
lifted. The energy levels (renormalized to include the Cou- 
lomb interaction) are discrete, and the expectation value for 
the number of electrons in the wire is an integer. (2) If the 
contact allows some particle exchange, the electrons will not 
be strongly localized in the wire and the effective capaci- 
tance for this situation may be large. The spin degeneracy is 
not lifted, but the discrete nature of the allowed levels still 
prevails. The expectation value for the number of electrons is 
not necessarily an integer. (3) If the contact allows extremely 
frequent particle exchange, the electrons will spread over the 
entire system consisting of the electrodes and the wire, and 
the associated effective capacitance is huge, but the electron 
energy levels are no longer discrete. The particle exchange 
rate is determined by the physical processes around the con- 
tact, and is influenced by the separation between the atomic 
wire and the electrodes (barrier width), and the work func- 
tion difference at the contact (barrier height). They can be 
independently tuned experimentally. As in macroscopic 
p-n junctions, it is expected that there are microscopic 
space-charge layers to absorb the work function difference 
between the wire and the electrodes.10'11 The widths are es- 
timated to be on the order of several atomic layers 
(~ 1 nm) for the energy difference of ~ 10° eV according to 
a formula w~{2eVleNe)

m with JV1/3~109 m"1 and e/e0 

-101. 
We need to think of the finite-length effects of a wire. The 

band width W of the wire is determined by the lattice con- 
stant d and is a decreasing function of d until the bands 
cross.4'7 W does not depend very much on the number of 
atoms N as long as N> 1, and the average level separation is 
given by WIN.n These energy levels in principle correspond 
to the modes whose envelope functions are standing waves 
within the wire, and are well approximated with this picture. 
The highest and lowest states correspond to infrared and ul- 
traviolet cutoff states in the wire structure, respectively. 
Typical W{d) values are such that a Si metallic wire has a 
W—5 eV for d = 4 A, and a Mg semiconducting wire has a 
W= 1.5 (valence) and 2.7 eV (conduction) for d = 5 Ä,4 so 
that the level separation is on the order of 10_1 eV for N 
~ 101. If fully filled, the Fermi energy, £, lies in the middle 
of the highest-occupied and lowest-unoccupied levels. If par- 
tially filled, £ lies at the highest occupied level. The electron 
filling can be changed by tuning the wire length and design- 
ing electrodes as shown below. 

Figure 5(a) schematically shows the energy band align- 
ment in equilibrium before contact, assuming that the elec- 
trode work function xe is greater than the wire work function 
Xw ■ Energy lines for the opposite situation can be obtained 
with a vertical flip of the energy figures. le and t,w are the 
Fermi energies of the electrodes and the wire measured from 
the band bottom or the lowest level, respectively (both ex- 
cluding the core levels). cf>e and <f>w are electrostatic energies 
for the electrodes and the wire, respectively. As is different 
from the usual macroscopic p-n junctions, the electrostatic 

(a) 

Vacuum level 

(b) 

Vacuum level 

__ + +   n + +   - ,+ C 
positively 
charged 

(c) 
Vacuum level 

neutral 

FIG. 5. Physical processes at contact between wire and electrodes: (a) En- 
ergy alignment before contact; (b) contact to short atomic wire; (c) contact 
to long atomic wire. 

energy depends logarithmically on the distance from the cen- 
ter axis of the wire, and the energy lines should be under- 
stood as results of the appropriate averaging weighted with 
relevant electron wave functions. 

After contact, electrons will spill out from the wire to the 
electrodes due to the work function difference Xe>Xw ■ Fig- 
ures 5(b) and 5(c) indicate the equilibrium energy alignment 
for short and long wires, respectively. The thick lines are the 
summation of the electrostatic energy <f> and the Fermi en- 
ergy I, and the thin lines are vacuum levels. The electro- 
chemical potential fi,16 with a broken line, equals <f>e+ £e 

deep inside the electrodes. Discrete energy levels (not 
shown) will be formed under the influence of (/>, as in the 
case of an inversion channel with a triangular potential in a 
macroscopic heterojunction. If (f>+£—fi is positive, that 
point is positively charged, and if negative, negatively 
charged. The discontinuity in electrostatic energy (<f>w 

+ £w) - ((ße+ te) at the contact equals the work function dif- 
ference Xe~Xw-W'16 If the wire is so snort tnat tne space 
charge layers at both ends touch as shown in Fig. 5(b), the 
charge neutrality is broken over the entire wire, and the elec- 
tron filling for the discrete energy levels is no longer equiva- 
lent to that for an isolated wire. If the wire is long or the 
discontinuity in </>+ £ is small so that the space-charge layers 
never touch, the charge neutrality holds with cf>w+£w = /jL in 
the middle as in Fig. 5(c). The electron filling in the middle 
is the same as that in an isolated wire, and this limit provides 
a situation of interacting Fermions described by the 
Tomonaga-Luttinger model.17 

It has to be emphasized that there is certainly a case that 
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(a) 

FIG. 6. Expected /- V characteristics with intermediate particle exchange at 
contact: (a) fully filled and (b) partially filled cases. 

the electron filling in the wire with electrodes is completely 
different from that of the wire without electrodes as in Fig. 
5(b). In an extreme situation, the electronic nature of the wire 
would be altered drastically, such that a metallic wire with- 
out electrodes will be insulating with electrodes or vice 
versa. In order to observe that a Si wire is metallic and a Mg 
wire is insulating, we need to make the wires long enough, 
much longer than the space charge layer width, or design the 
electrodes so that the work function difference will be mini- 
mized as in Fig. 5(c). The longer wires have their electronic 
identity while the shorter wires do not, and it is worth notic- 
ing this trivial, but important point. 

IV. EXPECTED /- V CHARACTERISTICS WITH 
INTERMEDIATE PARTICLE EXCHANGE 

With intermediate particle exchange, with Xe~Xw> we 

expect that the associated effective capacitance is large and 
the discreteness of energy levels is still relevant. Then, there 
will be two distinct patterns for metallic wire transport: the 
electrons are less likely to flow for a fully filled case and 
more likely for a partially filled case, where the maximum 
differential conductance is limited by the mode-selection 
process at the contact. The expected /- V patterns are sche- 
matically shown in Figs. 6(a) and 6(b) for fully and partially 
filled cases, respectively. For the fully filled case, the current 
will flow only when the applied voltage overcomes the sepa- 
ration of the discrete energy levels as in portion A, while for 
the partially filled case, the current will flow with an infini- 
tesimal voltage as in portion C. The typical energy separa- 
tion is on the order of 10"l eV for an atomic wire with 
101 atoms with a separation of 10° Ä, and this gives a rough 
scale for the expected offset voltages. When a finite voltage 
is applied, the electrode Fermi energies in the source and 
drain split to support it. Every time the electrode Fermi en- 
ergies cross a new wire level, it creates a sudden increase in 
current by forming steps in the /- V characteristics as shown 
in portions B and D. The current onsets have a finite gradient 
due to the mode-selection process at the contact. As is often 
pointed out in mesoscopia, such mode selection at the con- 
tact causes a finite conductance even though the transmission 
coefficient is unity, and we will observe the quantum unit of 
conductance (or its integer multiple).8 With this inherent ef- 
fect, the differential conductance of the current onset cannot 
be infinite experimentally, but limited to be on the order of 
the quantum unit of conductance. 

The current value at a step is determined by either the 
electron group velocity corresponding to the mode of interest 
or the transmission coefficient.18'19 Since one mode (a zero- 
dimensional mode where the momentum along the wire is 
also quantized) creates one discretized current independent 
of the voltage in the lowest order approximation, we will 
have stairlike I-V patterns. This stairlike shape is a general 
feature of the expected /- V characteristics and is indepen- 
dent of the details of the calculation model. 

In the infinite wire limit, we can mathematically show that 
the quantum unit of conductance will be recovered, regard- 
less of the boundary condition, which is a restatement of the 
usual cancellation of the electron state density and the elec- 
tron group velocity.8 It has to be emphasized that this result 
is independent of the details of the dispersion or how the 
discrete energy levels have been formed in the original finite 
wire, and applies to quite general cases with a few modes, as 
is established in mesoscopia.8 The current is proportionate to 
the voltage in this limit simply because the number of modes 
participating in the transport is proportionate to the applied 
voltage, due to the continuous distribution of modes in the 
relevant energy region. This prediction is at least not contra- 
dictory to the experimental findings of the quantization of 
conductance in various metallic wire structures with atomic 
dimensions,20 but not yet exactly verified experimentally. In 
fact, each studied geometry is not quite the one-dimensional 
atomic wires discussed here. Second, we cannot completely 
exclude the possibility that they have observed, e.g., bimodal 
transmission in the diffusive regime. 

V. SUMMARY AND DISCUSSIONS 

Various atomic structures with Si and Mg atoms are stud- 
ied theoretically, and it is shown that Si wires and arrays are 
metallic, Mg wires are insulating, and Mg arrays have me- 
tallic and insulating phases. The calculation neglects the ef- 
fects from the substrate, but they will not change the above 
results qualitatively.4 The electronic properties of wires can- 
not be discussed without specifying the electrodes, especially 
when the wire is short, because of the physical processes at 
the contact. The particle exchange rate at the contact deter- 
mines the relative importance of the Coulomb interaction 
and the level broadening effect. With intermediate particle 
exchange along with Xe~Xc> depending on whether the 
highest occupied level is fully filled or partially filled, there 
would be differences in the /- V characteristics for metallic 
wire transport. An offset voltage is required for a current 
onset for the former, while an immediate current onset is 
expected for the latter, with a finite differential conductance 
on the order of the quantum unit of conductance. Each time 
the Fermi energies in the electrodes cross a new wire level 
with voltage, a step in the /- V characteristics results. 

Lang has already discussed a special situation on how 
space charge layers form in Ref. 21 with a first-principle 
calculation. He studied the electronic properties of an adatom 
on a metallic surface, and assumed that the Fermi energy of 
the adatom aligned to that of the metallic surface. The ada- 
tom was either filled or depleted with electrons, depending 
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on the difference of the original work functions before con- 
tact. The discussion here is consistent with this if the adatom 
is regarded as the shortest wire in Fig. 5(b). 

Lang studied the transport of an atomic wire with the first 
principle method in Ref. 22, where Al atomic wires with one 
or three atoms showed a larger conductance than that with 
two atoms. He assumed that the coupling of the wire atoms 
to the electrodes was so strong that the wire state densities 
were no longer discrete as in an isolated system, but had a 
significant width and overlap, showing some peaks only. 
This corresponds to a situation between the intermediate and 
extremely frequent particle exchange discussed above. Even 
in this case, there was a noticeable difference in transport 
properties between a two-atom wire, and one- and three- 
atom wires, and the current article is consistent with his re- 
sult. In fact, if the Al wire is isolated, the parallel p state 
along the Al wire is modified more than the perpendicular 
p states because the Vppa coupling is stronger than the 
Vppn coupling as discussed in Ref. 7. The highest occupied 
molecular level therefore originates from this parallel p state 
and is not degenerate, so that the highest occupied level is 
partially filled in one- and three-atom wires while it is fully 
filled in a two-atom wire. The former wires must have a 
better transport than the latter according to the view here, 
and his results showed it. 

It is pointed out that there would be a Fermi energy pin- 
ning mechanism at the surface due to the surface states16 for 
a macroscopic junction, and the discontinuity in the electro- 
static potential was not always a difference of two work 
functions. Such surface states do arise at the contact edge, 
but only when the lattice constant is so short such that the 
band crossing occurs, resulting in the Shockley's surface 
states.11'23 We need to avoid such short lattice constants in 
order to achieve mechanical wire stability, and both require- 
ments are consistent. Alternatively, the surface contamina- 
tion or the existence of foreign atoms on the surface would 
bring about these surface states, but they are unlikely under a 
ultrahigh vacuum STM environment, and the Fermi energy 
pinning through this route will not practically occur, either. 

For electronics applications, there are some possible di- 
rections. One is to design devices making use of the Cou- 
lomb blockade effects with extremely small capacitances that 
can easily be obtained in the current atomic dimensions. An- 
other is to create various junctions of different wires, where 
the Coulomb interaction will be suppressed by selecting a 
large-capacitance contact. This will lead to atomic wire elec- 
tronics, to design materials with desired electronic properties 
by changing the atom arrangement, and employ the same 
device ideas in current semiconductor technology. For ex- 
ample, a Si wire is metallic and a Mg wire is insulating. 
Then, is the series junction of these two wires equivalent to a 
macroscopic metal-semiconductor junction showing rectify- 
ing characteristics? Does the junction structure of a metallic 
two-dimensional Mg array and a semiconducting Mg wire 
work as a metal-semiconductor junction? How can we dope 
an intrinsic semiconducting Mg wire, and how can we make 

a p-n junction? Any possibility for the creation of light- 
emitting diodes? These points are left for future studies. 
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We have investigated the properties of strain-compensated InGaAsP/lnGaP superlattices, grown by 
metalorganic vapor phase epitaxy, with and without InP interlayers inserted in the InGaP barrier. 
Using cross-sectional scanning tunneling microscopy and spectroscopy, we observe lateral 
variations in layer thickness and electronic properties. When the number of superlattice periods is 
increased from 8 to 16, the growth front develops large undulations in the top two to four 
superlattice periods. For structures with InP layers inserted in the InGaP barrier, only slight 
undulations of the top superlattice periods occur. We discuss the origins of the growth front 
undulations in terms of the elastic relaxation of strain arising from thickness and/or composition 
variations in the superlattice layers. Finally, we observe a fourfold periodicity of the [001] atomic 
spacing, presumably arising from atomic ordering in the alloys. © 7997 American Vacuum 
Society. [S0734-211X(97)06604-3] 

I. INTRODUCTION 

InGaAsP-based multiple quantum well structures with al- 
ternating compressive- and tensile-strained layers are prom- 
ising for optoelectronic device applications, such as light 
sources and detectors in optical fiber communications 
systems.1 Although the structures are intended to be strain 
balanced, the optical properties are often degraded by 
residual-strain related effects.2 In particular, lateral variations 
in surface morphology and/or alloy composition have been 
observed.3'4 The interplay between these phenomena, and 
their effects on optical properties are not well understood. A 
detailed study of the nanometer-scale structure and electronic 
properties is essential for understanding the residual-strain 
related effects and their impact on photoluminescence (PL) 
efficiency. 

In this article, we present cross-sectional scanning tunnel- 
ing microscopy (STM) and spectroscopy studies of a series 
of InGaAsP/lnGaP superlattices produced by metalorganic 
vapor phase epitaxy (MOVPE). The structures have an effec- 
tive bandgap near 1.3 fjum, and have a constant In/Ga ratio in 
both the well and barrier. Apart from fabrication conve- 
nience, this results in very deep electron wells, thereby mini- 
mizing carrier leakage which leads to poor high temperature 
performance in many 1.3 fjm laser designs. In some of the 
superlattices we find lateral variations in the effective band 
gaps and layer thicknesses of the ternary and quaternary al- 
loy layers. In addition, we observe growth front undulations 
whose amplitude depends on the total number of superlattice 
periods and the presence of InP interlayers in the InGaP bar- 
rier. Furthermore, the PL efficiency is reduced for structures 

"'Electronic mail: rsgold@engin.umich.edu 
b,Electronic mail: feenstra@andrew.cmu.edu 

with significant growth front undulations. In some cases, we 
find a fourfold periodicity of the (001) planes, presumed to 
arise from atomic ordering of the alloys. We discuss the 
origins of the growth front undulations in the context of the 
elastic relaxation of strain arising from thickness and/or 
composition variations in the superlattices. 

The article is organized as follows. Section II describes 
the experimental details, including growth conditions and 
characterization by x-ray diffraction and PL. STM images 
and spectroscopy data, as well as an illustration of the struc- 
tural degradation process, are presented in Sec. III. Finally, 
conclusions are given in Sec. IV. 

II. EXPERIMENTAL DETAILS 

The samples were prepared by MOVPE at a pressure of 
50 mbar, using trimethylindium, trimethylgallium, AsH3,and 
PH3 as source gases. The undoped structures were grown on 
sulfur-doped (Nd = 5X\0l* cm"3) InP substrates, at a sub- 
strate temperature of 680 °C.2 The targeted structures in- 
cluded 8 or 16 period superlattices (multiquantum wells) sur- 
rounded by a 240 nm InP buffer layer and 150 nm InP cap. 
Each superlattice period consisted of a quantum well of 5 nm 
Ino.89Gao.nAso.55Po.45 and a barrier of either 9 nm 
In089Ga0UP or 4.5 nm In089Gao.nP+10 nm InP+4.5 nm 
Ino.89Gao.nP- Since the quantum well and barrier have 1.0% 
compressive and 0.8% tensile lattice-mismatch strains, rela- 
tive to the InP substrate, the strain is nearly balanced. In 
principle, it should be possible to grow multiple superlattice 
periods, without degradation of the optical properties. How- 
ever, the measured 300 K PL intensities were highest and 
lowest for the 8- and 16-period superlattices, respectively, 
with intermediate values for the 16-period superlattices with 
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FIG. 1. Large-scale topographic images of 16-period InGaAsP/lnGaP super- 
lattices, acquired at sample bias voltages of (a),(b) +2.5 V and (c),(d) -2.0 
V. The InGaAsP (quaternary) and InGaP (ternary) layers appear bright and 
dark, respectively. The grey-scale ranges displayed are (a) 15 A, (b) 1.7 Ä, 
(c) 10 A, and (d) 0.7 Ä, where a local background subtraction was per- 
formed in (b) and (d). 

InP interlayers.2 High-resolution x-ray diffraction spectra 
showed significantly broadened satellite peaks for the 16- 
period superlattices in comparison with the 8-period super- 
lattices, indicating a less well defined periodic structure in 
the 16-period superlattices in comparison with the 8-period 
superlattices.5,6 For the 16-period superlattices with InP in- 
terlayers in the InGaP barrier, the satellite peaks in the x-ray 
diffraction spectrum were well defined, but direct compari- 
son with the other two spectra is not straightforward. Al- 
though the x-ray results indicate a link between a less pro- 
nounced periodic structure and reduced PL efficiency, they 
do not provide detailed information about how the superlat- 
tice periodicity has been reduced. _ 

For STM, the samples were cleaved to expose a (110) 
surface,7 in an ultrahigh vacuum chamber with base pressure 
<5X10-11 Torr. STM was performed with both electro- 
chemically etched single crystal (lll)-oriented W and com- 
mercially available Pt-Ir tips. The tips were cleaned by in 
situ electron bombardment and characterized by in situ field 
emission microscopy. Images were obtained with a constant 
tunnel current of 0.1 nA, and sample bias voltages as de- 
scribed below. Details of the STM design,8 cleavage 
procedure,9 and spectroscopic methods10 have been pre- 
sented elsewhere. 

III. RESULTS AND DISCUSSION 

Figures 1(a)-1(d) show large scale STM topographic im- 
ages of the 16-period InGaAsP/lnGaP superlattices, dis- 
played with the growth direction from right to left. The 
empty and filled state images presented in Figs. 1(a) and 
1(c), respectively, were acquired at different locations on the 
sample. In both Figs. 1(a) and 1(c), the InGaAsP (quater- 
nary) and InGaP (ternary) layers appear as alternating bright 
and dark layers sandwiched between thick layers of InP (the 
buffer and cap). Since the InGaAsP/lnGaP system is a type I 
superlattice, both electrons and holes are confined in the 
InGaAsP layers. Thus, for a given tip-sample bias voltage in 
the STM, a greater number of filled or empty states contrib- 
ute to the tunnel current for the InGaAsP layers compared to 
the InGaP layers. In order to maintain a constant tunneling 
current, the tip moves towards the (cleaved) surface in the 
vicinity of the InGaP, and away from the (cleaved) surface in 
the vicinity of the InGaAsP. As a consequence, the InGaP 
and InGaAsP layers appear as dark and bright layers, respec- 
tively. 

The images of Fig. 1 clearly reveal structural degradation 
of the superlattice layers. In particular, large growth front 
undulations and large lateral variations in image contrast are 
apparent. The (001) growth front undulations arise from re- 
laxation of strain accumulated in the superlattices during 
growth. The lateral variations in image contrast on the (110) 
cleavage surface are due to a combination of band edge shifts 
due to varying thicknesses, alloy compositions, and strains in 
the layers, as well as a distortion of the cleavage surface 
associated with relaxation of strain. These effects will be 
discussed in more detail below. 

Figures 1(b) and 1(d) show topographic images in which 
the local background (formed by averaging the data over an 
area of 20X20 nm2) has been subtracted from Figs. 1(a) and 
1(c), respectively. In Figs. 1(b) and 1(d), much of the lateral 
image contrast variation is suppressed, such that lateral 
variations in the layer thicknesses are evident. The observed 
structural degradation process is divided into two regimes; 
phase I—where the superlattice period is conserved, and 
phase II—where the superlattice period varies and large un- 
dulations of the surface occur. In the phase I regime, signifi- 
cant changes in layer thicknesses are observed, as seen most 
clearly in filled state images such as Fig. 1(d), with thin 
quaternary layers and thick ternary layers (the sum of their 
thicknesses is fixed). Closest to the substrate is region Q 
+ T, where the superlattice layer thicknesses are fixed at the 
targeted values. In Fig. 2(a), we present a high-resolution 
view of region Q + T, acquired at a sample bias voltage of 
+2.5 V. Fringes with a spacing of 5.8 and 5.9 Ä, corre- 
sponding to the (001) planes of the ternary and quaternary 
alloys, are observed in the dark and bright layers, respec- 
tively. The image consists primarily of three superlattice pe- 
riods, with typical ternary and quaternary thicknesses 10.0 
and 4.7 nm, close to the targeted values. 

Additional regions denoted in Figs. 1(b) and 1(d) are q' 
+ T', with thin quaternary and thick ternary layers, and Q' 
+ t', with thick quaternary and thin ternary layers. In both 

J. Vac. Sei. Technol. B, Vol. 15, No. 4, Jul/Aug 1997 



1029 Goldman et al.: Strain-compensated InGaAsP/InGaP 1029 

— 10 nm 

FIG. 3. Topographie image acquired near a valley of an undulation, at a 
sample bias voltage of +2.5 V. A surface step extending out from the cusp 
in the valley is observed, and attributed to a dislocation. 

— 2nm 

FIG. 2. Close-up views of 16-period InGaAsP/InGaP superlattices. The 
high-resolution image of region Q + T displayed in (a), was acquired at a 
sample voltage of +2.5 V. The images in (b) and (c), acquired at sample 
voltages of —1.8 and +1.8 V, show a close-up view of an undulation, and a 
high-resolution view of region Q' + t', respectively. The vertical scale in 
(b) is compressed by a factor of 2.5, as indicated on the image. 

cases, the primes indicate a possible change in alloy compo- 
sition in the layers. The thickness variations are most evident 
in the close-up views shown in Figs. 2(b) and 2(c), acquired 
at sample bias voltages —1.8 and +1.8 V, respectively. Fig- 
ure 2(b) displays a close-up view of a (growth front) mor- 
phological undulation, where the top five superlattice periods 
in regions q' + T' and Q' + t' (phase II) are displayed. Lat- 
eral variations in the ternary and quaternary layer thicknesses 
are evident. In Fig. 2(c), we show a high-resolution view of 
region Q' + t' (also phase II). Similar to Fig. 2(a), fringes 
corresponding to the (001) planes of the ternary and quater- 
nary alloys are observed. The image consists of two super- 
lattice periods, with ternary layers as thin as 1.2 nm. It is 
evident from this image that the (001) lattice planes remain 
aligned along the [110] direction while the profiles of the 
ternary and quaternary layers do not. This indicates a change 
in surface normal during the growth of the undulations (i.e., 
faceting), similar to that reported in InGaP/InAsP structures.5 

We observe angles between the (001) plane normal and the 
normal to the layer profile ranging from 20° to 40°, corre- 
sponding to (114), (113), or (112) facets. 

Some of the accumulated strain in the 16-period superlat- 
tices is probably relaxed elastically by the formation of the 
observed growth front undulations. In addition, in some 
cases, the elastic relaxation is accompanied by plastic relax- 
ation, as we see in the image in Fig. 3. In this empty state 
image, acquired at a sample bias voltage of +2.5 V, a sur- 

face step extending out from the cusp in the valley is ob- 
served. We attribute this step to a screw-type dislocation 
occurring near the cusp of the valley. We cannot say at 
present whether the dislocation was nucleated before the val- 
ley formed (i.e., due to high stress at the cusp), or alterna- 
tively, that the dislocation formed first and its associated 
stress relaxation produced a large variation in growth rates 
which then led to the valley formation. In either case, the 
existence of the dislocation is a clear indication of the high 
stress levels in the region near the cusp of the valley. 

In order to quantify the lateral band gap variations ob- 
served in bias-dependent topography images, we performed 
spatially resolved spectroscopy measurements in the differ- 
ent regions outlined in Figs. 1(b) and 1(d). In Fig. 4, the 
normalized conductance versus sample bias voltage is plot- 
ted for (a) the quaternary layers, (b) the ternary layers, and 
(c) the InP substrate or cap layers. For each layer, the nor- 
malized conductance versus sample bias voltage was col- 
lected in the Q + T, Q' + t', and q' + T' regions (the InP 
spectra were acquired nearby those labeled regions). All the 
spectra display well denned band edges, as marked by 
dashed lines in Fig. 4. The nonzero conductance observed 
within the gap is the "dopant-induced" component, which 
arises from electrons tunneling out of filled conduction band 
states.10 Table I summarizes the results of the band gap mea- 
surements. The good agreement between theory and experi- 
ment for the InP spectra indicates that tip-induced band 
bending is not significant in these measurements.10 As men- 
tioned earlier, the InGaAsP/InGaP system is a type I super- 
lattice, with both electrons and holes confined in the 
InGaAsP (quaternary). Therefore, the effective band gap of 
the ternary corresponds to the energy difference between the 
InGaP conduction band edge and InGaP light hole valence 
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FIG. 4. Spatially resolved spectroscopy results, acquired on the (a) quater- 
nary layers, (b) ternary layers, and (c) on the InP substrate or cap layers. In 
each case, the location of the spectra in terms of the Q + T, Q' + t', or q' 
+ T regions is indicated (the InP spectra were acquired nearby those la- 
beled regions). 

band, while the effective band gap of the quaternary corre- 
sponds to the energy difference between the first electron 
(e0) and first hole (h0) subbands (Ee _A ) in the InGaAsP. 

We have calculated the expected effective band gaps of 
the ternary and quaternary layers of the superlattice, taking 
into account the lattice mismatch strain, and possible varia- 

tions in layer thickness and/or alloy compositions. Strain ef- 
fects were included assuming biaxial strain and using the 
appropriate deformation potentials,11 and subband energies 
were computed using the transfer matrix method.12 The re- 
sults are shown in Table I. For region Q + T, with ternary 
and quaternary alloy compositions and layer thickness fixed 
at the targeted values, the calculated effective band gaps of 
the ternary and quaternary are 1.41 and 0.94 eV, respec- 
tively. These values are within the error of our measured 
values, 1.50±0.10 and 1.05±0.10 eV for the ternary and 
quaternary, respectively. In region q' + T', with thick ter- 
nary and thin quaternary layers, the calculated effective band 
gaps of the ternary and quaternary are 1.41 and 1.13 eV, 
respectively. In this case, the calculated quaternary band gap 
is within the error measured value, 1.20 ±0.10 eV, but the 
calculated ternary band gap is smaller than our measured 
value, 1.56 ±0.10 eV. Thus, additional factors, such as com- 
position variations and/or lateral strain variations (nonbiaxial 
strain) may contribute to the larger measured effective gap. If 
we consider a composition variation of +5% Ga 
(In084Gao 16P),the calculated effective band gap of the ter- 
nary is slightly increased to 1.44 eV, which is closer to our 
measured value discussed above. Additional contributions 
due to nonbiaxial strain will be discussed below. The calcu- 
lated effective band gaps for the ternary and quaternary in 
region Q' +t' are 1.41 and 0.88 eV, respectively. Similar to 
region q' + T', the calculated effective gap of the quaternary 
is within the error of our measured value, 0.90±0.10 eV, but 
that of the ternary is larger than our measured value, 1.28 
±0.10 eV. If we consider a composition variation of —5% 
Ga (In094Gao06P),the calculated effective band gap of the 
ternary is decreased to 1.38 eV, which is within the error of 
the measured value. 

Considering now the effects of lateral strain variations 
(nonbiaxial strain) on the observed band gaps, it is clear that 
in the q' + T' region there will be additional tensile strain 
due to the larger amount of ternary (small lattice constant) 
material. If we approximate the q' + T'material as being 
composed entirely of ternary material T', with mismatch/ 
= (aInP—aInGaP)/flInGaP= +0.0079, and further consider this 

TABLE I. Comparison of measured and computed band gaps, ignoring corrections due to lateral variations in 
strain. Thickness of the quaternary layers are 5, 2, and 10 nm for the Q + T, q' + T', and Q' + t' regions, 
respectively. Layers are coherently strained to InP. All results are in eV. 

Material Q + T -7" Q' + t' 

Measured band gaps 

InP 

InoggGaouP 
In0 89Gao j ] As0 55P0 45 

1.35±0.10 
1.50±0.10 
1.05±0.10 

1.35±0.10 
1.56±0.10 
1.20±0.10 

Calculated effective band gaps 

1.30±0.10 
1.28±0.10 
0.90±0.10 

InP 

InQ.89Gao.nP 
In0 89Gao n As0 55P0 45 

In0.84Gao.i6P 
In094Gao06P 

1.35 
1.41 
0.94 

1.35 
1.41 
1.13 
1.44 
1.38 

1.35 
1.41 
0.88 
1.44 
1.38 
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region to be a spherical inclusion embedded in InP, then the 
strain in the inclusion can be computed using an analytic 
solution for the elasticity equations for this geometry.13 

Computing band edge shifts using the appropriate deforma- 
tion potentials,11 we find that the band gap of the T region 
will be reduced by 0.050 eV compared with bulk 
Inog9Gao n P. This value must be compared with the expected 
gap of the ternary material in the Q + T region, which is 
under biaxial strain leading to a band gap reduction of 0.101 
eV. Thus, the net effect is an increase of the ternary gap in 
the q' + T' material of about 0.05 eV compared to that in 
Q+T, which leads to better agreement between the theory 
and observed gap energies. Considering the thin quaternary 
layers in the q' + T regions to be biaxially strained onto the 
T material leads to only an 0.01 eV increase in their band 
gap compared to the Q + T material. Finally, for the Q' 
+ t' region, the strain is somewhat uncertain due to observed 
dislocation formation, so we do not attempt any further cor- 
rections to those band gap estimates. 

In summary, the data indicate 0.1-0.2 eV variations in the 
effective band gaps of both the ternary and quaternary alloys, 
in the Q + T, ß'+?',and q' + T'regions. For imaging volt- 
ages with magnitude a 2 V, this amount of band edge shift 
would lead to variations in tip-sample spacing of si A, 
which is much less than the 10 A contrast variation observed 
in the constant-current images of Figs. 1(a) and 1(c). Thus, 
additional topographic (nonelectronic) factors must be con- 
tributing to the observed image contrast. A topographic ef- 
fect to consider is the influence of strain relaxation of the 
cleavage surface itself, as has been previously suggested by 
Pinnington et al. in their study of Si/Ge heterostructures.14 In 
our case, as discussed above, the q' + T' layers have addi- 
tional tensile strain compared to the Q + T region, and simi- 
larly the Q' + t' region is expected to have additional com- 
pressive strain. Thus, when the sample is cleaved, these 
regions will relax inwards and outwards from the cleavage 
face, respectively, in agreement with the observed sign of the 
contrast in Fig. 1. Since this surface distortion is a purely 
topographic effect, we do not expect it to significantly influ- 
ence our measurements of effective band gap discussed 
above. 

When InP interlayers are inserted in the InGaP barrier, the 
structural degradation of the growth front is greatly reduced. 
In Figs. 5(a) and 5(b), we present large-area topographic and 
conductance (dl/dV) images of 16-period superlattices with 
InP interlayers inserted in the InGaP barrier. The images are 
displayed with the growth direction from right to left. In the 
empty state topographic image presented in Fig. 5(a), ac- 
quired at a sample bias voltage of +2.5 V, a sequence of 
dark, bright, dark, and medium layers, corresponding to the 
ternary, quaternary, ternary, and InP, is sandwiched between 
an InP buffer and cap layers. The image also reveals lateral 
contrast variations similar to the superlattices without InP 
interlayers [as in Figs. 1(a) and 1(c)]. Thickness variations in 
the ternary and quaternary layers are most evident in the 

50nm 

FIG. 5. Large-area (a) topography and (b) conductance images of 16-period 
InGaAsP/lnGaP superlattices, with InP interlayers inserted in the InGaP 
barriers, acquired at a sample bias voltage of +2.5 V. The vertical scale in 
the images is compressed by a factor of 2.5, as indicated. The grey-scale 
range displayed in (a) is 6.0 Ä. 

conductance image shown in Fig. 5(b). In this case, only 
slight undulations of the top superlattice period are observed, 
in agreement with related studies.6 

We have shown above several images illustrating lateral 
variations in layer thickness, effective band gap, and surface 
morphology in InGaAsP/lnGaP superlattices. Here, we 
present a model relating the degradation of the structures 
with the buildup of strain in the superlattices. In phase I, 
shown in Fig. 6(a), we observe that the process begins with 
the formation of a thin region of a quaternary layer. We 
believe this nucleation event is random, since no extrinsic 
nucleation sources have been observed. Deposition of the 
next ternary layer will produce a strain variation at the sur- 
face due to the quaternary layer thickness variation.15'16 As- 
suming that the growth rate depends on strain, the resulting 
more negative (compressive) in-plane strain would favor the 
attachment of small atoms.17 In this case, the strain variation 
will inhibit further quaternary growth and favor ternary 
growth. Thus, a region with thin quaternary and thick ternary 
layers (q' + T') is formed. We observe that this region 
propagates and grows in size laterally as more layers are 
deposited. Alloy composition variations may also occur, with 
Ga- and/or P-rich q' + T' regions (we cannot distinguish be- 
tween a random variation in thickness or composition which 
acts to nucleate the degradation process). Similar effects 
have been observed in InGaP/InAsP (Ref. 3) and Si/Ge (Ref. 
18) superlattices. As the process shown in Fig. 6(a) contin- 
ues, the lateral inhomogeneities in layer thickness and pos- 
sible compositional variations will increase, leading to large 
lateral variations in the strain of the layers. This accumulated 
lateral strain then begins to relax elastically and/or plastically 
in phase II. 

Phase II of the degradation process is characterized by a 
superlattice period which is no longer fixed. Deep valleys 
form in the morphology. The resulting growth front undula- 
tions may act to relieve stress (elastic relaxation). In addi- 
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(a) PHASE I 

'xx 

q'+T' 

fe 

I  

(b) PHASE II 

Q' + t' Q' + t' 

FIG. 6. Illustration of the buildup of strain in the degraded portions of the 
superlattice. In (a), the superlattice period is conserved (phase I). A quater- 
nary layer Q which has a thin region is randomly formed. Deposition of the 
next ternary layer T will produce strain variations at the surface, due to the 
thickness variation of the quaternary layer. This region, denoted q' + T', 
propagates and grows in size laterally as more layers are deposited. As this 
process continues, lateral variations in strain will accumulate and at some 
point begin to relax. As shown in (b), the superlattice period then varies and 
large undulations of the surface develop (phase II), arising from a combina- 
tion of elastic and plastic strain relaxation. Regions with thin ternary layers, 
Q' + t', are formed. 

tion, dislocations are observed to form near the cusps of the 
valleys (plastic relaxation). The Q'+t' regions forming near 
the valleys have very thin ternary layers. As in phase I, we 
associate this change in layer thickness with a reduced 
growth rate, due in this case to additional tensile in-plane 
strain in this region. This strain may also induce alloy com- 
positional variations in this region. 

For the superlattices grown with InP interlayers, the 
propagation of strain buildup in the structure is reduced. This 
may be due in part to the lack of alloy decomposition in a 
binary alloy. As a result, the propagation of alloy composi- 
tion variations (and the resultant strain variations) through 
the structure is essentially filtered by the InP interlayers. The 
nonzero thickness of the InP layers leads to a reduction in 
strain variations on the upper interface of each InP layer 
compared to the lower interface. Also, it should be noted that 
since the average strain in the InP layers is zero (the sub- 
strate is InP), and the strain dependence of the chemical po- 
tential varies linearly with average strain,19 thickness varia- 
tions in the InP layers are neither expected nor observed. The 
superlattices with InP interlayers have remained in phase I of 
the degradation process, and the size of the thickness and/or 
composition modulated regions is limited. Based on our ob- 
servations, it would appear to be possible to grow many 

10nm 

FIG. 7. Topographic image of the top six to seven superlattice periods, in the 
vicinity of a valley and nearby hill of an undulation, acquired at a sample 
bias voltage of +2.5 V. The grey-scale range displayed is 3.2 A. Fringes 
with a spacing of 24 Ä, corresponding to a fourfold multiple of the (001) 
atomic spacing, are observed. 

more periods of superlattices with InP interlayers without 
severe (phase II) degradation of the structure. 

In addition to the lateral variations in layer thickness, ef- 
fective band gap, and growth front morphology, in some 
regions we observe a multiplicity in the atomic periodicity, 
as displayed in Fig. 7. That image shows the top six to seven 
superlattice periods, in the vicinity of a valley and nearby hill 
of an undulation, acquired at a sample bias voltage of +2.5 
V. Lateral variations in layer thicknesses are observed, as 
discussed in Figs. 1-3. In addition, fringes with a spacing of 
24 Ä, are evident. Similar to the lattice planes in Fig. 2, the 
fringes remained aligned along the [110] direction while the 
profiles of the ternary and quaternary layers do not. This 
periodicity corresponds to a fourfold multiple of the [001] 
atomic spacing, suggesting atomic ordering in the alloys [this 
fourfold spacing is observed on a (110) plane, so it would be 
consistent, e.g., with a fourfold spacing of (111) planes]. 
Although atomic ordering has been previously discussed in 
compound semiconductor alloys,20 this fourfold periodicity 
has not been previously reported. Furthermore, it is not ex- 
plained by either CuPt or CuAu ordering, which would lead 
to a twofold multiple of the (001) atomic spacing.20'21 Re- 
markably, we observe that this fourfold periodicity extends 
into the overlying InP layers, as seen on the left-hand side of 
Fig. 7. We suggest that this apparent fourfold periodicity in 
the pure InP arises simply from an extension of the charge 
density perturbations that exist in the alloy due to the Bril- 
louin zone folding that accompanies the alloy ordering. This 
charge jlensity perturbation may be enhanced by relaxation 
of the (110) surface. The amplitude of this perturbation in the 
InP decays to zero at a distance of about 50 nm from the 
InGaP/InGaAsP superlattice. Further work is required to un- 
derstand the origin of the fourfold periodicity and its impli- 
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cations on the present models for ordering in compound 
semiconductors. 

IV. CONCLUSIONS 

We have investigated the properties of InGaAsP/lnGaP 
superlattices, grown with or without InP layers inserted in 
the InGaP barriers. Spatially resolved spectroscopy reveals 
variations in the effective band gaps of the superlattice lay- 
ers. STM topography images indicate lateral variations in the 
layer thickness of the ternary and quaternary alloys of the 
superlattices. In some cases, we find a fourfold periodicity of 
the (001) planes, presumed to arise from atomic ordering in 
the alloys. When the number of superlattice periods is in- 
creased from 8 to 16, the growth front develops large undu- 
lations involving the top few superlattice periods. This effect 
is reduced in structures with InP layers inserted in the InGaP 
barrier. Furthermore, the PL efficiency decreases for struc- 
tures with significant growth front undulations,2 due to the 
inhomogeneous distribution of quantum wells and/or forma- 
tion of dislocations in the structure. A model is presented 
describing the formation of the surface undulations in terms 
of accumulated strain due to the propagation of layer thick- 
ness and/or composition variations. Similar effects are ex- 
pected to occur in other strained-layer materials systems. 
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Phase separation in III-V semiconductors has led to a unique method for fabricating quantum wires 
via a strain induced lateral ordering process. Quantum wire (QWR) arrays were formed during the 
gas source molecular beam epitaxial (MBE) growth of (InP)2/(GaP)2 bilayer superlattices (BSLs) 
and were studied by time-resolved and linearly polarized cathodoluminescence. Nonlinear optical 
properties, such as phase-space filling effects, were observed to be indicative of the QWR nature of 
the samples. Samples prepared by gas source MBE were found to have a greater uniformity, smaller 
QWRs, and higher optical quality in comparison to those obtained by metal-organic chemical vapor 
deposition. Misfit dislocations also formed in one of the BSL samples, indicating a partial strain 
relaxation at the GaAs/InGaP and BSL/InGaP interfaces. The carrier relaxation, transport, and 
collection in the QWRs were studied with time-resolved cathodoluminescence. © 1997 American 
Vacuum Society. [S0734-211X(97)07504-5] 

I. INTRODUCTION 

The majority of III-V alloys exhibit miscibility gaps at 
low temperature and this can result in a lateral phase sepa- 
ration in epitaxial layers as described by spinodal 
decomposition.1"8 Phase separation in III-V ternary alloys 
can occur when local variations in cation concentrations and 
strain favor "up-hill" diffusion as a means of lowering the 
free energy of the alloy. The growth of short period strained 
superlattices likewise creates more interfaces, which enhance 
the number of cations diffusing laterally and further facili- 
tates phase separation. This strain induced lateral ordering 
(SILO) method has been utilized to form quantum wire 
(QWR) arrays in bilayer superlattices (BSLs) of 
(InP)2/(GaP)2 and (GaAs)2/(InAs)2 grown on a GaAs(OOl) 
or InP(OOl) substrate, respectively.9"14 The optical properties 
of the QWR structures have been studied with photolumines- 
cence (PL),9'10 photoreflectance (PR),11 and cathodolumines- 
cence (CL)12"14 techniques. A large polarization anistropy 
was found to be consistent with the existence of QWRs.9'13 It 
is of paramount importance to study the optical properties of 
SILO QWRs in order to understand the interplay between the 
microstructure, local optical properties, and growth condi- 
tions. These QWRs further exhibit good potential for appli- 
cations in optoelectronics such as for light-emitting diodes, 
high-speed optical switches, and low-threshold, high-gain 
QWR lasers.10'15 

In a previous study, we used CL techniques to examine 
the nonlinear optical properties of (InP)2/(GaP)2 BSLs on 
GaAs(OOl) substrates grown by metal-organic chemical va- 
por deposition (MOCVD).12"14 The combination of linearly 

a'Author to whom correspondence should be addressed; Electronic mail: 
danrich@almaak.usc.edu 

polarized CL spectroscopy, CL imaging and time-resolved 
CL enabled a study of the nonlinear optical properties and 
carrier relaxation kinetics in the QWR structure.12"14 In this 
study, using these CL techniques, we examine the optical 
and structural properties in the QWR structures grown by gas 
source molecular beam epitaxy (MBE). Based on the ob- 
served optical and structural properties, we show that MBE 
enables a good control of the growth of short period super- 
lattices used to produce QWR arrays. The spatial homogene- 
ity of the QWR structures was studied with CL imaging and 
a depth dependent CL study. Misfit dislocations and spot 
defects were observed in the CL imaging. The QWR lumi- 
nescence exhibits multiple components; their origin and car- 
rier relaxation into regions giving rise to these components 
are studied with time-resolved CL. 

II. EXPERIMENTAL DETAILS 
A schematic diagram of the sample structure is shown in 

Fig. 1. BSLs of (InP)2/(GaP)2 were grown on a 3000 A thick 
In049Gao51P buffer layer, which is lattice matched to the 
underlying GaAs(OOl) substrate. Details of the gas source 
MBE system and the BSL growth procedures have been pre- 
viously reported.6'9'10 Two samples were grown for this 
study and labeled as 2067 and 2339, respectively. Each 
sample consists of four (InP)2/(GaP)2 BSL regions, each 
separated by 180-A-thick ln049GaQ51P barriers and is capped 
with a 300-Ä-thick AllnP layer. Each of the four 
(InP)2/(GaP)2 BSL regions are -147 and -102 Ä thick for 
samples 2067 and 2339, respectively. The rate of the BSL 
growths was —1 ML/s. The lateral composition modulation 
in the bilayer structure occurred during the gas source MBE 
growth, and the modulation direction is along the [110] di- 
rection. The composition of In varies from —0.33 in the 
Ga-rich region to —0.67 in the In-rich region, with periods of 
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FIG. 1. Schematic diagram of (InP)2/(GaP)2 bilayer superlattice structure. 

-125 and -100 Ä for sample 2067 and 2339, respectively.9 

Therefore, quantum wire arrays were formed with cross- 
sectional areas of -147 Ä X63 Ä and -102 Ä X50 A with 
a two-dimensional (2D) quantum confinement in the growth 
and lateral ordering directions. 

The CL experiments were performed with a modified 
JEOL-840A scanning electron microscope with polarization 
detection capability described previously 12-14 In polariza- 
tion measurements, light with electric-field E parallel to the 
[110] or[110] was detected. The luminescence signal from 
the sample, whose temperature was maintained at —87 K by 
a liquid-nitrogen cryogenic specimen stage, was dispersed by 
a 1/4 m monochromator and detected by a cooled GaAs:Cs 
photomultiplier tube with a spectral resolution of — 1 nm. In 
time-resolved experiments, the method of delayed coinci- 
dence in an inverted single photon counting mode was 
used.16 Electron-beam pulses of 50 ns width with a 1 MHz 
repetition rate were used to excite the samples. This enabled 
the measurement of time-delayed CL spectra with a temporal 
resolution of —100 ps. The e-beam energy, Eb, was varied 
systematically from 3 to 35 keV in the experiments to ob- 
tained a tunable electron range and probe depth. 

III. RESULTS AND DISCUSSION 

A. Excitation-dependent CL spectra 

CL spectra of both samples are shown in Fig. 2. The 
broad peaks located in the 680SXS750 nm range are due to 
emission from the QWR array.9-14 The CL spectral line 
shapes are observed to vary with beam energy, particularly 
for sample 2067, which shows a marked enhancement in the 
high-energy side of the line shape for higher beam energies. 
Spectra taken at Eb = 3 keV, for both samples, show a line 
shape very similar to that of PL obtained with an argon-ion 
laser (not shown here). The polarization anistropy of the in- 
tegrated CL intensity over the 680ä\ä750 nm range were 
measured, and /y //x «* 3, where /y and I± are the integrated 
CL intensities taken with the polarizer orientated so that the 
electric-field E of the detected light is parallel and perpen- 
dicular to the quantum wire, respectively. This polarization 
ratio is about twice as large as compared to samples grown 
by MOCVD (/„ /I± « 1.5).12'13 This may be due to a higher 

660 680 700 720 740       660 680 700 720 740 

Wavelength (nm) 

FIG. 2. Stack plots of CL spectra taken with Eb varying from 3 to 35 keV for 
samples 2067 (a) and 2339 (b). In (a), spectra are fitted with a sum of two 
Gaussian functions. Solid lines show the fitting results with the decomposed 
Pi (dotted lines) and P2 (dash lines) components offset below each spec- 
trum. 

degree of ordering and narrower QWR thickness in the 
MBE-grown structures, whose compositional modulation pe- 
riod (—100 A) is much shorter than that observed for the 
MOCVD-grown structures (-800 Ä).12"14 The substrate 
temperature for the MOCVD12 and MBE6 growths were 
maintained at —650 and —500 °C, respectively. Owing to 
the temperature difference between the MBE and MOCVD 
growth, we should, therefore, expect differences accordingly 
in the composition and spatial wavelength of the resultant 
QWR regions.6 

The e-beam probing depth dependence of the CL spectra 
was studied and a stack plot of CL spectra taken under 
electron-beam energies Eb ranging from 3 to 35 keV is 
shown in Fig. 2. We found that in sample 2067 a higher 
energy luminescence feature emerged for Eb 3= 10 keV, and 
its intensity increased as the electron penetration depth in- 
creased. A smaller increase in the CL intensity from the 
high-energy side of the line shape is observed for sample 
2339 in Fig. 2 as the Eb increases. A probe current depen- 
dence experiment showed that for a fixed Eb = 5 keV, no 
significant change in the CL spectra line shape occurred in 
both samples as the probe current increases from 50 pA to 5 
nA. Thus, the appearance of these high-energy peaks cannot 
be attributed directly to an enhanced excitation density and 
band filling for higher e-beam energies. The two lumines- 
cence features evidently arise from separate regions at dif- 
ferent depths of the sample. Likewise, in a previous CL 
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FIG. 3. Intensity ratio of ?! and P2 components (filled symbols) and ratio of 
the calculated carrier excitation rate, rt/r4, in the first and fourth BSL 
layers (solid line) as a function of beam energy. 

study, we observed the presence of two or more components 
in the QWR emission and suggested that they arise from two 
different QWR widths and/or In compositions.14 To further 
quantify the behavior of the CL spectra, we have decom- 
posed the CL line shapes of sample 2067 into the sum of two 
Gaussian peaks, P{ and P2. The fitting results (solid line) 
are shown in Fig. 2(a) with the two components offset be- 
low. The intensity ratio of Pl and P2 is shown as a function 
of beam energy in Fig. 3. For comparison, we show the ratio 
of the calculated e-h excitation rates, r;, between QWR 
regions 1 and 4 (i.e., rllrA, solid line in Fig. 3). We have 
used a simple one-dimensional depth-dose e-h pair cre- 
ation function, ignoring carrier diffusion, in this 
calculation.17 While a lateral diffusion length of —0.5 /mi is 
typical for the InGaP material system,18 the effective diffu- 
sion length along the growth direction will be reduced as a 
result of the BSL regions impeding vertical carrier transport. 
Similar effects have been observed in the related InGaAs/ 
GaAs multiple quantum well system.19 

It is, thus, reasonable to conclude that Px and P2 originate 
from the inner (deeper) and outer (shallower) QWR regions, 
respectively. It is likely that variations in the lateral QWR 
width and/or In composition modulation occurred during the 
SILO process. Previous cross-sectional transmission electron 
microscopy results have shown that the vertical and lateral 
dimensions of the QWR depend on the location in the BSL 
region and total film thickness.6'9 The inner BSL layers have 
a narrower lateral QWR than that of the outer BSL layers, 
owing to a strain accumulation effect during growth, which 
results in a layer-dependent bulk diffusion and phase 
separation.6'9 The presence of misfit dislocations (see 
Sec. Ill C) indicates the buildup of a net global strain and 
subsequent strain relaxation during the latter stages of the 
growth. 

Using a transfer matrix method to calculate the ground 
state excitonic transition energies in the QWRs,13 we esti- 
mate that the P{ and P2 energy difference of 47 meV results 
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FIG. 4. Peak energy Ep (a) and polarization ratio It /I± (b) as a function of 
probe current for luminescence components P, and P2 for sample 2067. 

in a maximum In composition variation of —6% for a fixed 
QWR size. For a fixed In composition in the QWRs, no 
reasonable variation in the QWR width or height would ac- 
count for a 47 meV variation in the ground state excitonic 
transition energy. Therefore, we conclude that the energy 
splitting between P\ and P2 and QWR width fluctuations are 
also accompanied by differences in the In composition be- 
tween the inner and outer BSL layers. 

B. Band filling and nonlinear optical effects in QWRs 

Band filling effects in these QWR structures were also 
examined. In sample 2067, we observed blueshifts in the 
peak positions of P{ and P2 as the excitation density in- 
creased. By increasing the probe current, Ib, from 50 pA to 
10 nA, components Px and P2 showed a nearly identical 
shift of —30 meV, as shown in Fig. 4. However, the polar- 
ization ratio I\\/I]_ varies differently for P\ and P2 as also 
shown in Fig. 4. The ratio 7|| IIL reduces for P2 as the probe 
current increases, but remains nearly constant for P j. The 
change of polarization anistropy as a result of band filling 
has been studied previously with a kp model that takes both 
2D quantum confinement and the coherent strain into ac- 
count, showing important nonlinear optical effects in these 
samples.13 Applying this model to these sample structures, 
we find that the polarization ratio should likewise reduce as 
the excitation density increases for these samples. The reason 
for the slower change in the polarization ratio of Pj is, how- 
ever, unclear, and may relate to differences in heavy- and 
light-hole characters between different QWR regions.13 
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FIG. 5. Monochromatic CL images taken from sample 2067 with wave- 
length corresponding to BSL luminescence components />, (a) and P2 (b), 
1110490305!? bulk emission (c) and GaAs substrate emission (d). 

C. Monochromatic CL imaging of point defects and 
DLDs 

To further investigate the complex origin of the two com- 
ponents in QWR emission, CL images were taken with 
wavelengths set to the peak wavelength positions for Px and 
P2, In049Gao51P bulk, and GaAs substrate emissions, as 
shown in Fig. 5. An electron beam with energy Eb 

= 15 keV was used to obtain these CL images for sample 
2067. A spotty pattern is observed with spot positions corre- 
lating in all four images. This is similar to that observed in 
MOCVD-grown structures.12 The spatial correlation among 
these images indicates that these defects arise from the GaAs 
substrate or were formed during the initial stages of growth 
of ln0A9GaQ5iP on the GaAs substrate. These defects may 
form as a result of the agglomeration of In on the GaAs 
surface, as previously observed during InGaP/GaAs 
growth.12 In addition, dark line defects (DLDs) were ob- 
served in the images corresponding to the P2 and GaAs lu- 
minescence in Fig. 5. Such DLDs remarkably were not de- 
tected in the images for P1 and Ino49Gao51P emission. As 
discussed above, P2 dominates the luminescence when the 
excitation is close to the surface and QWR region 1. The 
absence of DLDs in the intermediate regions denoted by 
Px and InGaP luminescence (i.e., the 700 and 640 nm im- 
ages, respectively) is at first glance troubling. However, a 
close inspection of the 730 and 825 nm images reveals that 
the DLDs are not directly spatially correlated. Rather, some 
DLDs appear as finite parallel segments whose positionsjn 
the 730 and 825 nm images are displaced along the [110] 
direction. Consider, for example, positions marked by arrows 
A, B, and C in these images. Arrows A and C point to DLD 
segments in the 825 nm image, which are absent in the 730 
nm image. The converse is true for the region marked by 
arrow B, denoting a DLD segment in the 730 nm image. 
Such a behavior reflects a stepping sequence in the nucle- 
ation and propagation of 60° misfit dislocations, and has 
been observed in InGaAs/GaAs MQWs.20'21 

In the standard approach to dislocation formation in 

AllnP 

Misfit Ssmmarngsm^^v 
(B) \           \ 

%M2% <(lnP)2/(GaP)2 

^         BSL §ss$sss§s ̂ ^§§§§^ »SI 
Threading  , ,-' \            / 

mtm®mm®®4$ 

Misfit 
InGaP 

Dislocation -- GaAs buffer 
(C) GaAs substrate 

{111} slip plane 

FIG. 6. Schematic showing stepping sequence of 60° dislocations in the BSL 
structure. In this model, the threading dislocation segments elongate (bend 
over) into misfit dislocations at the GaAsflnGaP (bottom) and BSL/InGaP 
(top) interfaces. The diagram shows a {111} slip plane. Misfit dislocation 
segments B and C correspond to those labeled in Fig. 5. 

strained III-V systems,22 the substrate is considered to have 
a fixed number of threading dislocation sources and substrate 
surface defects, which act as heterogeneous nucleation sites 
for 60° threading dislocations. Once the thickness of the In- 
GaP and (InP)2/(GaP)2 BSL layers has reached a value 
where the strain force is equal to the dislocation line tension, 
the dislocation will glide laterally on a {111} slip plane, re- 
sulting in the elongation of the dislocation in an interfacial 
plane. The length of the misfit segment during growth is 
controlled by several factors, including frictional forces, im- 
purities, defects, and surface steps, which can effect the 
eventual pinning of the threading dislocation. A pinned 
threading dislocation will replicate during growth. Once suf- 
ficient strain is attained in the subsequent growth, the dislo- 
cation can again elongate on a different layer of the BSL. 
The current CL data suggests a simple stepping sequence 
schematically depicted in Fig. 6. Misfit dislocations form at 
the lower GaAs/InGaP interface, after which the pinned 
threading segments again elongate into a second misfit dis- 
location near the top BSL 1 interface. This model explains 
the segmentation and correlation of the DLD contrast in the 
730 and 825 nm images of Fig. 5. To our knowledge, this is 
the first observation of a dislocation stepping behavior in the 
InGaP/GaAs system. 

In sample 2339, the CL images (Fig. 7) showed the char- 
acteristic spotty pattern, but no evidence of DLD formation 
was observed. Also, the variation in line shape with beam 
energy was substantially reduced compared to the behavior 
of sample 2067 above. These results strongly suggest that the 
strain in 2339 is below that necessary to induce the forma- 
tion of misfit dislocation since the thickness of the BSL in 
sample 2339 is smaller than that in sample 2067. Therefore, 
in SILO QWR structures, we demonstrate an apparent rela- 
tionship between exceeding the critical thickness for misfit 
dislocation and DLD formation and the presence of multiple 
components in the QWR luminescence. 

D. Time-delay CL measurements of the carrier 
relaxation, reemission, and diffusion 

In order to examine the relaxation and collection of car- 
riers into the QWRs, we have performed a time-resolved CL 
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103 

FIG. 7. Monochromatic CL images taken from sample 2339 with wave- 
length \=690, 710, 630, and 825 nm, respectively. 

study at T= 87 K. Shown in Fig. 8 is a stack plot of CL 
spectra taken from sample 2067 for various time windows 
with £i=15keV and 76—lOnA. During the onset phase 
(windows 01-05), a broad feature for 680äX.<750 nm is 
observed with no distinct peaks, indicating a relatively uni- 
form capture into all four QWR regions. A small narrowing 
and redshifting of the spectra is observed during the progres- 
sion from the 01 to 06 time windows. The peak labeled in 
pulse represents a measurement in the center of the 50 ns 
excitation pulse during which a near-steady-state e-h gen- 
eration and recombination rate has been reached. A rapid 
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FIG. 8. Stack plot of time-delay CL spectra various onset (Oi) and decay 
(D/) time windows (for sample 2067). All spectra are renormalized to have 
about the same maximum peak height. 
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FIG. 9. Intensities of BSL emission components P{ and P2 as a function of 
time. At ? = 0, the electron beam is turned off. Biexponential fits are shown 
with dotted and dash lines for Pt and P2, respectively. 

narrowing and redshifting is observed during the decay 
phase, D1-D7 windows in Fig. 8. The CL intensity of the 
two CL components P{ and P2 versus time is obtained by 
decomposing the time-delayed CL spectra for each time win- 
dow shown in Fig. 9. The CL intensity decay versus time is 
shown in Fig. 9, where dot and dash lines represent biexpo- 
nential fits to the data.23 The initial decay time constant is 1.6 
ns for Pl and 1.8 ns for P2. The faster decay rate for Px and 
the reversal of P j and P2 intensities indicate that channels 
for the diffusive transport of carriers between the Pt and 
P2 levels (QWR regions 4 and 1) exist. This should not be 
surprising, given that the distance between regions 1 and 4 is 
—830 Ä, substantially less than the diffusion length of —0.5 
/nm. Thermal reemission from the QWR regions before re- 
combination will occur, leading to an eventual carrier trans- 
fer into the lowest energy (P2-like) states for transients ex- 
hibiting the longest decay times. The redshift of both Px and 
P2 during the decay phase is —30 meV (determined from fits 
not shown) and this is due to the reduction of quasi-Fermi- 
level difference as excess carrier density decreases with time. 
The energy shifts in the time-delayed CL spectra are compli- 
mentary to those observed in the excitation-dependent results 
of Fig. 4(a). 

IV. SUMMARY AND CONCLUSIONS 

In conclusion, we have examined the nonlinear optical 
properties and structural properties using the cafhodolumi- 
nescence techniques. In comparison to the MOCVD-grown 
structure previously studied,12"14 the gas source MBE-grown 
structures in this study show a higher degree of lateral order- 
ing and narrower QWRs. The narrower QWRs in MBE sug- 
gest that surface reaction kinetics and the mass transfer rates 
play an important role in the lateral diffusion and phase sepa- 
ration of (InP)2/(GaP)2. Two distinct components, Px and 
P2, were observed in the sample with the thicker QWR re- 
gions. The beam energy dependence of the CL spectral line 
shape indicated variations in the In composition modulation 
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and QWR lateral dimensions between the inner and outer 
(InP)2/(GaP)2 BSL regions. The outer BSL has a -6% 
higher In composition modulation as a result of a strain ac- 
cumulation effect.6'9 Strong phase-space filling and nonlinear 
optical effects were observed for these samples, consistent 
with the narrowing of the density of states in QWRs.13 Like- 
wise, a strong excitation dependence of the polarization an- 
isotropy was observed, also consistent with a QWR-like 
behavior.13 CL imaging, however, revealed defects in a 
spotty pattern that are tied to the initial stages of InGaP 
growth on GaAs. Also, misfit dislocations were found to 
form for the sample with a thicker BSL region. Monochro- 
matic CL imaging revealed that misfit dislocations and 
DLDs formed in a stepping sequence with finite segments 
close to the GaAs/InGaP interface and uppermost BSL layers 
(BSL region 1). Time-delayed CL spectra were acquired to 
examine the carrier capture and relaxation dynamics. A uni- 
form capture of carriers into the four QWR regions was ob- 
served during the onset time windows. A rapid transfer of 
carriers between the QWR regions occurs on a sub-ns time 
scale. This was observed during the decay phase, as carrier 
reemission, diffusion, and fhermalization occurs between in- 
ner and outer BSL regions, i.e., over distances of —0.1 /mm. 
The quantum efficiency of QWR lasers depends on the car- 
rier collection efficiency of the QWRs. Future time-resolved 
CL studies of these SILO QWRs will focus on the tempera- 
ture dependence of the carrier relaxation, band filling, and 
polarization anisotropy in order to optimize the carrier col- 
lection in the QWR at room temperature. 
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Low-dimensional semiconductor systems, particularly 
quantum wires and quantum dots, are attracting considerable 
attention recently, in part, because they exhibit novel physi- 
cal properties and also because of potential applications in- 
volving them. In recent years, a number of innovative tech- 
niques have been developed to grow or to fabricate and to 
study experimentally a variety of quantum wire and quantum 
dot structures having different geometries and potentials. 
The optical properties of these systems are especially useful 
in giving detailed information about their microscopic phys- 
ics. 

To date, the basic physical properties of these systems are 
less understood than are those of bulk and quantum well 
systems. Except for certain highly symmetrical cases, such 
as spherical quantum dots and cylindrical wires, the geom- 
etries of realistic structures generally result in the equations 
of motion and boundary conditions governing their elemen- 
tary excitations, carriers, phonons, and photons, being non- 
separable. These systems are often discussed using simpli- 
fied models, but it often is difficult to assess the validity of 
such approaches. Alternately, numerical approaches can be 
used. The most useful methods, to date, for studying these 
nanostructures are finite difference calculations1 and bound- 
ary element methods.2 In finite difference calculations, the 
equations of motion are straightforwardly discretized on a 
mesh of the nonseparable coordinates and are solved by ma- 
trix techniques. This method is particularly useful where 
electronic self-consistency must be considered and alterna- 
tive methods are not available. In the following, we give a 
summary of the boundary element method, and some com- 
parisons of calculations and experimental data for single- 
particle electron and hole states, for excitons, and for con- 
fined photons in quantum wires and quantum dots. 

In recent years, we have developed a set of boundary 
element methods for calculating the phonon,3 electron,4 and 
photon5  properties  of low-dimensional  structures.  These 

methods are based on ideas from traditional scattering theory 
and have been found to be especially efficient in treating 
systems that are composed of several regions each having 
uniform properties. In this method, Green's function tech- 
niques are used to transform, for example, a problem involv- 
ing a quantum wire having two nonseparable variables run- 
ning over its cross-sectional area into a one-dimensional 
problem involving coordinates only around the circumfer- 
ence of the wire. The resulting numerical calculations then 
generally are considerably more efficient than are those from 
finite differences methods. 

In order to illustrate the boundary element method, we 
consider bound electronic states described by Schrbdinger's 
equation, which is written in the effective mass approxima- 
tion 

-ft2 

V- 
m(r) 

■V + V(r)-£ <A(r) = 0, (1) 

where V(r) and ra(r) are the potentials and the masses for 
several regions, each of which is taken to be uniform. The 
corresponding Green's function is determined by 

-    2m 
V2+jT(E-V) G(T,T';E)=S(T-T'). (2) 

"'Electronic mail: tom.reinecke@nrl.navy.mil 

For regions having uniform properties, the Green's functions 
are well known and can be obtained relatively simply. From 
Eqs. (1) and (2) and the boundary conditions on the wave 
functions and their normal derivatives at the boundaries, the 
two central equations are obtained. First, the wave function 
in all space is given in terms of values on the boundaries by 
the integral 

<A(r') = j dA[- 0(A)G(A,r';E) + i/,(A)dAG(r,r';£)], 

(3) 

and second, the wave function and its derivative on the 
boundary are obtained from the integral equation 
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TABLE I. Convergence of the two lowest lying levels of a stadium structure 
as a function of the number of boundary elements N. The stadium shape is 
given in Fig. 1. Here, it is 25 nmX50 nm in size with a band offset of 10 
meV, and the electron mass is taken to be 0.0665. 

N 

1.485 

4 4.8823 8.7019 
8 4.8095 8.7019 

16 4.8042 8.6403 
32 4.8028 8.6334 
64 4.8024 8.6312 

128 4.8023 8.6308 

L dA[B(A,A')<f>(A') + C(A,A')i/,(A')] = 0. (4) 

Here, S is the surface bounding the region V, A indicates a 
point rA on S, <f>(A) = dAif/(r), dA=iiA-d/dr\, and nA is the 
normal pointing out of V at rA . The integral in Eq. (4) then 
is discretized along the boundary S, and the equation is 
solved numerically. Spectral densities and scattering cross 
sections, which are the quantities often of direct experimen- 
tal interest, are given by equations analogous to Eqs. (1) and 
(2) above, and therefore, they can be calculated directly in 
this method rather than by summing over individual wave 
functions. 

In Table I we give results for the convergence of the 
energies of the two lowest lying electronic states of a sta- 
dium structure with a potential offset of 10 meV. This struc- 
ture is composed of two parallel straight lines and closed by 
two semicircles, as indicated in Fig. 1, and for it, Schröd- 
inger's equation is nonseparable. Such structures are of in- 
terest in connection with the study of scarred wave functions 
and the onset of quantum chaos. For comparison, a higher 
lying electronic state with energy of 184 meV in a stadium 
with a potential offset of 190 meV is shown in Fig. 1. Ap- 
proximately 50 boundary elements were needed for its cal- 

-30 -20 -10 0 10 
x (nm) 

FIG. 1. Contour plot of the confined electron state with energy 184 meV of 
the stadium structure 25 nmX50 nm in size with a potential offset of 190 
meV. The dashed line gives the shape of the stadium. 
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FIG. 2. Photoluminescence excitation data for and calculations of (solid 
lines) electron-hole transition energies vs wire width for modulated barrier 
GaAs/In010Gao90As quantum wires with a quantum well of 5 nm width. The 
inset shows a sketch of the modulated barrier structure. 

culation. The convergence of the energies in these calcula- 
tions with the number of boundary elements is quite good. 

Calculations for realistic models can be used to under- 
stand experimental results for the systems. An interesting 
case involves barrier modulated structures,6 which are 
sketched in the inset in Fig. 2. For them, a barrier layer of 
GaAs covering an InGaAs quantum well is selectively 
etched off, and for sufficiently narrow sizes a quasi-one- 
dimensional quantum wire for electrons and holes is formed 
beneath the remaining barrier in the quantum well layer. 
These structures have high optical quality because the etch- 
ing does not extend into the quantum well. From calculations 
of the electron and hole states in these structures, we find for 
decreasing wire widths that the electron and hole wave func- 
tions are increasingly pushed into the higher gap GaAs sub- 
strate, thus, increasing their energies. This behavior is a re- 
sult of the nonseparable character of the wave function for 
this case, and it must be taken into account in order to un- 
derstand quantitatively the size dependence of the lateral 
quantization in them. In Fig. 2, photoluminescence excitation 
results7 for electron-hole recombination as a function of 
wire width are shown along with results of these calcula- 
tions. In these structures, three electron and three hole states 
are confined laterally. Here, the wire widths are those ob- 
tained directly from scanning electron microscopy (SEM) 
measurements. The calculations are seen to be in good agree- 
ment with the data with no adjustments for damage, such as 
optical dead layers, thus, indicating that the structures are of 
good optical quality. 

Results   from   magnetoluminescence   investigations   of 
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FIG. 3. Magnetoluminescence data for and calculations of (solid lines) 
electron-hole recombination energies in modulated barrier 
GaAs/In0njGaogoAs quantum dots with a quantum well of 5 nm width. 

electron-hole recombination energies of modulated barrier 
quantum dots8 are shown in Fig. 3 with results from calcu- 
lations for these structures. SEM images for these dots indi- 
cate that they are, to a good approximation, cylindrical in 
shape, and therefore, the angular momentum around the cyl- 
inder axis is a good quantum number. At zero magnetic field, 
the ground electron and hole states are orbitally nondegener- 
ate, and the first excited states are twofold degenerate, cor- 
responding to two orientations of the angular momentum. 
For nonzero magnetic fields, the degeneracy of the first ex- 
cited state is lifted, and the states are split. At very high 
magnetic fields, the states go over to the Landau levels of a 
quantum well. These calculations are in good qualitative and 
quantitative agreement with the data, and these results pro- 
vide the most detailed picture to date of the ground and 
excited states of a quantum dot system. 

The effects of confinement on exciton binding energies 
has been one of the most active topics involving low- 
dimensional systems, and it is of interest for applications. 
This behavior has been observed in quantum wells, but to 
date, there has been no systematic investigation of it for 
lower-dimensional systems. This is in part because for them, 
the exciton binding energy cannot be obtained using low- 
field extrapolations of magneto-optical results. We have 
made detailed studies of exciton binding energies for modu- 
lated barrier and deep etched quantum wires and quantum 
dots and have compared them with corresponding experi- 
mental results for In010Gao 90As/GaAs quantum dots and 
quantum wires.9 These structures provide results for systems 
with widely varying sizes and potential heights. The experi- 
mental results for the binding energies were obtained using a 
method10 in which the excitonic diamagnetic shifts are mea- 
sured, and the binding energies are obtained from them using 
a relation between the diamagnetic shift and the binding en- 
ergy for excitons in bulk systems with anisotropic bulk 
masses. These results for modulated barrier GaAs/InGaAs 
wires and dots are shown in Fig. 4. 

In these structures, the relative and center-of-mass coor- 
dinates of the excitons in the plane perpendicular to the mag- 
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FIG. 4. Exciton binding energies from magnetoluminescence studies on 
modulated barrier quantum wires and quantum dots as functions of size. 
Solid curves give calculations described in the text. 

netic field in these experiments do not separate. For these 
systems, we perform a canonical transformation on the 
Hamiltonian for the interacting electron and hole of the form 

H' = eiGHe-iG, 

where 

eB 
G= ~ 2ÜC (^l-^h-Mhye "^eVe+MhJh)- 

(5) 

(6) 

Here \,-, 2 = 1,4, are variational parameters, which are cho- 
sen to minimize the exciton energy for each structure at each 
magnetic field. The exciton binding energies are calculated 
variationally using the two parameter functions 

^ex=k(-")4("-)exp{-[a(xe-xh
2 + ye-vh

2) 

+ß(ze-zh)2]112}. (7) 

Here, £„(•■■) and £h( • • •) are the envelop functions for the 
electron and hole subbands. For these nonseparable struc- 
tures, the subband functions are calculated numerically as 
discussed above, and the electron-hole correlation in the ex- 
citon is calculated variationally by minimizing the energy 
with respect to a and ß. Variational functions of the form in 
Eq. (7) have been found to give good results for exciton 
binding energies in quantum wells. 

The diamagnetic shifts that we calculate are in good 
agreement with the measurements for the modulated barrier 
and deep etched quantum wire and dot structures. Results for 
the exciton binding energies for modulated barrier structures 
are shown in Fig. 4 and are seen to be in good agreement 
with the data. Our calculated results for the diamagnetic 
shifts and binding energies help to validate the method used 
to obtain the experimental binding energies from the diamag- 
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FIG. 5. (a) Measured (see Ref. 13) and (b) calculated values of E2 for the 
sixth mode of a thin microwave cavity with the shape given by the dashed 
lines. 

netic shifts. For the modulated barrier systems, the binding 
energies decrease for very small sizes after increasing to a 
maximum with decreasing size. This behavior results from 
the exciton wave function extending outside of the wire or 
dot region at small sizes. From these results, it is seen that 
exciton binding energies in these structures can be increased 
up to about 3 1/2 times the bulk value of 4.03, a result that is 
of interest in connection with applications in detectors and 
modulators. Even more surprisingly, significant enhancement 
of the binding occurs for sizes up to ten times the exciton 
Bohr radius (—10 nm). We have traced this behavior to the 
fact that center-of-mass coordinates and relative coordinates 
are not separable, and in these systems both are confined. 

Recently, an enhancement of the exciton binding energy 
up to six times the bulk value in a "T-wire" structure 
formed at the intersection of two quantum wells each of 
about 5.4 nm width was reported.11 We have made detailed 
calculations for this system using the method given above, 
and we find that the exciton binding energy for this structure 
should be about 3 1/2 times the bulk value, which is similar 
to the maximum enhancement seen in the barrier modulated 
and deep etched structures above. We suggest that the dis- 
crepancy between our calculations and the experimental 
value arises from shortcomings in the analysis of the lumi- 
nescence data. 

Confined photons in microcavities and waveguides have 
attracted much interest recently. In order to treat these prob- 
lems, we have developed a boundary element method to treat 
the electromagnetic modes described by Maxwell's 
Equations.5 For this case, the components electric fields Ea 

are determined by 

(V2 + K2)Ea(r) = 0, (8) 

where K2=eo)2/c2, and e is the high-frequency dielectric 
constant. Here, the Green's function equation obeys 

(V2 + tf2)G(r,r';co) = <5(r-r'), (9) 

and for a uniform region of space, it is G(r,r';o>) 
= e'Kr/4Trr for r=|r-r'|. Then, the fields are determined 
by equations similar to Eqs. (3) and (4). We have found that 
calculations of the photon states in confined structures using 
this method converge very well with the number of boundary 
elements. In particular, they appear to converge considerably 

GaAs/AIAs 

InGaAs QW 

X - cavity 

(a) 

(b) 

2 
lateral 

3       4 
size   (/im) 

FIG. 6. (a) Sketch of the semiconductor microcavity. (b) Energies of con- 
fined photon modes of the cavity vs lateral size from photoluminescence 
studies. Solid lines give the results of the calculations. 

more rapidly that do plane-wave expansion methods12 for 
photon states, which typically require hundreds of waves. 
Thus, the present method should provide a useful approach 
for solving the photonic band-gap problem for the full vector 
Maxwell's Equations. 

In order to illustrate these results for photons, we give two 
examples. The most detailed measurements to date of con- 
fined photons have been made for thin microwave cavities1 

in shapes of interest in studies of the onset of quantum chaos. 
Maxwell's Equations for such cavities become isomorphic to 
Schrödinger's equation in two dimensions. Contour plots of 
the measured and calculated values of the square of the elec- 
tric fields for one mode are shown Fig. 5. It is seen that these 
calculations are in good agreement with the experimental 
results. 
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In recent experiments, confined optical modes were stud- 
ied in semiconductor microcavities with lateral sizes on the 
order of a few microns.14 Here, \-wave surface emitting la- 
ser cavities with GaAs/AlAs mirrors and InGaAs quantum 
wells in the cavity were etched laterally. A sketch of these 
structures is shown in Fig. 6. Here, luminescence from the 
photons arises from the weak coupling of the confined pho- 
tons with excitons in 7 nm InGaAs quantum wells in the 
center of the cavity. The measured energies of the ground 
state and of higher lying confined photon modes are shown 
in Fig. 6 with the corresponding theoretical results. It is seen 
that these calculations give a good description of the effects 
of confinement on the photons. From them, we find that the 
photons can give a good approximation represented by 
modes whose fields go to zero at the lateral boundaries of the 
cavity. In this way, the modes can be characterized by the 
number of nodes in each of their two lateral directions. From 
the calculations, the modes are found to extend somewhat 
into the vacuum and substrate regions. In addition, they 
couple to the continuous spectrum of modes of the vacuum, 
and thus, strictly speaking, they are strongly confined reso- 
nances. These results will be of considerable interest in con- 
nection with improved laser action because recombination 
into discrete modes can reduce or eliminate spontaneous 
emission. 
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Electronic structure and optical behavior of self-assembled 
InAs quantum dots 
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Using both electrical and optical techniques, ground state energy levels and excited states of carriers 
in self-assembled InAs quantum dots are described, and the first observations of mid-infrared 
photoconductivity in these structures are presented. Electrical measurements including ac 
conductance and Hall techniques have been used to determine thermal trapping of carriers, and yield 
strong binding for holes, less binding for electrons, and an exciton energy that is consistent with 
photoluminescence (PL) measurements. Further PL experiments have probed the effect of changing 
the InAs dot size, and using embedding material of different composition. Several of these structures 
also demonstrate strong electron binding. In devices where the InAs dots have been grown in an 
Al0 3Gao 7As matrix and surrounded by AlAs barriers, normal incidence photoconductivity has been 
observed at a range of wavelengths in the mid-infrared and attributed to single carrier transitions out 
of the dots. This mid-infrared optical response is investigated for several different dot structures and 
compared to photoluminescence data from the same samples. © 1997 American Vacuum Society. 
[S0734-21 lX(97)07404-0] 

I. INTRODUCTION 

In the past several years there has been a surge of interest 
in structures which exhibit quantum confinement in three 
dimensions, commonly known as quantum dots (QDs). A 
number of approaches to fabricating semiconductor quantum 
dots have been pursued: direct lithographic patterning,1'2 re- 
growth on etched substrates,3'4 patterned "stressors" to in- 
duce local strain fields,5'6 embedding semiconductor clusters 
in glassy hosts,7 and several chemical techniques for synthe- 
sizing and encapsulating nanocrystals.8'9 Each of these meth- 
ods has advantages and drawbacks, but none has been able to 
produce a high density of nearly uniform dots embedded 
without defects in a semiconductor host. 

Recently, however, it has been discovered that dots can be 
"self-assembled" during the pseudomorphic growth of 
highly lattice-mismatched semiconductors.10"12 InAs and In- 
GaAs dots embedded in GaAs is probably the most widely 
studied system which exhibits this behavior, but the self- 
assembly of dots in a variety of mismatched heterostructures 
has been demonstrated.13 The dots arise from a modified 
Stransky-Krastinow growth mechanism in which about 1 
monolayer of InAs uniformly covers the GaAs but the sub- 
sequent InAs aggregates into three dimensional islands 
strained to the GaAs because of the 7% lattice mismatch 
between InAs and GaAs. Atomic force microscopy shows 
low pyramids, with base lengths of about 100-200 Ä and a 
height of about 20-30 A.14 Of particular importance is the 
fact that subsequent growth is epitaxial, embedding the 
pseudomorphically strained InAs quantum dots in GaAs of 
high crystal quality. Furthermore, extremely high dot cover- 

a'Electronic mail: berryman@ee.princeton.edu 
b)Members of the Advanced Technology Center for Photonics and Optoelec- 

tronic Materials (POEM). 
c)Member of the Princeton Materials Institute (PMI). 

age (5:5X 1010/cm2) has been demonstrated.15 Perhaps most 
importantly, these self-assembled QDs have been shown to 
have the atomiclike transitions that are the hallmark of a 
discrete density of states.16'17 

The discrete density of states in this QD system has im- 
portant consequences for the dynamics of carriers within the 
QDs, and therefore also for the optical properties of these 
dots. In particular, since the state spectrum is discrete, LO 
phonon scattering should be strongly inhibited because of a 
lack of available states, which implies long carrier lifetime 
and dephasing times. Also, since the QDs are embedded in 
the lattice without defects, they would be expected to exhibit 
a high radiative efficiency. In fact, for InAs dots in a GaAs 
matrix successful laser operation has already been achieved 
in the near-infrared with QDs as the gain material.18 Other 
workers have shown that even for InAs QDs grown on a 
GaAs-on-Si substrate, which has substantial defects, the ra- 
diative efficiency of the dots is high.19 All of these results, 
however, were obtained in the near-infrared on the exciton 
transition. To the best of our knowledge, other than a couple 
of experiments reporting far-infrared absorption in charged 
InGaAs QDs,20 and recently far-infrared absorption in 
charged InAs QDs,21 there has been little work on transitions 
involving a single carrier. In this work we discuss measure- 
ments of the ground state energies of single carriers in InAs 
QDs in a variety of structures of different design, then 
present the first observations of mid-infrared photoconduc- 
tivity in this system. We discuss the photoconductivity ob- 
served in several structures, and compare it with photolumi- 
nescence (PL) and electroluminescence (EL) performed on 
the same devices. We believe this work provides a founda- 
tion for the development of self-assembled QDs as efficient 
mid-infrared detectors and emitters. 
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FIG. 1. Photouminescence spectra at 80 K of «-doped (top curve), undoped 
(middle curve), and p-doped (bottom curve) InAs QDs. The curves have 
been offset for clarity. 

II. ENERGY LEVELS IN INAS QUANTUM DOTS 

Before optical experiments can be performed on a new 
material system, it is necessary to determine at which wave- 
lengths the system should respond. In a QD system, the op- 
tical response from individual carriers can result either from 
transitions between energy levels in the QD, or ionization of 
the carrier out of a particular energy level. In either case, 
knowing the position of the carrier energy levels, and par- 
ticularly of the ground state, is of primary importance. The 
ground state energy of an exciton in a QD is readily mea- 
sured by PL experiments, with typical results indicated in 
Fig. 1. This figure presents PL spectra acquired for three 
samples: undoped QDs, dots doped with electrons, and dots 
doped with holes. The doping density used, 5X1010 

impurities/cm2 on the dot layer, should result in approxi- 
mately 1 carrier per dot. The doping was confined to the dot 
layers themselves. The PL spectra were acquired with an 
excitation intensity of approximately 0.2 W/cm2 at 632.8 nm, 
with the samples held at 80 K in a nitrogen cryostat. The 
reproducibility of the PL peak positions between these dif- 
ferent samples implies that QDs with similar size distribu- 
tions have been formed on each sample, and that the dopants 
have not affected the energy level structure. These samples 
were all prepared using standard molecular beam epitaxy 
(MBE) growth techniques on GaAs(OOl) substrates. After 
depositing a 0.5 /xm buffer layer of GaAs, the dots were 
fabricated by lowering the substrate temperature to 500 °C 
and growing slightly over 2 monolayers of InAs. The transi- 
tion to three dimensional growth was confirmed by changes 
in reflection high-energy electron diffraction (RHEED) pat- 
terns. After allowing the dots a short interval to reach equi- 
librium, during which time dopants were introduced in the 
case of doped samples, the substrate temperature was raised 
to 610 °C and a cap layer, typically 0.3 /xm thick, was grown 
on top of the dots. All of the samples discussed here were 
prepared in similar fashion. 
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FIG. 2. ac conductance as a function of temperature. Each curve corresponds 
to a different measurement frequency, as indicated. The inset is an Arrhen- 
ius plot of T2/f vs 1/7*, where T is the temperature of the conductance peak 
which occurs at measurement frequency /. The straight line fit in the inset 
indicates a thermal trapping depth for holes in these quantum dots of 240 
meV. 

The PL results in Fig. 1 directly indicate an exciton 
ground state binding energy, given by the difference between 
the observed peak position and the GaAs band edge, of 
—300 meV for the QDs observed in Fig. 1. Unfortunately, 
PL provides no indication of how this binding energy is 
shared between electrons and holes. So to resolve the bind- 
ing of individual carriers, we began a series of electrical 
measurements on several QD samples. For one set of experi- 
ments, we placed QDs in a p-n junction and measured the 
temperature dependence of the ac conductance as a function 
of frequency. In another set of experiments, using the Hall 
effect we measured the carrier concentration in QD layers as 
a function of temperature. Both of these techniques yield the 
thermal trapping depth of carriers in QDs, which can be de- 
termined independently for n- and p-doped samples, thereby 
providing a direct measure of electron and hole binding. 

Although the full details of these measurements are pre- 
sented elsewhere,22 an example of the ac conductance data is 
indicated in Fig. 2. This figure shows the set of conductance 
peaks in temperature at different frequencies which result 
when the thermal emission rate from the dots matches the ac 
measurement frequency. In this case, the QD sample was p 
doped. The inset shows an Arrhenius plot of T2/f vs 1/7, 
where T is the temperature of the conductance peak at a 
measurement frequency /. The linear fit shown in the inset 
yields a thermal trapping depth for holes of 240 meV. 
Graphs of this sort, and indeed the entire method of capaci- 
tance spectroscopy, have long been used to determine the 
depth of defect traps in semiconductors.23 In this case the 
traps are the quantum dots themselves. Temperature depen- 
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dent Hall measurements provide an independent measure of 
the thermal trapping depth. In this case the change in carrier 
concentration as a function of temperature is assumed due to 
trapping in dots; fitting the temperature dependence also 
yields a trap depth for holes of -240 meV, and indicates a 
binding energy for electrons of a few tens of meV. The total 
binding is therefore in reasonable agreement with that ob- 
tained from PL observations. 

We conclude that for the size distribution of QDs mea- 
sured here, holes are strongly bound while electrons exhibit 
much less binding. These results are in agreement with sev- 
eral recent theoretical calculations24"26 and experiments.27'28 

One note of caution must be observed here: the energy levels 
for QDs of different size will vary, so comparisons can be 
difficult without some measure of size. Fortunately, recent 
measurements comparing PL emission energies with QD size 
determined by transmission electron microscopy (TEM) 
have shown that the PL emission peak correlates well with 
the dot size.29 For the QDs measured using the ac conduc- 
tance and Hall techniques, the position of the PL peak then 
yields an estimated base size of 10 nm, for which the calcu- 
lated energy levels in Ref. 24 are 200 meV for holes and 90 
meV for electrons—in reasonable agreement with the experi- 
mental values. 

III. QUANTUM DOT ENGINEERING 

Since optical devices based on electronic transitions are 
both easier to design and understand than those involving 
holes, we chose to attempt to manipulate the energy levels in 
the QD system to increase the electron binding. Our first 
attempt involved simply changing the matrix surrounding the 
QDs from pure GaAs to Al0 3Gao 7As. At this Al concentra- 
tion, the band-gap of the AlGaAs material is about 1.9 eV, as 
compared to about 1.5 eV for pure GaAs. As the wave func- 
tions of electrons and holes inside a QD are largely confined 
to the InAs, we expected that the absolute energies of elec- 
trons and holes would change little, which would imply that 
much of the 400 meV additional binding could be present for 
the electronic states. 

We prepared two samples which were identical except 
that one consisted of dots grown in GaAs, while for the other 
we first grew a layer of Al0 3Gao7As, then grew QDs, then 
overcoated with Al03Gao7As as well. In Fig. 3 we see PL 
spectra which confirm our initial suspicion—the ground-state 
energy of the QDs in AlGaAs has moved up by only 100 
meV. Since there is about an additional 250 meV of conduc- 
tion band offset in the AlGaAs as compared to GaAs, the 
electrons in the QDs in AlGaAs must be bound by at least an 
additional 150 meV. 

In an attempt to produce even greater electron binding, we 
designed samples with a variety of cladding structures sur- 
rounding the QDs. We used a combination of 20-Ä-thick 
Al As barriers and 10 Ä GaAs layers on top of the 
AlcuGao 7As matrix to change the confining potential seen by 
the InAs dots. The dot structures are illustrated in Fig. 4 and 
were separated during growth by 1000 Ä of undoped 
Alo.3Gao.7As, both to prevent any coupling between layers 
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FIG. 3. Photoluminescence spectra at 80 K of standard InAs dots in GaAs 
(bottom curve), and from identical dots in Al03Gao7As (top curve). The 
GaAs band edge (near 1.5 eV), and Al03Gao.7As band edge (near 1.9 eV) are 
also evident. 

and also so that different dot layers could be exposed by 
chemical etching. In these samples the dots were also lightly 
n doped with a surface density of 5X 1010 carriers/cm2, re- 
sulting in about 1 electron per dot. 

The samples were then characterized at a temperature of 
80 K with PL measurements. Two typical PL spectra using 
488 nm light at an intensity of 25 W/cm2 are illustrated in 
Fig. 5. These spectra were acquired with a nitrogen cooled 
photomultiplier tube (PMT) system which is losing sensitiv- 
ity rapidly at the lowest energies shown. The bottom curve 
includes emission from all three QD layers, while the top 
curve was taken after the layer containing structure A had 
been etched away using a sufuric acid based etch. The ratio 
of peak intensities in structures B and C has changed because 
structure C is now closer to the surface, and therefore sees a 
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GaAs 
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FIG. 4. Schematic drawing of the three QD structures, labeled A, B, and C, 
used for photoluminescence and photoconductivity measurements. 
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FIG. 5. The bottom curve is a photoluminescence spectrum at 80 K of a 
sample containing the three QD structures illustrated in Fig. 4. The top 
curve is a PL spectrum in which structure A has been etched away. The peak 
assignments indicated in the figure were determined by removing specific 
layers by etching and observing resultant changes in the peak amplitudes. 
Photoluminescence from the wetting layer (WL) and band edge (BE) are 
also observed. 

higher density of electron hole pairs created by the incident 
laser. Structure A emission has almost entirely disappeared, 
although some remnant emission may still be present be- 
cause the etch is not perfectly uniform. By performing a 
sequence of such etching operations and measuring the 
changes in the PL peaks, we were able to assign the emission 
to specific dot layers as indicated in the figure. Furthermore, 
the multiple peaks for individual QD layers result from emis- 
sion by excited states, as the ground states are saturated at 
this excitation intensity.30 Note that this is 75 times the in-       region 
tensity used in Fig. 1, which showed no evidence of excited 
state emission. We should also note that the subpeak struc- 
ture in Fig. 5 is not due to interference effects, both because 
this structure does change with decreasing excitation inten- 
sity, and because the spacing implied by the peaks is incon- 
sistent with the growth thickness. 

The data in Fig. 5 illustrate that by employing suitable 
barrier structures we have great freedom in manipulating the 
ground state energy of carriers in the QDs. In structure A, for 
example, there is almost 700 meV of binding in the exciton, 
implying that both carriers likely have several bound states. 
In structure C, by contrast, the exciton ground state binding 
is less than 300 meV, implying that at least one carrier must 
have its ground state in the QD above the corresponding 
GaAs band edge. This in turn suggests that QDs of this form 

might be useful in resonant tunneling devices, including 
quantum cascade lasers. 

IV. PHOTOCONDUCTIVITY IN INAS QUANTUM 
DOTS 

Since we were now confident that our cladded QD 
samples contained electrons which were strongly bound in 
the dots, we began a series of experiments to attempt to 
observe optical transitions by single carriers within the QDs. 
We chose to look for photoconductivity, using Schottky 
gates on samples containing dots to allow us to see a photo- 
voltaic optical response. We used the structures, illustrated in 
Fig. 4, which had been lightly n doped for this purpose, and 
etched samples to different depths to expose specific QD 
layers. We evaporated semi-transparent 100 Ä Ti gates on 
each sample over an area of several square millimeters, fol- 
lowed by a small gold pad for bonding. Back contact was 
made through the heavily doped substrate. Each sample was 
mounted in a nitrogen cryostat, then positioned at normal 
incidence at the focus of the output beam of a Bomem DA3 
Fourier transform infrared (FTIR). A standard globar source 
and CaF2 beamsplitter were used. In this configuration the 
FTIR could be scanned while monitoring the photoconduc- 
tivity signal from the QDs, producing an interferogram 
which was then Fourier transformed to reveal the QD spec- 
tral response. 

Although more extensive analysis and discussion of these 
experiments will be presented elsewhere,32 two typical opti- 
cal responses at different applied biases are illustrated in Fig. 
6. At short wavelengths, a broad Schottky response is ob- 
served, identical to the response from control samples with- 
out QDs. The control samples, however, show no changes 
with bias and no response in the mid-infrared, while the QDs 
have a large response which changes with applied bias. We 
believe the QD response is due to electrons being excited 
from the QD states into the Alo.3Gao.7As conduction band, 
where they are swept out of the QDs by the internal electric 
field, resulting in current flow in the external circuit. A re- 
sponse of this sort requires that QDs with trapped carriers be 
present in the vicinity of an internal electric field. Such a 
situation occurs at the edge of the Schottky barrier depletion 

A consequence of this explanation is that we would ex- 
pect to be able to select which dot layer responds by chang- 
ing the dc bias applied to the Schottky contact—which is 
exactly what we observe. As the forward voltage is increased 
(decreased), the QDs which are shallower (deeper) in the 
device will respond. In fact, in Fig. 6 we see that the primary 
response peak shifts from 390 to 300 meV with a change in 
applied bias of about 1 V. This energy difference compares 
favorably with the 100 meV separation between structure A 
and structure B exciton ground states observed in Fig. 5. It is 
important to note here that the energy separation observed in 
the exciton ground states must be larger than that observed in 
photoconductivity, because the photoconductivity in an 
n -doped sample will not respond to changes in the position 
of the hole energy levels, which do nonetheless affect the 
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FIG. 6. Photoconductivity spectra at two different applied biases for the 
sample containing the three structures in Fig. 4. As the bias is changed, 
different populations of dots contribute to the response as the edge of the 
depletion region changes position. The curves have been offset vertically for 
clarity. 

exciton energy. The fact that almost all of the shift is ac- 
counted for in the photoconductivity, however, implies that 
for these structures, the AlAs barriers have the greatest im- 
pact on the electron energy levels. This is to be expected as 
the electronic wave functions, because of the light electronic 
mass, should extend further into the barriers than the holes. 

V. DISCUSSION AND CONCLUSIONS 

Self-assembled QDs represent perhaps the first system 
which combines the power and flexibility of modern MBE 
growth techniques with the scientific and technological inter- 
est of three dimensionally quantum confined structures. We 
have seen here that by proper design the individual energy 
levels of electrons and holes within these dots can be tailored 
over a wide range, and can be measured using standard elec- 
tronic and optical techniques. 

Using structures optimized to produce large electron bind- 
ing, to the best of our knowledge the measurements pre- 
sented here are the first observations of mid-infrared photo- 
conductivity in self-assembled dots. This response is not 
present in samples without QDs, and disappears from 
samples in which the QDs have been etched away. The large 
apparent optical response and the many wavelengths acces- 
sible by varying structure design argues persuasively that 
QDs might be useful not only as infrared detectors, but also 
possibly as emitters. QDs detectors could expect to exhibit 
lower dark noise than is present in a quantum well detector, 
which is the dominant source of noise in these devices.33'34 

Furthermore, the reduced phonon scattering which results 
from the discrete density of states in a QD should result in 
long lifetime and dephasing times, increasing their radiative 
efficiency and perhaps allowing novel coherent nonlinear op- 
tical experiments. The results presented here for these QD 
structures should therefore serve as the starting point for fur- 
ther exploration of the electronic and optical properties of 
these artificial atoms. 

ACKNOWLEDGMENTS 

This work was supported in part by the MRSEC program 
of the National Science Foundation under Award No. DMR- 
9400362, and the URI program of the Army Research Office 
under Grant No. DAAL03-92-G-0146. 

'J. N. Randall, M. A. Reed, and Y. -C. Kao, J. Vac. Sei. Technol. B 8, 
1348 (1990). 

2A. Scherer and B. P. Von der Gaag, Proc. SPIE 1284, 149 (1990). 
3H. Sakaki, Curr. Opinion Solid State Mater. Sei. 1, 17 (1996). 
4E. Kapon, G. Biasiol, D. M. Hwang, M. Walther, and E. Colas, Solid- 
State Electron. 40, 815 (1996). 

5K. Kash, R. Bhatt, D. D. Mahoney, J. M. Worlock, P. S. D. Lin, A. 
Scherer, B. P. Von der Gaag, M. Koza, and P. Grabbe, Advances in 
Materials, Processing and Devices in III-V Compound Semiconductors 
Symposium (Boston, MA, 1989), p. 245. 

6K. Kash, D. D. Mahoney, B. P. Von der Gaag, A. S. Godz, J. P. Harbison, 
and T. Florez, J. Vac. Sei. Technol. B 10, 2030 (1992). 

7M. G. Bawendi, W. L. Wilson, L. Rothberg, P. J. Carroll, T. M. Jedjv, M. 
L. Steigerwald, and L. E. Brus, Phys. Rev. Lett. 65, 1623 (1990). 

8A. P. Alivisatos, Science 271, 933 (1996). 
9J. A. Lebens, C. S. Tsai, K. J. Vahala, and T. F. Kuech, Appl. Phys. Lett. 
56, 2642 (1990). 

10F. Houzay, C. Guille, J. M. Moison, P. Henoc, and F. Barthe, J. Cryst. 
Growth 81, 67 (1987). 

"M. Tabuchi, S. Noda, and A. Sasaki, Science and Technology of Mesos- 
copic Structures, edited by S. Namba, C. Hamaguchi, and T. Ando 
(Springer, Tokyo, 1992), p. 379. 

12M. Tsuchiya, J. M. Gaines, R. H. Yan, R. J. Simes, P. O. Holtz, L. A. 
Coldren, and P. M. Petroff, Phys. Rev. Lett. 62, 466 (1989). 

13E. R. Glaser, B. R. Bennett, B. V. Shanabrook, and R. Magno, Appl. 
Phys. Lett. 68, 3614 (1996). 

I4J. M. Moison, F. Houzay, F. Barthe, L. Leprince, E. Andre, and O. Vatel, 
Appl. Phys. Lett. 64, 196 (1994). 

15G. S. Solomon, J. A. Trezza, and J. S. Harris, Appl. Phys. Lett. 66, 3161 
(1995). 

16J.-Y. Marzin, J.-M. Gerard, A. Izrael, D. Barrier, and G. Bastard, Phys. 
Rev. Lett. 73, 716 (1994). 

17M. Grundmann, J. Christen, N. N. Ledentsov, J. Bohrer, D. Bimberg, S. 
S. Ruvimov, P. Werner, U. Richter, U. Gosele, J. Heydenreich, V. M. 
Ustinov, A. Y. Egorov, A. E. Zhukov, P. S. Kop'ev, and Zh. I. Alferov, 
Phys. Rev. Lett. 74, 4043 (1995). 

18D. Bimberg, N. N. Ledentsov, M. Grundmann, N. Kirstaedter, O. G. 
Schmidt, M. H. Mao, V. M. Ustinov, A. Y. Egorov, A. E. Zhukov, P. S. 
Kop'ev, Zh. I. Alferov, S. S. Ruvimov, U. Gosele, and J. Heydenreich, 
Jpn. J. Appl. Phys. 1 35, 1311 (1996). ' 

19J. M. Gerard, O. Cabrol, and B. Sermage, Appl. Phys. Lett. 68, 3123 
(1996). 

20H. Drexler, D. Leonard, W. Hansen, J. P. Kotthaus, and P. M. Petroff, 
Phys. Rev. Lett. 73, 2252 (1994). 

21M. Fricke, A. Lorke, J. P. Kotthaus, G. Medeiros-Ribeiro, and P. M. 
Petroff, Europhys. Lett. 36, 197 (1996). 

22K. W. Berryman, S. A. Lyon, and Mordechai Segev (to be published). 
23E. H. Nicollian and J. R. Brews, MOS (Metal Oxide Semiconductor) 

Physics and Technology (Wiley, New York, 1982), pp. 176-234. 
24M. Grundmann, O. Stier, and D. Bimberg, Phys. Rev. B 52, 11969 

(1995). 

JVST B - Microelectronics and Nanometer Structures 



1050 Berryman, Lyon, and Segev: Behavior of self-assembled InAs quantum dots 1050 

25M. A. Cusack, P. R. Briddon, and M. Jaros, Phys. Rev. B 54, R2300 
(1996). 

26A. Wojs and P. Hawrylak, Phys. Rev. B 53, 10841 (1996). 
27M. Grundmann, N. N. Ledentsov, O. Stier, J. Bohrer, D. Bimberg, V. M. 

Ustinov, P. S. Kop'ev, and Zh. I. Alferov, Phys. Rev. B 53, R10509 
(1996). 

28P. N. Brunkov, S. G. Konnikov, V. M. Ustinov, A. E. Zhukov, A. Y. 
Egorov, M. V. Maksimov, N. N. Ledentsov, and P. S. Kop'ev, Semicon- 
ductors 30, 492 (1996). 

29A. Polimeni, A. Patane, M. Capizzi, F. Martelli, L. Nasi, and G. Salviati, 
Phys. Rev. B 53, R4213 (1996). 

30M. Grundmann, N. N. Ledentsov, O. Stier, J. Bohrer, D. Bimberg, V. M. 
Ustinov, P. S. Kop'ev, and Zh. I. Alferov, Phys. Rev. B 53, R10509 
(1996). 

31J. Faist, F. Capasso, D. L. Sivco, C. Sirtori, A. L. Hutchison, and A. Y. 
Cho, Science 264, 553 (1994). 

32K W. Berryman, S. A. Lyon, and Mordechai Segev, Appl. Phys. Lett. 70, 
1861 (1997). 

33K. W. Goossen and S. A. Lyon, J. Appl. Phys. 63, 5149 (1988). 
34M. A. Kinch and A. Yariv, Appl. Phys. Lett. 55, 2093 (1989). 
35Including, for example, the field-induced symmetry breaking described by 

A. Levinson, M. Segev, G. Almogy, and A. Yoris, Phys. Rev. A 49, R661 
(1994). 

J. Vac. Sei. Technol. B, Vol. 15, No. 4, Jul/Aug 1997 



Surface morphology and quantum dot self-assembly in growth 
of strained-layer semiconducting films 

K. E. Khor3» and S. Das Sarma 
Department of Physics, University of Maryland, College Park, Maryland 20742-4111 

(Received 12 January 1997; accepted 16 April 1997) 

The energetics of island growth on thin semiconducting films deposited on lattice-mismatched 
substrates is discussed in this article. Hut clusters similar to those proposed by Mo et al. [Phys. Rev. 
Lett. 65, 1020 (1990)] for Ge/Si(001), with (10«), («^3), or (11«), («3=1), side facets will be 
analyzed. Results show that hut clusters are the energetically favorable structures during early 
growth, with side facets of rebonded (105) planes; at later times, larger islands with (1 l«)-like facets 
become favorable. It is found that islands nucleate with critical nuclei of about 1 atom and grow two 
dimensionally until they reach a critical size sc, when it is favorable for the islands to become three 
dimensional. There is an effective barrier at the transition from two dimensional to three 
dimensional growth. Beyond the barrier, there is an immediate energy gain which can be large, on 
the order of 5-10 meV/atom for the highly mismatched system of InAs/GaAs. It is suggested that 
these results are the underlying reason for the uniformity seen in self-assembled quantum dots in 
highly mismatched heteroepitaxy.   © 1997 American Vacuum Society. [S0734-211X(97)08204-8] 

In this work on the growth of strained-layer superlattices, 
we focus on the early stages for systems which grow in the 
Stranski-Krastanov (SK) mode. The nature of islands seen 
have been characterized by Mo et al} for Ge grown on 
Si(001); "hut" clusters are the first type of islands to appear 
with well defined (105) facets, tilted at 11.3° to the surface, 
then there is a transition to larger islands with (lln)-like 
faces2 and finally to even larger but dislocated islands. This 
sequence of islanding has probably been seen in other sys- 
tems, like the heteroepitaxy of InP on GaAs(OOl), where the 
mismatch is also about 4%.3 It is possible to bypass the hut 
cluster stage by growing at slightly higher temperatures.1,3 

There has also been much interest on growth in even more 
highly mismatched systems ( — 7%) like InAs/GaAs(001), 
because of the uniformity in the size of islands seen.4'5 This 
uniformity, with dispersions of 10% in height and 7% in 
diameter of the islands at the initial stages of formation, de- 
creases with coverage 62. There seems to be a distinct cov- 
erage 6C [=1.5 monolayers (ML),4 1.75 ML,5 1.7 ML6] at 
which the transition from two dimensional (2D) to three di- 
mensional (3D) growth occurs for the InAs/GaAs system. 
This critical thickness transition is dependent on growth con- 
ditions; the work of Gerard et al.,6 shows that by substan- 
tially increasing the deposition rate, for example, it is pos- 
sible to shift it from 1.7 to 1.95 ML. There is evidence that 
the material to build an island comes mainly by depleting its 
immediate environment: the thickness of the InAs layer be- 
fore islanding occurs, which is between 1 and 2 ML and is 
reduced to 1 ML in the region surrounding the island.4"6 

This suggests that the critical layer thickness for InAs/ 
GaAs(OOl), beyond which it is energetically favorable to 
form islands, is actually 1 ML and that the extra thickness 
before islanding is seen may be due to the presence of a 
barrier at the 2D-3D transition. There is sign that some 
depletion is also present in the growth of Ge on Si. 

In this study we look at the energetics of the 2-3D tran- 

sition in detail by means of molecular dynamics simulation. 
We use an empirical potential that has been appropriately 
tuned.8 We observed a generic trend, applicable to the mate- 
rials above and not sensitive to potential parameters; because 
taller islands relax more, hut clusters with (10«) side facets 
become energetically favorable at sizes which increase with 
« [n = 3 is excluded as (103) facets entail effectively, DA 

steps which are known to be energetically very costly9]. 
(Ill) facetted islands, which are taller than (10«) islands, 
become energetically favorable at sizes bigger than the size 
of the latter type, especially at low « values. With this trend 
in mind, we show that the 2D-3D transition occurs when 2D 
islands have grown much larger than the size 3D islands first 
become energetically favorable; this effectively is a barrier, 
which once scaled by a 2D island, allows it to reorganize 
itself into a 3D shape, with an immediate gain of energy. 
This gain, which is more pronounced for the highly mis- 
matched InAs/GaAs system than for the Ge/Si system, can 
be quite substantial, from 5 to 10 meV/atom for the former. 
We feel that this is the underlying factor for the uniformity 
of sizes of islands seen in this system. Priester et al.10 have 
attempted to provide an explanation for the uniformity of the 
3D islands, but have not taken into account the factor of the 
barrier, which should affect their considerations. 

We use an empirical potential that has been tuned to 
Si(001) surface energies and stresses8 and adjust it further to 
the energy of the DB step as given by Chadi or 
Oshiyama.9'1112 As in a previous study,8 simulations are car- 
ried out for 2D island clusters of height «, placed on a three- 
layer Ge on Si (Ge3Si) substrate. Mo et al.1'13 have suggested 
the atomic configuration of (105) side facets. We show in 
Fig. 1 an alternative configuration where many of the dan- 
gling bonds of the former have been eliminated by rebonding 
at the cost of some surface strain. This rebonded side facet 
should also be consistent with the scanning tunneling micro- 
scope (STM) images of Mo et al. and Iwawaki et al.1,13 In 
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[100] 

FIG. 1. Atomic configurations of rebonded (105) side facets of hut clusters. 
Heavy lines delineate terraces. 

Fig. 2 we show the energies of these islands as a function of 
the size yjv, where V is the number of atoms in an island. 
Hut clusters with unrebonded side facets are much higher 
in energy. In Fig. 2, we plot the energy of islands with (105) 
and (107) facets. Taller (105) facetted islands become 
energetically favorable at smaller sizes than (107) type is- 
lands; our calculations also indicate that the trend continues, 
(10«) islands become favorable at sizes that increase with 
n. (103) facetted islands are excluded as these islands entail 
continous DA steps which are known to be substantially 
higher in energy than SA, SB, and DB steps.9 This is why 
such islands or facets (with angles of 18.4°) are not seen 
experimentally. This trend of flatter islands becoming favor- 
able at larger sizes should be generally applicable to other 
systems, where strain driven islanding is seen. Under certain 
constraints, which are reasonable for low hut clusters, this 
result can also be obtained from the energy expression for 
the elastic relaxation of an island.8'14 In Fig. 2, the curves for 
islands with small his (like the (10«) islands), were obtained 
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FIG. 2. Island energies in meV/atom vs cluster size. Dashed line: rebonded 
(105) islands; light solid: (107) islands; dot-dashed line: (111) islands; 
heavy solid line: two layer islands. (105),(107) and two-layer island curves 
cross the abscissa at points A, B, and C, respectively. 

for those with minimum sized (2-4 atomic spacings) top 
terraces. We can show,8,12,14 that for such islands, increasing 
the size of the top terrace would increase the corresponding 
critical island size Vc (at which the island becomes favor- 
able). This means that we cannot consider island energetics 
by imposing the constraint of a fixed specific shape on all 
islands. For shapes like truncated spheres, for example taller 
sharper islands with better energetics, are missed out. In Fig. 
2 we complete the trend of (105), (107) ... clusters with a 
plot of the energy of two layer islands whose edges consist 
of a double step of the DB type and whose top has essentially 
the same missing dimer (MD) configuration as the Ge3Si 
surface. Vc for this island is greater than the critical sizes of 
(105), (107) .. facetted islands. It is known for the growth of 
Si/Si(001),15"17 that islands nucleate with a critical size of 
1-3 atoms and then grow two dimensionally. Island nucle- 
ation of Ge on Si(001) should be similar (in both cases the 
dimer is the stable nucleus). We suggest that the 2D-3D 
transition picture is the following: 2D islands nucleate with 
critical nuclei of about 1 atom and grow two dimensionally 
until a critical size sc, when strain makes it favorable for 
there to be a transition to 3D growth. This size sc is quite 
large, with dimensions ~ a few hundred angstroms, as we 
shall see later. There is direct experimental evidence for this 
picture of growth. Mo and Lagally18 observe, after growth of 
about 3ML of Ge on Si at 500 °C, a growth front roughness 
of three layers over an area of 60 nmX60 nm. Gerard et al.6 

observe one layer roughness over extensive 2D areas (—2000 
Ä) for the growth of InAs on GaAs(OOl) at 520 °C. We 
stress that sc + yJVc for (105) or (107) clusters, which at these 
stages (A or B in Fig. 2) have heights of more than 12 layers, 
which is much greater than the roughness over the 2D re- 
gions. Therefore the 2D island must reach a size comparable 
to the Vc for the two-layer island (C in Fig. 2) before it 
becomes energetically favorable. Once this size barrier is 
reached, the transition to islands of two or more layers in 
height is possible since taller (10«) islands are already favor- 
able at smaller sizes. There is a rapid rearrangement of its 
atoms in order to achieve the shape of the optimally ener- 
getic (105) facetted clusters. There is an immediate gain in 
energy of 1-2 meV/atom for the Ge/Si system; for InAs/ 
GaAs we estimate this gain, assuming that the elastic energy 
scales with the square of misfit, to be 5-10 meV/atom. This 
latter amount is substantial and is probably the reason for the 
phenomenon of depletion seen in the highly mismatched sys- 
tems. In Fig. 2 we show the results for (111) facetted islands 
from a previous work.8 We expect (11«) facetted islands to 
show the same trend in energy; they should become favor- 
able at sizes which increase with «; we can also see that 
these sizes are at least larger than Vc for (105) islands and 
possibly a few other (10«) islands as well. 

We now focus on the experimental results of islanding in 
InAs/GaAs systems because of the availability of data at 
small increments of coverage 6.4~6 In Table I we put to- 
gether some of the experimental results of the three groups. 
Growth temperatures were from 500 to 530 °C and in this 
small range, we see that island sizes are larger with higher 
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TABLE I. Growth conditions and experimental results in InAs/GaAs systems. 

1053 

Moison"                            Gerardb Leonard0 

Growth temperature 
Deposition rate in s/ML( 0C) 

height;base 
uniformity:height;base 

notes 

500 °C                             520 °C 
16(1.75)            (a)l-16(1.7);(b)< 1(1.95) 

Island features 
30 Ä;240 Ä 
20%; 10% 

(410), (511)                    depletion zone 
island facets                        -1000Ä 

530 °C 
100(1.5) 

60-70 Ä;200 Ä 
10%; 7% 

uniformity best initially 
island density but not 
size increase with 6 

"Reference 5. 
'Reference 6. 
°Reference 4. 

growth temperatures. This has also been observed elsewhere 
for fixed deposition rates.19 The smaller islands seen by Moi- 
son et al.5 have aspect ratios (height/base) consistent with 
(104) facets (which are inclined at 14° to the surface), while 
those of Leonard et al.4 have much higher aspect ratios (cor- 
responding to facet angles 3=35°). These two aspect ratios 
are respectively consistent with (105) and (11«) geometries. 
It has been observed by Mo et al. that hut clusters can form 
at —800 K, but by just increasing growth temperatures to 
850 K only macroscopic islands are seen.1 Similar results 
have been obtained by Sopanen et al.3 for the growth of 
InP/GaAs(001). Deposition rates must affect the layer thick- 
ness 6C at which the 2D-3D transition occurs; at very high 
rates, < 1 s, the change can be as much as .25 ML in 6C.

4 

There is uniformity in the size distributions of the islands, 
which has dispersions of 10% in height and 7% in diameter 
at the first appearance of the islands, at 0~ 6C; with further 
deposition, this uniformity is reduced, island density in- 
creases, but sizes remain essentially the same.4'2 All three 
groups concluded that there is depletionlike behavior, the 
coverage just before islanding is 6C, but reducing to 1 ML 
below each island after it appears. Leonard et al. show that 
more than 80% of the atoms which form an island come 
from its environment, rather than from additional deposition. 
Gerard et al. display an atomic force micrograph (Fig. 3 in 
Ref. 6) of the depletion zone around an island, whose size is 
— 1000 A. They also show that the time scale of this mass 
movement to form an island is from 2 to 10 s. This phenom- 
enon of depletion is clearly consistent with the results of our 
simulation. Since it takes a few seconds in a highly mis- 
matched system, we expect this effect to take much longer in 
the Ge/Si system; it is probably masked by the deposition 
rates used and only one group has reported seeing it in this 
system.7 Figure 2 shows that once islanding begins at size 
sc, (point C), the immediate energy gain to form (105) is- 
lands is —2 meV/atom for Ge/Si (5-10 meV/atom for In As/ 
GaAs) and ~6 meV/atom for (111) islands (—16 meV/atom 
for InAs/GaAs). As (11«) islands are formed at higher tem- 
peratures, this may mean that they face a higher barrier in 
that sc is larger for direct transition to (11«) than to (105) 
islands. Beyond critical coverage 6C, as deposition contin- 
ues, there is much more energy to be gained for the new 
material to create new islands than to grow existing ones, so 

there is an increase of island density but little size gain. 
Solomon et al.20 have shown that 3D island density, at fixed 
coverage and temperature, can be increased by reducing ei- 
ther the growth rate R or the flux V/III ratio; the latter effec- 
tively increases the surface diffusion D. This is, at first sight, 
unexpected for it is known from nucleation theory for regular 
island growth that island density goes as RpIDq, where p and 
q are positive,17 but this applies in our case to the 2D islands. 
Increasing deposition rate or decreasing diffusion then in- 
creases the 2D island density and correspondingly decreases 
2D island size at a given coverage, 6. This means that the 
first 2D islands reach size sc at a higher critical coverage 
0C. The density of 3D islands then increases with 
A0= 6— 6C which, as we see in the experiment above, can 
be attained by reducing growth rate or increasing D. 

The highest uniformity in the size of 3D islands is seen at 
the beginning of islanding, termed "primary" islands by Le- 
onard et al.4 Island uniformity at higher coverages is simply 
a consequence of this and the fact that islands remain con- 
stant in size once they are formed. The uniformity of primary 
3D islands is related to the fluctuations of shape, height, and 
presence of defects in 2D islands approaching critical size 
sc. "Trench"-like defects21'22 are seen on Ge3Si surfaces, 
but their contributions to island size distribution are shown to 
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FIG. 3. Replot of the film morphology curve of Bean et al. (Fig. 1 in Ref. 
26), 1/r, in K_IX1000, vs ln(x). 
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be small.15 Mo et al. report height fluctuations of two layers 
in 2D islands at temperatures of about 500 °C, so we assume 
that this will not be an important factor. Shape fluctuations in 
2D islands are essentially step fluctuations; the entropic con- 
tributions to the free energy of 2D islands can be discussed 
in terms of fluctuations of steps, which would result in the 
smearing out of the critical island size. We offer a rough 
estimate of this spread to show that this can be the source of 
the dispersion of primary islands. Swartzentruber et al.23 

have carried out studies of these step fluctuations on Si(001) 
surfaces at 600 °C. We are interested in the amplitudes of 
fluctuations with wavelengths of the size of the depletion 
regions seen above —1000 Ä.6 Amplitudes are of the order 
of 100 A for such fluctuations. We arrive at the same figure 
using the results of Bartelt et al.2A Similar sized amplitudes 
are found in fluctuations of these wavelengths on steps of 
Ge/Si(001) in temperatures from 400 to 600 °Q13'22'25 These 
figures are also consistent with the fluctuations seen in InAs/ 
GaAs systems at 520 °C.6 If we assume that the average 
depletion area has a radius of 500 Ä,6 then a fluctuation in 
the radius of 100 A would give island size distributions with 
total dispersions (Ah/h + 2A.s/s) of up to 40%, comparable 
to the experimental figures of Table I. 

In contrast to the results of experiments discussed 
above,4"6 Polimeni et al. report a smooth 2D-3D transition 
for the growth of InAs on GaAs(OOl). However, their growth 
temperature at 420 °C is substantially lower than those 
(500-530 °C) used by the other groups. At these tempera- 
ture differences, the diffusion constant D could differ by an 
order of magnitude, if we assume similar behavior for D 
observed for Si atoms on Si(OOl).16'17 Then the deposition 
rate of 0.1 ML/s used by Polimeni et al. is effectively much 
higher than those used by Leonard et al.4 and Moison et al.5 

As we have already noted for the Ge/Si system, high depo- 
sition rates may mask the phenomenon of depletion and so 
give rise to a smooth 2D-3D transition. 

We now consider the temperature-concentration phase 
curve, delineating smooth from rough growth, for the depo- 
sition of Si,_^.Gex on Si(001) obtained by Bean et al.26 As 
seen above, islands nucleate and grow two dimensionally 
until they reach a critical size sc, when it becomes energeti- 
cally favorable for the islands to grow three dimensionally. 
For the transition to occur, the temperature T must be high 
enough or flux rate R sufficiently low. Consider the follow- 
ing equation for the energy E of an island of side s and 
height h,SM 

E/V-- 
2T     2c[l — exp( — ah/s)] 

~T~ a ln[seL5/h cot(0)] ' (1) 

where T=ye csc(0)-ys cot(0), yse are, respectively, ener- 
gies of the surface and the facet, 6, the angle between the 
surface and facet, a, some constant, and c ~ x2. Equation (1) 
shows that sc~c~l~x~2. For an island of size sc to form, 
an adatom must be able to diffuse this distance before cap- 
ture. If r is the lifetime of the adatom, then sc~ 4DT, where 
T~R_7 and D = D0 exp(-Ed/kT). Then 
sc~exp(-Ed/kT)4r or XC~T" 

m exp(Ed/4kT). In Fig. 3, 

we replot Fig. 1 of Bean et al.26 in the form of \IT against 
ln(x). Except for the point at x = 1 (where a change in tem- 
perature from 550 to 527 °C would put it on the line) our 
results agree well with the experimental observations. 

In conclusion, we find that in general, for strained het- 
eroepitaxial growth of semiconductors, there exists an effec- 
tive barrier for the 2D-3D transition. This is a robust result 
that should apply to a wide range of semiconductor systems. 
For highly mismatched systems, it is the underlying reason 
for the uniformity in the sizes of islands seen experimentally. 
It is consistent with other experimental results; the increase 
in island density with coverage with no corresponding in- 
crease in size; the phenomenon of depletion; the (initially 
unexpected) result that island density increases with reduced 
growth rate, or enhanced diffusion. Our results lead to a film 
morphology versus temperature and concentration phase dia- 
gram that is in qualitative agreement with experimental re- 
sults. In a future publication,12 we will show that it gives 
some insight into the nature of the rippling seen in low x 
systems.27 
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The morphological stability of strained-layer semiconductors is analyzed for the case where strain 
relaxation occurs by formation of isolated, coherent islands. In the model, partial strain relaxation 
in the underlying strained-layer is taken into account. Using a mean-field approximation, the 
interaction energy is taken to be linearly proportional to the strain energy in the film. The model 
predicts that the critical thickness for island formation depends inversely on the square of the misfit. 
The predicted dependence of critical thickness on the misfit is in quantitative agreement with recent 
experimental studies on island nucleation for heteroepitaxial III-V compounds. © 1997 American 
Vacuum Society. [S0734-211X(97)08304-2] 

I. INTRODUCTION 

Strained-layer III-V heterostructures are of considerable 
interest for a variety of electronic and optoelectronic device 
applications. Of particular interest are lower-dimensional 
structures such as quantum wells, wires, and dots. However, 
highly strained structures are difficult to prepare since strain 
leads to nonplanar growth.1"5 The growth generally proceeds 
via a Stranski-Krastanow (SK) growth mode whereby after 
an initial planar growth, formation of islands occurs. These 
islands are often coherent as demonstrated by transmission 
electron microscopy (TEM).6'7 Formation of these islands 
provides a mechanism of local strain relief, thereby lowering 
the system energy. Metastable equilibrium models have been 
developed to describe the nucleation of discrete islands.8"10 

In these models, the coherent islands are taken to nucleate on 
a wetting layer and are considered to be partially or fully 
relaxed. Island nucleation is taken as independent of the wet- 
ting layer thickness. This is in contrast to a number of ex- 
perimental studies whereby it is observed that there is a finite 
critical thickness before island formation.3"5'11 The observed 
critical thickness depends on the composition of the wetting 
layer. Indeed, for growth of InGaAs on GaAs, it was shown 
that the critical thickness for island formation was inversely 
proportional to the square of the composition of the planar 
wetting layer.4'12 A basic question that remains is how does 
the strained epitaxial planar layer influence the subsequent 
nucleation of islands?13 

In addition to TEM studies, recent finite element calcula- 
tions have indicated that considerable elastic relaxation oc- 
curs beneath the coherent island within the strained layer and 
the substrate.14 Thus, calculations of the critical thickness 
should take into account the strained-layer contribution to 
overall strain relaxation. Towards this end, we developed a 
model whereby effects of relaxation of the underlying 
strained layer were taken into account using a mean-field 
approximation.12 The model correctly describes the experi- 
mentally observed dependence of critical thickness on layer 
misfit. In this article, the formalism for the prediction of 

island formation is further developed and an explicit expres- 
sion for critical thickness is derived. Calculations for a pro- 
totype system are presented and compared to experiment. 

II. THEORY OF COHERENT ISLAND NUCLEATION 

For the nucleation of an isolated, coherent island from the 
vapor phase on top of a growing planar layer, the expression 
for the change in the energy is given by 

AG=f77r3o-, + 7rr2yF+A£„, (1) 

where the first term is the volume-free energy of a relaxed, 
hemispherical island with respect to a flat, strained surface, 
and the second term is the energy of the additional free sur- 
face exposed when the island is formed. It has been assumed 
here, for convenience, that the surface energy per unit area 
yF of the strained film and the relaxed island is the same. 
The last term, AEV, is an energy that results from the inter- 
action between the lattice relaxed island and the strained 
layer through elastic deformation. Upon island nucleation, 
the underlying layer partially relaxes.14 

The interaction energy can be obtained using a formalism 
similar to that previously developed by Matthews et al. for 
describing nucleation of incoherent islands on top of a 
strained planar wetting layer (see Fig. I).15 Before island 
nucleation, the areal strain energy is given by 

E = ix82h, (2) 

where /JL is the modulus, Sis the misfit between the layer and 
the substrate, and h is the epitaxial layer thickness. After 
island nucleation, the underlying film is partially relaxed and 
the areal strain energy is then given by 

Er = fjue (3) 

where e is the mean misfit strain in the strained layer that 
minimizes the total energy.15'16 It follows then that the net 
areal interaction energy is 

AE={e2-S2)/jLh-- 
e2 

S2/mh (4) 
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FIG. 1. Schematic of a hemispherical island nucleating on a strained layer. 

AE=-X(e)E, (5) 

where X(e) = (l - e2IS2). Note X is always positive and less 
than 1, since e2 is less than S2. Thus, the interaction energy 
is always negative. For the limiting case of complete layer 
relaxation, e=0 and X is equal to 1. For the case of small 
relaxation, X-X0 + Xle+X2e

2. F°r small strains X = X0, a 
constant of the order of 1. 

The volume interaction energy is, thus, 

AEv=-X/xS2hA, (6)    ' => 

where the interaction volume Ah is taken as a cylinder of 
radius r and height h. Here, we are assuming that only the 
film underneath the island relaxes consistent with finite ele- 
ment analysis.14 

Substituting for AEV, the change in the energy is given 
by 

AG = firr3o-,-+ ir^yp-X^hTTr2. (7) 

To determine the critical radius rc, AG is differentiated with 
respect to r, 

rco-i+yF-\fio2h = 0, (8) 

and the critical radius of the island is then given by 

yF — XfiSh 

CTi 
(9) 

(10) 

In the limit as rc approaches zero, 

h = hc0= yF/X/xS2. 

Equation (10) gives a thickness criterion for island formation 
for strained layers. This represents the critical thickness. The 
exact critical thickness would also depend on the island ge- 
ometry. Combining terms in Eq. (7), the free energy is given 
by 

AG = f7rr3o-,-+77r2
r*, (11) 

where yf is an effective surface energy that could, in prin- 
ciple, be zero or positive depending on the strain in the layer, 
but y* =s yF. The critical radius is then given by 

rc=-y*/<r,.. (12) 

From Eq. (8), the critical thickness for r = rc can be obtained 
by solving for h, and is given by 

hc = (airc+y*)/XfiS2 (13) 

and 

Strain 

FIG. 2. Log of critical thickness versus log strain for epitaxial InGaAs on 
GaAs. The data are from Ref. 4. The solid line is calculated. 

h=y*Fcln82, (14) 

where y*c is the effective surface energy for a nucleus of r 

III. COMPARISON TO EXPERIMENT 

To test the above expression, typical constants for a semi- 
conductor were substituted into Eq. (14). The constants used 
are yF= 1000 ergs cm-2, which is a typical energy for an 
unstrained semiconductor surface and for fj,, 

2G(l + v) 
P~- (15) 

(1-v)   ' 

where G is the shear modulus [G= 1 X 1012 dynes/cm and v 
is Poisson's ratio (v=0.33)]. Upon substitution, a value of 
y//A = 2.7 X 10""10 cm is obtained. For comparison, using the 
critical thickness data for the onset of island formation of 
Petroff and Den Baars (Ref. 4) for InGaAs on GaAs depos- 
ited by molecular beam epitaxy, a value of -y//z=1.8 
X 10~10 cm is calculated. The agreement is remarkably good 
even though the surface energy for an unstrained surface was 
used. Using this surface energy would lead to an overesti- 
mate. In terms of the unstrained surface energy, the critical 
thickness is approximately given by 

. JF 

'ix82 {\-X/jLS2hclyF). (16) 

Figure 2 shows the experimental data of Petroff and Den 
Baars for the onset of island formation and the model calcu- 
lations. Excellent agreement between the data and the calcu- 
lations is obtained. The constants used in the calculation 
were G= 1X1012 dynes cm"2, ^=0.33 and yf 
= 670 ergs cm""2. The difference between the unstrained and 
strained surface energies is 330 ergs cm-2. This is appre- 
ciable and, thus, strain effects cannot be neglected in predict- 
ing the critical thickness for island formation. 

Using these constants, the critical thickness for island for- 
mation is given by 

/ze<52=1.8X10-10, (17) 
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FIG. 3. Calculated critical thickness for roughening via coherent island for- 
mation as a function of strain. 

where hc is in cm. The critical thickness as a function of 
misfit strain is shown in Fig. 3. Note that while this expres- 
sion is for the InGaAs/GaAs system, it should also approxi- 
mate the behavior of other semiconductor systems since 
yF I /j, is approximately constant for other semiconductors of 
the same class for the same surface orientation.17 

IV. SUMMARY 

In summary, the morphological stability of strained-layer 
semiconductor thin films was analyzed for the case where 
strain relaxation occurs by formation of isolated, coherent 
islands. In the model, partial strain relaxation in the under- 
lying strained layer is taken into account using a mean-field 
approximation. The model predicts that the critical thickness 
for island formation depends inversely on the square of the 
misfit of the strained layer. The calculated critical thickness 

is in excellent quantitative agreement with recent experi- 
ments on the onset of island formation in strained-layer 
III-V semiconductors. 
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We report a spectroscopic second harmonic (SH) study of Si(OOl) surfaces under both ultrahigh 
vacuum and epitaxial growth conditions which includes in situ azimuthal rotation of the sample. The 
results show a strong influence of surface hydrogen termination and bulk doping concentration on 
the SH spectrum and azimuthal anisotropy. We propose a qualitative model in which a combination 
of bulk and surface electric-field induced SH polarizations, which augments the usual surface dipole 
and bulk quadrupole SH polarizations, are primarily responsible for the sensitivity to surface 
hydrogen and bulk doping. We also report an in situ real-time SH study of disilane adsorption onto 
and hydrogen desorption from Si(OOl) surfaces during epitaxial growth. The abilities to detect bulk 
doping concentration and monitor the growth rate in real time make SH spectroscopy promising as 
a growth sensor.   © 1997 American Vacuum Society. [S0734-211X(97)08804-5] 

I. INTRODUCTION 

Noninvasive optical probes are becoming increasingly at- 
tractive both in the fundamental study of solid surfaces and 
in applications such as real-time monitoring and control of 
semiconductor epitaxial growth.1 Optical second harmonic 
(SH) spectroscopy provides a surface-specific and surface- 
sensitive probe for centrosymmetric semiconductors such as 
silicon because the bulk second order susceptibility vanishes 
in the electric dipole approximation.2 Indeed SH probing of 
surface desorption and surface structural phase transitions 
has been reported recently.3-5 A very recent study showed 
the sensitivity of a SH probe for measuring the very low 
sticking probability for dissociative adsorption of H2 on 
Si(OOl) 2X1 surfaces.6 However, most of those studies were 
performed at a fixed wavelength with fixed sample orienta- 
tion. In such a restricted parameter space, the physical origin 
of the surface SH generation is difficult to establish. This 
lack of understanding also inhibits further applications. 

In this article, we report an in situ spectroscopic SH study 
of bare and H-terminated Si(OOl) surfaces using a Ti:sap- 
phire femtosecond laser system that offers large wavelength 
tunability, together with high peak power necessary for 
strong nonlinear optical signals without significant sample 
heating. The article is presented in two parts: (1) A study of 
the phenomenology and physical origin of SH generation at 
bare, H-terminated, doped and undoped Si(OOl) surfaces. In 
this study, we exploit the source laser tunability and the abil- 
ity to rotate the sample azimuthally in our ultrahigh vacuum 
(UHV) chamber, and thus to measure the strong azimuthal 
anisotropy, which is the hallmark of nonlinear optical 
probes.7 The observed sensitivity of the SH spectrum and 

"'Electronic mail: zxu@physics.utexas.edu 

azimuthal anisotropy to surface H and bulk doping is ex- 
plained by a combination of bulk and surface electric-field 
induced SH (EFISH) contributions, which supplement the 
usual surface dipole and bulk quadrupole contributions in- 
cluded by previous investigators. The sensitivity of the SH 
signal to bulk doping concentration has not been reported 
before in Si(OOl). (2) A real-time SH study of disilane ad- 
sorption and hydrogen desorption kinetics during silicon ep- 
itaxial growth on Si(OOl). This study demonstrates the ability 
of SH generation to monitor the growth rate in real time. 

II. EXPERIMENTAL PROCEDURE 

The experiments were performed in an UHV deposition 
chamber pumped by a 450 //s turbomolecular pump to a 
base pressure of 5X 1(T10 Torr, consisting mostly of mo- 
lecular hydrogen, for which no special provision for pump- 
ing was made because of the weak dissociative adsorption of 
H2 due to its low sticking coefficient (< 10"6) on Si(OOl).8,9 

Partial pressure of water and other gases was <5 
X10~nTorr, as indicated by residual gas analysis. The 
deposition chamber was equipped for reflection high energy 
electron diffraction (RHEED), and was adjoined via load 
lock to a multitechnique surface analysis chamber (base pres- 
sure 8X 10-11 Torr), which was equipped with a quadrupole 
mass spectrometer (QMS) used to calibrate fractional hydro- 
gen coverage 0H by temperature-programmed desorption 
(TPD) following procedures discussed previously.10 Experi- 
ments were performed on two types of Si(001) samples, both 
with negligible miscut (<0.5°): (1) an undoped epitaxial 
silicon layer of approximately 0.2 /jm thickness grown on a 
Si(001) substrate by UHV-chemical vapor deposition using 
disilane (Airco, electronic grade mixture consisting of 
4%-Si2H6 /balance He)  with a gas phase pressure of 5 
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X10 5 Torr at 650 °C for approximately 15 min. This film 
thickness exceeds the SH escape depth; (2) heavily p-type 
doped Si(001) (boron doped, 0.01-0.02 Ocm resistivity). 
The RHEED pattern for the clean surfaces of all samples 
showed a sharp 2X1 reconstruction feature. Hydrogen was 
deposited by exposing the bare surface to atomic hydrogen 
produced by cracking molecular hydrogen on a 2000 K tung- 
sten filament. The surface was dosed at 150 °C to suppress 
surface roughening caused by etching, which occurs in lower 
temperature dosing.11 When working on unsaturated, 
hydrogen-terminated surfaces, we flashed to 1050 K and 
dosed hydrogen within approximately 15 min to avoid sur- 
face contamination. The surface was monitored with 
RHEED following each exposure and SH experiment and 
sharp 2X1 reconstruction features were maintained during 
the entire experimental sequence. 

We used laser pulses of 120 fs duration, 5-10 nm spectral 
bandwidth [full width at half-maximum (FWHM)], 500 mW 
average power, 76 MHz repetition rate, and 710-800 nm 
tuning range from an unamplified Ti sapphire laser for SH 
spectroscopy. The laser beam was focused at//100 through a 
fused-silica viewport onto the silicon crystal in vacuo at a 
55° angle of incidence with p polarization. The signal col- 
lection optics imaged p -polarized SH light from the irradi- 
ated sample spot through another optical viewport onto the 
center of the cathode of a photomultiplier tube equipped with 
gated photon counting electronics. The sample was rotated 
through a 240° azimuthal angle by a mechanical feed 
through with less than ± 3c residual wobble of the surface 
normal. The imaging collection optics kept the SH light fixed 
within 1 mm2 area on the photocathode despite this residual 
wobble, thus eliminating the major source of rotational arti- 
facts in the data. We confirmed that the SH signal was in- 
sensitive to the slight variations in angle of incidence, which 
also resulted from this wobble. Part of the beam was focused 
onto a quartz crystal to generate a reference SH signal to 
normalize the effects of laser output variation. Other details 
of the apparatus are described elsewhere.10 

We performed two types of experiments. In the first part 
(mechanism study), we performed SH studies with azimuthal 
sample rotation on Si(001) surfaces with various hydrogen 
coverage and two doping concentrations. In the second part 
(application study), we studied hydrogen desorption kinetics 
by performing real-time, fixed wavelength measurements af- 
ter disilane dosing at various sample temperatures, and stud- 
ied disilane adsorption kinetics by monitoring the steady- 
state SH intensity at various disilane gas pressures. 

III. SH MECHANISM STUDY 

A. Theoretical background 

The SH polarization at Si(001) interfacial regions for a 
p-in/p-out configuration can be phenomenologically ex- 
pressed as12 

P(2w) = Pisotr°Pic+PB(3 cos 4<p, (1) 

where <p is the azimuthal angle between the incident plane 
and the (110) crystalline direction, pIS0tr°Plc represents an azi- 

muthally isotropic SH dipole polarization, and PBQ is the 
fourfold anisotropic bulk quadrupole polarization that be- 
comes important because the electric dipole polarization van- 
ishes in the centrosymmetric silicon bulk. p1S0tr°Plc has usu- 
ally been attributed almost entirely to a surface polarization 
Ps, caused by inversion symmetry breaking at the surface. 
Early pioneering SH spectroscopy by Daum et al. suggested 
that dimer-induced vertical strain in the subsurface region of 
Si(001) 2X1 was in fact the dominant contribution to Ps, 
since saturation hydrogen coverage (1.5 ML), which relaxes 
this strain, was observed to quench the SH signal.13 Based on 
this model, the strongest SH spectroscopic changes on 
Si(001) surfaces should be expected for coverages exceeding 
one monolayer, because the dimer-induced subsurface verti- 
cal strain is only slightly affected by submonohydride termi- 
nation but relaxes almost completely with dihydride 
termination.14 This expectation however was challenged by a 
recent study, in which much stronger SH spectroscopic 
changes were observed with coverages below monohydride 
termination than above monohydride termination,10 suggest- 
ing that a different mechanism was at work. 

Some recent SH studies revealed the importance of a DC 
electric-field induced SH (EFISH) polarization PE 

~^(3)£'dc£
2(w) at Si interfaces, which had been neglected 

in most previous studies.15 Such dc fields, which break in- 
version symmetry, are presented in the space charge region 
(SCR) that arises when interface states, e.g., on bare silicon 
surfaces, pin the surface Fermi energy close to midgap.16 

This dc electric field penetrates to a distance below the sur- 
face determined by the bulk doping concentration.17 As a 
result, this bulk EFISH contribution fBE exhibits essentially 
bulk spectroscopic properties. For example, its spectral peaks 
correspond to bulk critical point resonances (such as Ex reso- 
nance at 3.4 eV).15'18 Because PBE, like Ps, is isotropic with 
respect to azimuthal sample rotation, we treat PBE formally 
as a component of p,sotr°Pic in Eq. (1). Strong dc electric 
fields are also present within the top 2 to 3 atomic monolay- 
ers (ML) of the reconstructed Si surface because of local 
valence electron redistribution into buckled surface dimers.17 

The resulting surface EFISH contribution PSE is also rota- 
tionally isotropic and thus will also be treated as an effective 
component of plsotroPlc. Thus we can write 

p isotropic _ pS I   p jBE_ 3SE (2) 

Separation of the various SH sources described above re- 
quires measurements that separately modify the individual 
contributions. In our study, we quench the bulk and surface 
EFISH contributions simultaneously by hydrogen termina- 
tion, then identify the role of bulk EFISH by varying the 
bulk doping concentration. Monohydride termination on Si 
surfaces quenches the bulk EFISH contribution by removing 
dangling bond states close to midgap. Monohydride termina- 
tion quenches surface EFISH by redistributing valence elec- 
trons from dimers into the bulk.17 Thus, monohydride termi- 
nation is expected to significantly modify both EFISH 
contributions while leaving subsurface vertical strain nearly 
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FIG. 1. Representative p-in/p-out SH signals from Si(001) surfaces with 
incident wavelength of 740 nm showing variation in fourfold anisotropic 
and isotropic components with doping and H termination: clean p-type 
doped Si(001)-2X1 (p = 5X 1018 cm"3) (triangles); clean epitaxial undoped 
Si(001)-2X1 (squares); and hydrogen saturated (0H= 1.5 ML) undoped ep- 
itaxial Si(001) surface (circles). The signal from hydrogen saturated un- 
doped sample is multiplied by 5. Note 45° azimuthal phase shift and three- 
fold amplitude ratio between doped and undoped clean surfaces. 

unaffected. Doping, on the other hand, selectively modifies 
the bulk EFISH contribution by modifying both the surface 
band bending and SCR thickness. 

The SH intensity generated by the SH polarization 
P(2«) represented by Eq. (1) can be expressed phenomeno- 
logically as 

/ppoc|P(2öj)|2 = a0 + a4 cos(4<p) + a8 cos(8<p), (3) 

where a0 (isotropic), a4 (fourfold anisotropic), as (eightfold 
anisotropic) are azimuthal Fourier coefficients, which can be 
related to the polarizations in Eq. (1) as follows: 

flo=|pisotropic|2 + (1/2)|PBQ|2, 

a4 = 2Re[Pisotropic-PBQ*], 

a8 = (l/2)|PB<2|2. (4) 

For Si(001) at wavelengths used in our study, PBQ is always 
much smaller than p1S0tr°Plc. in fact, a8 is below our noise 
level, and thus much smaller than the strong isotropic con- 
tribution a0. As a result of this inequality, the physical in- 
terpretation of a0 and a4 is simplified. Specifically, a0 

mainly reflects the property of pIS0tr°Plc
; while a4 depends on 

the magnitude of both pisotr°Pic and PBQ, as well as on their 
relative phase. Thus, the SH polarizations pisotr°Pic and PBQ 

at the Si(001) surface are straightforwardly related to a0 and 
a4, which in turn, are derived directly from analysis of azi- 
muthal scan data. 

B. Experimental results 

Figure 1 shows SH signals Ipp(2a>,<p) generated with an 
incident wavelength of 740 nm from (a) clean p-type doped, 
(b) clean undoped epitaxial, and (c) hydrogen saturated 
(—1.5 ML) (undoped) samples as a function of azimuthal 
angle <p between the incident plane and the (110) crystalline 

it a o 
ü 
O x w 

3.10      3.15      3.20      3.25      3.30      3.35      3.40      3.45       3.50 

SH photon Energy (eV) 

FIG. 2. Spectra of the isotropic a0 (squares) and fourfold anisotropic a4 

(circles) SH components for the bare undoped (open symbols, dotted curves) 
and heavily p-type doped (filled symbols, solid curves) Si(001)-2X1 sur- 
faces. Note larger magnitude and bluer spectral peak for the doped sample. 

direction. A fourfold oscillation (over 360°) superimposed 
on an approximately tenfold stronger isotropic background is 
evident in all cases. An eightfold anisotropic SH contribution 
also exists at Si(001), but was too weak to be observed in the 
present work. The data in Fig. 1 shows that the amplitude 
and azimuthal phase of the fourfold anisotropic and isotropic 
contributions depend on doping and 6H. In particular, the 
signals from the clean p -type doped sample are several times 
stronger, and are shifted by 45° in azimuthal phase from the 
signals from the clean undoped sample. On the other hand, 
the signals from the hydrogen saturated p -type doped sample 
(not shown) have the same azimuthal phase and approxi- 
mately the same amplitude as that from undoped samples. 

To quantify the trends shown in Fig. 1, each azimuthal 
scan Ipp(2u),(p) was fit to Eq. (3). For each surface, a0 and 
a4 were extracted for nine to eleven different frequencies 
near the two-photon £[ resonance. The spectral dependence 
of a0 and a4 for the clean p-type doped and the clean un- 
doped epitaxial surface is plotted in Fig. 2. For the undoped 
sample, a0 and a4 both show a single broad peak at 2hv 
= 3.3 eV, which is consistent with the resonant feature at 
both Si/Si02 interfaces and bare Si surfaces observed by sev- 
eral authors.10'13'15 For the heavily doped sample, on the 
other hand, the peak maxima of a0 and a4 blueshifts to near 
2hv=3A eV, and becomes 2 to 3 times stronger in magni- 
tude. Note that a4 has an opposite sign for the doped and 
undoped samples, consistent with the observed 45° azi- 
muthal phase difference. 

The spectral dependence of a0 and a4 for the undoped 
sample for five different H coverages is plotted in Fig. 3. In 
the top panel, the data for the bare surface is repeated for 
comparison. As 8H increases from 0 to 1.5 ML, we observe 
three important trends: (1) the magnitudes of both a0 and 
a4 are gradually and continuously quenched by a factor of 
approximately seven, but retain their approximately tenfold 
ratio of magnitudes; (2) the spectral peak of a0 red shifts 
continuously from 2ft v= 3.3 to 3.2 eV; (3) the spectral peak 
of a4 remains nearly fixed at 2/ii>=3.3 eV. The quenching 
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FIG. 3. Spectra of the isotropic a0 (squares) and fourfold anisotropic a4 

(circles) SH contributions at an epitaxial undoped Si(OOl) surface as H 
coverage increases from 0 (top panel) to 1.5 ML (bottom panel). Note 
gradual red shift of aa spectrum, lack of shift of a4 spectrum, and sevenfold 
quenching of amplitudes of both spectra. 

and red shifting of the strong a0 feature is consistent with the 
9H dependence of the fixed-azimuth spectra reported by 
Dadap et al.10 However, the unshifting a4 spectrum is a pre- 
viously unobserved feature. 

Increasing 6H on the doped sample quenches and red 
shifts the a0 peak, quenches the a4 peak, and reverses the 
sign of a4, producing SH spectra for saturation hydrogen 
coverage similar to those of the undoped sample as shown in 
Fig. 1 bottom. 

C. Discussion 

Increasing p-type doping not only shifts the bulk Fermi 
level towards the valence band but also decreases the thick- 
ness of the SCR, thus significantly enhancing the dc electric 
field due to surface band bending. This bulk dc electric field 
can be estimated using a Schottky barrier model: the SCR 
thickness is ~dSCR=LD^j2\vs\, where LD is the Debye 
length, which is >0.6 /j,m for the undoped sample and 
— 6 nm for the doped sample, and vs = e.Vs/kT is the normal- 
ized surface band bending, which is much larger than unity 
in our case. For surface Fermi level pinning at — 0.32 eV 
above the valence band maximum, the band bending is — 
-0.2 eV for the undoped sample and —0.2 eV for the doped 
sample. As a result, the dc electric field strength is 
< 0.6 kV/cm in the undoped sample and ~ 60 kV/cm in the 
heavily doped sample. This suggests that the bulk EFISH 
contribution may be negligible in the undoped sample, but 
can be very important in the heavily doped sample. Based on 
this argument, we can attribute the much stronger SH inten- 
sity of the doped sample shown in Fig. 2 to the doping en- 

hanced bulk EFISH contribution. Equally importantly, the 
peak shifting towards 3.4 eV is also consistent with the ex- 
pectation that bulk x(3) should show a strong bulk Ex reso- 
nance feature, which is resonant at 3.4 eV. 

On the other hand, bulk EFISH in the undoped sample is 
far too small to explain the signal level observed (only 2 to 3 
times smaller than that from the heavily doped sample). Fur- 
ther evidence against the importance of the bulk EFISH con- 
tribution in the undoped sample comes from the gradual 
quenching of the SH signal as hydrogen coverage increases. 
The surface Fermi level pinning depends on the density of 
midgap surface states in a steplike function.17 As a result, the 
SH signal from the SCR should show a sudden quenching as 
hydrogen coverage increases, which clearly contradicts the 
gradual quenching shown in Fig. 3. The quenching and red 
shifts of the SH signal by monohydride termination also 
rules out subsurface vertical strain as the origin of the SH 
generation because the subsurface strain is nearly unchanged 
with monohydride termination, as discussed earlier. 

Recent calculations show strong charge transfer resulting 
from dimerization on the bare Si(001) surface.19 This charge 
transfer can generate strong near-surface local electric 
fields, as evidenced by the observed silicon core-level shift 
on bare silicon surfaces.17 Assuming the core-level shift is 
caused completely by the near-surface local electric field 
(i.e., neglecting the contribution of near surface strain), the 
near surface field can be estimated as —0.5X 107 V/cm,17 

which is consistent with the calculated valence electron 
redistribution.19 Although this electric field penetrates only 
~2 to 3 monolayers below the surface, it is ~104 times 
larger than the bulk dc electric field from band bending in 
undoped sample. Thus it can generate a SH signal compa- 
rable to the bulk EFISH contribution in the heavily doped 
sample, assuming surface EFISH is governed by a third or- 
der susceptibility similar to that in the bulk. Most impor- 
tantly, this near-surface local electric field can be quenched 
by monohydride termination in a gradual way. In addition, it 
is opposite in direction from the bulk band bending field in 
the heavily doped sample. This explains the opposite sign of 
aA we observed in doped and undoped samples, if we assume 
that bulk EFISH dominates in the doped sample while sur- 
face EFISH dominates in the undoped sample. Finally, hy- 
drogen termination quenches both bulk and surface EFISH. 
As a result, SH spectra on hydrogen saturated doped and 
undoped samples are expected to be similar, as observed in 
our experimental results. Thus all major qualitative SH spec- 
troscopic dependences on H coverage and doping are ex- 
plained by the combined action of bulk and surface EFISH. 

A more quantitative model of the SH spectra in Figs. 2 
and 3 can be formulated by taking into account the bulk Ex 

resonance at 3.4 eV and a red-shifted surface resonance. Sur- 
face SH is complicated by the presence of surface states. A 
recent spectroscopic study reveals two resonant peaks at 
— 3.2 and —3.4 eV, respectively.20 The 3.2 eV resonance 
may be caused by a surface state enhanced E0 resonant fea- 
ture (i.e., the near doubly resonant transition: valence 
band—»surface states^conduction band).  While the exact 
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physical origin of this red-shifted resonant feature is still not 
clear, our observation of the peak shifting towards 3.2 eV as 
hydrogen coverage increases is consistent with their obser- 
vation of this resonant feature. The a0 peak shifting can be 
explained as the quenching of surface EFISH (—3.4 eV reso- 
nance) by hydrogen termination to reveal the 3.2 eV resonant 
feature by hydrogen termination. Numerical calculations21 

based on the existence of two resonant features (3.2 eV and 
surface EFISH at —3.4 eV) not only confirm this picture, but 
also reproduce the unshifted a4. The latter point can be 
qualitatively understood as the result of phase differences 
between different polarizations. As shown in Eq. (4), only 
the polarizations which are in phase with the bulk quadru- 
pole polarization show up in a4. Further details of this 
model will be presented in a planned forthcoming article.21 

IV. KINETICS STUDY 

A. Theoretical background 

The sensitivity of SH generation to surface hydrogen cov- 
erage makes SH spectroscopy a promising in situ monitor of 
chemical vapor deposition (CVD) epitaxial growth pro- 
cesses, in which hydrogen plays a crucial kinetic role. Suc- 
cess has been achieved by various groups in employing SHG 
to probe hydrogen desorption kinetics on silicon surfaces. 
However, because of the difficulty of determining hydrogen 
coverage at growth conditions, which is usually at a high 
temperature, real-time monitoring of growth rate has not 
been achieved. In our study, we demonstrate the feasibility 
of such a measurement when appropriate adsorption and de- 
sorption kinetics are independently determined. 

For CVD growth employing disilane as the precursor, the 
surface reaction is quite complicated. However, a satisfac- 
tory phenomenological model can be based on the kinetic 
equation for competing surface hydrogen desorption and ad- 
sorption. Assuming first order hydrogen desorption and sec- 
ond order dissociative adsorption, which are consistent with 
previous studies of the growth mechanism,22'23 we have the 
governing reaction equation for the hydrogen coverage 

dQHldt={JS){\-6H)2-kd6H, (5) 

where J is the incident disilane flux which is proportional to 
the disilane gas partial pressure P, S is the phenomenologi- 
cal reactive sticking coefficient, kd is the desorption rate. 
Stoichiometric coefficients for the individual surface reac- 
tions that comprise dissociative adsorption and surface hy- 
dride formation are included with S. The first term thus rep- 
resents adsorption and the second term represents desorption, 
which are balanced during steady-state growth. As a result, 
the growth rate is given by 

GR=7fkdeH(ML/s)=lAvkdeH(A/s), (6) 

where 77 is a constant depending on the surface reactions. 
Assuming that all the hydrogen atoms in a disilane molecule 
stick to silicon sites during adsorption, we have three hydro- 
gen atoms adsorbed for each adsorbed silicon atom, so that 
77=1/3. 
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FIG. 4. The real-time SH response during isothermal hydrogen desorption at 
790 K. The surface is initially dosed with 4% Si2H6/He at flux 7=4 
X 10n mol cm" At t = 0, the flux is turned off within 0.5 s, which is 
the response time of the ion gauge. The desorption is fitted to an exponential 
growth function with &,y=0.3 s_1. Desorption rates kd at different tempera- 
tures are plotted in Arrhenius fashion in the inset. Fitting shows an activa- 
tion energy (57.4 kcal/mol) and pre-exponential factor (7X 1013 s~'). 

The key issue in employing SHG to monitor surface hy- 
drogen coverage during growth is to establish the relation 
between the SH intensity 7(2 w) and 0H. Our room tempera- 
ture studies on Si(001) surfaces with calibrated 6H shows 
that ^I(2o))cc0H near the Ex resonance. In our study, we 
assume that this relationship is true also at a high tempera- 
ture, at which Ex resonance red shifts to coincide with the 
incident wavelength of ~ 800 nm as evidenced by the previ- 
ous temperature dependence study.10 However, the quantita- 
tive relation cannot be established as straightforwardly as at 
room temperature because of the difficulties in calibrating 
the hydrogen coverage at growth temperatures. In order to 
circumvent this difficulty, we measured SH intensity for a 
fixed wavelength (800 nm) at steady-state hydrogen cover- 
age as a function of steady-state gas pressure P. From Eq. 
(5), the function can be expressed as follows: 

p= VseH/(i -eH)2 (7) 

where rjs is a coefficient related to S, and \]I(2w) — ^dH 

+ £0 with £0 = V^(2&>) on bare surface. We can obtain £ 
simply by fitting Eq. (7) to the experimental data and moni- 
toring the hydrogen coverage with the SH intensity. In order 
to obtain the growth rate, we measured kd by an isothermal 
study, in which desorption after hydrogen dosing is moni- 
tored. With flux J equal to zero, the solution of Eq. (5) is 
simply an exponential decay with decay time \lkd. The tem- 
perature dependence of kd can be described by a pre- 
exponential factor and an activation energy in the Arrhenius 
form kd=f0e~E[>lkT. For a high temperature (above 825 K), 
desorption cannot be measured directly because the desorp- 
tion time constant is shorter than our time resolution (0.5 s). 
Thus we extrapolate the Arrhenius formula to those high 
growth temperatures. The details of the isothermal measure- 
ment technique have been discussed elsewhere.24 

JVST B - Microelectronics and Nanometer Structures 



1064 Xu er al.: Second harmonic spectroscopy of Si(001) surfaces 1064 

E o b 
IA 
01 c < 
& 
IS 
X 
.c 

! 
O 

1         1         '         1         '         1     '            1            ■             1            ■ ■ 

■    Our results ■ 

•    Bramblett's results 
• 

■ 

• 

■ 
 

*(
a
rb

. 
u

n
it

s)
 

\                T=880K    . 

; 

z 
CO 

0.0      0.2      0.4      0.6      0.8 

i.i.l 
Pl(x1cr,Torr)    , 

750     775     800     825     850     875     900 

Sample Temperature (K) 

FIG. 5. The Arrhenius plot of calculated epitaxial growth rate (squares) for 
dosing with 4% Si2H6/He at flux J=5X 1015 mol ernes'1. The results are 
consistent with the results obtained by Bramblett et al. The SH intensity 
during steady-state measurements at sample temperature T= 880 K under 
various P ranged from low pressure up to IX 10-5 Torr is shown in the 
inset. The fitting of the steady state measurement result shown as the solid 
line gives the important £ parameter that relates the SH intensity to the 
steady-state 9H. 

H-terminated, doped and undoped Si(001) surfaces. Our re- 
sults show the sensitivity of SH spectroscopy on silicon sur- 
faces to surface hydrogen coverage and bulk doping. We 
propose a simple qualitative model that attributes the SH 
sensitivity to surface H and bulk doping to a combination of 
bulk and surface EFISH contributions, which prominently 
augments the conventional surface dipole and bulk quadra- 
pole contributions. Second, we demonstrate the ability to ap- 
ply SH spectroscopy to in situ, real-time monitoring of 
growth rate, which is an important parameter for growth con- 
trol. The combination of the abilities to detect bulk doping 
concentration and monitor the growth rate in real time makes 
SH spectroscopy very promising as a growth sensor. 
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B. Experimental results and discussion 

We performed isothermal measurements at temperatures 
ranging from 740 to 810 K. A typical result measured at T 
= 790 K is shown in Fig. 4. The measured kd fits very well to 
an exponential function of \IT, as shown in the inset of Fig. 
4. The pre-exponential factor of 7 X 1013/s and an activation 
energy of 57.3 kcal/mol agree well with values obtained by 
reflectance differential spectroscopy (RDS)25 and with values 
determined by temperature programmed desorption.26 We 
then performed steady-state measurements at three different 
temperatures, where the gas phase pressure was adjusted 
from low pressure up to ~1X10~5 Torr. Typical results 
measured at T= 880 K are shown in the inset of Fig. 5. By 
fitting the results to Eq. (7), we obtain the £ coefficient which 
is critical in relating the SH intensity to the surface hydrogen 
coverage. With kd and £ obtained above, we calculated the 
growth rate at a flux of 5 X 1015 mol cm-2 s_1 based on the 
SH intensity during steady-state growth. The results obtained 
at several temperatures are shown in Fig. 5. Our measure- 
ments are consistent with the results obtained by Bramblett 
et al.,23 which are obtained at slightly higher flux. Most im- 
portantly, the SH signal can be obtained on a short time scale 
( — 0.2 s) without interrupting the growth, which is essential 
for applications such as real-time active feed-back control of 
CVD growth. For monitoring changes (rather than absolute 
magnitudes) of growth rate in real time, absolute calibration 
of £, is not critical. As a result, the monitoring can be even 
more flexible and easily applied. More complete measure- 
ments are in progress and will be reported elsewhere.27 

V. CONCLUSION 

In summary, we reported our spectroscopic SH study of 
Si(001) in two parts: First, we studied the phenomenology 
and   physical    origin    of   SH    generation    from   bare, 
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We have investigated the fundamental mechanism underlying the hydrogen-induced exfoliation of 
silicon, using a combination of spectroscopic and microscopic techniques. We have studied the 
evolution of the internal defect structure as a function of implanted hydrogen concentration and 
annealing temperature and found that the mechanism consists of a number of essential components 
in which hydrogen plays a key role. Specifically, we show that the chemical action of hydrogen 
leads to the formation of (100) and (111) internal surfaces above 400 °C via agglomeration of the 
initial defect structure. In addition, molecular hydrogen is evolved between 200 and 400 °C and 
subsequently traps in the microvoids bounded by the internal surfaces, resulting in the build-up of 
internal pressure. This, in turn, leads to the observed "blistering" of unconstrained silicon samples, 
or complete layer transfer for silicon wafers joined to a supporting (handle) wafer which acts as a 
mechanical "stiffener."   © 7997 American Vacuum Society. [S0734-211X(97)08904-X] 

I. INTRODUCTION 

The physics and chemistry of hydrogen in silicon has 
been the subject of considerable scientific and technological 
interest for over three decades. This interest has been driven, 
in part, by the ubiquitous occurrence of hydrogen in semi- 
conductor processing which invariably leads to incorporation 
into the substrate either intentionally or unintentionally. Im- 
portantly, this hydrogen may profoundly alter the electrical 
characteristics of the resultant device by diffusion into the 
active region and passivation of the dopant. The myriad stud- 
ies of hydrogen that have resulted are summarized in a num- 
ber of review texts, to which the reader is referred for a 
comprehensive treatise.1-3 

Recently, there has been renewed focus on the internal 
transformations that occur upon implantation of hydrogen 
into semiconductors due to the demonstration of the 
hydrogen-induced shearing of macroscopic layers of silicon, 
with complete transfer to a supporting wafer to which the 
implanted material had previously been joined.4 In this way, 
it was found that thin (1000 A —2 /am), crystalline films of 
Si could be formed on top of an Si02 layer which was itself 
bonded to another Si wafer (the support or "handle"). That 
is to say that extremely high-quality silicon-on-insulator 
(SOI) structures could be formed directly during annealing 
(as schematically illustrated in Fig. 1), with vastly improved 
thickness uniformity [total thickness variation (TTV) 
= ±50 A over a 100 mm wafer] relative to that obtained 
using conventional wafer bonding technology, for which ex- 
tensive grinding and etching is required to form the final, 
thin silicon layer.5 This remarkable process has also subse- 
quently been applied to the transfer of thin layers of exotic 
materials (e.g., SiC, InP) onto supporting wafers and there- 
fore shows real promise as a generally applicable material 
synthesis protocol. 

a)Solid State Division, Oak Ridge National Laboratory, Oak Ridge, TN 
37831. 

Despite the potential importance of this process, the fun- 
damental phenomena that drive the layer shearing and dictate 
the quality of the transferred layer, remain poorly under- 
stood. For example, it is not known whether the principal 
role of hydrogen is "chemical," i.e., it passivates the inter- 
nal Si dangling bonds preventing reformation of Si-Si link- 
ages or facilitates bond scission by concomitant insertion 
into the Si-Si bonds. In this case, the relative kinetics/ 
thermodynamics of the Si-H species formed will strongly 
influence the internal structure that develops upon annealing. 
Alternatively, the dominant process may be "physical/ 
mechanical'' in nature, in that the creation of internal pres- 
sure by H2 formation, combined with the damage caused by 
the implanted hydrogen may effectively cause fracture of the 
Si substrate. If so, the recombination kinetics of dihydrogen 
formation (which may, in turn, depend on the transport or 
diffusion of H from point defects), or the development of 
appropriate regions of free space (i.e., voids) in which to 
evolve the H2 gas, may dictate the rate of exfoliation. 
Clearly, much remains to be resolved at the microscopic and 
macroscopic level. 

Therefore, we have undertaken a wide-ranging series of 
studies of the thermal evolution of hydrogen implanted into 
silicon, as a function of implantation dose, depth, and an- 
nealing temperature, the results of which are summarized in 
this article. Using a combination of infrared (IR) spectros- 
copy, forward recoil scattering (FRS), transmission electron 
microscopy (TEM), and atomic force microscopy (AFM), we 
have been able to elucidate the key transformations that oc- 
cur in both nonbonded and bonded silicon substrates. Spe- 
cifically, we find that the mechanism consists of the follow- 
ing essential components (i) Initial formation of 
hydrogenated point defects complexes in the regions of 
lower hydrogen concentration (i.e., at the periphery of the 
implanted region), as well as extensive disruption of the sili- 
con lattice (due to multivacancy formation) and 50-100 Ä 
platelet formation near the peak of the implantation profile; 
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FIG. 1. Schematic illustration of the commercial SmartCut™ process, in 
which an oxidized Si wafer is preimplanted with H+, then subsequently 
joined to a second (handle) wafer and annealed, resulting in the direct for- 
mation of a high quality SOI substrate. 

(ii) Collapse of this defective, multivacancy structure result- 
ing in formation of H2 and agglomeration of the remaining 
bound hydrogen into vacancy defect complexes such as 
VH3 4 upon annealing to 400 °C; (iii) Rearrangement of the 
defect structure above 400 °C into extended internal 
hydrogen-terminated (100) and (111) surfaces; (iv) Trapping 
of H2 in the microvoids bounded by the internal surfaces, 
resulting in the build-up of internal pressure; (v) Develop- 
ment of these microvoids into macroscopic (pressurized) 
cracks that either lead to blistering of unconstrained silicon 
samples, or complete layer transfer for silicon wafers joined 
to a supporting (handle) wafer. We show that the role of the 
handle wafer is to provide the necessary restoring force to 
drive crack propagation parallel to the surface, effectively 
suppressing the vertical lift off that leads to blistering. 

II. EXPERIMENT 

All studies were performed on Si(100) wafers [100 mm 
FZ, boron doped (p type), resistivity 5-10 Ci cm] implanted 
with H+ (through a 3000 Ä layer of thermally grown oxide) 
at doses ranging from 2X 1016 to 1.8X 1017 H/cm2 and ener- 
gies ranging from 75 keV to 1 MeV, resulting in implanta- 
tion depths of 3300 A to 16 /urn. The substrate was main- 
tained at close to ambient temperature throughout the 
implantation. The samples were given a modified RCA clean 
prior to analysis to remove surface contaminants introduced 
by the implantation process. Finally, some of the implanted 
samples were joined to an unimplanted handle wafer that 
was terminated by the thin chemical oxide layer formed by 
the RCA clean.6'7 All wafers were cut into smaller samples 
for analysis. Annealing was performed sequentially for 30 
min at each temperature in a tube furnace either under 
vacuum (P—2X 10~8 Torr) or a positive pressure of N2. No 

dependence on the anneal ambient (vacuum or N2) was 
found, but the shearing/layer transfer process was found to 
be a sensitive function of the annealing protocol and thermal 
history of the sample. 

The infrared data were obtained using a Nicolet 60 SX 
FTIR spectrometer equipped with a broadband MCT detector 
and operating at 2 cm"1 resolution in a multiple internal re- 
flection (MIR) geometry. All spectra were collected under 
ambient conditions and referenced either to an identical un- 
implanted sample or an implanted sample that had previ- 
ously been annealed to 1100 °C, at which temperature no 
hydrogen remains. Additional baseline subtraction was usu- 
ally required to remove oscillations that result from interfer- 
ence between beams reflected from the implanted region (af- 
ter partial separation/crack development) and the sample 
surface. In each case, this subtraction was performed using 
the same high order polynomial function that was fit to the 
entire broadband spectrum (1500-8000 cm-1) to minimize 
the preferential selection of spectral features. 

Samples for cross-sectional imaging by transmission elec- 
tron microscopy (TEM) were prepared in the conventional 
way by mechanical thinning and Ar+ ion beam milling. The 
H implantation-induced damage and defects were imaged in 
bright field and dark field conditions using the weakly ex- 
cited 400 reflection, and in axial [110] high resolution. 

Forward recoil scattering studies were performed using 
2.6 MeV He+ ions incident at 15° to the surface plane and 
recoiled H was detected at 30° to the incident beam direc- 
tion. Concentration calibration was performed by compari- 
son to a standard sample implanted with a known hydrogen 
concentration. 

Atomic force microscopy (AFM) was performed using a 
Nanoscope III (Digital Instruments, Santa Barbara, CA) in 
either contact or tapping mode. Large-scale images (3=25 
/imX25 /im) were obtained in contact mode with silicon 
nitride tips. Roughness values of the exfoliated and substrate 
surfaces were determined using a tapping mode with etched 
silicon tips. The reported roughness value is the average of 
six measurements made at different scan sizes ranging from 
0.1 to 5 /mi. 

III. RESULTS AND INTERPRETATION 

A. Infrared spectroscopy 

Representative spectra for both a low dose (2 
X 1016 H/cm2) and an intermediate dose (6X 1016 H/cm2) of 
hydrogen implanted into Si(100) are shown in Fig. 2, as a 
function of annealing temperature. For the as-implanted low 
dose sample, the 1800-2300 cm-1 region consists of at least 
11 discrete Si-H stretching modes, superimposed on a 
broadband centered at —2000 cm-1. Similar features are ob- 
served for the intermediate dose; however, the intensity of 
broadband absorption is increased markedly, so that it domi- 
nates the discrete mode structure. The origin of these two 
types of spectral features (that are common to all H+ doses 
that we have studied) can be assigned in a qualitative sense 
by reference to the extensive literature. Although the precise 
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FIG. 2. Infrared spectra of the Si-H stretching modes of hydrogen implanted 
3300 Ä into Si(100) at doses of (a) 6X 1016 H/cm2 (intermediate dose) and 
(b) 2X 1016 H/cm2 (low dose) at (i) room temperature and after annealing 
to; (ii) 300 °C; (iii) 425 °C; (iv) 500 °C; (v) 550 °C; and (vi) 650 °C. 

assignment of each specific feature is still the subject of con- 
siderable controversy,1 there is general consensus that the 
discrete modes are associated with isolated point defect type 
complexes of the form V^Hy or Si/H^ (where "V" is used to 

FIG. 3. Illustration of (local) Si-H defects observed in this work; (i) H* 
defect and; (ii) Monovacancy monohydride VH (VH3 4 have 3 and 4 of the 
dangling bonds of the monovacancy terminated with H, respectively). 
Larger shaded circles=Si; smaller open circles=H. 

denote a Si vacancy, "/" denotes a Si interstitial, and the 
subscripts may have the values x=l and 2 and j=l-4), 
imbedded in crystalline silicon, whereas the broad absorption 
is due to H trapped in a highly defective Si region. In fact, 
this broadband absorption is strongly reminiscent of that ob- 
served for hydrogenated amorphous silicon, a:Si-H, which 
has been attributed to a inhomogeneous distribution of 
monohydride-terminated, multivacancy defects also of the 
form VxHy, but with x = 3 or 4 and v= l.1 In accordance 
with this assignment, we ascribe the band centered at 
2000 cm""1 to such a "multivacancy" defect region. 

From our studies of a wide variety of different H+ doses 
and depth distributions, we find that the point defect mode 
intensity is largely invariant with dose, whereas the multiva- 
cancy signature scales with the hydrogen concentration, so 
that it is probable that the point defects occur at the periphery 
of the multivacancy region which, in turn, occurs around the 
peak of the hydrogen concentration profile. The specific as- 
signments of some of these point defect modes are still 
somewhat controversial; however, it is instructive to con- 
sider the nature of the modes for which more definitive as- 
signments can be made, before continuing to discuss the an- 
nealing data. 

The pair of modes observed at 1832 and 2052 cm-1 in the 
as-implanted samples are assigned to the Hf defect [Fig. 
3(a)], by reference to the detailed studies of this species by 
Bech Nielsen et al? Specifically, the two Si-H modes are 
due the (weakly) coupled motions of a hydrogen atom bound 
close to the bond center (BC) site in the Si lattice 
(2052 cm-1) and the other at the antibonding (AB) site 
(1832 cm"1). Importantly, the close agreement between the 
frequencies and annealing behavior (r<250°C) observed 
in this work, with those previously reported in the literature 
(1838/2062 cm-1 and T<250 °C), strongly support this as- 
signment. 

In addition, the modes observed above 2050 cm-1 are pri- 
marily assigned to hydrogen bound at monovacancy defects 
of the form VHy where y = 1 -4 [Fig. 3(b)], by reference to 
the literature. Recent isotopic labeling studies, in combina- 
tion with uniaxial stress measurements of proton-implanted 
Si have afforded the following assignments:6 The feature at 
2066 cm-1 is assigned to a single hydrogen bound to the 
monovacancy   defect   (VH);   the   features   at   2161   and 
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2182 cm are due to three hydrogen atoms bound to the 
monovacancy (VH3), whereas the 2208 cm-1 band is due to 
VH4.7 The feature at 2106 cm-1 is intriguing as it occurs in 
the frequency range usually ascribed to hydrogen bound to 
extended Si surfaces (see the following). Therefore, given 
that TEM images of the as-implanted sample show (111) and 
(100) "seed" platelets (Sec. II), we tentatively assign this 
feature to hydrogen terminating these 50-100 A platelets. 
Finally, the bands at 1930 and 2025 cm-1 are assigned to 
small divacancy clusters terminated by either one or two hy- 
drogens, i.e., V2H or V2H2.' Now, considerable progress can 
be made in understanding the broad transformations that oc- 
cur upon annealing, based on these assignments and our re- 
cent definitive proof of the origin of modes that appear at 
— 2100 cm"1 at higher temperatures,8 as summarized below. 

There is a general attenuation of the broadband, multiva- 
cancy structure after annealing to 300 °C, as well as the com- 
plete loss of the Hf modes at 1832 and 2052 cm-1. In con- 
trast, the VH3 and VH4 multiply-hydrogenated monovacancy 
modes at 2161/2182 and 2208 cm"1, respectively, are all en- 
hanced relative to the as-implanted spectrum. Based on these 
observations, we can immediately conclude that there is both 
a net loss of bound hydrogen and agglomeration of the re- 
maining trapped hydrogen at existing vacancies. These initial 
trends are exacerbated after annealing to 425 °C for both 
samples [Figs. 2(a)(iii) and 2(b)(iii)]. Essentially complete 
attenuation of the multivacancy signature occurs, together 
with a pronounced growth of the agglomerated hydrogen 
monovacancy modes discussed above, so that the latter 
modes dominate the observed spectrum. After annealing to 
higher temperatures, the similarity in the evolution of the 
features for the low and intermediate H+ doses disappears. 
Most notably, for the 6X1016H/cm2 dose the monotonic 
loss of the VH3 and VH4 modes is accompanied by the 
growth of discrete spectral features at 2100-2120 cm"1, 
which we will show have profound mechanistic implications. 
In contrast, the spectra of the 2X 1016 H/cm2 dose simply 
show attenuation of the agglomerated monovacancy modes, 
with almost no attendant growth of new spectral features. 

Specifically, new modes appear at 2104, 2109, and 
2119 cm"1 in the spectrum of an intermediate hydrogen dose 
annealed to 500 °C [Fig. 2(a)(iv)]. Upon further annealing to 
550 °C, the two higher frequency peaks collapse, leaving 
only the sharp 2104 cm"1 feature [Fig. 2(a)(v)] with a dis- 
tinct shoulder at 2091 cm"1 and a broader band centered at 
2074 cm"1. Finally, at 650 °C, the 2104 cm"1 mode is re- 
placed by an even sharper peak at 2098 cm"1 and a new 
discrete feature is apparent at 2083 cm"1 [Fig. 2(a)(vi)]. The 
assignment of these features is central to the understanding 
of the exfoliation process, since they develop coincident with 
the appearance of surface blistering in these (nonbonded) 
samples. More importantly, this blistering is not observed for 
the low dose, 2X 1016 H/cm2 sample for which these vibra- 
tional modes are demonstrably absent. Conversely, the ap- 
pearance of modes at —2100 cm"1 occurs at lower tempera- 
tures for doses of 1.0X1017 and 1.8X1017, for which the 

onset of blistering occurs at 450 and 400 °C, respectively 
(data not shown). 

We propose that the modes at 2060-2120 cm"1 are due 
to hydrogen trapped at extended internal surfaces, based on 
the remarkable agreement with the known surface literature 
and extensive additional studies of internal hydrogen- 
terminated surfaces formed by wafer bonding.9'10 A rigorous 
discussion of the assignment of these modes is given 
elsewhere,8 the essence of which is summarized as follows: 
The bands at 2109 and 2119 cm"1 are due to the symmetric 
and asymmetric Si-H2 stretching motions of atomically 
rough (100) surfaces, based on the excellent agreement with 
the frequencies reported for dilute HF etched Si (100), for 
which vss(SiH2) and vas(SiH2) are observed at 2109 and 
2120 cm"1, respectively.11,12 The mode at 2104 cm"1 

present at 500-550 °C is paired with the mode at 
2091 cm"1 that is clearly resolved in the 550 °C spectrum 
and attributed to vas(SiH2) and vss(SiH2) of atomically 
smoother dihydride terminated Si(100) surfaces.13 Once 
again, there is precise agreement with the literature values of 
2103 and 2091 cm"1 for dihydride prepared by UHV expo- 
sure of Si(100) to atomic hydrogen. These assignments es- 
sentially dictate that, upon further annealing, these internal 
surfaces should undergo the (2X1) reconstruction to pro- 
duce the coupled monohydride species, H-Si-Si-H, just as 
is observed for hydrogen-terminated Si(100) surfaces in 
UHV. Indeed, this is precisely what is observed; the modes 
at 2098 and 2074 cm"1, observed above 550 °C, are 
characteristic14 of coupled monohydride species on the 
atomically smooth terraces and along the steps of a Si(100) 
surface, respectively! 

Finally, the sharp mode at 2083 cm"1 in the spectrum of 
6 X 1016 H/cm2 annealed to 650 °C, can be definitively as- 
signed to an atomically flat Si(lll) surface.15 In fact, the 
weak broadband structure observed at lower frequency 
( — 2065 cm"1) has recently been assigned to the coupled 
mode formed by two opposing, closely interacting 
H-(lXl)Si(lll) surfaces.10 Both theoretical and experimen- 
tal studies of the bonding of two such surfaces clearly dem- 
onstrate that when the intersurface separation approaches 
— 1 -2 A, the van der Waals interaction gives rise to a per- 
turbed mode at 2065 cm"1, in addition to the unperturbed 
mode at 2083 cm"1. Finally, we have recently obtained fur- 
ther confirmation of the internal surface character of these 
modes by studying the low frequency, bending modes 
(—615-650 cm"1) associated with these Si-H stretching 
frequencies8 and we find that, once again, there is excellent 
agreement with the data obtained for hydrogen-terminated 
Si(lll) and (100) surfaces. 

B. Transmission electron microscopy 

We have also studied the thermal evolution of the im- 
planted region using cross-sectional TEM, in order to estab- 
lish the existence of internal (100) and (111) extended de- 
fects. In Fig. 4, a typical electron micrograph of the as- 
implanted region is shown, together with an image obtained 
after annealing a sample implanted with 1 X 1017 H/cm2 to 
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FIG. 4. Cross-sectional TEM images of Si(100) implanted with 1 
X 1017 H/cm2 after; (a) room temperature implantation and; (b) annealing to 
475 °C [image obtained with higher magnification than (a)]. 

475 °C. The as-implanted image shows a highly defective 
(but not truly "amorphous") layer, located approximately 
2800-4300 Ä below the surface. Both bright field and high 
resolution microscopy of a thinner section of the TEM foil 
(image not shown) reveal that the defective layer contains 
some plateletlike defects (50-100 A) oriented along the 
(100) and (111) planes, as has been previously observed for 
silicon exposed to hydrogen-containing plasmas.16 Interest- 
ingly, after annealing to 475 °C, a connected network of mi- 
crocracks appears [Fig. 4(b)] forming a corrugated ' 'macro'' 
crack (2-3 /mm in length) parallel to the (100) surface. These 
cracks are seen to consist predominantly of (100) planes that 
are connected by a minority of (111) planes, in excellent 
agreement with our conclusions based on infrared data. 

C. Optical and atomic force microscopy 

The effect of the internal crack formation on the overlying 
silicon has been investigated using both optical microscopy 
and AFM (Fig. 5). The initially pristine surface is visibly 
disrupted on annealing a sample implanted with 1 
X 1017 H/cm2 to 475 °C. The optical micrograph clearly 
shows the surface consists of both "popped" blisters with 
sizes ranging from 10 to 250 yu,m, and "capped" bubbles of 
dimension 10-70 /jm. Additional information is available in 
the atomic force microscope image of the same sample [Fig. 
5(b)]. The depth of the crater formed by this blistering can be 
measured and is found to be equal to the implantation depth, 
i.e., the peak of the implanted H concentration profile, where 
the crack formation is most pronounced. This observation 

FIG. 5. (a) Optical micrograph of 1 X 1017 H/cm2 after annealing to 475 °C 
(Mag. X 90). (b) AFM image of a 15 /imX 15 //.m region of the same sample 
as in (a). 

confirms the intuitive notion that the underlying cracks lead 
to the lift off of the overlying Si. More importantly, the 
presence of the capped bubbles on the Si surface strongly 
suggests that there is an internal pressure that causes elastic 
deformation of the overlying Si. In fact, using the elastic 
modulus of Si and assuming a bubble of dimensions 100 A 
(height) X 2 /um (diameter) as observed by AFM, we estimate 
that the internal pressure must approach —lOkbar, even for 
capped bubbles which, presumably, are not sufficiently pres- 
surized to give rise to blistering. Finally, the rms roughness 
measured at the bottom of the crater is found to be only 80 
A, which underlines the power of this approach for high 
quality layer transfer. 

D. Forward recoil scattering 

We have employed FRS to complete the arsenal of probes 
used to study these samples. Importantly, it is a probe of the 
total hydrogen content, in contrast to IR spectroscopy which 
is not sensitive to the presence of molecular H2 under normal 
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FIG. 6. Plot of the integrated hydrogen signal obtained using forward recoil 
scattering and IR spectroscopy. 

conditions. The total amount of hydrogen, determined by 
FRS, is plotted as a function of annealing temperature in Fig. 
6. In addition, the normalized integrated IR absorbance for 
each hydrogen dose is also plotted on the same axes. The 
disparity in the temperature dependence is immediately ap- 
parent on comparison of the data obtained using the two 
techniques; the amount of bound hydrogen monotonically 
decreases above 200 °C, while the total hydrogen content 
remains constant up to 400 °C. Clearly, there has been a 
conversion of trapped hydrogen to an unbound form, i.e., 
either atomic or molecular hydrogen. The existence of iso- 
lated H atoms can be effectively eliminated since it is highly 
improbable that such a state would be stable with respect to 
trapping at a vacancy or interstitial defect upon cooling to 
room temperature (where the data were acquired). Therefore, 
the only reasonable interpretation is that there is net conver- 
sion of Si-H into H2 at temperatures between 200 and 
500 °C, and that the molecular hydrogen remains trapped in 
the Si crystal. Interestingly, previous theoretical investiga- 
tions of hydrogen in intrinsic Si found that H2 is indeed 
stable at the tetrahedral interstitial sites.17 However, the solu- 
bility of H2 in room temperature silicon is vanishingly 
small.3 In addition, the diffusion length of hydrogen in Si is 
greater than the implantation depth (3300 Ä) over this tem- 
perature range,1 so that the molecular hydrogen cannot be 
trapped in the Si lattice per se. We propose that the H2 must 
be bound at internal voids or cavities, as has been observed 
for hydrogenated amorphous silicon (a-Si:H). Notably, mo- 
lecular hydrogen was found to accumulate in the 10-20 Ä 
pores in a-Si:H, for temperatures up to 400 °C, resulting in 
internal pressures as high as 100 kBar.18 These voids are 
distinct from the hydrogenated VH34 defects discussed 
above, since these monovacancy defects cannot accommo- 

date a H2 molecule. Therefore, it is probable that hydrogen 
traps voids of the type V^ (where x>\) that are produced 
from the initial multivacancy structure. Indeed, since these 
voids are not hydrogen terminated (based on the absence of 
any related Si-H modes observed between 200 and 350 °C), 
it is plausible that the H2 is produced by recombination of the 
Si-H monohydride species that initially decorate the multi- 
vacancy structures, and traps locally in the hydrogen-free 
multivacancies so formed. In this picture, the coalescence of 
the initial multivacancy structure to form the agglomerated 
monovacancy VH34 defects is a competing reaction path- 
way. 

The last point of note is that the rate of conversion of 
Si-H to H2 is equivalent for both low (2X 1016 H/cm2) and 
high hydrogen doses (1.0X1017 H/cm2), i.e., the FRS and 
IR data show identical functional dependencies independent 
of dose. Yet, the samples implanted with 2 X 1016 H/cm2 out- 
wardly show a clear difference in their annealing behavior in 
that they do not give rise to exfoliation. This observation has 
important mechanistic implications that are discussed below. 

IV. DISCUSSION 

In the preceding section, the essential elements of the ex- 
foliation process were highlighted and discussed separately. 
In the remainder of this article, we will combine these ele- 
ments to propose a coherent mechanism that has phenomo- 
logical utility. 

The first important observation is that it is the "multiva- 
cancy'' ' defect structure that produces molecular hydrogen on 
annealing up to 350 °C, by comparison of the integrated FRS 
and IR data. Specifically, the total (crystalline) point defect 
absorption is constant up to 350 °C, in contrast to the 
—40% attenuation of the broadband component of the IR 
absorption over this temperature range. Subsequently, on an- 
nealing to —400 °C, attenuation of all the vibrational fea- 
tures below 2100 cm-1 occurs, with the continued produc- 
tion of H2 as well as the formation of the agglomerated 
VH3 4 type defects. Both the H2 production and VH3 4 defect 
formation scale with the hydrogen dose, which necessitates 
that they are predominantly derived from the multivacancy 
region (see earlier). Furthermore, previous studies of lower 
hydrogen doses (IX 1016 H/cm2), which do not exhibit any 
appreciable broadband absorption at 2000 cm-1, found that 
no IR inactive species were formed at any temperature, but 
reported pronounced VH34 features at 2160 and 
2210 cm-1.19 Therefore we conclude that only the multiva- 
cancy region yields H2 in our studies, but that both defect 
regions support the growth of the agglomerated defects. 

Secondly, we propose that the agglomerated VH3 4 defects 
are precursors to the formation of extended internal surfaces, 
based on the attenuation of the former concomitant with the 
appearance of the latter. Moreover, it is reasonable to postu- 
late that the initial 50-100 Ä (100) and (111) platelets ob- 
served following implantation may serve to seed or nucleate 
the formation of the extended surfaces, by attachment of 
these agglomerated defect structures. In either case, the pro- 
posed role of VH3 4 defects implies that the kinetics of inter- 
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nal surface formation should be a function of the density of 
such defects. Indeed, this is exactly what is observed experi- 
mentally; the rate of crack propagation increases with the 
integrated absorbance of the 2161, 2182, and 2208 cm"1 

bands. Furthermore, there is a minimum density of VH34 

defects, below which efficient extended surface formation 
does not occur, as is manifestly the case for the low (2 
X 1016 H+/cm2) dose. 

Now, the question arises as to the exact role that the H2 

formation plays in the exfoliation process. We have already 
intimated that an internal pressure must develop in the im- 
planted region, by observation of pressurized capped bubbles 
for intermediate to high hydrogen doses (Fig. 5), and that 
internal cracks are somehow involved, but now we will fur- 
ther substantiate the causal link between these observations. 

The IR and TEM data clearly demonstrate the presence of 
the internal (100) and (111) surfaces after annealing samples 
implanted with 6X 1016-1.8X 1017 H/cm2 to between 350 
and 450 °C. Furthermore, we find that exfoliation only oc- 
curs after the appearance of these internal surfaces/cracks 
and does not occur when the crack density is too low, i.e., 
for H doses of 2X 1016 H/cm2. In addition, the blistering is 
found to originate in the regions of the highest crack density, 
which strongly suggests that the pressure is developing in the 
cracks. All that remains is to prove that H2 is indeed present 
and is the source of the internal pressure. This we have veri- 
fied using in situ mass spectrometry during the annealing 
process. Specifically, we observed a massive burst of mo- 
lecular hydrogen coincident with the occurrence of exfolia- 
tion, with no other gaseous products detected at any tempera- 
ture. Interestingly, by careful calibration of the mass 
spectrometer, we were also able to quantify the total amount 
of H2 evolved and found that only 30% of the initial H im- 
plant is liberated in this step; IR spectra of the two sheared 
pieces clearly demonstrate that a substantial amount of hy- 
drogen remains trapped at internal cracks that persist beneath 
the newly formed surfaces (data not shown). 

So, a coherent mechanism is beginning to emerge: At 
sufficiently high doses, implantation of hydrogen into silicon 
predominantly causes the formation of multivacancy struc- 
ture. Upon annealing to temperatures between 200 and 
350 °C, this multivacancy defect region simultaneously lib- 
erates H2 and partially evolves into a small-cavity structure, 
which traps the H2 so formed. In addition, agglomerated 
monovacancy defects are also produced from the initial mul- 
tivacancy structure which, in turn, coalesce (or nucleate at 
the 50-100 Ä platelets) to form internal (100) and (111) 
surfaces. The molecular hydrogen subsequently accumulates 
in the microscopic cracks that are defined by these extended 
surfaces, resulting in the development of sufficiently high 
internal pressures to cause the exfoliation of the overlying 
silicon. So, the role of the implanted H is twofold; (i) It acts 
' 'chemically'' in that it drives the formation of microscopi- 
cally flat internal surfaces and acts as a source of gaseous 
H2 which traps in the internal cavities where; (ii) it acts 
"physically" as an internal pressure source. 

The preceding mechanism suggests that a critical kinetic 

regime exists, wherein the molecular H2 is liberated from the 
(angstrom scale) voids and must retrap in the incipient mi- 
crocracks, in order to prevent diffusion away from the im- 
planted region and allow the creation of the requisite internal 
pressure. Clear evidence for this is provided by reference by 
the data obtained for low H doses (2X1016 H"7cm2), for 
which the crack density is found to be very low, so that the 
molecular hydrogen can, by the preceding analysis, escape 
from the implanted region and diffuse into the bulk crystal- 
line silicon. This is indeed what is observed for such a low H 
dose sample when it is prejoined to a handle wafer. Specifi- 
cally, the out-diffusing H2 is found to accumulate in the mi- 
crovoids present at the joined interface, upon annealing to 
550 °C, resulting in the build-up of pressure and eventual 
separation at this interface. 

These mechanistic deductions also naturally explain the 
slightly surprising observation that the thermal evolution of 
the integrated FRS/IR data are similar for both low and high 
H+ doses, despite the vastly different crack densities ob- 
served in the two cases. This apparent similarity in the evo- 
lution of the implanted hydrogen, results from the similar 
kinetics for hydrogen out diffusion (which occurs for the 2 
X1016 H+/cm2 dose) and internal surface formation/ 
blistering (that is dominant for the 1 X 1017 H+/cm2 dose); 
both of which directly result in a net loss of hydrogen on 
annealing to 450 °C. 

Clearly, a number of key processes, i.e., crack formation, 
hydrogen diffusion, and H2 trapping in voids, are all opera- 
tive in the same temperature regime, but the question re- 
mains as to which is the rate-limiting step. In order to ad- 
dress this, we have performed a series of annealing 
experiments in which the time to induce exfoliation was 
measured as a function of different annealing temperatures 
for a dose of 6X1016H/cm2. Then a simple Arrhenius 
analysis was performed to yield an "effective" activation 
energy of 1.8 eV. Interestingly, it has recently been shown 
that the values obtained by such an analysis are in reasonably 
good agreement with the bond energy of the implanted ma- 
terial for a variety of different substrates such as Si, SiC, and 
diamond,20 suggesting that the rate-limiting step is the rup- 
ture of the remaining Si-Si bonds in the implanted region. 
Indeed, the value that we obtain is close to the value of 2.3 
eV for the bulk Si-Si bond energy. The fact that the value is 
actually —20% lower than the nominal Si-Si bond energy is 
not surprising since the thermal heating serves not only to 
activate Si-Si bonds (as assumed in the Arrhenius analysis) 
but also to increase the pressure of the gas in the cracks 
which is not explicitly accounted for. Therefore, the value so 
derived should be lower than the material bond energy be- 
cause the additional pressure-induced activation will reduce 
the value of T required to drive the exfoliation. However, 
this does not preclude the contribution of other physical and 
chemical processes; e.g., the simultaneous insertion of H into 
the highly stressed Si-Si bonds at the boundaries of the mi- 
crocracks would also facilitate macroscopic crack propaga- 
tion and lead to a consequent reduction in the measured ac- 
tivation  energy.  Clearly,  a more  complete  treatment is 
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FIG. 7. Comparison of IR spectra of Si(100) implanted with 6 
X 1016 H/cm2 to a depth of 3300 Ä after annealing to 475 °C for 20 min; (a) 
nonbonded and (b) bonded sample. 

required before a quantitative understanding can be claimed. 
In the final section of this article, we will discuss the 

transition from blistering to complete layer transfer that oc- 
curs upon joining an implanted sample to another, handle 
wafer. Given the drastic nature of the change that occurs, i.e., 
shearing of complete 100-200 mm layers instead of forma- 
tion of —2-250 /im blisters, one might expect a significant 
enhancement in the development of cracks in the bonded 
wafer pair. In order to investigate this aspect of the process, 
we have annealed both bonded and nonbonded samples un- 
der identical conditions and studied the internal surface for- 
mation using both IR and TEM. Surprisingly, we find that 
there is essentially no difference observed between the two 
samples using either technique, even immediately prior to 
the onset of exfoliation (Figs. 7 and 8). This suggests that the 
effect of the bonded wafer is dynamic, in that it is only 
observed as the blistering/layer transfer process is occurring. 
Given this, we conclude that the role of the handle wafer is 
to provide a mechanical restoring force that opposes the ver- 
tical lift off that leads to blistering and drives lateral crack 
propagation instead, as schematically illustrated in Fig. 9. 

\\±L/ 
^0/00^ 

P<100kBar 

T > 400 °C 

P<100kBar 

T > 400 °C 

Blistering Layer Transfer 

FIG. 8. Comparison of TEM images of Si(100) implanted with 6 
X 1016 H/cm2 to a depth of 3300 Ä after annealing to 475 °C for 20 min; (a) 
nonbonded and (b) bonded sample. 

FIG. 9. Schematic illustration of (a) the blistering step and (b) the mechani- 
cal action of the handle wafer that leads to the lateral propagation of cracks. 

Verification of the mechanical role of the support is provided 
by the observation that samples implanted with hydrogen at a 
depth of 16 /urn, show similar large-scale layer exfoliation 
even in the absence of the bonded "stiffener." 

In summary, we have presented an overview of the exten- 
sive studies we have undertaken of the physical and chemical 
processes intrinsic to the hydrogen-induced exfoliation of 
silicon. By using a combination of techniques and a wide 
range of different experimental conditions, a detailed (quali- 
tative) mechanism has begun to emerge, although much re- 
mains to be done to definitively characterize all the essential 
elements of this highly complex process. In particular, the 
predominance of the (100) internal surfaces relative to (111) 
and the mechanism and kinetics of the hydrogen diffusion 
through the implanted region need to be substantiated in or- 
der to understand the extended crack propagation and the 
observation that only 30% of the hydrogen contributes to the 
internal pressure. To this end, we are currently investigating 
the effect of implantation depth and annealing protocol, as 
well as the coimplantation of hydrogen and helium, on the 
evolution of the implanted region. However, many additional 
experimental and theoretical studies of the internal chemis- 
try, physics, and mechanics of this process are required be- 
fore a complete quantitative mechanism emerges. 
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Minimization of suboxide transition regions at Si-Si02 interfaces 
by 900 °C rapid thermal annealing 
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Transitions regions at Si-Si02 interfaces contain excess suboxide bonding arrangements which 
contribute to interface roughness and also can give rise to electronically active defects. This article 
provides insights into the origin and temperature stability of these suboxide bonding arrangements 
by studying different interface formation processes, e.g., rapid thermal oxidation and 
plasma-assisted oxidation, and then subjecting these interfaces to rapid thermal annealing (RTA). 
The interfacial bonding chemistry has been studied before and after the RTA by Auger electron 
spectroscopy and it has been demonstrated that interfacial transition regions with suboxide bonding 
are a direct result of thermal and plasma-assisted oxidation at temperatures up to at least 800 °C, and 
that the excess suboxide bonding in interfacial transition regions is significantly reduced following 
a 30 s, 900 °C RTA. The kinetics of this interfacial annealing process are essentially the same as 
observed for the RTA-induced separation of homogeneous suboxide thin films (SiOx, x<2) into 
silicon nanocrystals and stoichiometric Si02. © 1997 American Vacuum Society. 
[S0734-211X(97)07004-2] 

I. INTRODUCTION 

As channel lengths of field effect transistors (FETs) de- 
crease into the deep submicron to 0.1-0.05 /jm to provide 
increased levels of device integration, there must be accom- 
panying decreases in gate oxide thicknesses (tox) initially to 
3 nm and ultimately to <2 nm in order to maintain the drive 
currents needed for circuit operation. Once gate oxide thick- 
nesses are reduced to a regime where direct tunneling occurs, 
e.g., <3 nm, the planarity of the gate oxide interfaces with 
both the channel region and gate electrode of the FET struc- 
ture becomes a crucial issue since atomic scale variations in 
the effective gate oxide thickness can lead to order of mag- 
nitude variations in local tunneling currents. This article fo- 
cuses on excess suboxide bonding arrangements that contrib- 
ute to atomic scale roughness at Si-Si02 interfaces. It is 
important to recognize that interface roughness at the 
Si02-gate electrode interface must also be addressed since 
variations in the tunneling thickness can be induced by the 
roughness at both interfaces of an ultrathin gate oxide. 

At an ideal Si(lll)—Si02 interface with single Si dan- 
gling bond termination, the bonding arrangements can be 
characterized as Si—Si4 in the Si substrate (the subscript in- 
dicates the number of Si atoms bonded to the reference Si 
atom), Si-04 in the bulk of the oxide, and Si-Si30 at the 
metallurgical boundary. The Si-Si30 bonding arrangement 
is one of three suboxide bonding arrangements; the other two 
are Si-Si202 and Si-Si03. If the interface between the Si 
substrate and the Si02 is not perfectly flat, then there must be 
additional or excess suboxide bonding arrangements that de- 
fine a transition region between the Si substrate and a sto- 
ichiometric bulk oxide. This means that there is inherently a 
direct relationship between excess suboxide bonding ar- 

a)Electronic mail: gerrylucovsky@nscu.edu 

rangements, interfacial transitions regions, and interfacial 
roughness. Assuming that the top surface of the oxide is 
perfectly flat, localized tunneling (either direct or Fowler- 
Nordheim) above an average value will take place at those 
interface locations where these excess suboxide bonding ar- 
rangements extend into the oxide and reduce the thickness 
through which electrons tunnel. 

The issue of interfacial roughness and transition regions 
with excess suboxide bonding is further complicated by ex- 
perimental observations that interfacial nitridation improves 
device reliability, at least in N-channel devices.1'2 This 
means that interface roughness may involve both Si-0 and 
Si-N bonding arrangements in the nitrided structures. This 
article addresses roughness and suboxide bonding at Si- 
Si02 interfaces prepared by (i) remote plasma-assisted oxi- 
dation (RPAO) using 02 and N20 source gases,3 and (ii) 
rapid thermal oxidation (RTO) in 02 and N20, and com- 
pares results of these studies with thermal oxidation in 02. 

Section II presents new experimental data obtained by 
on-line Auger electron spectroscopy (AES) that demon- 
strates changes in bonding at Si-Si02 interfaces after inter- 
faces formed by RPAO and RTO at temperatures of 300 and 
800 °C, respectively, and subjected to 30 s RTAs at 900 °C. 
The aspect of the present work that distinguishes it from past 
studies is the systematic control or processing conditions, in 
particular the separate and independent control of interface 
formation by RPAO and RTO at temperatures =£800 °C and 
interface relaxation by RTA at 900 °C. Section III compares 
the results of this study with recent results of other studies 
that have addressed the thermal stability of bulk homoge- 
neous suboxides,4'5 as well as x-ray photoelectron spectros- 
copy (XPS) studies that have directly addressed chemical 
bonding in the interfacial transition regions.6""8 Interfacial 
roughness and suboxide transition regions have also been 
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studied by x-ray scattering, medium energy ion scattering 
(MEIS),10 and transmission electron microscopy (TEM) 
imaging.11 This paper also includes experimental results 
from second-harmonic generation (SHG) studies that bear on 
the issue of suboxide bonding (see Ref. 3 and Refs. therein). 

II. EXPERIMENTAL RESULTS 

The new AES results presented in this article have been 
obtained using an ultrahigh vacuum (UHV) compatible mul- 
tichamber system that has separate chambers for remote 
plasma processing (RPP), rapid thermal processing (RTP), 
and on-line AES. This system provides for (i) fabrication of 
Si-Si02 interface structures by either RPAO or RTO, and 
then (ii) structural and chemical relaxation of these interfaces 
by RTA. Two different oxygen/nitrogen atom source gases 
have been used: 02 and N20.3 For both the RPAO and RTO 
processes, the surfaces of high resistivity —10 Ü, cm p-type 
Si wafers were prepared by a two-stage process: high tem- 
perature (—900 °C) thermal oxidation to grow a sacrificial 
oxide layer that is subsequently removed by rinsing in dilute 
HF. Wafers were then inserted into the plasma processing 
chamber of the system via a load lock sample introduction 
chamber. For the RPAO process, they were heated to 300 °C 
at the chamber base pressure, —10~8 Torr, and then sub- 
jected to plasma-assisted oxidation. The RPAO process has 
been previously used as the first step of a two step process 
for the formation of gate oxides.12 In addition to forming a 
superficially thin oxide, —0.5 nm, the RPAO process re- 
duces levels of interface contamination, e.g., residual C and 
F concentrations are at the 1012 cm-2 range.2 In the applica- 
tion of RPAO to gate oxide fabrication, —0.5-6 nm of oxide 
is grown at 300 °C by remote plasma excitation of either He/ 
02 or He/N20 mixtures (rf power of - 30 W at 13.56 MHz) 
and this is followed by remote plasma enhanced chemical 
deposition (RPECVD) of the remainder of the oxide film.2'12 

Thicker films with tox to —1.5 nm, have also been grown 
directly by the RPAO process by extending the oxidation 
time.3 The oxidation process kinetics have been character- 
ized by a power law relation; e.g., for growth in 02, 
tox— 0.7t0'28, where t is the time in minutes. The power law 
representation means that the oxidation is very fast initially 
when plasma-generated excited O species interact with Si 
atoms that are not bonded to other O atoms, but then the 
oxidation rate slows down significantly when the oxidation 
involves Si atoms that are bonded to O as well as other Si 
atoms. The RTO process was performed at 800 °C with a 
source gas flow rate of 2,000 seem. 

Figures 1(a) and 1(b) indicate oxide growth in using re- 
mote plasma excited mixtures of He/02 or He/N20, respec- 
tively, as monitored by on line AES. The oxide thickness is 
determined from the ratio of the relative amplitudes of the 
Si-Si AES feature at -92 eV and the Si-O feature at 
— 76 eV.12 Films prepared using the He/N20 source gas 
show nitrogen atom incorporation localized in the immediate 
vicinity of the Si-Si02 interface, as evidenced by a NKLL 

AES feature and confirmed by secondary ion mass spectrom- 
etry (SIMS) and optical SHG.2'3 There is an AES spectral 
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FIG. 1. Oxide growth in using remote plasma excited mixtures of (a) He/ 
02 or (b) He/N20, respectively, as monitored by on line AES. 

feature at — 83 eV in the SiLVv region that has a contribution 
from Si-N bonding as well as an additional contribution 
from suboxide bonding arrangements. The contribution from 
suboxide bonding is identified by studies of the initial stages 
of oxidation before monolayer coverage has been obtained, 
whereas the contribution from Si-N has been verified by 
studying the interface between Si3N4 and Si. It is difficult to 
quantify the contribution to derivative AES spectra for the 
case in which both Si-N and suboxide bonding are present at 
the same time. However, as we show later on in the article, 
the relative changes in the derivative AES spectra after RTA 
are self-consistent, and are in agreement with the results of 
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TABLE I. Changes in the relative intensities of the SiOx and Si02 AES at 
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FIG. 2. Derivative SiLVV AES spectra for oxide layers grown in (a) He/02 

and (b) in He/N20, respectively, by RPAO that are —0.5 nm thick as grown 
at 300 °C and after a 30 s 900 °C RTA. 

other experimental probes of interface roughness before and 
after a 900 °C RTA or equivalent thermal exposure. 

Figures 2(a) and 2(b) indicate derivative SiLVv AES spec- 
tra for oxide layers prepared by RPAO using (a) He/02 and 
(b) in He/N20, respectively. These layers are —0.5 nm thick 
as grown at 300 °C and after a 30 s 900 °C RTA. From the 
traces shown in Fig. 2 and the results in Table I, 
it is observed that the relative amplitude ratio, 
[1(83 eV)/I(76 eV)]afterRTA /[I(83 eV)/I](76 eV)]beforeRTA, 
decreases after the anneal. Figures 3 and 3(b) indicate similar 
spectra for films prepared by RTO in 02 and N20 at 800 °C, 
and after a 30 s 900 °C RTA. Smaller decreases in the am- 

[1(83 eV)/I(76eV)]afterRTA/ 
Interface formation [1(83 eV)/I(76 eV)]bcforeRTA 

Plasma 02 0.88±0.02 
Plasma N20 0.79 ±0.02 

RT0 02 0.80±0.02 
RTO N20 0.86±0.02 

plitude ratio occur for these samples. To confirm that 
changes in the amplitude ratio were not due to oxidation 
during the RTA, the relative amplitudes of the Si-Si SiLVV 

feature at —92 eV, and the OKLL feature at —510 eV were 
also monitored and found to be the same before and after the 
RTA. Table I contains normalized amplitude ratios, 
[I(83eV)/I(76eV)]afterRTA / [1(83 eV)/I(76 eV)]beforeRTA, 
for the results presented in Figs. 2(a), 2(b), 3(a), and 3(b). 
Since these ratios are all less than one, this means that there 
is a relative decrease in the amplitude of the 83 eV feature 
after the anneal. 

III. DISCUSSION 

Consider first the spectra in Figs. 2(a) and 2(b) for the as 
grown films. The feature at 76 eV is associated with Si-O 
bonding, in particular Si atoms with four oxygen atom neigh- 
bors. The AES results indicate that the feature at 83 eV has 
two contributions: (i) from Si-N bonds and (ii) from sub- 
oxide bonding arrangements, where the Si atom has one, two 
or three O atom neighbors. For example, AES results for 
films that display a relatively weak OKLL feature, as in Fig. 
2(a), also display a suboxide bonding feature at —83 eV. In 
a more direct way, Tao et al.6 have shown significant reduc- 
tions in suboxide bonding arrangements for films prepared 
by thermal oxidation at 600 °C, and then annealed at 925 °C 
consistent with changes in the AES features in films prepared 
by RTO and RPAO before and after 900 °C annealing. In 
particular, the concentration of suboxide bonding arrange- 
ments as determined from analysis of XPS data is reduced 
from ~3 monolayers by more than a factor of 2 after a 
925 °C anneal. These changes in XPS are consistent with the 
AES intensity changes presented in Table I. 

The effect of the 900 °C anneal in reducing suboxide 
bonding also helps to explain previously reported results 
from optical SHG measurements on oxidized vicinal Si(lll) 
wafers off-cut in the 112 bar direction (Ref. 3 references 
therein). For the geometry of the measurements discussed in 
Ref. 3, the SHG signal comes predominantly from the Si- 
Si02 interface. These results are included in Table II which 
presents the results of experiments in which the azimuthal 
asymmetry has been addressed. The exciting source for these 
measurements is a Nd:YLF laser at 1.17 eV, and the Si(lll) 
off-cut angles are approximately 5°. Experiments performed 
on thermally grown oxides subjected to rapid thermal an- 
nealing at 900 °C indicated a significant change in the rela- 
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FIG. 3. Derivative SiLVV AES spectra for oxide layers grown in (a) He/02 

and (b) in He/N20, respectively, by RTO that are —0.5 nm thick as grown 
at 300 °C and after a 30 s 900 °C RTA. 

tive phase of the SHG signals associated with the steps and 
terrace regions.13 The SHG signal for the vicinal wafers is 
given by 

E(2o)) = (Al cos 3>+A3 cos 33>)[exp(-iA13)], (1) 

where Ai and A3 are the amplitudes of the harmonic signal 
components at <T> and 3<I>, <J> is the angle between the 112 
direction and the incident electric field, and A13 is the rela- 
tive phase. The relative phase is related to the difference in 
resonance energies between the two harmonic components of 
the second harmonic signal. From Table II, the relative phase 
of the as-grown thermal oxide is 72°, and decreases signifi- 

cantly to -23° after the 900 °C anneal.13 In a similar way 
the relative phases for interfaces formed by 300 °C RPAO 
also change markedly after a similar 30 s 900 °C RTA. There 
are no significant differences between A13 for RPAO inter- 
faces formed in N20 and 02, even though SIMS and on-line 
AES show a nitrogen terminated interface for the N20 pro- 
cess. However, after the RTA, there are significant differ- 
ences in A13. A13 is equal to 23° for the oxygen terminated 
interfaces, the same value as obtained after annealing a ther- 
mally grown interface, but is reduced to 11° for the nitrogen 
terminated interface. The SHG results are then consistent 
with a significant change in interface bonding. Combining 
the SHG results with the XPS and AES results we conclude 
that the A13 values of 67°-72° are then characteristic of sub- 
oxide bonding arrangements, whereas the smaller values of 
AJ3 of 23° and 11° are indicative, respectively, of more 
nearly idealized interface bonding arrangements. 

We have also studied the stability of suboxide films pre- 
pared by RPECVD at low temperatures (250-300 °C) and 
then subjected to RTA.4'5 The as-deposited films are hydro- 
genated suboxides. The local order in these films has been 
studied by infrared (IR) by analyzing the spectroscopic 
changes in the Si-H bond-stretching mode as a function of 
the oxygen concentration, x, as in SiOx, 0^x<2.14'15 This 
analysis indicated that the as-deposited films were random 
chemically-ordered alloys with statistically determined bond- 
ing of Si and O atoms in Si-Si4, Si-Si30, Si-Si202, Si- 
Si03, and Si-04 local arrangements. Films for the annealing 
studies were prepared by RPECVD and then subjected to 
30 s RTAs at 900 °C.4'5 Characterization of these films by IR 
indicated significant changes in the local bonding. Prior to 
the anneal, the films displayed a Si-0 bond-stretching mode 
frequency between —1010 and 1040 cm-1 characteristic of 
homogeneous SiOx alloys,14'15 and after the anneal the films 
displayed an Si-0 bond-stretching mode frequency of 
— 1075 cm1, characteristic of stoichiometric Si02. Studies 
of the same films by TEM showed a homogeneous, noncrys- 
talline character as-deposited, and a separation into Si nano- 
crystals (typical dimensions —10 nm) embedded in a homo- 
geneous amorphous matrix which was identified by IR as 
Si02. 

The as-deposited homogeneous films showed strong pho- 
toluminescence at 80 K in a broad band extending from 
about 1.4 to 2.0 eV with the peak photon energy increasing 
as the x increased. This type of luminescence has been pre- 
viously reported for homogeneous suboxide films.16'17 The 
annealed films displayed no detectable photoluminescence in 
the same spectral range. The absence of this type of lumines- 
cence in the annealed films is consistent with there being no 
significant suboxide regions at the interfaces between the Si 
nanocrystals and the encapsulating oxide films. Nanocrystals 
exposed to atmospheric oxygen and water vapor display 
characteristic suboxide bonding.18 

Finally, recent studies of the kinetics of the process by 
which bulk suboxides, SiOx, convert to Si nanocrystals en- 
capsulated in SiOz or SiOx/ (x>x') has been studied.5 These 
studies have demonstrated that the separation process is lim- 
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TABLE II. Summary of results from studies of vicinal Si(lll) surfaces off-cut —5° in the 112 bar direction. 

Surface treatment" Phase, A$b A JA-, 

Plasma processing 
02 - 15 s - 300 °C 
02 - 15 s - 30 s 900 °C RTA (0.5O2/Ar)* 
N20 - 15 s - 300 °C 
N20 - 15 s - 30 s 900 °C RTA (Ar) 
N20- 30 s - 300 °C 
N20 - 30 s - 30 s 900 °C RTA (Ar)* 

Thermally grown interfaces 
Furnace oxidation at 850 °C 
Post-oxidation anneal [30 s at 950 °C (0.5%O2/Ar] 

68 0.20±0.02 
23 0.35 ±0.03 
67 0.21 ±0.02 
11 0.37 ±0.04 
65 0.17 ±0.02 
11 0.35 ±0.03 

72 
23 

aPre-deposition RPAO step. 
bSee Eq. (1). 
'Processing conditions for optimum electrical properties (see Ref. 2). 

0.19 ±0.02 
0.33 ±0.03 

ited by reaction kinetics, and that the time constants for the 
bulk separation at temperatures of the order of 900 °C are 
essentially the same as those for the interface relaxation pro- 
cess, e.g., complete separation takes place in —30 at 900 °C. 

There are three other recently reported studies that have 
addressed surface roughness/interfacial transition regions 
and changes that take place on annealing. Gibson et al. have 
used TEM interference techniques and demonstrated signifi- 
cant interfacial smoothing for thermally grown oxides sub- 
jected to a 900 °C anneal.11 Downer and co-workers have 
used optical SHG to study Si-Si02 interfaces formed on 
Si(100) and have observed irreversible changes in the re- 
sponse from interfaces formed at low temperatures, 
~ 800 °C, that were subsequently subjected to 900 °C ther- 
mal exposure.19 Finally, Matsumura and co-workers showed 
that ultrathin oxides (~ 3 nm thick) prepared by thermal oxi- 
dation at 650 °C and annealed at 850 °C showed improved 
performance with respect to stress-induced increases in tun- 
neling currents.20 They also found that oxides grown at 
850 °C showed improved stress resistance after an anneal at 
850 °C. These improvements were correlated with reductions 
in interface roughness as measured by x-ray scattering tech- 
niques. 

IV. SUMMARY 

The results presented in this article have demonstrated 
that for interfaces formed by conventional thermal oxidation, 
RTO and RPAO at temperatures below 800 °C show signifi- 
cantly reduced suboxide bonding after a relatively short RTA 
at 900 °C. Reductions in suboxide bonding, or equivalently 
increased interface smoothness, have been observed by a va- 
riety of different experimental techniques including (i) AES, 

6,7 

talline Si independent of the oxidation process for oxidation 
processes that are performed at temperatures up to at least 
900 °C. This has previously been reported for thermal oxida- 
tion, and the results in this article extend this observation to 
other oxidation mechanisms.21'22 If this is indeed the case, 
then the chemical and structural relaxations that take place 
during the 900 °C RTAs, or equivalent thermal exposures, 
will determine the limiting values of interface smoothness 
attainable. For example, suppose that oxidation takes place 
on an atomically smooth surface and that this process results 
in some degree of suboxide bonding. After the oxidation 
process is concluded there will be some degree of suboxide 
bonding/interface roughness. Following a 900 CC anneal, 
there will be interface smoothing accompanied by a reduc- 
tion of suboxide bonding arrangements. However, since the 
roughening that takes place during oxidation, and the 
smoothening that takes place during the anneal are causing 
changes in atomic scale structure, it is more than likely that 
complete smoothing will not take place; i.e., that there will 
always be some degree of suboxide bonding above and be- 
yond what is ideal for the particular crystallographic orien- 
tation of the Si substrate, independent of the initial state of 
the Si surface prior to oxidation. This explains an experimen- 
tal observation that interfaces formed on smooth Si surfaces 
in different ways, e.g., by thermal oxidation, RTO, and 
RPAO, and then subjected to thermal exposures at 900- 
1000 °C after interface formation, show essentially the same 
degrees of interface roughness as monitored by the field de- 
pendence of the channel mobility in FETs.23 Finally, the re- 
sidual surface roughness and associated suboxide bonding 
arrangements may also be the origin of the limiting values of 
midgap interface defect states (Dit) of about 1010 

(ii) XPS,6,7 (iii) optical SHG,3 (iv) x-ray scattering,9 and       cm"2 eV"1. The lack of distinct spectral feature in this mid- 
TEM.1 Comparisons between the annealing of homogeneous 
bulk suboxide films, which results in the formation of Si 
nanocrystals encapsulated in Si02, and the interface relax- 
ation process, suggest that both processes are limited by 
similar reaction kinetics. 

The results presented in this article, combined with the 
results of other studies cited above indicate that the forma- 
tion of suboxide bonding is inherent in the oxidation of crys- 

gap region suggests that the states contributing to Dit are not 
silicon atom dangling bond states. This has been confirmed 
by the recent experiments of Stathis and co-workers at 
IBM.24 We suggest that the midgap Dit may be derived from 
changes in local dipoles that are induced by the applied elec- 
tric fields as the bias voltage is swept from depletion to ac- 
cumulation in the capacitance-voltage measurements. 
Clearly more work is necessary in this area. 
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This article has not addressed oxidation processes per- 
formed at temperatures in excess of 900 °C. For example, it 
would be interesting to determine whether high temperature 
thermal or rapid thermal oxidations at temperatures >950 °C 
induces roughness, i.e., excess suboxide bonding in interfa- 
cial transition regions, and to determine the extent to which a 
900 °C RTA is effective in reducing any roughness pro- 
duced. 
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Investigation of existing defects and defect generation in device-grade Si02 

by ballistic electron emission spectroscopy 
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Degradation processes initiated by defect generation in device-grade Si02 were studied by locally 
injecting hot electrons from a scanning tunneling microscope tip into Pd/SiO2//>-Si(100) metal- 
oxide semiconductor (MOS) structures. An analysis of the emerging collector current in the Si 
substrate, a technique known as ballistic electron emission microscopy, provides electron transport 
information, from which the oxide defect generation process was studied. The charging of the 
defects resulted in shifts of threshold energies for electron transport across the oxide. A novel sheet 
charge model was developed to assess the in-depth distribution and charge densities in the oxide 
from field-induced threshold shifts obtained from experiment. An as-fabricated MOS system with an 
oxide thickness of 71 Ä was investigated and found to contain existing electron traps of charge 
densities in the range (0.7-2.8) X 1013 e/cm2 that are distributed within a 30 Ä region adjacent to 
the metal/oxide interface. Further stressing was performed at zero oxide bias with increasing tip 
voltages of up to —10 V. New electron traps characterized by charge densities of (1.9-3.6) 
X 1013 e/cm2 and located within 40 A of the Si02/Si interface were generated when the kinetic 
energy of the electrons injected into the Si02 conduction band exceeded 1.9 eV. This energy 
threshold is in very good agreement with the hydrogen-release energy that is frequently invoked to 
explain oxide degradation.   © 1997 American Vacuum Society. [S0734-211X(97)06704-8] 

I. INTRODUCTION 

The performance and reliability of modern metal-oxide 
semiconductor (MOS) devices are ultimately dependent on 
the electronic properties of the silicon dioxide, and those of 
its interfaces with the Si substrate and the gate metal.1 The 
electronic breakdown characteristics, which are determined 
by defects and impurities in the Si02 bulk or at its interfaces, 
become increasingly sensitive to local fluctuations in mate- 
rial properties as device dimensions are reduced.2-5 The 
present understanding of degradation and breakdown mecha- 
nisms is largely based on studies on MOS capacitor struc- 
tures with techniques such as Fowler-Nordheim (F-N) tun- 
neling injection, internal photoemission, etc.6"23 The results 
of these studies represent properties typically averaged over 
sampling areas of 0.01-1 mm2, which do not necessarily 
reflect sample variations on a microscopic scale. Further 
shortcomings of the standard electron injection techniques, 
including F-N tunneling, require high fields across the oxide 
to energize the injected electrons. The high fields result in 
position dependent kinetic energy distributions of the elec- 
trons as they traverse across the oxide layer. For thicker ox- 
ides the energies may ultimately reach values sufficient to 
cause impact ionization in the oxide.6-10 Even at much lower 
fields the electrons still may reach energies sufficient to gen- 
erate hot holes in the Si by impact ionization, which then can 
be injected into the silicon dioxide valence band.11'12 The 
presence of diverse types of hot carriers complicates the de- 
termination of oxide degradation mechanisms. The two most 
popular models, referred to as "impact ionization" and 
"trap creation," are both based on strong electron heating in 
the oxide.6-16 Impact ionization occurs when electrons in the 
oxide reach energies exceeding the Si02 band gap energy of 

9 eV, which is necessary for creating electron-hole pairs in 
the oxide. Electron-hole recombination can then create in- 
terface states and electron traps. Defects in the trap creation 
model are generated by hot electrons breaking hydrogen- 
silicon bonds at the anode. The released hydrogen atoms 
diffuse to the cathode where they combine with other hydro- 
gen atoms and escape, leaving defects behind. In this model 
the energy of hot electrons has a minimum threshold of 
~ 2 eV in order to break H-Si bonds. However, under high 
field conditions the two defect generation mechanisms may 
coexist, which complicates the study of the many details of 
the processes. Moreover, such macroscopic results cannot 
precisely describe microscopic details of broken bonds, in- 
terface states, and charge traps. In order to understand oxide 
breakdown from a more fundamental point of view, studies 
on a microscopic scale become necessary. 

In this article we present results from ballistic electron 
emission microscopy (BEEM) studies of both existing de- 
fects and the generation of new defects in gate oxides and 
near the interfaces of MOS structures. The results reported 
here were obtained for a 71 Ä gate oxide. An "as- 
fabricated" MOS structure was found to have electron trap 
densities in the range of (0.7-2.8) X 1013 e/cm2 that are dis- 
tributed within a 30 A region adjacent to the metal/oxide 
(M-O) interface. New electron traps, observed as trapped 
charge densities of (1.9-3.6) X 1013 e/cm2 distributed within 
40 A of the Si02/Si interface, were generated when the en- 
ergy of the hot electrons exceeded 1.9 eV. This value is close 
to the minimum energy of ~ 2 eV required to break 
hydrogen-silicon bonds.15 This process suggests that the ini- 
tial defect generation, which eventually leads to a destructive 
breakdown of the oxide, is associated with the trap creation 
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model by releasing hydrogen. Hole injection and impact ion- 
ization are absolutely excluded in the present study, since the 
stressing was carried out at zero oxide bias and the kinetic 
energy of hot electrons was below the threshold for band gap 
ionization. 

II. EXPERIMENTAL DETAILS 

A. Ballistic electron emission microscopy/ 
spectroscopy at various oxide fields 

BEEM is a scanning tunneling microscopy (STM) based 
microscopy/spectroscopy. In this study electrons were in- 
jected from a STM tip into the metal layer of a MOS struc- 
ture, as shown in Fig. 1(a). The sole purpose of this metal 
layer is to provide a potential reference plane, represented by 
the Fermi level in the metal, which is connected to ground in 
the present case. With the STM tip biased at VT relative to 
the Fermi level in the metal, the electrons tunneling from the 
tip into the metal have a near-exponential energy distribution 
fT with a maximum kinetic energy equal to e VT, as shown 
in Fig. 1(b). In our BEEM configuration a maximum value of 
VT= - 13 V can be achieved, which corresponds to a kinetic 
energy of 9 eV relative to the conduction band minimum of 
the Si02 for the hottest injected electrons. For comparison, to 
reach this value in a 7 nm oxide by conventional F-N injec- 
tion, a field of ~18MV/cm would need to be applied. A 
separate gate bias Vb can also be readily applied between the 
metal and silicon substrate. This allows complete control 
over the field in the oxide and further modifies the electron 
energies. In general, the potential drop Vox includes one part 
from the gate bias Vb and another part from the difference in 
workfunctions between the metal and Si substrate. Since 
Vb affects both Vm and the band bending of the Si at the 
Si02-Si interface, the relationship between Vb and Vox is 
nonlinear and can be obtained by solving Poisson's 
equation.1,24 Thus the energy of electrons injected into the 
Si02 conduction band cannot only be arbitrarily selected by 
changing the tip bias, but also independently modified by 
adjusting the oxide bias, thereby increasing the accessible 
energy range and allowing greater experimental flexibility. 

The thickness of the metal layer should be of order of the 
electron scattering length in the metal, or preferably less, so 
that most of the electrons traverse the metal layer ballisti- 
cally. In order to traverse the MOS structure and reach the Si 
substrate, the kinetic energy of the electrons must be larger 
than the potential barrier height in the MOS structure. The 
barrier height and shape in MOS structures is a much more 
complicated issue than for the metal/semiconductor system. 
It varies with the oxide bias, charge in the MOS system, 
work-function difference between the metal and the Si sub- 
strate, and image force effects at the interfaces. Figure 1(b) 
shows the schematic energy band diagram of the 
Pd/Si02//?-Si system at Vb = 0. By taking the potential step 
V0 at the Pd/Si02 interface at zero oxide bias to be 4.08 
eV,25'26 a band offset of 3.2 eV at the Si02/Si interface and 
a Fermi level location ~ 0.2 eV above the valence band 
maximum in the Si substrate, a nearly zero work-function 
difference between Pd and p-Si is deduced. Therefore, at 

Si02 metal 

(a)  (T) \VrjnTm,,1Y"'1"1'"'' 

lr "  

©IT 

4*       1    Y 
vb VT 

(b) 

KgMhl Jr—®—' 

tip     metal     SiC>2 p-Si 

(c) 

V„       Ic 
-^ ® ' 

tip     metal    S1O2 p-Si 

FIG. 1. (a) Schematic representation of BEEM experiment on a MOS struc- 
ture, (b) schematic energy band diagram of a charge-free MOS system at 
Vox=0, (c) energy band diagram of a MOS structure with a sheet of nega- 
tive trapped charge in the oxide and under a positive oxide bias. 

zero oxide bias the bands of the Pd/Si02//?-Si system are 
essentially flat. It should be noted that only image force ef- 
fects, but no electron tunneling through the barrier25'26 are 
considered in Figs. 1(b) and 1(c). For the conditions of Fig. 
1(b), electrons need a minimum kinetic energy of eV0 to 
attain finite probabilities for crossing the M-O interface, tra- 
versing the oxide and being finally collected in the Si sub- 
strate as a collector current Ic. As a function of increasing 
VT, Ic is zero until VT reaches the value of the potential step 
V0; thereafter it increases monotonically. The Ic vs VT spec- 
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tra thus exhibit a threshold at V0. However, the location of 
the potential maximum and its height vary in the presence of 
an oxide charge. An energy diagram under positive oxide 
bias for an oxide film with negative trapped charge in the 
central region is shown in Fig. 1(c). One can readily realize 
that the effective barrier height <£th is strongly dependent on 
the charge density, charge distribution, and the applied oxide 
bias. Assuming the charge is distributed narrowly (sheet 
charge) and parallel relative to the interfaces, the effective 
barrier height lowering should then be linearly proportional 
to the applied oxide bias, with the slope of this relationship 
representing the location of the potential maximum as a frac- 
tion of the oxide thickness relative to the metal interface. In 
other words, charge density and charge location can be ex- 
tracted from the field dependence of the effective barrier 
height. It should be noted that in Fig. 1(c) the sheet image 
charge in the metal is not depicted. Its inclusion is necessary 
for the interpretation of the BEEM results, and will be dis- 
cussed in Sec. III. The experiment was devised as follows. 
As a first step, the as-fabricated MOS structures (without any 
hot electron stressing) were investigated. The existing de- 
fects manifest themselves as negative charge, which in- 
creases the effective barrier height and reduces the transmis- 
sion probabilities. The location of existing defects was 
extracted by analyzing the field dependence of the barrier 
height. Then hot electrons were injected with a variable tip 
voltage of up to - 10 eV in order to stress the oxide film. In 
this way, new defects were generated and further character- 
ized by their field dependence. 

B. Sample preparation 

Device quality oxide layers were thermally grown near 
800 °C in dry oxygen on 125 mm diameter Si(100) wafers 
doped with boron to about 1016 cm"3. No additional treat- 
ments were made after oxidation. Here we report studies on 
an oxide layer with a thickness fox=71± 1 Ä. The thickness 
was determined with an ellipsometer. Approximately 2 
X 12 mm2 pieces were cut from the wafers and introduced 
into an UHV chamber, where Pd dots, 0.2 mm in diameter, 
were thermally evaporated through a shadow mask. During 
deposition, the substrate was held at a temperature of about 
30 K, which was necessary to inhibit surface diffusion. A 
peak-to-valley roughness of about 15 Ä was measured for a 
40 A Pd film thickness. After evaporation, the sample was 
allowed to warm up to room temperature and was subse- 
quently transferred under UHV into the STM chamber, 
where the BEEM grounding contact was gently positioned 
onto a selected Pd dot by means of three orthogonally 
mounted Inchworms. MOS structures with leakage resistance 
3= 1012 D, were generally suitable for our studies. 

C. Data acquisition 

All measurements were carried out when drifts caused by 
sample drift and piezocrystal creep were less than 1 A/min in 
both the x and y directions. The low drifts were achieved 
either by waiting until the instrument was finally stabilized 
or by using drift compensation. In the spectroscopy mode the 

raster scan of the STM is stopped and the collector current 
Ic is measured as VT is ramped over a range that includes the 
barrier height. The barrier height manifests itself as a thresh- 
old voltage in the lc vs VT scan, from which the threshold is 
extracted with a model fit to the data.24 The fitting process 
ensures negligible contributions to the threshold value from 
electrons tunneling through the barrier.25'26 The STM topo- 
graphic images were taken in the conventional, feedback- 
controlled constant tunnel current IT mode. Ic can also be 
recorded simultaneously, thereby generating an electron 
transmission or BEEM image of the MOS structure. Both 
point stressing and area stressing, achieved by injecting hot 
electrons at a point or over an area of 250X250 A2, were 
performed. In order to gain statistical information on a mi- 
croscopic scale, Ic vs VT curves were taken at 36 points of a 
grid pattern spread over a 250X250 Ä2 area of the surface, 
with a spacing of 40 Ä between points. It should be empha- 
sized here that thresholds were obtained from single spectral 
scans (no averages), since we aimed to detect small changes 
that contain important information regarding the statistical 
nature of microscopic defects. Therefore all threshold ener- 
gies presented here have an error bar of ± 0.05 eV. Further 
experimental details will be given as specific measurements 
are discussed. Details regarding the STM can be found 
elsewhere.27 

III. DATA INTERPRETATION AND DISCUSSIONS 

A. Observation of existing traps and 
mechanisms of new trap generation 

As mentioned earlier, the experiment was arranged to first 
investigate as-fabricated oxides before any intentional stress- 
ing. The existing traps are referred to as background or initial 
defects/impurities in the oxide and at the interfaces, which 
are incorporated into the structure during fabrication or pro- 
cessing and can be easily charged up by the injection of 
electrons or holes. These defects vary with the fabrication 
process and may be different in sign, density, and location 
from defects generated in aging studies. Therefore we intend 
to study first the existing, electrically active defects. 

Figure 2 depicts a set of sequentially taken BEEM spectra 
that show a monotonic increase of the threshold with the 
number of spectral scan. These shifts clearly indicates that 
the mere spectrum acquisition process already begins to fill 
the pre-existing traps. During acquisition of these spectra the 
STM tip was located at the same point over the sample, the 
tip voltage was ramped only up to - 6 V and the oxide bias 
was held at zero in order to prevent electron energy from 
exceeding 2 eV, which is considered a "soft" threshold for 
generating new defects. Each scan took less than 20 s. After 
the eighth scan the energy position of the threshold was sta- 
bilized. The increasing threshold indicates that the existing 
defects are electron traps. The final, stabilized threshold en- 
ergy is —5.0 eV. This value, however, varies not only from 
one sample to another, as presented in Fig. 3 (the data in Fig. 
2 were taken on sample 1 in Fig. 3) but may occur at differ- 
ent locations on a microscopic scale, as illustrated by the 
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FIG. 2. BEEM spectra taken sequentially at the same sampling point of a 
Pd/Si02/p-Si structure. VT ranged from -3 to -6V and IT=2nA. It 
should be noted that only the range -3.9-5.5 V of VT is shown here. 
Threshold energies of the spectra are marked by vertical dotted bars. 

spread in thresholds depicted in Fig. 4. Such variations re- 
flect a distribution in the local charge density of the existing 
traps, as will be presented in Sec. Ill D. 

After the existing traps were saturated with electrons, i.e., 
no further shifts were observed in the BEEM spectra, hot 
electrons were injected with the STM tip on purpose to stress 
the oxide. The stress-induced defects manifest themselves as 
further shifts in the threshold energy, as shown in Fig. 3. The 
electron kinetic energy on the abscissa of Fig. 3 is given by 
eVr-eOn,. The zero threshold shift corresponds to the 
Pd-Si02 barrier height of 4.08 eV under flat band 
conditions.25'26 As discussed in Sec. II [Fig. 1(b)], the flat 
band condition for Pd/Si02//>-Si corresponds to Vfc = 0V, 

0.0 0.5 1.0 1.5 
Electron Kinetic Energy E 

2.5 
(eV) 

FIG. 3. Charge induced threshold shifts as a function of electron kinetic 
energy Ek= VT— $>&. Both curves corresponding to sample 1 (circles) and 
sample 2 (squares) show a soft threshold at —1.9 eV beyond which the 
BEEM thresholds again increase. 

0        12        3        4 

Oxide Potential V   (eV) 

FIG. 4. Threshold shift as a function of applied oxide bias obtained from an 
area of 250X250Ä2 where existing traps were filled up with electrons at 
VT= — 6 V. The area was sampled in a grid pattern of 36 spectra. The 
observed threshold shifts exhibited Gaussian distributions. The symbols cor- 
respond to the maximum (A) and minimum (T) threshold shifts, as well as 
to the distribution maximum (■) within a 36 spectral data set. The threshold 
shifts due to pure image force effects are also shown (•). The dotted curve 
was obtained with the sheet charge model presented in Sec. HID. Two 
dotted vertical lines indicate three different regions of the field dependence. 

with the assumption that no trap filling has occurred. Thus a 
deviation from the 4.08 threshold gives us an indication that 
the sample area below the tip is charged. For example, the 
first spectrum of Fig. 2 shows the threshold of 4.20 
± 0.05 eV, indicating a nearly charge-free area. The curves 
in Fig. 3 show a soft threshold of —1.9 eV for the kinetic 
energy of the injected electrons. The curves continue to in- 
crease above this threshold, which indicates that more de- 
fects are generated by the increasingly hotter electrons. It 
must be noted that several spatially separated places were 
investigated during hot electron stressing. For a given elec- 
tron kinetic energy above ~1.9eV, fluctuations in the 
BEEM threshold with values as low as 5.0 eV were observed 
at several stressed points. Such extreme low values are at- 
tributed to leakage of the trapped charge, a process believed 
to occur in the prebreakdown region.28 The data presented in 
Fig. 3 correspond to the highest value measured at several 
stressing places for a given electron kinetic energy. The soft 
threshold of ~ 1.9 eV can be directly related to the trap cre- 
ation model. This model implies that traps are created by hot 
electron-initiated breaking of the hydrogen-silicon bonds at 
the Si02/Si interface, a process that needs an energy of 
~2eV.14"16'23 Consequently, we can postulate that the 
newly generated traps are located near the Si02/Si interface, 
a premise that is substantiated by the field dependent experi- 
ment presented in Sec. Ill C. 

Since the kinetic energy for bond breaking is referenced 
to the potential maximum, electrons of energies exceeding 
1.9 eV are hot enough anywhere in the oxide to release hy- 
drogen. In contrast, for F-N injection, the field accelerated 
electrons have a higher probability to release hydrogen as 
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they move towards the anode. The defect generation process 
for the present case can be described as follows. Hot elec- 
trons with Ek>l.9 eV release hydrogen both at the M-0 
interface and the Si02/Si interface. Since the M-0 interface 
is believed to be a much hydrogen-richer source,23 hydrogen 
atoms diffuse from there to the Si02/Si interface, where they 
combine with other released hydrogen and escape. Both the 
hydrogen releasing and recombination processes are poten- 
tial defect generation mechanisms. 

B. Location of existing traps 

The trap densities and locations, as well as their polarity 
(electron or hole traps), are the relevant issues in trap char- 
acterization studies. In order to characterize existing traps, 
the following experiment was devised. 

A pristine area of 250X250Ä2 was first investigated in 
the spectroscopy mode by measuring a set of 36 spectra in a 
grid pattern. The tip voltage was ramped from -2 to 
- 6 V in order to avoid new defect generation. It was ob- 
served that only a few, but always the first of the 36 spectra 
showed a threshold energy of 4.05 ±0.05 eV, whereas most 
subsequent spectra already exhibited increases in thresholds 
of —0.5 eV. This implies that the electrons injected into the 
Si02 conduction band during acquisition of the first spectrum 
quickly fill nearby existing traps and that this sequence is 
repeated during subsequent spectral scans. This process also 
indicates that in the present case the electron beam spread in 
the oxide exceeds the sampling spacing of 40 Ä, as was also 
observed in a previous study.29 The area was then scanned 
with a tip voltage of - 6 V until no further shifts were ob- 
served in the threshold energies, which indicates that satura- 
tion of the trap filling process was achieved. It must be noted 
that after saturation the spread in threshold energies of the 36 
spectra for each data set exhibited an approximate Gaussian 
distribution. Their maximum, minimum threshold energies, 
and that at the distribution maximum are indicated in Fig. 4 
by the up and down triangles and square symbols, respec- 
tively. The achievement of saturation means that the distri- 
bution does not change with further scans; it does not imply 
that each individual spectrum shows exactly the same thresh- 
old energy as the previous one, since the STM tip cannot 
exactly approach the same 36 sampling points between con- 
secutive data sets. Such statistical results are better than a 
result from only one stressing point, since they provide a 
distribution of the existing trap densities over a microscopic 
area. 

The oxide field dependent experiment was then performed 
in order to determine the trap distributions and densities. 
Identical grid patterns of 36 spectra were taken for gate bi- 
ases in the sequence of 1 V steps from 0 through 7 V and 
back to 0 and -1 V, which corresponds to external oxide 
potentials of the same values. This simple relationship results 
from the fact that the Fermi level at the interface remains 
near the top of the Si valence band (in accumulation) due to 
the internal oxide field caused by the trapped charge. The 
threshold energies for Vox=7 V were difficult to determine 
due to a relatively large background leakage current and 

therefore were not included in Fig. 4. The corresponding 
STM topographic images, generated concurrently with the 
spectral set, were used to check if the tip stayed at the same 
area. The results are presented in Fig. 4. It is seen that all 
three threshold data sets; minima, maxima, and distribution 
maxima of the 36 spectra exhibit almost the same field de- 
pendence and are, moreover, equally separated in energies. 
This well behaved and scatter-free behavior leads to the fol- 
lowing conclusions: (a) The consistent spread between ex- 
trema and the distribution maxima, as well as their smooth 
dependence on Vox, are well represented by the limited sam- 
pling size of 36, that is, the data is statistically meaningful, 
(b) Although each data set was not taken at the same points, 
the locations where the data sets were taken statistically ex- 
hibited very similar electrical environments, (c) No further 
trap filling takes place when Vox increases from zero, (d) The 
distribution of the threshold energies represents a local fluc- 
tuation of trapped charge densities. In comparison, the pure 
image force lowering as a function of the oxide field is also 
indicated by the solid circles in Fig. 4. One readily sees that 
not only its field dependence differs from that of the three 
data sets, but that the shifts are also much smaller. It should 
be noted that this data set was taken from areas where no 
trapped charge was present, as detailed in our previous 
work.25'26'30 

As mentioned in Sec. II A, the magnitude of the field- 
dependent threshold shifts depends on the location of the 
potential maximum, which in turn depends on the charge 
distribution in the oxide. The field dependence of the three 
parallel data sets in Fig. 4 exhibits approximately three re- 
gions, as distinguished by vertical dotted lines. The region of 
Vox ranging from 0 to 3 V has a nearly linear behavior with 
a slope of —0.3, while the region for Vox>3 V first shows a 
segment of weak field dependence that is followed by one of 
strong dependence. When the oxide potential Vox changes 
from 0 to — 1 V, the threshold energies increase by 
— 0.6 eV, a value that is twice the 0.3 eV shift expected 
solely from the applied oxide bias. 

We can understand the overall field dependence through a 
simple model that will be detailed in Sec. Ill D. The model 
assumes that the trapped charge is distributed over separated 
sheets of charge parallel to the metal/oxide interface. When 
there is only one sheet charge present the potential maximum 
is located at the sheet charge position, whereas in the pres- 
ence of several sheets of charge the shape of the total poten- 
tial depends on their relative strength. Since charge in a 
MOS structure is spatially distributed, a detailed rendering of 
its effect on the potential can be reasonably approximated by 
considering several sheets of charge. A few general observa- 
tions of the field dependence of the thresholds are worth 
stating here. The 0.3 slope indicates that the potential maxi- 
mum in the bias range 0V<Vox<3V is located around 
0.3 X 71« 20 Ä from the M-0 interface. This is a direct con- 
sequence of the reduced leverage of the applied oxide bias in 
affecting the potential maximum, whose position relative to 
the M-0 interface is directly proportional to the slope of the 
field dependent threshold shifts. Consequently, the closer the 
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barrier maximum is to the M-0 interface, the smaller will be 
the barrier lowering for a given increase in oxide bias. The 
data up to the Vox= 3 V indicates that the effective barrier 
lowering caused by a 3 V bias is 1 V, which compensates the 
original 1 V shift due to trap filling (approximately the shift 
between the solid circle and the square at Vox=0 V). How- 
ever, for Vox> 3 V, the softening of the curves implies that 
the field no longer affects the threshold energies. The curves 
bend down again upon further increasing the bias. This is 
attributed to a neutralization process and/or a discharge un- 
der high fields. It must be noted that after finishing the mea- 
surement at the high fields and before the bias was set to 
-1 V, three data sets at Vox=0 V were taken again. These 
points are represented by open symbols. The square and 
down triangles are located 0.2 eV higher than the original 
positions, which can be assigned to a few new traps gener- 
ated during the measurement at high fields. These new traps 
are believed to be similar to those discussed in Sec. Ill C. 
The dramatic increase in the thresholds for negative bias can 
only partially be attributed to the filling of additional electron 
traps close to the oxide/silicon interface. The additional 
charge required to fully account for the observed shift would 
exceed 1013 e/cm2, a value that requires an extremely high 
density since the shift of the Fermi level in the Si at the 
interface is at most a small fraction of a volt by changing the 
bias from 0 to -1 V (the reader is reminded that the 
p-type Si at the interface is in accumulation). We attribute 
the excess in threshold shifts for negative bias as being pre- 
dominantly caused by a change in the screening at the 
Si-Si02 interface from metallic to dielectric as the bias po- 
larity is changed from positive to negative. This topic will be 
discussed in Sec. Ill D. 

C. Location of generated traps 

A procedure similar to that for the pre-existing defects 
was followed to characterize new traps generated by hot 
electrons of energies exceeding 1.9 eV. A pristine area of 
250X250 A2 was again chosen and characterized spectro- 
scopically in a grid pattern of 36 sampling points that exhib- 
ited a few sites with low thresholds of —4.0 eV. Hot elec- 
trons were then injected over the entire area in sequences of 
increasing tip voltages of up to — 10 V and with Vb = 0 V. 36 
spectra over the usual grid pattern were taken after each in- 
jection sequence in order to check threshold shifts. These 
followed a behavior similar to that shown in Fig. 3. Finally, 
the area was further scanned with VT= — 10 V until no more 
shifts in the threshold distributions were observed. For Vox 

= 0 the saturated distribution corresponds to the maximum 
and minimum threshold energies of 7.2 and 6.0 eV, as indi- 
cated by up and down triangles in Fig. 5, respectively. In 
comparison to Fig. 4, the larger threshold shifts clearly indi- 
cate that new electron traps were generated by the hot elec- 
trons. Then the field dependent experiment was performed. 
Spectra over the usual 36 sampling points were then taken in 
a series with Vox equal to 0, 1, 2, 3, 4, 5, 6, 7, 0, and 
— 1 V. Due to instabilities of the trapped charge, data sets for 
Vox> 2 V were so noisy that only a few of the 36 spectra 

Field Dependent Threshold Shifts 

Oxide Potential V  (eV) 
ox 

FIG. 5. Threshold shift as a function of applied oxide bias obtained from an 
area of 250X250 A2 that was stressed by hot electrons with VT up to 
- 10 V. The area was sampled in a grid pattern of 36 spectra. The threshold 
shifts exhibited Gaussian distributions. Up and down triangles and circles 
correspond to the maximum and minimum threshold shifts and threshold 
shifts due to pure image force effects, respectively. The dotted curve was 
obtained with the sheet charge model presented in Sec. Ill D. Two dotted 
vertical lines indicate three different regions of the field dependence. 

exhibited reliable threshold characteristic. Consequently not 
enough data were available to determine a statistic distribu- 
tion of thresholds. Therefore only the maximum and mini- 
mum threshold energies are presented in Fig. 5. The ob- 
served noise in the spectra is attributed to charging and 
discharging of the new traps at high oxide fields, a process 
that can happen when the trapped charge is located close to 
the oxide/silicon interface, or to charge neutralization via hot 
hole injection from the Si valence band. Although the data 
sets are not extracted from good statistical distributions, they 
still show the same field dependent behavior, which leads us 
to conclude that their separation adequately describes the 
maximum and minimum densities of the trapped charge. One 
sees in Fig. 5 that the field dependence is in general similar 
to that of Fig. 4, but the magnitude of the shifts is consider- 
ably larger. In comparison, the field dependent pure image 
force effect is also shown by the solid circles in Fig. 5. The 
observed field dependence is also divided into three regions, 
a nearly linear region with a slope of — 0.6 between 0 and 
2.5 V, a region for Vox>2.5 V that exhibits first a weak field 
dependence and then a much stronger one, and another re- 
gion for Vox between 0 and - 1 V where the threshold energy 
dramatically increases by ~1.3 V. 

From the slope of 0.6, we deduce that the potential maxi- 
mum for Vox between 0 and 2.5 V is located at ~ 30 Ä from 
the Si02/Si interface. A softening of the field dependence at 
~2.5 V indicates that the maximum in the potential barrier 
shifts closer to the M-O interface, which implies a distrib- 
uted oxide charge. At still higher oxide fields the increased 
rate of threshold shifts is again interpreted in terms of charge 
loss (neutralization or/and discharging). This high-field in- 
duced effect is also reflected in the —0.5 eV lower threshold 

JVST B - Microelectronics and Nanometer Structures 



1086 H. J. Wen and R. Ludeke: Investigation of existing defects in device-grade Si02 1086 

energies at Vox=0V after high fields have been applied 
(open symbols). The dramatic increase for negative bias is 
largely attributed, as will be discussed in the next section, to 
changes in the screening mechanism at the Si02/Si interface. 

D. Sheet charge model: charge density determination 

Although oxide charge is expected to be distributed over 
some depth, it nevertheless can be reasonably approximated 
by one or more sheet charges so located that their resulting 
potential can describe the experimental observations. From 
previous discussions of the field dependence of the BEEM 
thresholds (Figs. 4 and 5) for 0< V<3 V, it was concluded 
that a constant slope implies a specific position of the poten- 
tial maximum relative to the M-O interface. In this case a 
single sheet charge located at the potential maximum would 
give a suitable potential profile. We model a single sheet 
charge in the oxide by considering it as a disk of radius R 
parallel to the oxide interfaces, of charge density Uj, and 
located at a distance dj from the M-0 interface. The poten- 
tial cj>j{dj-x) along the axial direction x in an infinite di- 
electric medium of dielectric constant eox is given by31 

d>j(dj-x)=-±{[(dj-x)2 + R2] 2-11/2 -\dj- ■*\h (1) 

where e=e0eox. e0 represents the permittivity of free 
space. The real potential <&j(x,dj) must be zero at both in- 
terfaces because of metallic screening. These boundary con- 
ditions are satisfied by using the method of images,31 which 
is accomplished by adding the potentials of the image 
charges, including those from higher order terms (images of 
images, etc.): 

<&j(x,dj) = (f)j(dj-x) - c/>j(dj + x) - s[ </>j(2tox-dj-x) 

- <f>j(2tox+dj-x)- <f>j(2tm-dj + x) 

+ </>j(2tm+dj+x)] + -~ . (2) 

Here s = (es— em)/(es+ eox) is the effective screening factor 
at the O-S interface, with es an effective dielectric constant 
of the semiconductor at the interface. For accumulation (or 
strong inversion) es is assumed to become very large, so that 
s—>l (metallic screening). For eiS=eS(=11.8, s = 0.5. The 
profile of the resulting potential for a single disk shaped 
sheet charge is triangular, with the maximum (apex) at the 
location dj of the sheet charge. In general, one can approxi- 
mate the potential from a charge distributed along x by sum- 
ming over a series of potentials arising from j individual 
sheet charges: <E>r=£<I>y. The barrier potential U is ob- 
tained by adding <5r to the sum of the barrier, field and 
image force potentials for the injected electron: 

U= 4>r+ V0- Vmx/tox-q/( 16TT€X). (3) 

As discussed earlier in reference to Fig. 4, the potential 
maximum, judged from the slope in 0-3 V bias region, is 
~0.3fox or —20 A from the M-0 interface. A single sheet 
charge was placed at this position (di) and its strength ad- 
justed so that the total barrier potential U in Eq. (3) matches 
that of the experiment for Vox=0. A single sheet charge, 

0.0 
x/t„ 

0.2 0.4 0.6 0.8 1.0 
. Normalized Distance from M-0 Interface ü 

FIG. 6. Field-dependent barrier potentials calculated with the sheet charge 
model [Eq. (3)] for the saturated existing traps in a MOS structure with a 71 
Ä oxide. The heavy vertical bars show the sheet charge placements neces- 
sary to explain the experimental field-induced threshold shifts of Fig. 4. 
Their resulting potentials are shown at the bottom as $fs and Ops that rep- 
resent, respectively, full and partial screening at the O-S interface. Partial 
(dielectric) screening applies only for the dashed curve for Vox= — 1 V; the 
solid curve assumes full screening. 

however, overextends the region over which the slope equals 
0.3 in Fig. 4. In order to account for the observed saturation 
for Vox>3 V, the potential <£>T must bulge in the region of 
x<d\. This occurs only if additional negative oxide charge 
is located within dx, which will be represented here by a 
second sheet charge placed at d2/tm=0.11(~8 A). Its den- 
sity 02 is adjusted to mimic the softening observed in Fig. 4 
for yox> 3 V. For a good general fit to the data, a third sheet 
charge was required beyond J1/fox=0.3, specifically at 
d3/tm=0Al. The tr^-'s were varied for an optimal fit to the 
data of Fig. 4 (solid squares), with relatively little freedom in 
the choice of the parameters. The net potential arising from 
the three sheet charges, indicated by the vertical bars in Fig. 
6, is shown as curve <E>fs, where the subscript refers to the 
choice of full (metallic) screening at both interfaces. The 
field dependent representations of the full barrier potential 
U [Eq. (3)] are shown as well in Fig. 6. The changing role of 
each sheet charge in determining the potential maximum as 
Vox is increased from zero is clearly evident in the figure. 
The right-most sheet charge dominates for 0 and negative 
bias; the center charge dominates to Vox~ 3 V, beyond 
which the innermost sheet charge takes over. However, the 
subsequent rate of threshold lowering remains relatively 
weak and does not account for the drop beyond 5 V observed 
in Fig. 4. This can only be explained by a decrease in charge 
density (neutralization or discharging) under the highest field 
conditions (V0X=6V), which can readily be simulated by 
lowering the net charge residing in the three sheets to 50% of 
its value. This reduction of the charge can conceptually oc- 
cur either through field ionization or neutralization by hot 
holes injected into the oxide from the Si anode. Since pro- 
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As-fabricated Stressed 
sample sample 

9.8, 7.6, 5.4 9.8, 7.6, 5.4 
0.11,0.26,0.41 0.11, 0.26,0.41 
(7-28)X1012 (7-28)X1012 

6.6, 6.9, 5.8 
0.55, 0.70, 0.85 
(19-36) X1012 

TABLE I. Results from the sheet charge model for charge in an as-fabricated 
MOS structure, column 1, and charge generated by stressing, column 2. The 
space separates the model parameters of the pre-existing defects (top) from 
those of the generated defects. Three sheets of charge are used to represent 
the distributions of each type of defects, <r (range) is the range of total 
charge density necessary to represent the maxima and minima distributions 
for pre-existing (Fig. 4) and generated defects (Fig. 5). 

o-j (e/cm2)X1012 

a (e/cm2) (range) 

o-j (e/cm2)X1012 

o (e/cm2) (range) 

longed high-field exposure without electron injection did not 
affect the thresholds measured subsequently at Vox=0, we 
tend to ascribe the charge reduction to hole injection. Hole 
creation and injection is the result of electron-hole pair cre- 
ation in the Si by impact ionization of hot electrons coming 
from the oxide. This process is quite efficient for electrons 
with kinetic energies >5 eV in the oxide.32 

As pointed out earlier in the discussions of Figs. 4 and 5, 
the large threshold shifts for negative bias appear to be 
anomalous, as the expected shifts would lie closer to values 
obtained by extrapolating the positive-biased segments of the 
curves near zero into the negative region. A sudden inrush of 
negative charge into the oxide at the O-S interface is un- 
likely, as this would suggest an interface trap density of the 
order of 1014/cm2 eV near the Fermi level. However, the 
negative bias does have the tendency to move the Fermi 
level out of the valence band, which drastically affects the 
hole density in the Si at the O-S interface (because of the 
oxide charge the Fermi level remains near the top of the 
valence band). The decrease in the interface hole density has 
the effect of reducing the screening, which is described by 
the parameter s in Eq. (2). A value of 5 = 0.7 was used to 
account for the observed threshold shifts for Vox= -1 V. 
The resulting change in the oxide-charge potential is seen in 
the dotted profile marked <3>ps in Fig. 6, as well as in the 

ps 

3 
barrier potential shown by the top-most dashed curve. <£ 
includes a contribution from a dipole charge of 
X 1012 e/cm2 located at x/fox=0.8 that is necessary to main- 
tain band offsets at the interface. Its effect is seen by the 
slight kink in the two broken curves of Fig. 6. The maxima 
in the oxide barrier potentials of Fig. 6 are depicted in Fig. 4 
by the dashed line. A similar treatment was followed for the 
generated defects, which were represented by an additional 
three sheet charges. We show here only the results, which are 
represented by a dashed line in Fig. 5 for the data corre- 
sponding to the lower limit in shift distributions. The param- 
eters used to calculate the various potentials for both figures 
are summarized in Table I. It should be pointed out that other 
profiles and distributions, such as spreading the charge over 
much broader regions across the oxide, gave decidedly 
poorer fits to the experimental data, which in most cases 

32 Ä 

0Ä 

VT=-6.5 V; lT=2 nA 
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r~~ 

n 20 PA 

0 pA 

750 Ä 

FIG. 7. (a) 750X750 Ä2 STM topography and (b) BEEM image of a 40 Ä 
Pd/71 Ä Si02/p-Si structure stressed by hot electrons with VT of up to 
- 10 V. Black-white range over the image is 32 Ä in topography, and 20 pA 
in BEEM. Vr=-7V, /r=2nA, Vt = 0V. The stressed area is seen as a 
lower transmission region of ~ 320 Ä diameter. 

could only be fitted over a narrow bias range. The radius R 
= 16 nm for all sheet charges was chosen to give an area 
equal to the scanned and stressed areas used in the experi- 
ments to generate the data for Figs. 4 and 5. This value was 
extracted from the transmission image of the stressed area 
shown in Fig. 7. 

Several conclusions may be deduced from the results of 
the modeling. The obtained densities and location of existing 
traps near the M-0 interface are consistent with previous 
observations on metal gated MOS structures.33 Second, the 
trap densities near the M-0 interface remain the same after 
the hot electron generation of new traps (in Table I, cr, for 
existing traps remains the same in both columns). This 
means that hot electron stressing does not generate additional 
traps near the M-O interface, which supports our original 
interpretation that these traps pre-existed the BEEM experi- 
ment. Finally, the densities and location of the generated 
traps are not inconsistent with conclusions obtained with the 
hydrogen release model, which proposes a dangling bond 
origin of the traps as the hydrogen atom is stripped from the 

15,16 passivated Si-H bond near the Si02/Si interface. 

E. Imaging charged traps 

After completing the field dependent stress experiment, a 
large area of 750X750 Ä2 that included the stressed area of 
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250X250 A2 was imaged simultaneously in the topographic 
and BEEM transmission modes, as shown in Fig. 7. The 
stressed area is seen as a low transmission region of approxi- 
mately 320X 320 A2. The observation of a low-transmission 
region that is larger than the stressed area is attributed to a 
lateral spread of the electron beam injected into the Si02 

conduction band during the stressing and/or the data acqui- 
sition process.28 It should be noted that before stressing the 
BEEM image of this area only exhibits a contrast resulting 
from the nodular character of the Pd surface, as is still evi- 
dent in the periphery of the BEEM image. Stressing at one 
point was performed several times. An analysis of the thresh- 
old shifts in the proximity of the stressing point indicates a 
beam spread of ~ 100 A, a value that can explain the large 
area of low BEEM transmission in Fig. 7. We would like to 
emphasize that at least for thick oxides, besides the influence 
of the metal topography on the BEEM image, such a big 
beam spread is another critical obstacle to the observation of 
individual traps, which would be a highly desirable achieve- 
ment. 

IV. SUMMARY 

We have used a STM tip to locally inject electrons into 
MOS structures consisting of a 35 A Pd layer on a 71 Ä 
oxide, with the intent of studying defects and defect genera- 
tion in Si02 gate oxides on a microscopic scale. Electron 
transport processes were studied by analyzing the BEEM 
collector current emerging from the Si substrate. In particular 
the shifts in thresholds were investigated that resulted from 
increases in the oxide potential due to the presence of 
trapped charge. A model was developed for the dynamic 
oxide potential profile that includes contributions from the 
oxide charge, field effects and image force (screening) ef- 
fects from the interfaces. From the observed field depen- 
dence of the thresholds and suitable modeling, charge pro- 
files and charge densities were deduced. The as-fabricated 
MOS structures exhibited charged electron trap densities of 
(0.7-2.8) X 1013 e/cm2 that were distributed with decreasing 
density within 30 A of the M-O interface. Stressing with hot 
electrons of energies exceeding 1.9 eV generated new elec- 
tron traps, which manifest themselves as a trapped charge 
density of (1.9- 3.6) X 1013 e/cm2 located within 40 Ä of the 
Si02/Si interface. The value of 1.9 eV is in excellent agree- 
ment with the minimum energy of ~ 2 eV required to break 
hydrogen-silicon bonds. The electrically stressed area was 
observed microscopically as a region of low transmission 
that results from the presence of electrons captured by the 
traps in the oxide. 
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Macroscopic and microscopic studies of electrical properties of very thin 
silicon dioxide subject to electrical stress 
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The electrical characteristics of various size tunnel switch diode devices, composed of 
Al/Si02/n-Si//7 + -Si layers, which operate with a range of parameters (such as current densities in 
excess of 104 A/cm2) that stress the oxide layer far beyond the levels used in typical thin oxide 
metal-oxide semiconductor research have been examined. It is found that the first time a large 
current and electric field are applied to the device, a ' 'forming'' process enhances transport through 
the oxide in the vicinity of the edges of the gate electrode, but the oxide still retains its integrity as 
a tunnel barrier. The device operation is relatively stable to stresses of greater than 107 C/cm2 

areally averaged, time-integrated charge injection. Duplication and characterization of these 
modified oxide tunneling properties was attempted using scanning tunneling microscopy (STM) to 
stress and probe the oxide. Electrical stressing with the STM tip creates regions of reduced 
conductivity, possibly resulting from trapped charge in the oxide. Lateral variations in the 
conductivity of the unstressed oxide over regions roughly 20-50 nm across were also found. 
© 1997 American Vacuum Society. [S0734-211X(97)06904-7] 

I. INTRODUCTION 

The continuing drive to decrease the characteristic dimen- 
sions of metal-oxide semiconductor-field effect transistors 
(MOSFETs) in modern integrated circuits has fueled basic 
research of metal-oxide semiconductor (MOS) structures 
with very thin (<3.5 nm) silicon dioxide layers. Studies of 
current-voltage (I-V) and capacitance voltage (C-V) 
characteristics,1-7 as well as more basic surface studies using 
x-ray photoemission spectroscopy (XPS)4'8'9 and ballistic 
electron emission microscopy (BEEM),10"12 have greatly en- 
hanced our understanding of current transport through these 
oxides, the chemical nature of the Si-Si02 interface, and the 
effects of electrical stressing. However, as the bulk of this 
work has been aimed at studying the future of the MOSFET, 
few studies have attempted to stress thin oxides (<3.5 nm) 
with very high current densities (>4 X 103 A/cm2). While an 
oxide that has been degraded with electrical stress is no 
longer usable in a MOSFET, it has not become an electrical 
short,2'4 and may be useful in other devices. Studies of such 
devices may prove useful in understanding the intrinsic prop- 
erties of the oxide and its role in the operation of any device. 

Consider the tunnel switch diode (TSD) device discov- 
ered by Yamamoto et al.13 [Fig. 1(a)], which has been pro- 
posed as a candidate for power switching, logic, and memory 
applications.14"16 The device consists of a p-n junction in 
series with a MOS junction, yielding a thyristorlike I-V 
characteristic shown in Fig. 1(b), consisting of two stable 
current states for a range of voltages. It has been demon- 
strated theoretically15 and experimentally17'18 that this device 
relies critically on the oxide as a tunnel barrier. If the oxide 
is either too thin or too thick, the peak in the I-V curve 
disappears, and there are no bistable current states for any 

''Electronic mail: tcm@ssdp.caltech.edu 

range in voltage. A comparison (Table I) of typical operating 
parameters of TSD devices produced in our laboratory with 
thin oxide MOS research parameters3 indicates that the TSD 
clearly operates in a parameter space far removed from that 
of the MOSFET, stressing the oxide far beyond the point at 
which the MOSFET fails. 

In this article we present electrical studies of the TSD 
device, focusing on the role of the oxide and its ability to 
perform a critical role under heavy stress. By measuring the 
I-V characteristics of various size devices both before and 
after stress has been applied to the device, we find that initial 
stress causes a "forming" process, leading to nonuniform 
current transport through the device, but that further stress 
produces little or no change. This suggests a local modifica- 
tion of the oxide tunneling properties. In an attempt to create 
and characterize similar locally stressed regions in a some- 
what simpler system, we examine a simple Si02-Si interface 
using atomic force microscopy (AFM) and scanning tunnel- 
ing microscopy (STM). 

II. TSD STUDIES 

A. Basic device operation 

While the behavior of the TSD device is not completely 
understood, the generally accepted basic mechanisms leading 
to the thyristorlike I-V curve are described in detail 
elsewhere.14'15'18'19 Here we will only give a brief description 
of the device operation and the role of the thin oxide barrier. 

The device is most easily described as a p-n junction and 
an MOS junction in series. If positive bias is applied to the 
gate electrode, the I-V curve is dominated by the reverse 
biased p-n junction and contains no unusual features. As 
negative bias is applied to the gate electrode, the MOS junc- 
tion depletion layer begins to extend into the «-Si layer [Fig. 
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FIG. 1. Tunnel switch diode (TSD). (a) The TSD device consists of a p + 
silicon substrate with an n silicon epilayer, typically a few microns thick, a 
tunnel oxide (10-40 Ä), and a conductive (e.g., Al) gate on top. (b) A 
typical measured I-V curve for a 150X150 /an2 device. For this particular 
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FIG. 2. (a) A band diagram of the TSD in the low current state just below the 
peak voltage. Further bias will extend the MOS junction depletion layer, 

/vaIiey=0.1 mA, /peak=0.009 mA, Vvaney=l V, and        forward biasing the p-n junction. EFm , EFn , EFp and V are the metal Fermi 
level, electron quasi-Fermi level at the Si02/n-Si interface, the Fermi level 
in the flat band region of the p-Si substrate, and the applied bias, respec- 
tively, (b) A band diagram of the TSD in the high current state. The hole 
inversion layer maintains the majority of the applied bias across the oxide, 
while electrons tunneling through the oxide and holes injected from the 
p-Si layer keep the »-Si layer highly populated, but nearly charge neutral, 
(c) Measured I-V curves of a 150X 150 p,m2 device for different intensities 
of injected light. 

2(a)]. In this state, the current is low, limited by the reverse- 
biased depletion layer, and the bulk of the bias is dropped 
across this layer. Once the depletion layer reaches the p-n 
junction depletion region, however, further bias causes the 
p-n junction to be turned on, flooding the «-Si layer with 
holes. If the oxide layer is not too thin, the holes will accu- 
mulate in the n region, creating an inversion layer. This 
shifts the bulk of the bias from the depletion layer to the 
oxide [Fig. 2(b)], causing a large increase in tunnel current, 
provided the oxide layer is not too thick. This, in turn, causes 
the Fermi level in the «-Si layer to be pulled up, forward 
biasing the p-n junction even more. This positive feedback 
mechanism switches the device into the high current state, in 
which the «-Si layer is nearly charge neutral, highly popu- 
lated by both holes and electrons, with a hole inversion layer 
at the surface providing the large field across the oxide. This 
state can only be supported as long as the oxide is thin 
enough to allow large tunnel currents, but thick enough to 
support the hole inversion layer. 

Other mechanisms can be employed to switch the device 
from the low to high current states. For example, light injec- 
tion into the «-Si layer causes electron-hole pairs to be pro- 
duced, setting up the necessary carrier distribution in the 
«-Si layer at a much lower bias.13 In Fig. 2(c), we see that 
increased light injection intensity results in a decrease in the 

TABLE I. A comparison of maximum stress operating parameters of the TSD 
devices produced in our labs with those of current thin oxide MOS research 
structures (see Refs. 2 and 5). For the purposes of a rough comparison, we 
define "Qmax" as the areally-averaged maximum fluence of charge that 
results in a nonfunctioning device, and we compare this with Qbd in MOS 
devices. As our time-tested TSD devices did not expire in the course of our 
testing (Fig. 3), we can only give a lower bound on this number. 

(A) 
ßmax .  Qbd 

(C/cm2) 
** oxide 

(A/cm2) 
Electric field 

(MV/cm) 

TSD 
MOS 

<35 
30-60 

>107 

<105 
>104 

<10 
10-20 
<15 

peak voltage of the TSD, until eventually the peak disap- 
pears completely. Charge injection via a third terminal, con- 
nected to the «-Si layer, results in a similar modification of 
the I-V characteristic.14'19 

B. Experimental procedures 

The details of the device fabrication and measurement are 
described elsewhere17, so we will only reproduce a summary 
here. Chips approximately 1X1.5 cm2 were cleaved from 
commercially obtained wafers consisting of a p-type (3 
X1018/cm3) silicon (100) substrate and an «-type (2 
X1015/cm3) epilayer approximately 1.5 /xm thick. After 
cleaning, thin sacrificial oxide layers were grown on the 
chips in a rapid thermal processing (RTP) oven in 02 for 60 
s at 900 °C. During ramp-up and anneal in the oven, the 
chips were held in an Ar ambient. The sacrificial layers were 
stripped off in a buffered oxide etch (BOE), and another 
oxide was grown, again at 900 °C in 02. The thickness of 
this oxide was controlled by varying the 02 flow time. 
Samples with a flow time of 15, 30, 45, and 60 s were pro- 
duced. The oxide thicknesses of these samples were esti- 
mated to be 1.5, 1.8, 2.1, and 2.5 nm, respectively, by mea- 
suring the thickness of the 60 s sample using standard C- V 
techniques and extrapolating along published calibration 
curves20'21 to the smaller thicknesses. As these values are 
only estimated and not measured, we will refer to the 
samples by the controlled 02 flow time rather than the thick- 
ness. We note that the thickness estimation17 is calibrated 
using C- V measurements which have been reported to yield 
values roughly 0.9 nm less that those given by optical tech- 
niques such as ellipsometry when metal gates are used.22 

Aluminum contacts were deposited on both the front and 
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FIG. 3. Effect of stress on TSD I-V curve over time. The first four sweeps 
represent the ' 'virgin'' scan, taken the first time bias was ever applied to the 
device, and the three subsequent scans. The remaining curves were taken 
after the indicated number of hours of stress. 

back of the chip. Discrete devices were defined by litho- 
graphically etching the top Al surface into squares of various 
sizes. 

The device I-V curves were measured at room tempera- 
ture by placing the chips on a conductive chuck of a probe 
station, contacting the top Al pads with a tungsten probe tip, 
sourcing current to the device over an exponential range, and 
measuring voltage. Light from a lamp directed through a 
microscope connected to the probe station could be injected 

in the device with varying intensity in order to modify the 
/- V curve as shown in Fig. 2(b) and described above. 

C. Results and discussion 

In this section we discuss properties of the TSD I-V 
curves that may be related to the transport properties through 
the oxide layer. In particular, we explore two general char- 
acteristics of the devices: an initial "forming" behavior, and 
the scaling of the current with device size. 

We have observed, as have others,18 that the first time a 
large enough bias is applied to force the device into the high 
current state, the /- V curve appears to change noticeably, but 
subsequent stressing of the device results in very little 
change. In Fig. 3, we show several scans taken on a single 
150X150 yum device: a "virgin" scan taken before any bias 
had been applied to the device, three additional scans taken 
immediately thereafter, and four subsequent scans taken after 
the device had been continuously ramped from negative to 
positive bias at 60 Hz for the indicated total number of 
hours. The ac stress was designed to continuously cycle the 
device back and forth from the high current state to the low 
current state in order to determine whether switching be- 
tween states would cause further degradation. We would ex- 
pect that degradation of the oxide would be similar for uni- 
polar stressing as the p-n junction limits the current in the 
reverse bias, and therefore little voltage is dropped across the 
oxide. Note that the "virgin" scan exhibits a much higher 
peak voltage than all subsequent scans, but that no other 
sudden changes in the I-V curve are apparent. We suggest 
that the initial stress could be causing a modification of the 
oxide. We will return to this point shortly. 

We have also observed that the /- V characteristics of dif- 
ferent size devices have not scaled with area as would be 
expected if the current density were uniform. Typical I-V 
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FIG. 5. Low voltage scaling behavior of the TSD with light injection, (a) "Virgin" J- V curves taken before the devices had ever been subjected to high field 
stress. Devices of four different sizes are shown in groups corresponding to samples with different oxide thicknesses. Each group collapses to nearly the same 
current density, suggesting a uniform current density, (b) J- V curves for a group of different size devices on the 30 s 02 sample taken both before and after 
high field stress. The "after" curves are also plotted as (c) current/L1 and (d) current/L0 in order to illustrate the modified scaling behavior. 

curves for devices of a range of sizes on the 30 s 02 sample 
are shown in Fig. 4, scaled by the length (L) of the edge of 
the square Al contact that defines the active area of the de- 
vice, raised to the powers 0, 1, and 2. If the current density 
through the device were uniform, the current/L2 curves 
shown in Fig. 4(c) would collapse to a single curve, but we 
see that different parts of the I- V curve appear to scale with 
different powers of L. For example, the low current region 
just below the peak seems to be independent of area, while 
the high current region above the peak seems to scale more 
nearly linearly with L than as any other integral power, sug- 
gesting an edge effect. It is possible that parasitic resistances 
could play a role in the high current region, but this would 
typically result in a current independent of area. 

In order to determine whether the oxide plays a role in 
this scaling behavior, we would like to isolate its contribu- 
tion to the I-V curve. As described above and illustrated in 
Fig. 2(c), light injection causes the peak voltage to be re- 
duced and, if intense enough, can eliminate the peak alto- 
gether, effectively forcing the device into the high current 
state at any bias. In this state, the current through the device 
is primarily controlled by oxide tunneling as the majority of 

the bias falls across the oxide. Therefore, with high enough 
light injection, we can effectively examine the I-V charac- 
teristic of the MOS junction even at low bias. 

Using this light injection technique, we examined the 
MOS part of the device under low bias both before and after 
the device had been subjected to the stress of the high bias, 
high current regime that forces the ' 'forming'' process. The 
light level was set to completely eliminate the peak in the 
7-V curve. In Fig. 5(a), we plot pre-stress current density 
voltage (/- V) curves for four different size devices on each 
of four chips with different 02 flow times during oxidation, 
and hence different oxide thicknesses. We see that the curves 
very nearly collapse into four groups corresponding to the 
four different thicknesses, suggesting nearly uniform current 
density through each of the oxides. While the curve corre- 
sponding to the 20 yum device on the 30 s 02 sample does 
not quite coincide with the other curves for this sample, it is 
possible that the probe tip scraped off part of the Al pad, 
resulting in a smaller effective area. 

In Fig. 5(b), we plot similar J-V curves of a set of differ- 
ent size devices on the 30 s 02 chip under illumination both 
before and after the devices had been stressed. This stress 
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was achieved by connecting the devices to a curve tracer 
and, for a few seconds, switching from negative to positive 
bias at 60 Hz to a maximum positive bias current of 100 mA. 
We see, first of all, that the (average) current density through 
the devices increased by over an order of magnitude after 
stressing. We also note that the currents no longer scale with 
L2. In fact, we see by comparing Figs. 5(b), 5(c), and 5(d), 
that the current most closely scales linearly with L. We sug- 
gest that the oxide may be forming locally near the edges of 
the device where the electric field is somewhat higher. Simi- 
lar behavior was observed for the 15, 45, and 60 s 02 

samples. 
It is not surprising that our device geometry would pro- 

duce edge effects, and it is probable that such effects could 
be minimized with a different device geometry, for example 
by extending the gate electrode across a thicker field oxide 
surrounding the device, or by using a guard ring. The inter- 
esting result, however, is that in the presence of the locally 
enhanced field around the edge of the device, the ' 'formed'' 
oxide is relatively stable under continued stress. As can be 
seen in Fig. 3, after the "forming" process, the device can 
be operated for long times with little modification of the 
peak or valley voltages at stresses far exceeding acceptable 
MOS values (Table I). Others have observed similar long 
lifetimes in these devices after an initial "forming."13'18 

Even though this forming process greatly enhances carrier 
transport through the oxide locally, the oxide layer must still 
be functioning as an effective barrier, or the peak region of 
the /- V curve would disappear as described earlier. 

While these results reflect a local modification of the de- 
vice oxide, it is difficult to extract the oxide properties from 
the functions of the TSD, which is not completely well un- 
derstood, in a geometry which clearly produces nonuniform 
transport. It would be interesting to study a simpler system 
with many of the same properties to see if it exhibited similar 
local modifications of the oxide. For these reasons, we at- 
tempted to mimic the high field local stress produced by the 
edge of our TSD devices with tunnel current injected from 
an STM tip through a thin oxide on a simple silicon substrate 
as described in Sec. III. 

III. LOCAL PROBE STUDIES 

A. Introduction 

Scanning tunneling microscopy (STM) allows one to take 
spatially resolved measurements of the tunnel current flow- 
ing from a sharp tip to a sample surface.23'24 On conductive 
samples made of a single material, the tip may be brought to 
within angstroms of the surface and held at a constant volt- 
age while the tip is raster scanned over the surface and its 
height modulated to maintain a constant tunnel current, ef- 
fectively yielding a physical contour plot of the surface down 
to atomic dimensions. Similarly, on flat surfaces comprised 
of materials differing in conductivity, the STM may be used 
to generate a conductivity contour plot of the surface.25'26 

The atomic spatial resolution of the STM makes it an attrac- 
tive tool for the study of conducting and semiconducting 
samples. Insulating samples, on the other hand, do not gen- 

erally allow a sufficient tunneling current to flow for ad- 
equate tip response resulting in frequent tip crashing, and 
therefore do not lend themselves as readily for STM study. 

Thick layers of silicon dioxide would normally fall into 
the category of materials for which STM is not a useful tool. 
However ultrathin (<3.5 nm) layers of silicon dioxide, such 
as those used in the TSD, allow sufficient tunneling current 
to make STM a viable tool for examining local conductivity. 
Others have been able to study ultrathin oxides in experi- 
ments with beam assisted scanning tunneling microscopy 
(BASTM),27 with BEEM,10'12'28 and with STM of thinner 
oxides.25'29 We have found that by operating at high tip volt- 
ages (1-5 V) and lower than usual tunneling currents (1-5 
pA), the tip may be rastered over the silicon dioxide surface, 
yielding an image without crashing. The image obtained in 
this fashion represents some convolution of the silicon sur- 
face contour, the silicon dioxide surface contour, and any 
variations in the local conductivity of the silicon dioxide 
layer. We have attempted to characterize the local conduc- 
tivity of our thin oxide layer with these STM images, com- 
paring them with topological AFM images of our sample 
before and after oxidation. Furthermore, since the nature of 
STM is to inject large local current densities, we have also 
attempted to look at the effects of localized electrical stress- 
ing on the thin oxide layer. 

B. Experimental details 

Samples were produced using boron doped /?-type (100) 
silicon wafers (00.00425-0.00575 fl cm) cleaved into square 
chips ~1 cm on a side. These chips were subject to a stan- 
dard acetone, isopropyl alcohol, de-ionized water degrease in 
ultrasound. The chips were then etched in 10:1 HF solution 
to remove any oxide, and a grid of circles 2 /mm in diameter, 
5 /mm apart, was patterned onto the chips. Chemically as- 
sisted ion beam etching (CAIBE) was employed whereby 50 
seem of chlorine gas was used to react with the bare silicon 
surface while a beam of xenon ions was used to sputter the 
chlorine-reacted silicon for 15 s. After another degrease, the 
bare patterned silicon surface was then examined on a Digi- 
tal Instruments Nanoscope III MultiMode AFM. The chips 
were then degreased once again and dipped in 10:1 HF acid 
to remove any residual oxide. An AG Associates Mini-pulse 
rapid thermal Processor (RTP) was used to bring the chips 
up to 900 °C in ultrapure argon. Device quality oxide was 
then grown by exposing the chips to ultrapure oxygen at 
900 °C for 15-30 s followed by an anneal in ultrapure argon 
for 30 s at 900 °C. Immediately following oxidation, the 
chips were mounted with conductive silver paint onto mag- 
netic pucks for use with the AFM/STM and allowed to dry 
for 20 min. 

After drying, the thickness of the oxide layer was mea- 
sured on a J. A. Woollam variable angle spectroscopic ellip- 
someter (VASE). Data was taken at 70°, 75°, and 80° angles 
of incidence across wavelengths from 205 to 365 nm. The 
thickness was computed using bulk Si02 optical constants to 
be 34-35 Ä thick for the grown RTP oxides. AFM surface 
images of the samples were taken in ambient both to image 
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FIG. 6. Comparison of AFM and STM scans of p-type Si with a 34 Ä RTP 
grown oxide. Large scale scans (10 fim, 50 nm light to dark) show the 
patterning of the chips in (a) an AFM scan and (c) an STM scan (4.3 V, 3.3 
pA). Small scale scans (100 nm, 5 nm light to dark) taken in unpatterned 
areas show (b) the surface roughness in the AFM scan, and (d) the lateral 
variance in conductivity in the 1.0 V, 2.0 pA STM scan. 

the large scale patterning (10 /nm square) and the oxide sur- 
face in the unpatterned regions (100 nm square). The 
samples were then moved to a similar STM setup in ambient 
with a picoamp boost stage for use at low currents, and a 
variety of STM scans were taken over a period of several 
hours. Following study with the STM, the surface was again 
examined with the AFM and the oxide thickness was again 
measured on the ellipsometer. 

We attempted to quantify the effects of atmospheric ex- 
posure on the RTP grown oxide due to native oxide growth 
and accumulation of atmospheric moisture or other contami- 
nants. Unpatterned samples were degreased, etched, and ox- 
ide layers were grown in the RTP in a similar fashion to the 
patterned samples. Timed thickness measurements taken 
over periods of 10-15 h in ambient exhibited linearized 
growth rates on the order of 0.2 A/h. This correlates well 
with the ellipsometric observed change in thickness of sev- 
eral angstroms over the time of the STM scanning. 

C. Results and discussion 

The AFM was used to examine the topological contour of 
chips both before and after oxidation. Before oxidation, the 
bare silicon surface was examined both to verify that the 
patterning was successful and to quantify the silicon surface 
roughness. Section linescans of the plots showed the silicon 
surface to have local roughness on the order of 1 nm. Post- 
oxidation Si-Si02 interface roughness has been found to be 
less than 1 nm by others.30 After RTP oxidation, the AFM 
was again used to image the patterning and surface rough- 
ness. Figure 6 shows typical AFM scans of both the large 
scale patterning and small scale roughness of the RTP thin 
oxide layer. Figure 6(a) shows the large scale patterning im- 
age, found to have patterned hole depths of 18 nm. Figure 

6(b) shows a 100 nm scan of the RTP oxide surface rough- 
ness. Line scans of the 100 nm image show small scale 
roughness to be less than 1 nm in the unpatterned areas of 
the chip. 

The STM was then used to look at the electrical contour 
of the RTP thin oxide layer. An initial attempt was made to 
image the surface in a constant-height mode, looking only at 
local changes in tunneling currents without allowing the tip 
to respond to the surface. However, the very dramatic 
changes in current across our oxide resulted in extreme 
noise, frequent tip crashes, and an irreproducible image. In 
constant-current mode, we are assured that if the sample is 
uniformly conductive, the surface image will reproduce that 
of the AFM. By comparing our image with the AFM, we are 
able to distinguish differences in conductivity in the oxide 
layer from topological features. The STM images were taken 
at relatively high voltages (1-5 V) and low currents (1-5 
pA) to keep the tip sufficiently far away from the surface to 
avoid crashing and also to drive sufficient tunnel current 
through the oxide for adequate feedback. This high voltage 
low current imaging was done at the expense of lateral reso- 
lution, but was necessary to generate repeatable scans. Simi- 
lar setpoint voltages with nanoamp currents have been used 
by others in STM experiments with thinner oxides,25'29 as 
well as BASTM,27 and BEEM1012'28 experiments. 

Initially the chips were scanned over 10 /um to image the 
patterned circles to verify that our scan parameters were pro- 
ducing a reliable image. Figure 6(c) shows a typical large 
scale STM image (4.3 V, 3.3 pA) of the patterned surface on 
the same scale as the corresponding AFM image in Fig. 6(a). 
The images of the patterned circles show depths of 18.5 nm 
in excellent agreement with the AFM scan, well within ex- 
pected variation in etch depth across the sample. Having es- 
tablished that the STM is producing a reliable image of the 
oxidized chip, the scan size was reduced to look at local 
variations in the oxide. Figure 6(d) shows a 100 nm STM 
image (1.0 V, 2.0 pA) of the oxide layer on the same scale as 
the corresponding AFM image in Fig. 6(b). Line scans show 
apparent height variations on the order of 5 nm across areas 
20-50 nm in size. The dramatic difference in the images 
taken with AFM and STM, coupled with the AFM verified 
flat topology, suggest that there are significant lateral varia- 
tions in conductivity across the oxide. In order to verify that 
these images represented true surface features, we attempted 
to reproduce them with a variety of scan parameters. Surface 
features were relatively reproducible under changes in scan 
rate, direction, and area. Figure 7 shows a representative se- 
ries of STM images (1.5 V, 3.0 pA) ranging in size from 1 
/u,m to 100 nm on the same unpatterned section of RTP ox- 
ide. Apparent height variations in all four images are on the 
order of 5 nm with feature size on the order of 20-50 nm 
laterally in all images. Lateral variations in conductivity 
similar in size and magnitude were seen across a number of 
different scans and chips. 

Note that in the interpretation of these variations as con- 
ductive rather than topological features, we require a tip- 
sample separation of at least 5 nm. This is considerably 
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FIG. 7. Zoom in sequence of STM scans (1.5 V, 3.0 pA) over an unpatterned 
area of 34 Ä RTP oxide on p-type Si. Lateral variations in conductivity can 
be seen over the sequence of scans: (a) 1 /u,m, (b) 500 nm, (c) 250 nm, and 
(d) 100 nm scans. Light to dark variation in the scans is 5 nm. 

larger than the distances typically assumed in vacuum STM 
setups, and would suggest that the tip current in our experi- 
mental setup is considerably less sensitive to tip-sample dis- 
tance. This is a reasonable assumption for ambient STM; 
accumulation of moisture and atmospheric contaminants on 
the tip and sample due to the high fields present can serve to 
reduce the sensitivity of current to tip-sample distance.31 

Similar larger than expected tip-sample distances have been 
previously reported in other STM experiments in ambient.25 

The STM was also used to look at the effect of large 
currents on localized areas of the chip. Two different meth- 
ods of stressing were employed. In one stress mode, the tip 
was held at one spatially localized area, and an I-V curve 
was taken, causing the voltage to be ramped repeatedly from 
positive to negative bias. After scanning a 10 /jm area, an 
I-V curve was taken over a bias range of ±5 V or more. 
Upon returning to the imaging mode (1.5 V, 1-2 pA), a large 
dark area hundreds of nanometers in size and more than 30 
nm deep was present. A similar effect was noted in another 
stress mode, whereby scans were kept at imaging voltages 
and currents but concentrated in lateral dimension. Figure 8 

FIG. 8. (a) Before and (b) after 1.5/1.0 V, 3.0 pA STM scans of a. 1 /tm, 20 
nm light to dark, area subjected to a zoom in sequence of scans. The 10 nm 
deep "hole" visible in (b) after zoom in represents an area of reduced 
conductivity. 

illustrates the appearance of a modified surface feature after 
a series of scans similar to those in Fig. 7. Figure 8(a) shows 
an initial scan of a 1 /mm area, and Fig. 8(b) a rescan of the 
same 1 /xm area after 500, 250, and 100 nm scans had been 
performed within it. The scan of the modified surface con- 
tains a large dark area 10 nm deep where the smaller, more 
concentrated, scans had occurred, similar to that which was 
present after the I- V scans. These features are likely due to 
the creation and charging of trap states which reduce the 
conductivity of the sample, as seen by others.12'28 

IV. DISCUSSION 

It is difficult to conclusively compare the results of these 
two sets of experiments. It is unclear whether the small scale 
lateral variations seen in the STM images on the unstressed 
oxides could play a role in the ' 'forming'' behavior of the 
devices or the ability of the formed oxide to continue to act 
as an effective barrier. It is possible that stress modification 
of the different conductivity regions could be related to the 
observed "forming" behavior, but unfortunately, due to the 
large drift in the lateral tip position, we have as yet been 
unable to selectively stress the different conductivity regions 
with the STM in order to test this hypothesis. 

While we observed an increase in the oxide conductivity 
in the stressed regions of the TSD device, we observed a 
decrease in the oxide conductivity with stress in the STM 
experiments. Others11 have observed an initial decrease in 
conductivity followed by an increase in conductivity with 
continued charge injection in BEEM stressing experiments. 
Assuming a similar behavior in our system, is possible that 
we were unable to inject a high enough charge density to 
stress the oxide to the point of increasing conductivity due to 
tip drift or current spreading. 

V. CONCLUSIONS 

Observations of the scaling behavior of the TSD device 
indicate that under initial heavy electrical stress, the silicon 
dioxide layer appears to become more conductive in the vi- 
cinity of the edges of the gate electrode where the electric 
field is expected to be highest. It does not break down in the 
conventional sense, however, as it still acts as enough of a 
tunnel barrier that the device supports multistable current 
states. AFM and STM measurements on similarly grown ox- 
ides indicate that, while the silicon and oxide surfaces are 
quite flat topologically, there are significant lateral electrical 
variations, even before significant stress has been applied. 
Stressing the oxide by injecting large currents with large 
voltages, or by concentrating a raster scan over a small area, 
results in an area of lower conductivity in the STM image, 
likely the result of negative charge trapping in the oxide. 
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The initial stages of SiC-Si02 interface formation by low temperature (300 °C) remote plasma 
assisted oxidation (RPAO) on flat and vicinal 6H SiC(OOOl) wafers with Si faces have been studied 
by on-line Auger electron spectroscopy (AES). Changes in AES spectral features associated with 
Si-C and Si-O bonds are readily evident as oxidation progresses; however, there are no detectable 
AES features that can be attributed to C-0 bonds. Initial oxidation rates as determined from AES 
data are greater for vicinal wafers than for flat wafers paralleling results for RPAO oxidation of Si. 
Devices fabricated on vicinal SiC wafers require an 1150 °C anneal in an H2 containing ambient to 
reduce defect densities from the 1013 to 1011 cm"2 range, consistent with termination of C atom step 
edge dangling bonds by H atoms. Devices prepared by thermal oxidation also require a 1150 °C 
anneal in H2 even though silicon oxycarbide regions with C-0 bonds are formed in a transition 
region at the SiC-Si02 interfaces.   © 1997 American Vacuum Society. [S0734-211X(97)07304-6] 

I. INTRODUCTION 

There is considerable interest in SiC for high temperature 
device applications, including power transistors. To fabricate 
these devices, it will be necessary to gain an increased un- 
derstanding of the chemical bonding at the SiC-Si02 inter- 
face, and in particular to develop processing that minimize 
interfacial defects and transition regions, and maximize de- 
vice reliability as manifested in reductions in the rate of in- 
terfacial and bulk defect generation during operation. It has 
been established that the oxide that forms on SiC during high 
temperature oxidation in 02 ambients is Si02, and that this 
oxidation process can yield SiC-Si02 interfaces and gate 
dielectrics with sufficiently low defect densities for field ef- 
fect transistor (FET) operation.1 However, channel mobilities 
at room temperature (in depletion mode FETs) are signifi- 
cantly lower than expected from bulk SiC properties and 
much research has been focused on explaining these differ- 
ences and improving channel mobilities.2 Since Si02 is the 
dominant solid state oxidation product, oxidation products 
involving carbon atoms must include gaseous molecules 
such as CO; as oxide growth progresses these must be trans- 
ported from the buried growth interface through the oxide 
and out of the film. However, this does not preclude the 
formation of additional interfacial carbon atom bonding ar- 
rangements such as Si-C and C-0 as have been reported in 
silicon oxycarbide transition regions.3 The molar volume 
mismatch between SiC and Si02 is greater than the corre- 
sponding mismatch between Si and Si02, so that intrinsic 
levels of strain at SiC-Si02 interfaces are anticipated to be 
at least as high as the values of approximately 5 
X 109 dynes/cm2 reported in Si-Si02.

4 This article deals 

"Electronic mail: gerry_lucovsky@ncsu.edu 

with an alternative low temperature method for 
semiconductor-dielectric interface formation that has been 
successfully applied to crystalline Si device technology.5'6 

As applied to Si, this approach provides independent control 
of Si-Si02 interface formation and dielectric film grown. 
The Si-Si02 interface and a superficially thin oxide layer 
(—0.5 nm) are formed by a low temperature (300 °C) remote 
plasma-assisted oxidation (RPAO) process, and the remain- 
der of the oxide layer is deposited by a low temperature 
(300 °C) remote plasma enhanced chemical vapor deposition 
(RPECVD) process. Device quality interfaces are obtained 
by subjecting the plasma processed Si-Si02 heterostructure 
to a post-deposition rapid thermal anneal (RTA), e.g., for 30 
s at 900 °C. The 900 °C anneal promotes both chemical and 
structural interface relaxations, including a minimization of 
interfacial sub-oxide bonding arrangements in transition re- 
gions between the Si crystal and the stoichiometric bulk 
oxide.7 A similar plasma-assisted process has recently been 
applied to SiC, and has yielded SiC-Si02 interfaces with 
defect state densities comparable to what has been achieved 
on SiC by conventional high temperature thermal oxidation.8 

The potential advantages of this two step approach to SiC- 
Si02 interface formation are: (i) it reduces the requirement 
for transporting gaseous reaction products such as CO mol- 
ecules away from the interface as the oxide grows; and (ii) it 
can also reduce strain induced interface defect generation, 
since only a small fraction of the total oxide layer thickness 
is generated by consumption of the SiC substrate. The focal 
point of this article is a study of SiC-Si02 interface forma- 
tion by RPAO using on-line Auger electron spectroscopy 
(AES) to monitor interface bonding chemistry and the initial 
oxide growth rate. 

Before discussing the SiC AES measurements, it is useful 
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to summarize the results of device studies on vicinal Si and 
SiC wafers using the plasma-assisted processing steps iden- 
tified above. Studies by Bjorkman et al.9 demonstrated that 
densities of mid-gap defect states (Dit) as low as 1 
X 1010 cm-2 eV~' could be obtained on Si(l 11) surfaces by 
using conventional thermal oxidation, metal electrodes and 
400 °C post metal anneals in an H2 containing ambient. Pre- 
vious studies had always shown higher values for Si(lll) as 
compared to the Si(100) surfaces used in the integrated cir- 
cuit wafers (see Reference 9). Studies performed by Yasuda 
et al. on /?-type Si(lll) vicinal up to 5° in the 112 direction 
showed that the density of mid-gap states (Dit) increased by 
relatively small amounts from ~1X 1010 cm-2 eV_1 to 
about 6X 1010 cm"2 eV~' as the vicinal angle increased to 
about 5°.10 The studies of Yasuda et al. were on Si-Si02 

structures prepared by the same two-step RPAO-RPECVD 
300 °C process that has been described above, and is dis- 
cussed in detail in Ref. 5. Al electrodes were employed and a 
400 °C postmetallization anneal (PMA) in a H2 containing 
ambient was used. The magnitudes of the incremental in- 
creases in Dit with increasing vicinal angle indicated that 
only a relatively small fraction of the dangling bond states at 
the step edges contributed to increases in Dit with increasing 
step edge density due to increasing vicinal angle. 

At the present state of the art, the highest quality SiC 
crystals for devices are epitaxial layers formed on Si atom 
terminated 6H SiC vicinal approximately 3.5° in the 1120 
direction. Using RPAO-RPECVD, the results of device stud- 
ies using vicinal 6H ^-type SiC as reported by Gölz et al.1 

are markedly different than the results reported for vicinal Si. 
Metal-oxide-semiconductor (MOS) capacitors were prepared 
the essentially the same two-step RPAO-RPECVD process 
as used by Yasuda et al.5 for Si. However, following a con- 
ventional PMA in an H2 containing ambient, Dit values were 
in excess of 1013 cm-2 eV~\ even when an 1150 °C fur- 
nace anneal in Ar was interposed between the oxide film 
deposition and the metallization steps. However if the high 
temperature anneal was performed in an H2 containing am- 
bient then Dit values after the conventional 400 °C PMA 
were reduced significantly into the 1011 cm-2 eV_I range.8 

This large difference in defect densities is approximately 
equal to the number of carbon atom dangling bonds at the 
step edges suggesting that these dangling bonds were not 
H-terminated after a conventional 400 °C PMA, but instead 
required the higher temperature exposure to H for termina- 
tion. It is important to note that interfaces prepared on the 
same type of vicinal SiC surfaces by conventional high tem- 
perature thermal oxidation processes also required a high 
temperature anneal in an H2 containing ambient to yield val- 
ues of Dit in the 1011 cm""2 eV"1 range.10 Step edge carbon 
atom dangling bonds on vicinal Si wafers can either termi- 
nated by oxygen atoms that connect into the Si02 dielectric, 
or by hydrogen atoms. The annealing results in Refs. 8 and 
10 are consistent with hydrogen atom termination of step 
edge carbon atom dangling bonds (see Section II for atomic 
structure at the step edges); i.e., dangling bond elimination 

6HSiC 

Q terrace region 

• C-atom  o Si-atom B 

FIG. 1. Schematic representation of surface and step bonding for 6H SiC 
vicinal wafers. The C atom dangling bonds for the first 6-atom, 3-layer 
sequence are one per step edge C atom; for the second 6-atom, 3-layer 
sequence, there are two dangling bonds per step edge C atom. The 6-atom 
steps are separated by flat terrace regions with Si-atom dangling bonds. 

would be accomplished by atomic hydrogen generated dur- 
ing the 1150 °C anneal. 

To study interfacial bonding arrangements between SiC 
and Si02, on-line AES has been used to monitor the initial 
stages of SiC-Si02 interface formation. This same approach 
has been used to study the initial stages of interface forma- 
tion on Si by both RPAO and rapid thermal oxidation (RTO), 
and using both 02 and N20 oxygen atoms sources gases.7 

This article extends this approach to SiC and focuses on the 
initial stages of the RPAO process as applied to both flat or 
vicinal SiC surfaces using 02 source gases. Preliminary re- 
sults are also presented for RPAO using N20 as the oxygen 
atom source gas. Section II discusses briefly the local bond- 
ing arrangements at the step edges of the vicinal 6H SiC 
wafers. Section III presents results of AES studies of SiC 
RPAO, and includes comparisons between the RPAO of SiC 
and Si. Detailed results are presented for RPAO using 02, 
and preliminary results for RPAO using N20. Section IV 
summarizes the major results of this study as they apply to 
(i) the results of the on-line AES studies, and (ii) the passi- 
vation of step edge dangling bonds as revealed by changes 
reductions in Dit levels as determined from electrical mea- 
surements. 

II. LOCAL BONDING AT STEP EDGES 

The dangling bond geometry for Si(l 11) wafers off cut in 
the 112 direction has been discussed in Ref. 4 and references 
therein. The steps are effectively two atom layers high, and 
the step edge atoms have a single dangling bond. The steps 
on 6H SiC with Si terminated surfaces are more complex due 
to the larger unit cell. The repeat pattern of 6H SiC extends 
over 12 atomic planes of alternating Si and C atoms as 
shown in Fig. 1. For off cut angles in the 1120 direction, the 
vicinal Si face surfaces can either include two different 6 
atom steps that are separated by Si atom terminated terrace 
regions, or alternatively consist of six 2 atom layer steps/6H 
repeat pattern. Figure 1 indicates the bonding arrangements 
for the two different 6 atoms steps. The first set of steps are 
in an ABC sequence with one carbon atom dangling bond 
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per double layer Si-C component, and the second set of 
steps are an ACB sequence with two carbon atom dangling 
bonds per double layer Si-C component. The average num- 
ber of dangling bonds per step in 6H SiC(OOOl) is 1.5 dan- 
gling bonds per step edge atom, whereas in Si(lll) off cut in 
the 112 direction it is only 1 dangling bond per step atom. 
The spacing between single steps on Si(lll) off cut in the 
112 direction is ~5 nm for a 3.5° off cut angle, so that the 
ratio of step edge to terrace dangling bonds is approximately 
0.06. For a 3.5 off cut angle on SiC, the dangling bond ratio 
is higher by a factor of 1.5 due to the different step edge 
terminations of the ABC and ACB sequences. If the 6H SiC 
surface has two atom steps, as is likely for the wafers used in 
this study, the dangling bond considerations are the same. 
Starting with the same ABC sequence as in Fig. 1, the first 
three 2 atom steps are terminated by C atoms with one dan- 
gling, and the second three 2 atom steps by C atoms with two 
dangling bonds. This means that the number of dangling 
bonds per step on the average is still 1.5 times greater than 
for off cut Si wafers. 

III. EXPERIMENTAL RESULTS 

The samples used in this study were p-type 6H SiC pur- 
chased from Cree Corporation with Si faces. Similar to polar 
faces on III-V compounds, the polar faces on SiC are either 
Si or C faces. Note further that this particular designation is 
used independent of any surface contamination. One of the 
wafers was oriented on a principal axis, the (0001) direction, 
and the other was a vicinal wafer off cut at approximately 
3.5° in the 1120 direction. The surface of the on-axis sample 
was prepared from and bulk ingot, and the surface of the 
off-axis sample used in these studies was from an epitaxially 
grown film. The surfaces of the wafers were cleaned follow- 
ing a procedure suggested by Cree Research, Inc.11 The ex 
situ cleaning consisted of (i) sequential rinses in tri-chloro- 
ethane (TCE), acetone and methanol, followed by (ii) a con- 
ventional two bath RCA clean. The sacrificial oxide formed 
in the second step of the RCA clean was removed by rinse in 
dilute HF. Samples were then loaded into a multichamber 
system, which provides a separate ultrahigh vacuum (UHV) 
compatible chambers for RPAO and AES. The experimental 
procedure was to alternate AES measurements with RPAO 
processing. A similar approach has been applied to RPAO of 
Si, and through analysis of the AES data, two kinds of infor- 
mation were obtained: (i) the chemical bonding at the Si- 
Si02 interface, and (ii) the oxide thickness as a function of 
oxidation time.12 

Figures 2(a) and 2(b), respectively give differential AES 
spectra for flat and vicinal SiC obtained by RPAO using an 
02 source gas. The experimental processing conditions are: 
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FIG. 2. Derivative mode AES spectra for (a) flat and (b) vicinal SiC obtained 
by RPAO at 300 °C using 02 as the oxygen atom source gas. 

gen and nitrogen that was not removed by the ex situ clean- 
ing process. Since the levels of surface contamination were 
sub-monolayer, no in situ cleaning was attempted. This was 
in part due to the limited temperature capabilities of the 
plasma-processing chamber; the substrate heater in this 
chamber cannot heat a wafer to a temperature greater than 
about 500 °C. Never-the-less, the nitrogen contamination 
problem must be overcome before detailed studies of inter- 
face bonding using an N20 source gas can be definitive with 
respect to any preferential nitrogen atom incorporation at the 
SiC-Si02 interface. It should be further noted that the SiC 
samples used in this study were n-type with a N atom doping 

The as-loaded samples show surface contamination by oxy-       level of —1.4X1018 cm-3, so that the N contamination 

(i) 
(ii) 
(iii) 
(iv) 

a substrate temperature of 300 °C, 
a process pressure of 300 mTorr, 
a plasma power to the He/02 mixture of 30 W, and 
flow rates 200 standard cubic centimeters per minute 
(seem) of He, and 20 seem and 02. 
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may have its origin in the doping of the SiC wafers; how- 
ever, it cannot be attributed simply to the doping because the 
area density of dopant atoms in a 2 nm thickness (—2 elec- 
tron escape depths) is ~3X10n cm-2, which is consider- 
ably less than the minimum AES detection limit of 
~1013 cm-2. In spite of the sub-monolayer surface N con- 
centration, information relative to oxidation rates could be 
obtained using the N20 source gas. In the case of Si, as- 
loaded samples generally showed small levels of oxygen 
contamination, but never showed any nitrogen signal, so that 
more detailed interface bonding studies could be performed 
with both 02 and N20 source gases.12 Prior to oxidation, the 
flat and vicinal SiC wafers displayed essentially the same 
(±3%) Si/C surface ratios so that changes in these ratios 
could be correlated with the effects of the oxidation pro- 
cesses. As the oxidation time for the SiC wafers is increased, 
there are four changes evident in the SiC spectra in Figs. 2(a) 
and 2(b): 

(i)       the line shapes and multiplicity of features within the 
SiLVv group changed, 

(ii)      the CKVv signal strength decreased, 
(iii)     the NKLL signal strength decreased, and 
(iv)     the ORLL signal strength increased. 

These spectral changes are consistent with the growth of an 
Si02 film on the SiC substrate. 

Figures 3(a) and 3(b), and 4(a) and 4(b) display, respec- 
tively, changes in (a) the SiLVV and (b) the CKVv (AES) 
features as a function of the oxidation time for flat (Fig. 3) 
and vicinal (Fig. 4) surfaces. Consider first the SiLVv features 
in Figs. 3(a) and 4(a). The feature at —88 eV is associated 
with Si-C bonds, in particular with a Si atom that is bonded 
to four C atoms. As the oxidation proceeds this feature de- 
creases in strength as the Si-0 feature at —76 eV increases. 
These changes in relative intensity are due to increase of the 
oxide thickness with time and are consistent with the relative 
values of the electron escape depth, —0.6 nm, and the oxide 
thickness. There is also a shift of the Si-C feature to lower 
energy as the oxidation proceeds; this is more easily seen in 
the spectra for the off-axis sample. Figures 5(a) and 5(b) 
display the integrated SiLVv spectra. It is evident from Figs. 
3(a) and 5(a) that as the intensity of the Si-C feature de- 
creases, the position of this spectral feature moves to lower 
energy. In particular in Fig. 3(a), the Si-C feature is evident 
as a distinct spectral peak at —88 eV prior to oxidation, after 
the oxidation has progressed for 3 min it has shifted to lower 
energy and appears as shoulder at —84 eV on the 76 eV 
peak. In contrast, the C-Si feature in the CKVV spectrum in 
Fig. 4(a) simply decreases in strength as the oxidation pro- 
cess proceeds. The absence of any significant spectral change 
in this region of the AES spectrum is indicative of the fact 
that C-O bonds are not formed during the RPAO process. 
The development of interfacial C-0 bonds would produce a 
satellite peak at lower energy, which would increase in rela- 
tive strength to the C-Si feature as the oxide growth pro- 
ceeds and the AES signal becomes more sensitive to the SiC 
interface than the bulk. 

c 
3 

*•» 
!5 
k. 

S. 
m 

cr 
E 

73 

C 
o 

02 Plasma Oxidation of SiC(0001) 

on axis 
300 °C, 0.3 Torr, 30 W 
20 sccm-02, 200 sccm-He 

40 

(a) 
60 80 100 120 

Kinetic Energy, E (eV) 
140 

3 

£• 
10 

5 

UJ 

■o 

w 
c 
o 

02 Plasma Oxidation of SiC(0001) 

3.5° off axis 
300 °C, 0.3 Torr, 30 W 
20 sccm-02, 200 sccm-He 

40 60 80 100 120 
(b) Kinetic Energy, E (eV) 

140 

FIG. 3. Changes in the SiLVV AES features as a function of the oxidation 
time for (a) flat and (b) vicinal SiC surfaces for 02 RPAO. 

The oxide thickness can be obtained to ±5% from the 
relative intensity changes in the CKVv feature using the char- 
acteristic escape depth of 0.96 nm for 275 eV electrons. A 
similar approach has been applied for the determination of 
the oxide thickness for the RPAO process on Si, and has 
been validated by a direct measurement of oxide thickness 
by cross-sectional high resolution transmission electron mi- 
croscopy. 

Figures 6(a) and 6(b) shows log-log plots, respectively of 
the oxide thickness versus the oxidation time for the RPAO 
of (a) Si and (b) SiC for the 02 source gas. In each instance 
the data can be fit by a power law dependence of the form, 
t0X=Atb, where tox is the oxide thickness in nm, t is the 
oxidation    time    in   minutes,    and   A    and   b    are    fit 
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parameters.12'13 The initial oxidation rates are about one and 
one-half times faster for the vicinal than for the flat wafers, 
and the initial oxidation rates are faster for Si than for SiC. 
However, the power law exponents for the SiC oxidations 
for both flat and vicinal surfaces are greater than the corre- 
sponding exponential factor for Si; however, all of the these 
power law exponents are less than 1. The relative differences 
in the power law factors means that at long times of about 10 
min or more the thicknesses of the oxides formed on both Si 
and SiC are comparable for both the flat and vicinal wafers. 
Figure 7 illustrates this by showing a comparison of oxide 
thickness versus oxidation time for flat Si and SiC; a similar 
situation also prevails for the oxidation of the off-axis wa- 
fers. 
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FIG. 5. Integral, n(E), SiLVv AES spectra as a function of the 02 RPAO 
oxidation time for (a) flat and (b) vicinal SiC surfaces. 

Finally for the RPAO of Si using the same relative flow 
rates of N20 and 02, the oxide growth rate was slower by a 
factor of 2 using the N20 source gas.12 Comparisons of 
RPAO rates have also been made for SiC for plasma excited 
02 and N20 source gases. For the same relative flow rates of 
these two source gases, the situation is reversed with respect 
to Si, i.e., the oxidation rate of SiC is greater using the 
N20 source gas. This increased growth rate using plasma 
excited species from the N20 discharge is illustrated in Fig. 
8 for the RPAO of flat SiC wafers. 

IV. DISCUSSION AND SUMMARY 

A. AES results 

The analysis of the AES spectra for the flat and vicinal 
SiC surface RPAO processes using the 02 source gas indi- 
cates: 
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(i)       the solid state oxidation product is Si02; 
(ii)      there are no interfacial C-0 bonds; and 
(iii)     oxidation proceeds initially more rapidly on vicinal 

surfaces than on flat surfaces, paralleling what has 
been found for Si. 

The primary solid state oxidation product for thermal oxida- 
tion of SiC is also Si02; however, there have been reports of 
the observation of C-0 at or near the SiC-Si02 interface.3 

This means that there are significant differences in the oxide 
formation chemistries by low temperature plasma assisted 
and high temperature thermal oxidation processes. For ex- 
ample, in the plasma assisted processes the oxidation species 
are typically long-lived molecular metastables such as O* or 
positive molecular ions such as O^, whereas in the thermal 
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oxidation process the oxidation species are typically O at- 
oms. Since the thermal and plasma oxidation processes are 
qualitatively different with respect to the formation of C-0 
bonds, then the differences between the two types oxidation 
processes could be expected to require different post- 
oxidation and post-deposition procedures for forming low 
defect density SiC-Si02 interfaces. However, this is not the 
case, as is discussed in Sec. IV B of the article. Before dis- 
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cussing this aspect of the experimental results, additional as- 
pects of the power laws fits are discussed below. 

The power laws fits to RPAO data show that the oxidation 
process proceeds very rapidly initially and then slows down 
considerably with increasing oxidation time. This means 
chemical reaction rates between excited oxygen species and 
Si- and Si- and C atom dangling bonds on Si and SiC, re- 
spectively, are decreased after Si-0 bonds and a superficial 
layer of Si02 are formed at the onset of RPAO.14 

For the case of RPAO of Si the oxidation rate for flat 
surfaces is faster using 02 than N20 for the same relative 
flow rates of He and 02 or N20. For the RPAO of SiC the 
situation is reversed for flat surfaces and the oxidation rate is 
faster using N20. Studies are currently underway to address 
this difference. A model has been proposed for RPAO of Si 
that explains the differences in the oxidation rates using 02 

or N20 source gases.15 This model was developed primarily 
to explain the retention of nitrogen atoms at the Si-Si02 

interface during oxide growth using the N20 source gas. The 
surface contamination of SiC by nitrogen makes it impos- 
sible to determine whether there is nitrogen retention at the 
SiC-Si02 interface during oxide growth in N20. This issue 
is presently under study, and will require the development of 
procedures for ex situ surface preparation that remove re- 
sidual nitrogen atom contamination from the SiC surface. 

B. Electrical properties of SiC-Si02 interfaces 

This section summarizes results of recent electrical mea- 
surements made on MOS capacitors, in particular it com- 
pares values of Dit as extracted from capacitance-voltage 
measurements on SiC interfaces prepared on p-type sub- 
strates. The experimental studies of Stein von Kaminski 
et al.n have demonstrated mid-gap Djt values in the low 
1011 cm-2 eV1 range for interfaces prepared by high tem- 
perature thermal oxidation. These device structures used 
metal electrodes. The attainment of low defect densities re- 
quired two annealing steps: 

(i)       a post-oxidation an Ar/H2 mixture at 1150 °C, and 
(ii)      a conventional PMA in an H2 containing ambient at 

400 °C after metallization. 

When annealing procedures that did not include H2 in the 
1150 °C anneal were applied to the RPAO formed interfaces, 
the Dit values were significantly higher, in the 
1013 cm-2 eV-1 range.7 However as shown in Ref. 8, these 
Dit values were significantly reduced for the RPAO inter- 
faces following a high temperature (1150 °C) anneal in an 
Ar/H2 mixture. It is interesting to note that the difference in 
Dit values between RPAO devices subjected to the Ar and 
Ar/H2 anneals is very nearly equal to the density of carbon 
atom dangling bonds at the step edges. This suggests the 
possibility that carbon atom dangling bonds are not termi- 
nated by during the oxidation or oxide deposition steps, or 
during the conventional PMA. 

Consider first the RPAO interfaces. Since our studies 
show no C-0 bonding in interfacial regions for either the 
flat or vicinal wafers, it is suggested that the step edge carbon 

atom dangling bonds may remain unterminated after the oxi- 
dation process. The high defect density after the conven- 
tional 400 °C PMA in a hydrogen containing ambient further 
suggests that the step edge carbon atom dangling bonds are 
not hydrogen terminated by this process. If this is the case 
then hydrogen atom production during the 1150 °C anneal in 
Ar/H2 is sufficiently high to produce C-H bonding at the 
step edges. Since thermal oxidation processes show evidence 
for C-0 bonding in interfacial transition regions3 and the 
RPAO process does not, this suggests that there might be 
differences related to the way step carbon atom dangling 
bonds are terminated, either during thermal and plasma oxi- 
dations, or in post-oxidation annealing. However, this ap- 
pears not to be the case, since interfaces produced by high 
temperature thermal oxidation also require a high tempera- 
ture anneal in an H2 containing ambient. This means that 
even though C-0 bonds can be found in silicon oxycarbide 
transition regions after high temperature thermal oxidation 
they may not be formed in sufficient numbers at carbon atom 
step edges to neutralize dangling bond defects. Alternatively, 
the local bonding environment of carbon atoms in interfacial 
regions and at the Si-C step edges is different and may be a 
contributing factor to oxygen atom termination. 

Finally, it is also interesting to note that fabrication of low 
Dit interfaces on n-type SiC by RPAO and thermal oxidation 
does not require a high temperature anneal in an H2 contain- 
ing ambient.7 There are two possible explanations for not 
requiring such an anneal for the RPAO formed interfaces: 

(i)       the active interfacial defects are in the bottom half of 
the SiC band gap and hence are more active in 
p-type material, or 

(ii)      the formation of C-O bonds at an SiC interface is 
Fermi level dependent favoring C-0 bond formation 
in n-type material. 

The wafers that we studied were nitrogen doped n-type wa- 
fers, and there was no evidence of interfacial C-O bond 
formation. However, the concentration of step edge C atom 
danglings bonds that are available for termination by C-0 
bonding is below the AES detection limit. 6H SiC fiat and 
vicinal SiC wafers with C faces have been ordered from Cree 
Research, Inc., upon their receipt, an AES study of the initial 
stages of PRAO will be initiated. It is clear that these ques- 
tions identified with respect to electrical results on SiC de- 
vices need additional experimental and theoretical studies 
before they can be satisfactorily resolved. In particular, elec- 
tron spin resonance experiments that can readily distinguish 
between Si and C atom dangling bonds may be helpful in 
resolving the issues discussed in the last two paragraphs. 
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Raman spectra of strained (OOl)-oriented Si/Ge and a-Sn/Ge superlattices with alloyed interfaces 
are calculated by a bond-polarizability model with lattice dynamical properties described by using 
a Keating model. The alloyed interface layers are treated by using a supercell technique. It is found 
that the Raman peaks around 410 cm-1 of Si/Ge superlattices and 260 cm"1 of a-Sn/Ge 
superlattices could be used as a measure of interface alloying. © 1997 American Vacuum Society. 
[S0734-211X(97)12204-1] 

I. INTRODUCTION 

Si/Ge superlattices (SLs) have in recent years received 
considerable research interest because of their potential ap- 
plications in devices. Due to its excellent mechanic and etch- 
ing properties, Si has become the indispensable material in 
semiconductor technology. Being an indirect band-gap semi- 
conductor, however, Si has been excluded from applications 
such as in photonic and optoelectronic devices for years. 
There has been hope of improving the electronic band struc- 
ture of Si in order to obtain a semiconductor material with a 
direct or quasi-direct band gap.1 Si/Ge SLs have been one of 
the most promising candidates.2'3 Owing to the great ad- 
vances in growth techniques, short-period a-Sn/Ge SLs have 
been successfully grown pseudomorphically on a Ge(001) 
substrate despite the very large lattice mismatch of 14.7% 
between a-Sn and Ge.4"6 The combination of a zero band- 
gap semiconductor and an indirect band-gap semiconductor 
may produce a material with novel electronic band structures 
and optical properties. 

There has been much interest in characterizing the inter- 
faces in the atomic scale in order to control the growth of 
semiconductor SLs with high-quality interfaces. The effects 
of imperfect interfaces have attracted considerable attention 
due to the fact that the interfaces of grown samples are usu- 
ally imperfect. For example, owing to intermixing or inter- 
diffusion, the interfaces are not abrupt. Alloyed interface lay- 
ers may exist. Therefore, it is of importance to study the 
effects of alloyed interfaces not only from a purely theoreti- 
cal point of view but also from a practical point of view. The 
effects of alloyed interfaces on the electronic and optical 
properties of Si/Ge SLs were studied theoretically by The- 
odorou and Tserbak.7 

Raman spectroscopy has been proved to be a useful probe 
to gain insight into the local atomic arrangement in SLs. 
Recently, Raman spectroscopy has been used to characterize 
the interfaces of Si/Ge SLs.8"10 On the theoretical side, the 
effects of alloyed interfaces on the vibrational properties of 
Si/Ge SLs have drawn much attention.9'11"13 These theoreti- 
cal efforts have been aimed at the origin of the additional 

Raman peaks observed in experiments. It has been shown 
that the Raman peaks around 410 cm"1 in Si/Ge SLs origi- 
nate from the alloyed interface layers. 

In the present work, we will show that the additional Ra- 
man peaks can be used as a measure to determine the degree 
of interface alloying for both (001)-Si/Ge and a-Sn/Ge SLs. 
The article is organized as follows. In Section II the theoret- 
ical approaches adopted are briefly introduced and the calcu- 
lated results are presented in Section III. Conclusions are 
given in Section IV. 

II. THEORETICAL APPROACHES 

A generalized Keating model14'15 is used in the present 
work to describe the lattice dynamical properties of Si/Ge 
and a-Sn/Ge SLs. For bulk materials, there are only two 
parameters in this model: one describes the first-nearest- 
neighbor bond-bending interactions and the other one the 
bond-stretching interactions extending up to the second- 
nearest neighbors. This two-parameter model could give a 
good description of the phonon-dispersion relations through- 
out the Brillouin zone except for the known flatness of TA 
branches which arise from the long-range interactions. This 
exception, however, does not affect our discussions since we 
are only interested in the optical phonons in the present 
work. The values of the Keating parameters for Si, Ge, and 
a-Sn are taken from Refs. 14 and 15. The force constants 
across the interfaces are simply assumed to take the average 
values of those of the two constituents. The effects of strain 
are properly taken into account in our model. 

In order to calculate the Raman spectra, a bond- 
polarizability model16"18 is used. It has been found that this 
model can give a good description of the scattering intensity 
from optical modes. The polarizability of the whole system 
is calculated as a sum of independent contributions from 
each bond, based on the calculated eigenvalues and eigen- 
vectors. Then, the Raman intensity in the fiv polarization for 
backscattering configuration is given by 

a)Author to whom all correspondence should be addressed; Electronic mail: 
jzi@fudan.edu.cn or jianzi@fudan.ihep.ac.cn 
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FIG. 1. Calculated Raman spectra of a Si3/Ge5 SL grown on a Si (001) 
substrate for different alloyed interfaces in the backscattering configuration 
z(x,y)z. 

where n(w)+ 1 is the Bose-Einstein population factor and 
ha^v(j) is the variation of the polarizability tensor due to 
the phonon mode wy-. 

A supercell technique is used to describe the alloyed in- 
terface layers. The lattice constant of the supercell in the 
in-plane direction (perpendicular to the [001] growth direc- 
tion) is taken to be 2a\\, where a\\ is the lattice constant of 
the substrate. Thus there are a total of eight atoms in the 
two-dimensional unit cell. The atomic distribution in the al- 
loyed planes is chosen randomly for each desired alloy com- 
position. Several distinct random configurations are used to 
average the final results in order to rule out some dominant 
local atomic structures. To simulate quantitatively the al- 
loyed interfaces only the layers nearest to the interfaces are 
allowed to become alloyed. For simplicity, the degree of 
alloying is assumed to be identical for all alloyed layers 
nearest to the interfaces. For a AIB SL, the layers nearest to 
the interfaces in the A (B) layers become A^XBX 

(AxBi-x)> where x stands for the degree of interface alloy- 
ing. 

III. CALCULATED RAMAN SPECTRA 

In Fig. 1 the calculated Raman spectra of a Si3/Ge5 SL 
grown on a Si(001) substrate are shown for different inter- 
face alloying in the usually z(x,y)z~backscattering configu- 
ration, in which only longitudinal modes at the zone center 
are Raman active. 

For abrupt interface (x = 0) two Raman peaks exist in the 
frequency range displayed. By inspecting the vibrational 
density of states (DOS) projected in each layer [see Fig. 
2(a)], it is found that the Raman peak around 490 cm-1 

originates from the first-order Si-like LO mode with vibra- 
tions sharply confined to Si layers. Due to the fact that there 
are only three Si layers in the SL periodicity, only a first- 
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FIG. 2. Vibrational DOS projected in each layer along the [001] growth 
direction (upper panels) and the corresponding Raman spectra (bottom pan- 
els) of a Si3/Ge5 SL on a Si (001) substrate (a) with ideal interface x = 0 and 
(b) with alloyed interfaces x = 0.5. 

order Si-like LO mode exists. There are three Ge-like LO 
modes, but only the first- and the third-order Ge-like LO 
modes are Raman active. The Raman peak around 310 
cm"! corresponds to the first-order Ge-like LO mode and the 
very small peak around 280 cm"1 to the third-order Ge-like 
LO mode. Due to the fact that the frequencies of Ge-like LO 
modes are located in the LA continuum of bulk Si, finite 
LA-like excitations in Si layers exist. Therefore, Ge-like LO 
modes are resonant, quasi-confined to Ge layers. There is a 
SL mode around 410 cm"1, but it is Raman inactive. 

With the introduction of alloyed layers at interfaces the 
Si-like and Ge-like peaks are broadened and an additional 
peak around 410 cm"1 appears. It becomes obvious when 
the degree of interface alloying is greater than 0.25. It can be 
seen from Fig. 1 that the intensity of this peak increases with 
the increase in the degree of interface alloying. In Fig. 2(b) 
the vibrational DOS projected at each layer is given for 
x = 0.5. It is obvious the interface alloying is responsible for 
the 410 cm"1 peak observed in experiments. It is interesting 
to note that only the alloyed layers closest to the Ge layers 
contribute to the peak around 410 cm"1. 

In Fig. 3 the calculated Raman spectra of an a-Sn3/Ge5 

SL grown on a Ge(001) substrate are shown for different 
interface alloying in the usually z(*,y)Fbackscattering con- 
figuration. For an abrupt interface (x = 0) three Raman peaks 
dominate the spectra in the frequency range displayed. By 
inspecting the vibrational DOS projected in each layer [see 
Fig. 4(a)] it is found that the Raman peak around 300 
cm"1 originates from the first-order Ge-like LO mode with 
vibrations confined to Ge layers. The Raman peak around 
255 cm"' corresponds to the third-order Ge-like LO mode. 
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FIG. 3. Calculated Raman spectra of a a-Sn3/Ge5 SL grown on a Ge (001) 
substrate for different alloyed interfaces in the backscattering configuration 
z(x,y)z. 

There are some excitations in Sn layers for this mode due to 
less confinement of higher-order modes. The peak around 
215 cm-1 originates from the first-order Sn-like LO mode. 
This mode, however, is resonant, quasi-confined to Sn layers 
due to the fact that the LO continuum of Sn overlaps the LA 
continuum of Ge. As a result, finite LA-like excitations exist 
in Ge layers.15 
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FIG. 4. Vibrational DOS projected in each layer along the [001] growth 
direction (upper panels) and the corresponding Raman spectra (bottom pan- 
els) of a a-Sn3/Ge5 SL on a Ge (001) substrate (a) with ideal interfacex = 0 
and (b) with alloyed interfaces x = 0.5. 

With the introduction of alloyed layers at interfaces a new 
peak around 260 cm-1 appears and the two peaks around 
255 cm-1 and 215 cm-1 nearly disappear. By inspecting the 
vibrational DOS projected at each layer given in Fig. 2(b) for 
x = 0.5, it is obvious that the peak around 260 cm"1 origi- 
nates from the alloyed interface layers. Similar to the case in 
Si/Ge SLs, only the alloyed layers closest to the Sn layers 
contribute to this peak. The intensity of this peak increases 
with the increase in the degree of interface alloying. 

From our model calculations of Raman spectra for Si/Ge 
and a-Sn/Ge SLs we show that the intensities of additional 
peaks due to the alloyed interfaces increase with the increase 
in the degree of interface alloying. Therefore, these addi- 
tional peaks can be used to characterize the degree of inter- 
face alloying of Si/Ge and a-Sn/Ge SLs from the experimen- 
tally measured Raman spectra. 

IV. CONCLUSIONS 

Raman spectra of Si/Ge and a-Sn/Ge SLs with alloyed 
interface layers were studied by using a supercell technique. 
It is found that with the introduction of alloyed interface 
layers additional Raman peaks around 410 cm-1 for Si/Ge 
and 260 cm-1 for a-Sn/Ge SLs appear. The intensities of 
these peaks increase with the increase in the degree of inter- 
face alloying. In other words, these two peaks can be used 
quantitatively as a measure to determine the interface alloy- 
ing for Si/Ge and a-Sn/Ge SLs. 
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Realization of group IV heterostructure devices requires the accurate measurement of the energy 
band offsets in Si/Sij-^Ge^ and Si/Sii-^.yGe^Cj, heterojunctions. Using admittance spectroscopy, 
we have measured valence-band offsets in Si/Si! ~xGex heterostructures and conduction-band and 
valence-band offsets in Si/Si^^^Ge^C^ heterostructures grown by solid-source molecular-beam 
epitaxy. Measured Si/Si! -^Ge^ valence-band offsets were in excellent agreement with previously 
reported values. For Si/Sij.^.yGe^Cj, our measurements yielded a conduction-band offset of 
100±11 meV for a «-type Si/Si0.82Ge0169C0011 heterojunction and valence-band offsets of 118±12 
meV for a p-type Si/Si0_19Ge0.206^0.004 heterojunction and 223 ±20 meV for a p-type 
Si/Si0 595Geo.394C0 011 heterojunction. Comparison of our measured band offsets with previously 
reported measurements of energy band gaps in Sii^^Ge^ and Si^Cj, alloy layers indicates 
that the band alignment is type I for the compositions we have studied and that our measured band 
offsets are in quantitative agreement with these previously reported results. © 1997 American 
Vacuum Society. [S0734-211X(97)07204-1] 

I. INTRODUCTION 
Extensive research on Si/Si! -xGex heterostructure mate- 

rials and devices has yielded impressive gains in the func- 
tionality and the performance of Si-based electronic and op- 
toelectronic devices. However, the 4.18% lattice mismatch 
between Si and Ge imposes significant restrictions on com- 
position and layer thickness in Si/Si! _xGe^. heterostructures. 
Recently, considerable progress has been made in the growth 

characterization      of     Si, Ge C alloys. 1-5 and 

Sij -x-yGexCy offers considerably greater flexibility, com- 
pared to that available in the Si/Si! -^Ge^. material system, to 
control strain and electronic properties in group IV hetero- 
structures. In particular, the smaller C atom compensates for 
the compressive strain present in Sij.^Ge^., leading to the 
possibility of fabricating group IV heterostructure devices 
lattice matched to Si.1" 
energy band gap for Sij 
Si(001) indicate that incorporation of C into Si! 
increases the band gap by 21-26 meV/%C.7~10 Effective de- 
sign, fabrication, and characterization of such devices, how- 
ever, additionally requires the accurate measurement of the 
energy band offsets in Si/Sil_x_yGexCy heterojunctions. 

II. EXPERIMENT 
We have used admittance spectroscopy to measure both 

conduction-band and valence-band offsets, A£c and A£„, 

Recent measurements of the total 
-yGexCy compressively strained to 

Ge C yKJ^.x^y 

"'Author to whom correspondence should be addressed. 

respectively, in Si/Sij-^Ge^. and Si/Si! _x-yGexCy hetero- 
junctions. Multiple quantum well (MQW) samples consisting 
of 150-250 Ä Sij.-jGe.,. or Sij-^-yGe^Cy alternating with 
350 Ä Si for ten periods with dopant concentrations of ap- 
proximately 7.4X 1016— 1 X 1017 cm-3, respectively, were 
grown by solid-source molecular-beam epitaxy on Si(100) 
conducting substrates. N-type (Sb doped) and £>-type (B 
doped) structures were used for measurement of, respec- 
tively, AEC and AEV. These heterostructures were grown at 
450 °C on 2000 Ä Si buffer layers, and the p-type 

Si/Si0 79Ge0 206C0.004 heterostructure was capped by an addi- 
tional 2000 Ä Si layer. In addition, the p-type 
Si/Si0.595Ge0394C0011 heterostructure and the n-type 
Si/Si082Ge0 i69C00I1 heterostructure were grown using Sb as 
a surfactant to improve structural quality.11 In all cases, the 
thickness of the MQW structure was below the critical thick- 
ness for strain relaxation.12 X-ray diffraction (XRD), ion 
channeling, and transmission electron microscopy (TEM) 
were performed on these samples to confirm their high struc- 
tural quality. The Ge concentration was determined using 
Rutherford backscattering, and the C concentration was then 
determined by applying a strain compensation ratio for Ge:C 
of 9.44:1, which is given by a linear interpolation of lattice 
constants between Si, Ge, and SiC, to the XRD patterns. In 
addition, secondary ion mass spectroscopy (SIMS) was used 
to determine the total C concentration. Schotfky barrier di- 
odes required for the admittance measurements were formed 
by deposition of Cr/Au circular contacts 150-300 /mm in 
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FIG. 1. (a) Energy band diagram for a Schottky barrier on an «-type multiple 
quantum well (MQW) heterostructure. The first confined state (£]), the 
Fermi level relative to Ei(Ef), and the barrier lowering due to tunneling (<5) 
are added to the activation energy (Ea) to obtain the band offset (AEC). (b) 
Equivalent circuit model for this structure, including the depletion layer 
capacitance (Cd), and the capacitance and conductance of the undepleted 
portion of the sample (C„ and G„ , respectively). 

FIG. 2. Capacitance and conductance of a p -type Si/Si0 79Ge0 206C0.oo4 MQW 
structure as functions of temperature for (a) 1 MHz, (b) 800 kHz, (c) 600 
kHz, (d) 500 kHz, and (e) 400 kHz. 

where a is independent of temperature. An Arrhenius plot of 
ln(f/kTm) vs \lkTm will, therefore, yield the activation en- 
ergy, Ea. 

As shown in the inset in Fig. 1(a), AEC is related to the 
activation energy for an «-type structure by the expression 

AEc = Ea + Ef+ Ex+S, (3) 

where E[ is the energy of the first confined state in the well, 

16 diameter, followed by a mesa etch in a CF402 plasma. Al 
Ohmic contacts were then deposited on the backsides of the 
samples. 

Admittance spectroscopy has been used to measure band 
offsets in a variety of material systems.13-15 Figure 1(a) £f is the Fermi level relative to Ex, and S is the barrier 
shows a band diagram of a Schottky barrier on an n-type 
MQW structure. This structure can be modeled using an 
equivalent circuit consisting of the depletion layer capaci- 
tance, Cd, in series with the parallel capacitance and con- 
ductance of the undepleted portion of the sample, C„ and 
Gu, respectively, as shown in Fig. 1(b). In admittance spec- 
troscopy, the total capacitance and conductance are measured 
as functions of temperature at various frequencies. It is gen- 
erally assumed that the only circuit element that is tempera- 
ture dependent is the conductance of the undepleted region, 
which can be modeled by thermionic emission over the Si 
barriers and can, therefore, be expressed as 16 

lowering due to tunneling. An analogous expression may be 
derived for the valence band. Ef is assumed to be tempera- 
ture independent over the range of temperatures within 
which the conductance peaks occur and is calculated as the 
ratio of the two-dimensional carrier concentration and den- 
sity of states.16 It was estimated that the error introduced by 
this assumption did not exceed 5 meV. El is calculated by 
solving Schrodinger's equation and Poisson's equation self- 
consistently. S has generally been found to be extremely 
small (<3 meV),14'16'17 and is, therefore, ignored in these 
calculations. 

q2AVth(T)Nc(T) 

2kT 
exp 

kT 

where q is the electron charge, A is the device area, v& is the 
thermal velocity of the carriers, Nc is the effective density of 
states, k is Boltzmann's constant, T is the temperature, and 
Ea is the activation energy for emission over the QW barri- 
ers. The exponential temperature dependence of G„ is ex- 
pected to be far stronger than any temperature dependences 
of the other circuit parameters. A resonance in the circuit 
shown in Fig. 1(b) occurs when Gu = 2Trf(Cu+Cd). For an 
admittance measurement at a fixed frequency /, this reso- 
nance will occur at a temperature T=Tm, at which a peak in 
the conductance and step in the capacitance as functions of 
temperature will be observed. The measurement frequency is 
related to the temperature at which resonance occurs by the 
expression 

f=akTm exp(-Ea/kTm), 

III. RESULTS 
We first examined several p-type Si/Sij -xGex hetero- 

(1) structures to verify the validity of the measurement tech- 
nique. Valence-band offsets measured for these 
Si/Sij-jGe^. structures were found to be in excellent agree- 
ment with accepted values.17'18 Admittance measurements 
were then performed on various Si/Si! ~x-yGexCy hetero- 
structures. Figure 2 shows the conductance and capacitance 
measured as functions of temperature for various frequencies 
for a p-type Si/Si0.79Ge0.206^0.004 MQW structure; the con- 
ductance peaks and capacitance steps arising from 
temperature-dependent thermionic emission from the quan- 
tum wells are clearly observed on top of a background aris- 
ing from leakage currents. Figure 3 [curve (a)] shows an 
Arrhenius plot of/ and Tm, from which an activation energy 
of 98 ±10 meV is obtained. The confinement energy of the 
lowest hole level, Ex, was calculated to be 11±1 meV, and 
the Fermi energy, Ef, calculated in the manner described 
above, was found to be 9±5 meV above the first confined 
state. Combining these values yields a value for AEV of 

(2) 118±12   meV.   Similar   measurements   on   the   p-type 
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FIG. 3. Arrhenius plots of frequency (/) and the temperatures at which the 
conductance peaks occur (T,„) for (a) p-Si/Si079Ge02o6Co.oo4> and (b) 
«-Si/Siog2Ge0 169CO.QII. 

Si/Sin ra^Ge, 0.595(je0.394v~0.011 MQW structure yielded a value for 
AEV of 223±20 meV. The C concentrations determined by 
x-ray diffraction and SIMS for these samples were in very 
close agreement, indicating that the C in this sample was 
mostly substitutional. Information is not currently available 
on the presence of traps in these structures, but comparison 
of the admittance spectra of the Si/Sij ~xGex samples to the 
Si/Sij-j-yGej-Cy samples provides evidence that the peak 
observed is due to thermal activation of carriers over the 
barriers. 

Admittance measurements were then performed on an 
n-type Si/Si082Ge0169C0011 MQW sample to determine 
AEC. The C concentrations in this sample determined by 
x-ray diffraction and by SIMS were 1.1% and 2.7%, respec- 
tively, indicating that a significant fraction of the C was in- 
corporated nonsubstitutionally. Although this nonsubstitu- 
tional C could influence the electronic properties of the 
sample, overall structural quality determined by x-ray dif- 
fraction and TEM was good, and SIMS and TEM both indi- 
cate that the C concentration is uniform throughout the alloy 
layers in the structure. Figure 4 shows the conductance and 
capacitance for this sample measured as a function of tem- 
perature at various frequencies, displaying the peaks arising 
from thermal activation of carriers over the barriers, with an 
activation energy of 91 ±9 meV. Preliminary deep-level tran- 
sient spectroscopy measurements on this structure suggest 

50        75        100      125      150 
Temperature (K) 

FIG. 4. Capacitance and conductance of an n-type Si/Si082Ge0 i69C0on 
MQW structure as a function of temperature for (a) 1 MHz, (b) 800 kHz, (c) 
600 kHz, (d) 500 kHz, and (e) 400 kHz. 
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FIG. 5. Valence- and conduction-band-edge energies as a function of lattice 
mismatch and equivalent Ge concentration for Sij -xGex (open circles) and 
Sij „x_yGeA.C3. (closed circles) determined using our measured band offset 
values. The solid lines represent interpolated band-edge energies for 
Sij -^Ge-j, and the dotted lines indicate the effect of C incorporation into a 
S^-j-yGerCj, alloy with fixed Ge concentration. 

the presence of several deep levels at least 230 meV below 
Ec, but in concentrations not exceeding ~3 X 1015 cm-3. At 
measurement parameters corresponding to the resonance in 
the admittance spectra, no traps were observed to a sensitiv- 
ity of — 2X1013 cm-3, implying this resonance is due to 
thermal activation over the barriers. Using the activation en- 
ergy derived from the conductance peaks, a value for AEC of 
100±11 meV is obtained. 

IV. DISCUSSION 

-y,GexCy band off- Comparisons of our measured Si/Si]. 
set values with reported results for the change in the total 
energy band gap, AEg, of 21-26 meV/%C for 
Si1-x-yGexCy, compressively strained to Si(OOl),7"10 indi- 
cate that the band alignment for our samples is type I, and 
furthermore, show that our band offset values are in quanti- 
tative agreement with reported values for AEg over the range 
of compositions for which we have measured the band off- 
sets. Combining our measurement of AEC with a value for 
AEg of 23.5±2.5 meV/%C, we would expect the values of 
AEV for the Si/Si0 79Ge0 206C0.oo4 and the 
Si/Sio.595Ge0.394Co.oii samples to be 132±11 and 219+12 
meV, respectively. In comparison to our measured values of 
118±12 and 223±20 meV, respectively, these numbers are, 
to within the error, in very close agreement. Figure 5 shows 
conduction- and valence-band-edge energies for Si!_xGeA- 
and Sij^-yGe^Cj, as determined from our band offset mea- 
surements. As shown in Fig. 5, incorporation of C in 
Sij -x-yGexCy decreases both the conduction-band-edge and 
the valence-band-edge energies compared to those for pure 
Si!_xGe^., while increasing the total energy band gap as 
compared to Sij.^Ge^ with the same Ge concentration. The 
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FIG. 6. Extrapolation of A2 
and A4 conduction-band-edge energies to larger 

C concentrations for 16.9% Ge. Substantial conduction-band offsets may be 
achievable for heterostructures that are lattice matched or under tensile 
strain. 

lowering of the band-edge energies is greater in both cases 
than that expected from strain compensation alone, suggest- 
ing that the compositional influence of C on the electronic 
structure of Si^-yGe^Cy is significant. 

We may extrapolate our measured band offsets to a wider 
range of Ge and C composition using the model-solid ap- 
proach described by Van de Walle.19 Using this approach, 
which systematically separates the compositional or "alloy" 
contribution from the strain effect on the band offset, we 
have confirmed that our measured value of AEC is in agree- 
ment with estimates of Si/Si^Cy conduction-band offsets 
obtained from electrical20 and photoluminescence21 measure- 
ments. Figure 6 shows our extrapolated conduction-band- 
edge energies for Si^-^Ce^Cy. As shown in Fig. 6, our 
estimates suggest that values for AEC of —200 meV or 
higher appear to be attainable in Si/Si1_x_>,Ge^C>, hetero- 
structures coherently strained to Si(001) for C concentrations 
of —3%. Si/Sij.^yGe^Cy heterojunctions may, therefore, 
provide an attractive alternative to Si/Si! -^Ge^ grown on 
strain-relaxed Si^^Ge^. buffer layers for fabrication of 
n-type heterostructure devices. In the valence band, extrapo- 
lations to higher C concentrations are somewhat problematic 
because the low C concentration for which we have mea- 
sured AEV tends to result in large uncertainties at higher 
concentrations. 

V. CONCLUSION 

In conclusion, we have used admittance spectroscopy to 
measure both AEC and AEV for Si/Si^Ge* and 
Si/Si! ^x-yGzxCy heterojunctions. These measurements have 
shown that incorporation of C into S\i-x-yGexCy lowers 
both the conduction- and valence-band-edge energies, while 
increasing the total band gap, as compared to Sij -^Ge^. This 
increase in the band gap is consistent with previously re- 

ported values for AEg in Si^-yGe^Cj, for the range of 
compositions we have measured. Moreover, our measured 
value for AEC is in excellent agreement with previously re- 
ported AEC values for Si/Sij-yCy, and in addition, suggests 
that significant conduction-band offsets may be achievable 
for Si/Sii-^-yGe^-Cj, heterostructures with C concentrations 
of ~3%, providing a possible alternative to Si/Si ^Ge., het- 
erostructures grown on strain-relaxed Si^^Ge^ buffer layers 
for fabricating «-type heterostructures. 
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Interfaces of strained layer (GenSim)p superlattices studied 
by second-harmonic generation 

Xudong Xiao,a) Chun Zhang, A. B. Fedotov, Zhenghao Chen, and M. M. T. Loy 
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Second-harmonic (SH) generation has been applied to study the interfaces of short-period 
(Ge„Sim)p strained layer superlattices. From the SH signal and its symmetry, we have concluded 
that (i) over an area of optical wavelength size, the superlattices were grown with nonuniform layer 
thickness in each period; (ii) along the growth direction, the atomic structure of Si-on-Ge and 
Ge-on-Si interfaces are not symmetric; and (iii) a structural change of the interfaces, possibly from 
the increase of misfit dislocation or other defect density, occurs when the thickness of the strained 
Ge layer in each period exceeds about six layers. The SH spectroscopic results showed defects 
contributed dominantly for (Ge7Si8)4, but substantial contribution from Si-Ge bonds for 
(Ge4Si4)3 and (Ge5Si5)3 still exists. © 1997 American Vacuum Society. 
[S0734-211X(97)08404-7] 

I. INTRODUCTION 

The possibility of constructing direct or quasidirect band- 
gap semiconductor materials through zone folding has made 
the strained layer Si/Ge superlattices particularly appealing 
because it would allow total integration of optical devices 
with Si-based electronic technology.1 It is the potential op- 
toelectronic applications that have driven intensive studies 
for the strained layer Si/Ge superlattices. From theoretical2'3 

and experimental investigations,4,5 it is found that both linear 
and nonlinear optical properties are critically dependent on 
the structure of the silicon/germanium interfaces. In particu- 
lar, the second-order nonlinear optical property of such ma- 
terials is mainly controlled by the interfaces since bulk Si 
and Ge are centrosymmetric and have vanishing second- 
order nonlinear optical susceptibility under dipole approxi- 
mation. But, at the interfaces, the Si-Ge bonds are not cen- 
trosymmetric and are nonlinearly polarizable. Depending on 
the arrangement of these bonds at the interfaces, their con- 
tribution to second-order nonlinearity may or may not cancel 
out. Based on the assumption of idealized interfaces, it was 
predicted that there exists a large second-order nonlinear sus- 
ceptibility for (Ge„Sim)p with odd n and m (referred to as 
odd-period superlattices) but a vanishing second-order non- 
linear susceptibility for even n and m (referred to as even- 
period superlattices).3 Experimentally, such predicted nonlin- 
ear susceptibility was never observed, which was attributed 
to the incapability of precise control of layer thickness in 
superlattices in molecular beam epitaxy (MBE).5 

Second-harmonic generation (SHG) is known to be sur- 
face and interface specific for bulk materials with 
centrosymmetry6 and, therefore, is ideal for studying the in- 
terfaces of Si/Ge superlattices. Although, unlike transmission 
electron microscopy (TEM), SHG lacks the spatial resolution 
needed for structural characterization at the atomic level, it is 
very relevant for understanding the optical property of the 
interfaces. Further, it allows us to obtain complementary in- 

a)EIectronic mail: phxudong@usthk.ust.hk 

formation, in particular, the structural information averaged 
over the optical wavelength scale. Moreover, the spectro- 
scopic capability of SHG can provide another degree of free- 
dom to study the interfaces. 

In this article, we will present our recent SHG results and 
extract the structural information on the interfaces. The ob- 
served finite second-order nonlinear susceptibility with a 
C4v symmetry and a magnitude comparable to, or even one 
order of magnitude larger than the value predicted by theory 
for the ideal interfaces, enables us to probe the uniformity of 
Si and Ge layer thickness in each period, the interface 
abruptness, and interface asymmetry. By varying the thick- 
ness of the strained layer (Ge, in our case), we can also learn 
when the misfit dislocations or other misfit defects start to 
occur and how they might be spatially distributed. 

II. EXPERIMENT 

A series of strained layer (Ge„Sim)/, superlattices were 
grown by MBE on Si(OOl) substrates with 3.5° miscut to- 
ward the [110] direction and with no miscut. The silicon 
wafers were chemically cleaned following the standard pro- 
cedure before being introduced into the growth chamber and 
then deoxidized in ultrahigh vacuum at high temperature. A 
thick Si buffer layer (-2000 Ä) was first deposited on the 
substrate at 550 °C to improve the substrates quality. Then 
alternating n layers of Ge and m layers of Si were grown 
with p repeating units followed by a protecting Si cap layer 
(-50 Ä) at 450 °C. The growth rates of Ge and Si were 0.1 
and 1.0 Ä/s, respectively. The thickness of the layers was 
controlled by deposition time and later checked by high- 
resolution transmission electron microscopy (HRTEM). 

The second-harmonic (SH) generation measurement of 
the (Ge„Sim)p samples was carried out by using the 1064 nm 
fundamental light from a ß-switched Nd:YAG laser operat- 
ing at 10 Hz. The beam was incident on the samples with an 
incident angle of 45° and a peak power about 1 MW/cm2. 
The SH signal at 532 nm was detected by a photomultiplier 
tube (PMT) with a gated integrator, with proper optical fil- 
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FIG. 1. SH intensity versus azimuthal angle of rotation for (a) Si(100) sub- 
strate with 3.5° miscut, (b) (Ge4Si4)3, (c) (Ge5Si5)3, and (d) (Ge7Si8)4 

grown on Si(100) substrates with 3.5° miscut. The incident angle is at 45°, 
the polarization at s-in/p-out, and the fundamental field wavelength at 1064 
nm. 

tering. In order to separate the different contributions to the 
SHG response from the samples, the SH signal was mea- 
sured as a function of sample azimuthal angle for a number 
of polarization combinations. In this article, we will only 
focus on the results with polarization combination of s input 
and p output. For SH spectroscopy measurement, a Ti:sap- 
phire laser producing 100 fs pulses at 100 MHz in the wave- 
length range of 700-860 nm was used as the excitation 
source. The beam was focused to a —50 /tm spot on the 
samples with an incident angle of 45° at an average power of 
200 mW. The SH signal in the reflection was again measured 
by a PMT after proper filtering by color filters and a 0.25 m 
focal length monochromator. A lock-in technique rather than 
a gated integrator was employed to suppress the noise. The 
detection efficiency at different wavelengths was calibrated 
with a crystalline quartz sample for which a frequency inde- 
pendent Xu\ could be assumed. For comparison with the 

Si/Ge superlattices, bare Si(001) substrates with or without 
miscut were also measured. 

III. RESULTS AND DISCUSSION 

In Fig. 1, the measured SH signal as a function of azi- 
muthal angle of the sample are shown for nominal 
(Ge4Si4)3, (Ge5Si5)3, and (Ge7Si8)4 samples grown on mis- 
cut substrates together with a 3.5° miscut Si(100) substrate at 
a fundamental frequency of 1064 nm for s-in/p-out polariza- 
tion combination. Similar results were also observed for 
samples grown on substrates with no miscut. In addition to 
the angular independent SH signal, signal modulations with 
one- to fourfold rotational symmetry to various degrees were 
observed. All the corresponding Fourier components, ob- 
tained from fitting 

J(2Cü] 
Lsp (<A) = 2 c™ cos(m^) 

to the SH signal of (Ge5Si5)3, are listed in Table I with 
values of some derived second-order susceptibility 
components.7 Since the modulations with one-, three-, and 
fourfold symmetries are either from steps due to the substrate 
miscut or from the quadruples in the superlattices, they are 
not signatures of the interfaces. Thus, we will not discuss 
them further. Clearly, contributions to the SH signal from 
superlattices are already significant even for the two thin 
superlattices (Ge4Si4)3 and (Ge5Si5)3 samples as compared 
to that of the bare substrate. Noticeably, the SH signal for the 
thicker sample, (Ge7Si8)4, is about one order of magnitude 
larger and is still dominated by the angular independent com- 
ponent, similarly to the thinner samples. In the following, we 
will proceed with our analysis, assuming Si-Ge bonds are 
the only contributor. 

A. Nonuniform layer thickness in each period of 
superlattices 

The twofold rotational symmetric SH signal reflects the 
uniformity of the superlattice layer thickness, namely the 
constancy of the number of layers n and m in each period of 
the superlattice (Ge„Sim)p over areas of optical wavelength 
size. Based on ideal uniformity (constant n for Ge and m for 
Si over the entire surface area), flat (no steps), and abrupt (no 

TABLE I. Various Fourier components obtained by fitting the SHG data for (Ge5Si5)3. The *(2) values were 
derived by a calibration with crystalline quartz. (As pointed out in Ref. 5, such fitting results by Fourier analysis 
are not necessarily unique. For example, for \c (2)1 we found the value can range from 0 to 0.018 within a 
tolerance of 3%.) Consider C\J= 1.00 for the reference quartz. 

Term Contribution Value of (Ge5Si5)3 X(2) component 

-(0) C4„ symmetry of surface/interface, 
clv symmetry of vicinal substrate, 
quadrupole contribution; 

C,„ symmetry of vicinal substrate, 
bulk-dipole-allow effect, 
Ch symmetry of vicinal substrate; 
C,„ symmetry of vicinal substrate; 
quadrupole contribution; 

0.113 

0.011 + 0.047; 
-0.010-0.015; 

0.002+0.020; 
0.000+0.006; 

x<2i~i.oxio-7 

^«l.OxlO-8 esu 
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intermixing between Si and Ge at the atomic scale) interface 
assumption, the theory predicts a Xm and ^321 and their 
equivalent components on the order of ~ 1 X 10~7 esu at 
1064 nm for (Ge5Si5)3 and 0 for (Ge4Si4)3 under dipole 
approximation.3 However, the measured Xyii has an upper- 
bound value of -1X10-8 esu for superlattice (Ge5Si5)3, 
one order of magnitude smaller than the theoretical value. 
Not surprisingly, a similar value was also obtained for the 
even-period superlattices sample (Ge4Si4)3. The disagree- 
ment with theory can only (see discussion below) be ex- 
plained by the nonuniformity of the superlattice layer thick- 
ness in each period over an area of optical wavelength size, 
which resulted from nonideal layer-by-layer growth. It was 
recognized that even if the Si/Ge superlattice were grown via 
an ideal layer-by-layer growth mode (namely, the next layer 
would not start to grow if the present one has not been com- 
pleted) on a Si(100) substrate consisting of single-layer 
steps, the Xm and Xm components would still vanish for 
the odd-period superlattices, since the two phases rotated by 
90° with respect to each other in the adjacent terraces at an 
interface has a resultant C4v symmetry after averaging over 
an area of optical wavelength size.5 However, growing Si/Ge 
superlattices in the ideal layer-by-layer mode on miscut 
Si(100) by 3.5° should recover the results from the ideal 
interface assumption. This is because the substrate surface is 
now dominated by only one single phase (in which the 
dimers are parallel to the steps) separated by double-layer 
steps.8 Such a surface regains the C2v symmetry for ideal 
interfaces. However, experimentally, we observed vanishing 
#321 for samples grown on the 3.5° miscut Si(100) sub- 
strates. This indicates that single-layer steps must have de- 
veloped in the interfaces during the growth, possibly because 
of the Stranski-Krastanov growth mode in operation for Ge 
on Si(100).9 In another words, the samples were grown in- 
evitably with a mixture of even and odd number of layers of 
Ge (or Si) simultaneously at different regions of the surface, 
independent of the external control on the amount of mate- 
rial. For example, a nominal (GesSis)^ sample would be, at a 
minimum, a mixture of Ge4Si4, Ge5Si5, and Ge6Si6 within 
the same period of superlattices at different regions [see Fig. 
2(a)]. The development of single-layer steps would result in 
vanished #(

123 and Xm f°r each interface, no matter whether 
it is for an even- or odd-period superlattice locally. Such a 
growth mode makes an odd-period superlattice not purely 
odd period, and an even-period superlattice not purely even 
period. Therefore, no distinction is expected between nomi- 
nal (Ge4Si4)3 and (Ge5Si5)3 samples as, indeed, seen in the 
experiment. Our conclusion here is in agreement with the 
TEM (Ref. 10) and x-ray diffraction (Ref. 11) and Raman 
spectroscopy12 measurements, from which nonuniform layer 
thicknesses in each period of the superlattices were all ob- 
served with a lateral correlation about 40 nm. We shall point 
out that the layer nonuniformity is intrinsically determined 
by the thermodynamics rather than the external shutter con- 
trol, as suggested by others.5 

The above analysis is based on an abrupt interface as- 
sumption. How does intermixing [see Fig. 2(b) for models] 

(a) 

Si 

Ge 

Si(100) 

(b) 

Model A 

Model B 

n=3 n=4 

FIG. 2. (a) Sketch of the model for the nonuniform layer thickness of Ge and 
Si in each period of the superlattices. (b) Atomic models for intermixing of 
Ge and Si at the interfaces. The solid circles are Si atoms, open ones are Ge 
atoms, and the shaded ones are Si-Ge alloy columns. 

of Ge and Si into each other at the interface affect the SH 
response? Various intermixing models due to Ge segregation 
or interdiffusion have been proposed, here, we will only ana- 
lyze the two models based on the HRTEM studies.10 In Fig. 
2(b), we reproduced the two models. From examining the 
number and orientation of the Si-Ge bonds at the two adja- 
cent interfaces as a first-order approximation, we derive for 
model A, in which the Si and Ge intermix only at the Si- 
on-Ge interface with two layer depth and form a 2X1 struc- 
ture, a zero second-order nonlinear susceptibility for odd- 
period superlattices (n, m are odd after averaging over a unit 
cell, similarly defined for even-period superlattices) but a 
finite #(

123 and Xm f°r even-period superlattices, which is 
opposite from the prediction based on the ideal abrupt inter- 
face assumption. For model B, in which Si and Ge intermix 
again only at the Si-on-Ge interface with a three-layer depth 
and form a 2X2 structure, a finite Xm anc* #321 ^ derived 
from both even- and odd-period superlattices. However, 
#32i for this structure is only half the value of Xn\ for the 
ideal interface. From the above discussion, it seems unlikely 
that intermixing can result in the observed vanished Xyi\ ■ 
Single-layer steps developed in the interfaces by the nonideal 
layer-by-layer growth mode should be responsible for our 
observation. 
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FIG. 3. The angular independent component of the SH signal for a number 
of Si/Ge superlattices. They are plotted versus the nominal number of Ge 
layers in each period. 

B. Asymmetric Si-on-Ge and Ge-on-Si interfaces 

The finite angular-independent SH signal is from a ^-(2) 

tensor with a C4v symmetry, as verified by other polarization 
combinations. The measured extremely large 
^3jj(~lXlO~7eÄM) component strongly indicates that the 
interfaces among the superlattices are not equivalent, 
namely the Si-on-Ge and the Ge-on-Si interfaces are not 
symmetric. As discussed above, any interface in the superlat- 
tice inevitably has many single-layer steps and, therefore, 
has a C4v symmetry with a finite Xyn component. Since two 
adjacent interfaces, namely the Si-on-Ge and Ge-on-Si inter- 
faces, have absolute opposite z (axis 3 for our ^-(2) tensor) 
direction, their contributions to our measurement would can- 
cel exactly. Only if the cancellation is not perfect, can a finite 
Xyj\ be observed. This can occur if the Si-on-Ge interface is 
different from the Ge-on-Si interface. This conclusion holds 
only if a substantial amount of this SH signal is from the 
intrinsic interfaces. We will verify this point later. The pic- 
ture reached here is consistent with the high-resolution TEM 
results showing the Ge-on-Si interface to be abrupt but the 
Si-on-Ge interface to be intermixed with an ordered structure 
[see Fig. 2(b) for the models].10 However, a quantitative ac- 
count of the difference contributing to the nonlinear optical 
response between these two interfaces is not yet available. 

C. SHG from dislocations and other misfit defects 

In Fig. 3, we plot the angular-independent component of 
the SH signal averaged over the number of period p as a 
function of the nominal number of Ge layers n in each pe- 
riod. It is seen that more than a one order of magnitude 
increase occurs from n = 5 to n = 7. This large increase in 
SH signal indicates a structural change occurred at the in- 
terfaces once the layer thickness of the strained constituent 
in the superlattice exceeds certain threshold value. From 
other experimental studies,13 it was found that misfit dislo- 
cations, and in particular, misfit islands (also termed 
V-shaped defects9), started to develop at a Ge thickness 
above  n~6   for  (Ge„Sim)p   superlattices  grown  on  the 

Si(100) substrate in order to relieve the strain energy built in 
the Ge layers due to the large lattice misfit of 4.2% between 
Ge and Si. For the samples (Ge4Si12)7o and (Ge6Si18)48 stud- 
ied by Matsuhata et al., misfit islands were found to form for 
the latter but not for the former sample, while the number of 
misfit dislocations was only increased by about 30% from 
the former to the latter (about 1.7 dislocation/100 nm for the 
former and 2.2 dislocation/100 nm for the latter). By analyz- 
ing the structure of the dislocations, we find that perfect dis- 
locations in the crystal along [110], or its equivalent direc- 
tions, have Si dangling bonds along them. These dangling 
bonds are highly nonlinear polarizable, as also evidenced 
from the clean Si(lll) surface.14 Moreover, the network 
formed by these misfit dislocations has a C4u symmetry 
when averaged over areas of optical wavelength size.13 For 
the misfit islands, the structure is more complicated.9 How- 
ever, the five-bounded ring and seven-bounded ring units 
with significant distortion on the tetrahedral symmetry along 
the boundary of the misfit islands9 may also be highly non- 
linear polarizable. The overall symmetry averaged over large 
areas for the misfit islands is also C4v.

13 Therefore, it is 
possible that both the misfit dislocations and misfit islands 
are responsible for our observed increase of the SH signal 
when Ge layer thickness in each period increases from n 
= 5 to n = 1. The fact that the dislocations may mainly occur 
at the superlattices/substrate interface15 make it even more 
favorable for SHG since no canceling contribution would 
come from the adjacent superlattice interface (see Sec. Ill B). 
The built-in asymmetry in the misfit islands (V-shaped de- 
fects) also results in noncancelled SHG between adjacent 
interfaces. A quantitative characterization of the misfit dislo- 
cation and misfit island densities for samples used in this 
study is now underway. We expect to learn the relative im- 
portance of these two types of defects in contributing to 
SHG. 

D. SH spectroscopy and origin of SHG 

If the dislocations dominate the contribution to SHG, then 
our earlier conclusion about the interface asymmetry (Sec. 
Ill B) can be rendered less conclusive since the misfit dislo- 
cations exist even for samples below the threshold 
thickness.13 Only if the intrinsic interfaces make a substantial 
contribution to SHG for (Ge4Si4)3 and (Ge5Si5)3, can the 
claim about the interface asymmetry be retained. 

In Fig. 4, we show the SH spectra for two samples, 
(Ge5Si5)3 and (Ge7Si8)4. The overall features for these two 
spectra are similar, however, the detail of the line shapes 
differ significantly, as shown by the normalized spectra in 
the inset. Aside from the line-shape difference, the two spec- 
tra peak at about the same position, 1.67 eV, whose second- 
harmonic energy (2w) coincides with the El transition of 
silicon at ~3.3 eV. Such a resonance position was also ob- 
served for the Si/Si02 interface16 and, therefore, may have 
the same origin. As we discussed above, for the thicker 
sample (Ge7Si8)4, the major contribution comes from the 
misfit defects (misfit dislocations and misfit islands), there- 
fore, it is not surprising that its spectrum has only silicon 
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FIG. 4. SH spectra for (a) (Ge5Si5)3 and (b) (Ge7Si8)4 grown on Si(100) 
substrates. The azimuthal angles of the samples are fixed while the spectrum 
is taken. 

characteristics. For the thin sample (Ge5Si5)3, it is clear that 
defects also contributed to its SHG, as evidenced by the 
same resonance peak. Note, however, the significantly larger 
relative signal on the lower energy (longer wavelength) side 
of the resonance. This points to the presence of another reso- 
nance at lower energy, likely to that of the Si-Ge bond 
whose calculated spectrum3 has a peak at 1.2 eV. This is 
consistent with our picture that our measured SHG for the 
thin sample (Ge5Si5)3 has a substantial contribution from the 
Si-Ge bonds, and is also consistent with our earlier assump- 
tion that the observed SHG at 1064 nm is dominated by 
intrinsic interfaces. Further spectroscopic measurement in 
the 1 eV energy range is required to provide the definitive 
test for this point. 

IV. CONCLUSION 

In conclusion, we have studied short-period strained layer 
(Ge„Sim)p superlattices grown on Si(100) with or without 
miscut by MBE by using second-harmonic generation and its 
spectroscopy. Analysis of the signal symmetry allowed us to 
conclude that the superlattices were grown with nonuniform 
layer thickness in each period. The observed dominating SH 
signal with a C4v symmetry indicated an asymmetry exists 
between the Si-on-Ge and Ge-on-Si interfaces. By compar- 
ing the SH response for samples below and above the thresh- 
old thickness of strained Ge layers, we also identified that 
misfit dislocation and misfit islands could contribute to SHG 
significantly. Their distribution must also be uneven along 
the growth direction. The separation of the contribution from 
the misfit dislocations and misfit islands will require further 

work. Finally, our SH spectroscopic results indicated that 
Si-Ge bonds at the interfaces could also contribute to SHG, 
in particular, at a high percentage for samples with a strained 
Ge layer thickness below the threshold value. 

ACKNOWLEDGMENTS 

The authors are grateful to Professor Junming Zhou of the 
Institute of Physics, Chinese Academy of Sciences, for his 
continuing interest in this work, and for his help in providing 
the authors with appropriate samples. This work was sup- 
ported by the William Mong Solid State Clusters Laboratory 
and the Research Grants Council of Hong Kong. 

See Strained-layer Superlattices: Materials Science and Technology, ed- 
ited by T. P. Pearsall (Academic, New York, 1991). 

2M. Ikeda, K. Terakura, and T. Oguchi, Phys. Rev. B 45, 1496 (1991); C. 
Tserbak and G. Theodorou, J. Appl. Phys. 76, 1062 (1994); B. A. Adder- 
ley, R. J. Turton, and M. Jaros, Phys. Rev. B 49, 16 622 (1993); G. 
Theodorou and C. Tserbak, ibid. 51, 4723 (1994). 

3Ed Ghahranmani, D. J. Moss, and J. E. Sipe, Phys. Rev. Lett. 64, 2815 
(1990); Phys. Rev. B 43, 8990 (1991); Ed Ghahranmani and J. E. Sipe, 
Appl. Phys. Lett. 62, 2245 (1993). 

4J. Olajos, J. Engvall, H. G. Grimmeiss, U. Menczigar, G. Abstreiter, H. 
Kibbel, E. Kasper, and H. Presting, Phys. Rev. B 46, 12 857 (1992); T. P. 
Pearsall, Appl. Phys. Lett. 60, 1712 (1992); M. Casalboni, N. Pinto, B. 
Izzi, I. Davoli, M. De Crescenzi, F. De Matteis, P. Prosposito, and R. 
Pizzoferrato, Phys. Rev. B 53, 1030 (1996); X. Zhu, Q. Xiang, M. Chu, 
and K. L. Wang, J. Cryst. Growth 150, 1045 (1995); T. P. Pearsall, H. 
Polatoglou, H. Presting, and E. Kasper, Phys. Rev. B 54, 1545 (1996). 

5D. J. Bottomley, G. Liipke, M. L. Ledgerwood, X. Q. Zhou, and H. M. 
van Driel, Appl. Phys. Lett. 63, 2324 (1993); D. J. Bottomley, J.-M. 
Baribeau, and H. M. van Driel, Phys. Rev. B 50, 8564 (1994). 

6Y. R. Shen, Annu. Rev. Phys. Chem. 40, 327 (1989). 
7Chun Zhang et al. (unpublished). 
sO. L. Alerhand, A. Nihat Berker, J. D. Joannopoulos, D. Vanderbilt, R. J. 
Hamers, and J. E. Demuth, Phys. Rev. Lett. 64, 2406 (1990); T. W. Poon, 
S. Yip, P. S. Ho, and F. F. Abraham, ibid. 65, 2161 (1990); E. Pehlke and 
J. Tersoff, ibid. 67, 1290 (1991). 

9F. K. LeGoues, M. Copel, and R. M. Tromp, Phys. Rev. B 42, 11 690 
(1990). 

10D. E. Jesson, S. J. Pennycook, and J.-M. Baribeau, Phys. Rev. Lett. 66, 
750 (1991); N. Ikarashi, K. Akimoto, T. Tatsumi, and K. Ishida, ibid. 72, 
3189 (1994). 

"R. L. Headrick, J.-M. Baribeau, Phys. Rev. B 48, 9174 (1993); J. Vac. 
Sei. Technol. B 11, 1514 (1993); R. L. Headrick, J.-M. Baribeau, and Y. 
E. Strausser, Appl. Phys. Lett. 66, 96 (1995); J.-M. Baribeau, D. J. Lock- 
wood, and R. W. G Syme, J. Appl. Phys. 80, 1450 (1996); E. Koppen- 
steiner, P. Hamberger, G. Bauer, V. Holy, and E. Kasper, Appl. Phys. 
Lett. 64, 172 (1994); T. Tamagawa, T. Shintani, H. Ueba, C. Tatsuyama, 
K. Nakagawa, and M. Miyao, Thin Solid Films 237, 282 (1994); P. M. 
Adams, R. C. Bowman, Jr., C. C. Ahn, S. J. Chang, V. Arbet-Engels, M. 
A. Kallel, and K. L. Wang, J. Appl. Phys. 71, 4305 (1992). 

12K. Dettmer, W. Freiman, M. Levy, Yu. L. Khait, and R. Beserman, Appl. 
Phys. Lett. 66, 2376 (1995); O. Brafman, R. Manor, M. A. Aroujo Silva, 
F. Cerdeira, and J. C. Bean, Physica B 219&220, 502 (1996). 

13H. Matsuhata, K. Miki, K. Sakamoto, T. Sakamoto, and S. Yoshida, Phys. 
Rev. B 47, 10 474 (1993). 

14W. Daum, H.-J. Krause, U. Reichel, and H. Ibach, Phys. Rev. Lett. 71, 
1234 (1993). 

15R. Hull, J. C. Bean, F. Cerderira, A. T. Fiory, and J. M. Gibson, Appl. 
Phys. Lett. 48, 56 (1986). 

16C. Meyer, G. Liipke, U. Emmerichs, F. Wolter, and H. Kurz, Phys. Rev. 
Lett. 74, 3001 (1995). 

J. Vac. Sei. Technol. B, Vol. 15, No. 4, Jul/Aug 1997 



Two-dimensional electron gas in AIGaN/GaN heterostructures 
J. Z. Li, J. Y. Lin, and H. X. Jianga) 

Department of Physics, Kansas State University, Manhattan, Kansas 66506-2601 

M. A. Khan and Q. Chen 
APA Optics, Inc., Blaine, Minnesota 55449 

(Received 12 January 1997; accepted 11 March 1997) 

The formation of a two-dimensional electron gas (2DEG) system by an AIGaN/GaN heterostructure 
has been further confirmed by measuring its electrical properties. The effect of persistent 
photoconductivity (PPC) has been observed and its unique features have been utilized to study the 
properties of 2DEG formed by the AIGaN/GaN heterointerface. Sharp electronic transitions from 
the first to the second subbands in the 2DEG channel have been observed by monitoring the 2DEG 
carrier mobility as a function of carrier concentration through the use of PPC. These results are 
expected to have significant implications on field-effect transistor and high electron mobility 
transistor applications based on the GaN system. © 7997 American Vacuum Society. 
[S0734-211X(97)08504-1] 

I. INTRODUCTION 

GaN wide band-gap semiconductors have been recog- 
nized as technologically very important materials.1-7 They 
have recently attracted considerable interest due to their ap- 
plications for optical devices, which are active in the blue 
and ultraviolet (UV) wavelength regions, and electronic de- 
vices capable of operation at high-power levels, high tem- 
peratures, and harsh environments. Devices based on low 
band-gap materials, such as Si and GaAs, operate only in the 
red and near infrared wavelength regions and show poor tol- 
erance to operation at high-power levels or elevated tempera- 
tures or in chemically hostile environments due to the low 
band gap, the uncontrolled generation of intrinsic carriers, 
and their low resistance to caustic chemicals. Due to their 
large dielectric strengths, GaN based devices can operate at 
much higher voltages for any dimensional configuration. 
Furthermore, they are virtually immune from environmental 
attack. One of the strongest motivations of the current re- 
search in the GaN system is its potential for fabricating high- 
power green/blue/UV lasers and electronic devices. High 
electron mobility transistors and field-effect transistors, 
based on AIGaN/GaN heterostructures, hold promise for 
high-frequency microwave as well as for high-power and 
high-temperature electronic device applications and offer the 
advantage of high carrier mobilities due to the formation of 
two-dimensional electron gas (2DEG) by a heterojunction.8'9 

However, practical operation of these devices still requires 
detailed material and device characterization and optimiza- 
tion. 

In this work, the properties of a two-dimensional electron 
gas formed by an AIGaN/GaN heterojunction interface have 
been probed by Hall measurements. We have observed sharp 
electronic transitions resulting from multiple subbands in the 
2DEG channel by monitoring the 2DEG carrier mobility as a 
function of carrier concentration through the use of persistent 
photoconductivity (PPC). As a consequence of PPC, the de- 
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vice is sensitive to light and the sensitivity is associated with 
a persistent photoinduced increase in the 2DEG carrier mo- 
bility and density. 

II. EXPERIMENT 

As shown in Fig. 1, the device structure investigated in 
this work consisted of a 2 /mi highly insulating GaN epilayer 
followed by a 25 nm thick unintentionally doped «-type GaN 
conducting channel, again followed by a 25 nm thick unin- 
tentionally doped «-type Al0 [GaogN epilayer. The structure 
was deposited over a basal plane sapphire substrate with an 
A1N buffer layer using a low-pressure metalorganic chemical 
vapor deposition (MOCVD) system. The Ohmic contacts 
were formed by soldering In spots directly onto the sample. 
The sample size was about 1 cm XI cm and the Ohmic con- 
tacts were about 1 mm in diameter. The typical room- 
temperature carrier concentrations (due to N vacancies) 
were, respectively, 1X1017 and 5X1017 cm"3 for «-GaN 
and n-Al0jGaogN epilayers grown under similar conditions.8 

The 2DEG electron density and mobility were determined by 
variable-temperature Hall measurements. Illumination of the 
sample was achieved using a mercury lamp (hv>Eg of 
GaN) or a neon lamp (hv<Eg of GaN). Details of PPC 
characterization procedures were similar to those described 
previously for a p-type GaN epilayer.10 

III. RESULTS AND DISCUSSIONS 

The 2DEG carrier mobilities at different temperatures 
have been measured in the dark and under illuminated con- 
ditions, and the results are shown in Fig. 2. During the 
course of this investigation, we have used a mercury lamp 
(hv>Eg of GaN) and a neon lamp (hv<Eg of GaN) as 
excitation sources and found that both light sources gave 
similar results. Since high-temperature properties are very 
important for device applications based on these materials, 
we have replotted the 2DEG mobilities at elevated tempera- 
tures in the inset of Fig. 2. Several interesting and important 
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FIG. 1. Schematic diagram of the MOCVD grown AIGaN/GaN heterostruc- 
tures used in this work. 

features can be observed, (i) The typical temperature depen- 
dence of the three-dimensional electron mobility of a semi- 
conductor is absent here, which further confirms the forma- 
tion of a 2DEG in the AIGaN/GaN heterostructure. For 
example, in GaN epilayers, the scattering is dominated by 
ionized impurities at low temperatures and by phonons at 
higher temperatures. Hence, the electron mobility in GaN 
epilayers increases as temperature decreases from room tem- 
perature and reaches a maximum value between 50 and 150 
K, and it then decreases as temperature further decreases due 
to ionized impurity scattering.811 To the contrary, the elec- 
tron mobility in the 2DEG channel increases monotonically 
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FIG. 2. 2DEG mobility, [i, as a function of temperature, T, measured in the 
dark (solid squares) and under illumination (open squares) conditions. For a 
better illustration, the 2DEG mobilities obtained at the elevated tempera- 
tures are shown in the inset. 
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FIG. 3. PPC behavior in an AIGaN/GaN heterostructure at different tempera- 
tures, where solid curves are the least-squares fit of the data using the for- 
mula /ppc(0 = /</+(/max-'Wl-e~'") for the buildup and I?K{t) = Id+(I0 

-Id)exp[-(t/T)ß] for the decay. 

with a decrease of temperature. This is a direct consequence 
of the ionized impurity concentration in the 2D system being 
almost constant due to the interface depletion effects. Hence, 
the monotonical decrease of the carrier mobility with tem- 
perature just reflects the fact that the electron-phonon scat- 
tering rate increases with an increase of temperature, (ii) The 
2DEG mobility is enhanced significantly for all temperatures 
after photoexcitation. We attribute this increase to the in- 
creased electron density in the 2DEG channel, ns, while the 
system is in the persistent photoconductivity state. This will 
be discussed further later, (iii) The 2DEG mobility in the 
dark state reaches a minimum value of about 25 cm2/V s at 
410 K. However, the 2DEG mobility is almost one order of 
magnitude higher at the same temperature under illumina- 
tion. Thus, it is expected that the heterojunction device per- 
formance will improve under light illumination. This is im- 
portant for device applications based on GaN. (iv) The 
2DEG mobilities in the dark and under illumination ap- 
proach the same values at temperatures above 580 K. This is 
the consequence of the absence of the PPC effect at these 
temperatures, so the light illumination can no longer alter the 
carrier concentration in the 2DEG channel at high tempera- 
tures. 

The conductivity in the 2DEG channel at the AIGaN/GaN 
interface is extremely sensitive to light. More strikingly, as 
shown in Fig. 3, the photoinduced increase in the conductiv- 
ity persists for a long period of time after the removal of 
light, an effect which is referred to as PPC. Such an effect 

J. Vac. Sei. Technol. B, Vol. 15, No. 4, Jul/Aug 1997 



1119 Li et al.: 2D electron gas in AIGaN/GaN heterostructures 1119 

has been observed in AlGaAs/GaAs heterostructures only at 
low temperatures (T<150K).12 As for the AlGaAs/GaAs 
system,12'13 we can identify three main mechanisms for the 
persistent increase in the conductivity in the 2DEG channel 
after illumination (or PPC) in AIGaN/GaN heterostructures: 
(i) photoionization of deep-level donors in the AlGaN bar- 
rier; (ii) photoionization of deep-level donors in the GaN 
layer; and (iii) the generation of electron-hole pairs in the 
GaN epilayer with subsequent charge separation at the inter- 
face, which requires the excitation photon energy to be larger 
than the energy gap of GaN. Experimentally, we found that 
the neon lamp (hv<Eg of GaN) produces the PPC effect in 
the AIGaN/GaN heterostructure as well, and thus, the mecha- 
nism (iii) is less likely. Furthermore, we have also performed 
comparison measurements on GaN epilayers grown under 
similar conditions and found that the PPC effect is absent in 
the GaN epilayers, which precludes mechanism (ii). These 
results then suggest that the electron density in the 2DEG 
channel is contributed to primarily by the transfer of photo- 
excited electrons from the deep-level impurities (or DX cen- 
ters) in the AlGaN epilayer. 

The buildup of PPC caused by DX centers in AlGaAs has 
been experimentally observed and theoretically formulated 
to follow:14 

7000 

Wf) = Wmax-^)(l-e"'"), (1) 

where a is a constant, Id is the initial dark conductivity, and 
7max is the saturation level. While the decay of PPC associ- 
ated with  DX  centers  in  AlGaAs  follows  a  stretched- 

14 exponential function, 

IPPC=Id+(I0-Id)exp[-(t/T)P],    ß<l, (2) 

where 70 is defined as the conductivity buildup level at the 
moment of light excitation being terminated, T is the PPC 
decay time constant, and ß is the decay exponent. Figure 3 
shows the buildup and decay kinetics of PPC in our AlGaN/ 
GaN heterostructure measured for two representative tem- 
peratures, (a) T=40 K and (b) 7"= 300 K. The solid curves 
are the least-squares fit of data with Eq. (1) for the PPC 
buildup and Eq. (2) for the PPC decay. It has been demon- 
strated that PPC,15 when caused by the spatial separation of 
photogenerated electrons and holes by an electric field at a 
macroscopic barrier, decays logarithmically in time. Thus, 
our results shown in Fig. 3 also suggest that the carrier den- 
sity in the 2DEG channel is most likely due to the transfer of 
photoexcited electrons from the deep-level impurities in the 
AlGaN material. The PPC decay time constants, r, are very 
long, especially at low temperatures. The fitted parameters 
for the PPC buildup and decay were a = 9.1XlO~4 s~\ 
T=5.3X10

6
S, and /3=0.35 at T = 40 K and a=5.7 

X10"3 s"1, r=1.3Xl03s, and/3=0.31 at T=300 K. 
By utilizing the key features in the PPC state, i.e., the 

very long lifetimes of photoexcited charge carriers and the 
continuous variation of the carrier density in the 2DEG chan- 
nel in a single sample, we have measured the 2DEG electron 
mobility, fi, as a function of the electron sheet density, ns. 
Figure 4 illustrates the result for a representative temperature 
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FIG. 4. The 2DEG electron mobility, /x, as a function of electron sheet 
density, ns, measured at T= 10 K. The arrow indicates the onset electron 
sheet density at which the electron transport in the second subband becomes 
dominating. 

at 10 K, which shows that fi increases almost linearly with 
ns when passing from the dark to the saturated PPC state. A 
mobility value as high as 5800 cm2/V s at 10 K in the PPC 
state is among the highest values reported for GaN. Similar 
trends have been observed for all temperatures up to 400 K. 
The mobility enhancement due to photoexcitation at a fixed 
temperature can be attributed to the increased electron mean 
energy with increasing carrier density in the 2DEG channel, 
which results in a less efficient interaction of the 2DEG elec- 
trons with the ionized donor impurities as well as an im- 
proved screening. Similar behaviors have been observed pre- 
viously in AlGaAs/GaAs (Ref. 16) and AlInAs/GalnAs (Ref. 
17) heterostructures at low temperatures. More interestingly, 
one should also notice that the mobility as a function of 
carrier density, plotted in Fig. 4, shows a sharp change in 
slope, as indicated by the arrow in Fig. 4. This is a clear 
indication of an electronic transition from the first subband to 
the second subband in the 2DEG channel. The carrier density 
at which the slope suddenly changes represents the onset 
density for the transition from the first to the second subband 
at 10 K. The total density of states of the first subband at 
T=0 can be calculated and is about 1012 cirT2. This value 
is consistent with our interpretation of the electronic transi- 
tion, i.e., it is sufficiently small to allow the population of the 
upper subband in the PPC state. 

The effects of PPC or DX centers on AlGaAs/GaAs het- 
erojunction device characteristics have been well docu- 
mented, namely sensitivity to light, a shift of the threshold 
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voltage, and collapse of the drain I-V characteristics.18 

Thus, we expect the PPC seen here to have similar effects on 
the AIGaN/GaN heterojunction device characteristics as 
well. Recently, an improved electrical performance of 
AIGaN/GaN modulation-doped field-effect transistors due to 
optical excitation has been observed,9 which may be related 
to the photoinduced increase in carrier density and mobility 
in the 2DEG channel seen here. 

In summary, electrical properties of AIGaN/GaN hetero- 
structures have been probed by Hall measurements. The ef- 
fect of PPC has been observed and its unique features have 
been utilized to study the properties of 2DEG formed by 
AIGaN/GaN heterojunctions. Sharp electronic transitions 
from the first to the second subband in the 2DEG channel 
have been observed by monitoring the 2DEG electron mo- 
bility as a function of electron sheet density through the use 
of persistent photoconductivity. 
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GaN layers have been grown by molecular beam epitaxy with a if plasma source on 
Al2O3(0001) and 6H-SiC(0001). The conductive n-SiC substrates were employed for the in situ 
characterization of the grown GaN layers by electron spectroscopies (HREELS and XPS). 
Transmission electron microscopy (TEM) in the conventional and high-resolution mode provides 
information regarding the structural properties. Plan-view TEM yields a threading defect density of 
7X 109 cm"2 in GaN/6H-SiC and 2X 1010 cm"2 in GaN/Al203. Micro-Raman spectroscopy, by 
analysis of the coupled A} (LO)-phonon-plasmon mode, provides the free carrier concentrations to 
be n~ 1 -2 X 1017 cm"3 for GaN layers grown on both substrates. The in situ HREEL spectroscopy 
gives insight into the electronic and vibrational properties of the GaN surface. Deep levels at 
— 900 meV above the valence band maximum induce a surface absorption structure which is 
reduced after heating at 600 °C and which might be assigned, according to the growth process and 
to the literature, to the presence of Ga vacancies in the as-grown layers, in particular in the region 
close to the surface. Heating the GaN/6H-SiC heterostructures at 900 °C causes complete 
decomposition of the GaN layer.   © 1997 American Vacuum Society. [S0734-211X(97) 12104-7] 

I. INTRODUCTION 

The III-V nitrides are presently the most promising mate- 
rial system for optoelectronic applications in the green to UV 
spectral range1 and for superior high-voltage unipolar power 
devices operating at high temperatures.2 The direct band gap 
of the wurtzitic poly types varies from 1.9 eV for InN, 3.4 eV 
for GaN, to 6.2 eV for A1N. High-brightness LEDs on the 
basis of (In, Al)GaN alloyed heterostructures have been fab- 
ricated on sapphire1 and SiC.3 The crystal growth of these 
materials is still a major problem in the realization of nitride 
based devices. The lack of commercially available bulk ma- 
terial demands heteroepitaxy on lattice and thermally mis- 
matched substrates. The nitrides are mostly grown by 
slightly different modifications of either metal-organic vapor 
phase epitaxy (MOVPE), metalorganic chemical vapor depo- 
sition (MOCVD) or molecular beam epitaxy (MBE). Since 
the introduction of low radiation damage nitrogen-plasma 
sources for the growth of nitrides, in particular radio fre- 
quency plasma sources,4 there are new possibilities for MBE 
grown material. Furthermore, MBE processes based on ther- 
mal cracking of ammonia (NH3) have also been shown to be 
successful.5 The technological relevance of the group III ni- 
trides for the semiconductor industry requires further im- 
provement of their structural and optical properties and a 
detailed understanding of the correlation between these prop- 
erties and the growth process. Comparatively little effort has 
been devoted to the surface and interface structure of these 
materials, though both aspects are of central importance for 
the development of a nitride-based technology. MBE offers 

the possibility of in situ analysis and the GaN surface elec- 
tronic, vibrational, and structural properties were investi- 
gated in this work with high resolution electron energy loss 
spectroscopy (HREELS), x-ray photoemission spectroscopy 
(XPS), and low energy electron diffraction (LEED). Ex situ 
characterization of the MBE grown layers on sapphire and 
6H-SiC, was performed by micro-Raman spectroscopy and 
transmission electron microscopy (TEM) in the conventional 
and high resolution mode. 

II. EXPERIMENT 

The samples are grown in a MBE system that is equipped 
with standard effusion cells for the group III elements (Ga 
7N) and a rf plasma source (SVTA Model-rf4.5)4 to provide 
a flux of nitrogen radicals. High purity nitrogen (6N) is in- 
troduced through a mass flow controller into the plasma 
source. The samples for the present investigation are all 
grown with a flow rate of 2 seem and a rf power of 350 W. 
The base pressure of the MBE system is 5 X 10" n mbar and 
rises up to 3.5X 10"5 mbar during the epitaxy. The MBE is 
connected with two analysis chambers. The first one is 
equipped with a three-grid LEED system, a CMA for AES 
and a spectrometer for the energy loss experiments 
(HREELS) with two stage monochromator and analyzer 
(EELS90). The HREEL spectra are taken with primary elec- 
tron energies of 7 and 20 eV and a resolution of 3.5 meV for 
the measurements in the infrared energy region and with 9.5 
meV resolution for the measurements in the electronic tran- 
sition energy region. The base pressure in this chamber is 
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lXlO"11 mbar. A second analysis chamber is devoted to 
photoemission spectroscopy with a monochromatized x-ray 
source and a half-sphere Leybold analyzer. The overall reso- 
lution of the photoemission spectra ranges from 0.4 to 1.6 
eV, depending on the pass energy of the analyzer. 

A1203 and 6H-SiC wafers with (0001) orientation are 
used as substrate materials. Prior to growth the sapphire wa- 
fers are degreased in organic solvents. Heating in UHV for 
15 min at 750 °C results in a (1 X 1) surface without any 
carbon contamination, as checked with AES. The SiC wafers 
are degreased in organic solvents, then etched with 
HC1:H2S04 (1:1), NH3:H202:H20 (5:3:3), HC1:H202:H20 
(5:3:3) and eventually dipped in buffered ammonium flou- 
ride etchant (AF91). A thin oxide layer is grown at a tem- 
perature of 1200 °C with an oxygen flow rate of 10 seem. 
Before insertion into UHV the SiC wafers are etched with 
10% HF. Heating in UHV at 750 °C for 15 min results in a 
sharp (1 X 1) surface with only a very small amount of oxy- 
gen, that is slightly above the detection limit of AES. 

The growth of GaN on A1203 starts with the nitridation of 
the surface, which is exposed to the flux of nitrogen radicals 
at a substrate temperature of 550 °C for 30 min. At the same 
temperature a 20 nm thick GaN buffer layer is grown with a 
growth rate of 40 nm/h.6 The temperature is then increased 
up to 760 °C for the growth of the epitaxial GaN film with a 
growth rate of 300 nm/h. The growth of GaN on SiC follows 
the same procedure with exception of the initial nitridation 
step. 

First ex situ characterization of the grown GaN layers is 
done by high-resolution x-ray diffraction. The Cu Kax line 
(\ = 0.1541 nm) is used as the x-ray probe. Photolumines- 
cence spectra are taken with a frequency-doubled Ar laser at 
a wavelength of 245 nm and a power of 2.5 mW. Raman 
scattering measurements are performed in backscattering ge- 
ometry using a micro-Raman setup. The excitation source is 
the 457.9 nm line of an Ar laser with a power of 20 mW. The 
scattered light is analyzed with a triple monochromator 
(Dilor XY) and is detected by an optical multichannel ana- 
lyzer that consists of a microchannel plate as photomultiplier 
and a linear silicon photodiode array. The Raman spectra are 
all taken at room temperature. 

The nanostructural properties of the GaN layers were in- 
vestigated by conventional and high-resolution transmission 
electron microscopy (TEM) and (HRTEM). The images 
were taken with a Philips CM200 FEG/ST electron micro- 
scope with a Scherzer resolution of 0.24 nm and the atomic 
resolution electron microscope (Max-Planck-Institut für Met- 
allforschung, Stuttgart/Germany) with a Scherzer resolution 
of 0.12 nm with the analytical objective polepiece. 

A general assessment of the quality of the MBE GaN 
epitaxial layers whose results are presented and discussed in 
the next sections is given here, based on XRD and PL re- 
sults. The rocking curve for the best GaN layers grown so far 
on Al2O3(0001) show a FWHM of 7 arcmin for the (0002) 
reflex. The use of a triple-axis analyzer between the sample 
and the detector gives a FWHM for the w scan that reflects 
the width of the rocking curve, a hint of regions in the 

vr,2 

FIG. 1. TEM conventional images of GaN on Al2O3(0001) using imaging 
vector g= (0002). 

sample which are tilted with respect to each other (mosaic 
spread). PL measurements at 2 K show only a peak at 3.467 
eV with a FWHM of 4.5 meV which is attributed to the 
donor-bound exciton (D°,X). At these low temperatures 
there are no traces of the "yellow luminescence." 

III. STRUCTURAL PROPERTIES BY TEM 

Figure 1 shows a conventional TEM image of GaN on 
Al2O3(0001) using a g= (0002) imaging vector. Two differ- 
ent types of threading defects can be distinguished. The first 
type runs straight from the interface to the surface which 
dominates the defect structure. It exhibits a bandlike contrast 
with a width of approximately 6-10 nm. The density does 
not significantly decrease with increasing distance from the 
interface. The majority of the bands disappear if an imaging 
vector g= (1100) is used. Using convergent beam electron 
diffraction, Daudin et al? identified similar looking defects 
as inversion domain boundaries. However, the authors do not 
present a conventional contrast analysis. The density of 
threading dislocations which remain under g=(l 100) imag- 
ing conditions is distinctly reduced with increasing layer 
thickness. The same defect types are observed in GaN on 
6H-SiC(0001). Plan-view TEM shows that the threading de- 
fect density in the upper part of the GaN layer is 7X 109 

cm"2 in GaN/SiC and about 2X 1010 cm"2 in GaN/ A1203. 
Despite the significantly smaller misfit of GaN/6H- 
SiC(0001) the defect density is in the same order of magni- 
tude. 

Figure 2 shows HRTEM cross-section images along the 
[1100]GaN projection on A1203 [Fig. 2(a)] and on SiC [Fig. 
2(b)]. This GaN projection is rarely imaged because the dis- 
tance of the (1120)-lattice fringes of 0.1595 nm perpendicu- 
lar to the interface is difficult to resolve in many transmis- 
sion electron microscopes. The images reveal significant 
differences between the buffer layer structures on SiC and 
A1203. The GaN/A1203 (0001) interface is flat on an atomic 
level over some 10 nm. Interface steps [one example being 
marked by an arrow in Fig. 2(a)] with a height of l/6cA1 0 

corresponding to 0.2166 nm separate flat sections. The 
(0002)-lattice fringes in the GaN are bent above the step 
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GaN 

■ ^ 
FIG. 2. Cross-sectional HRTEM images along the [ 1100]GaN projection for 
GaN on Al2O3(0001) (a, top) and on 6H-SiC(0001) (b, bottom). The arrow 
in (a) marks a substrate step of the height of l/6cAI 0 . 

which is indicative of high stress. The bending occurs be- 
cause a mismatch exists between the (0002)GaN planes with a 
distance of 0.2594 nm and the smaller step height of the 
A1203. The interface of the GaN on 6H-SiC is distinctly less 
perfect. The observed disturbances can partly be attributed to 
the surface preparation prior to the growth and partly to the 
radiation damage due to the 1.25 MeV electrons. Small do- 
mains with extensions of some nanometers can be recog- 
nized which are separated by planar defects induced at the 
interface. A number of different models for the planar faults 
were already presented. The faults can be subdivided into 
inversion domain boundaries with or without a translation of 
cGaN/2. The second class involves boundaries without a po- 
larity inversion with different translation vectors, e.g., stack- 
ing mismatch boundaries in GaN/6H-SiC(0001).9 The shift 
of the (0002) fringes in the GaN in Fig. 2(b) and the contrast 
extinction for g=(1100) indicates that a translation along 
the c-axis occurs across the boundaries. The polarity cannot 
be determined from a single HRTEM image. 

HRTEM was also carried out along the [1120]GaN projec- 
tion which encloses an angle of 30 degrees with the 
[1100]GaN projection. The domain structure is more difficult 

MODEL FIT 
EXPERIMENT 

A^LO) 

!W*L5S! 

680 700 720 740 760 

Raman shift ( cm"1) 

780 

FIG. 3. Micro-Raman spectrum (dots) of a GaN layer (—1.5 fim thick) on 
sapphire in the region of the GaN A j (LO) mode. The spectrum has been 
measured in the backscattering configuration z(xx)z for which the At(LO) 
mode is permitted. The measured structure is a longitudinal-phonon- 
plasmon (LPP) coupled mode, due to the unintentional n doping of the 
as-grown GaN layers. The continuous line is a model calculation of the 
coupled mode. The parameters of the model are given. 

to detect because a high density of stacking faults parallel to 
the substrate is also visible. The density of the stacking faults 
parallel to the substrate is higher on the SiC than on the 
A1203 substrate. At a distance of more than 100 nm from the 
interface, the density of planar faults strongly decreases. The 
high defect density in the GaN buffer on the SiC is likely to 
be correlated with the comparatively high defect density in 
the upper part of the GaN layer. 

Small inclusions of zinc-blende GaN with extensions of 
only a few nanometers are observed on A1203 if the 
[1120]GaN projection is used. Cubic GaN was previously ob- 
served in MOCVD-grown low-temperature nucleation layers 
on Al2O3(0001) by Wu et al.10 The presence of zinc-blende 
material indicates that the material is not in the state of ther- 
modynamic equilibrium. However, only speculations are 
possible about the origin of the cubic GaN. The strain in- 
duced pressure that results from the difference of the thermal 
expansion coefficients between GaN and A1203 could lead to 
the local phase transformations from the wurtzite into the 
zinc-blende structure. The presence of strain is confirmed by 
the results of the Raman measurements. Another possibility 
could be deviations from the proper stoichiometry which 
also might induce high local pressures in the layer. 

IV. MICRO-RAMAN SPECTROSCOPY 

The wurtzite structure belongs to the space group C6v
4 

(C63mc) with two formula units per primitive cell. Group 
theory predicts the following lattice phonons: A{ and El po- 
lar modes, polarized parallel to the optical axis and in the 
basal plane, respectively, both infrared and Raman active; 
two E2 and two By branches, the first Raman active, the 
latter silent.11 The anisotropy of GaN in the short-range 
atomic forces is responsible for the Ax-Ei splitting, while 
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FIG. 4. Calculated LPP coupled modes in GaN, GaAs, and InAs as a func- 
tion of the plasma frequency. The experimental points are determined by the 
fit of the LPP Raman spectrum. The horizontal lines corresponds to the LO 
and TO phonon energies in the different materials. 

the long-range Coulomb field arising from the partial ionic 
character of the crystal bonding is the origin of the 
longitudinal-transverse (LO-TO) splitting of the polar 
modes. 

The grown GaN layers were characterized by micro- 
Raman spectroscopy to probe their crystallinity and to deter- 
mine the unintentional free carrier concentration. Raman se- 
lection rules for the wurtzite structure give vanishing 
intensity of the A^TO) mode in the z(xx)z backscattering 
configuration. The crystal disorder related to the mosaic 
structure of the grown GaN layers is reflected in a measur- 
able intensity of the forbidden mode. A clear correlation is 
seen between the intensity of the forbidden mode and the 
width of the rocking curve, namely decreasing intensity with 
decreasing XRC-FWHM. 

GaN layers grown epitaxially on different substrates nor- 
mally show an unintenional n doping, generally assigned to 
the presence of N vacancies. In a polar semiconductor the 
free carrier plasma interacts with the LO phonons via their 
macroscopic electric fields giving rise to the phenomenon of 
"level anticrossing." Two coupled modes appear, which 
have mixed plasmon-phonon character (LPP modes). From a 
model fit of the higher-frequency coupled mode, the electron 
concentration can be optically determined without the need 
of contacting the sample and with high lateral resolution.12 

The line shape of the coupled mode according to Irmer 
et al}1 is essentially given by the deformation potential and 
by the macroscopic longitudinal electric field being predomi- 

FIG. 5. Fit standard error as a function of the percentage variation from the 
best value of the parameters used to fit the Raman spectrum. u>p is the 
plasma frequency, y and T are the plasmon and A, (LO) phonon damping 
constants, respectively. 

nant in GaN, as compared with scattering from density fluc- 
tuations of the free carriers.13 The material parameters enter- 
ing the model are the frequencies ö)r=533 cm""1 and coL 

= 733 cm-1 of the TO and LO phonons, the plasmon (y) 
and phonon (T) damping constants, the plasma frequency 
oip (and therefore the free carrier concentration, the high 
frequency dielectric constant, and the effective mass) and the 
Faust-Henry coefficient C = 0.43. The procedure used for 
the present fit resembles that in the work of Harima et al.14 

on SiC. Taking <op, y, and F as fitting parameters, the mea- 
sured Aj(LO) LPP mode was fitted to the calculated line 
shape. A representative spectrum is shown in Fig. 3. The 
calculation well reproduces the experimental line shape with 
fitting parameters given by cop = 95.1 cm-1, y= 306.2 
cm"x, and T = 6.5 cm"'. On the high energy side the dis- 
agreement is due to some signal arising from the A1203 sub- 
strate (Eg at 750 cm-1), as indicated by the arrow. This 
method for the determination of the plasma frequency and 
therefore of the carrier concentration in the grown layers was 
checked by comparison with Hall results on n-GaAs and 
n-InAs MBE layers. In Fig. 4 the calculated LPP branches 
are plotted against the plasma frequency for GaN, GaAs, and 
InAs. The two coupled modes are obtained by solving the 
equation e(co) = 0, where e(w) is the total dielectric function 
of the semiconductor in the presence of the free carriers 
(Lorentz oscillator and Drude model).15 The points are ob- 
tained from the fit of the Raman spectra in the region of the 
A j (LO) (higher coupled mode) for GaN and of the LO mode 
(higher coupled branch) for the other zinc-blende semicon- 
ductors. The model fit provides the plasma frequency corre- 
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TABLE I. Electron concentrations for different samples of GaAs and InAs 
determined by Hall effect and by fitting of the Raman LPP+ coupled mode. 
The GaN free carrier concentrations have been determined only by the op- 
tical method. 

Hall Raman 
n (cm-3) n (cm-3) 

GaAs (No. 1) 2.4X1018 2.4X1018 

GaAs (No. 2) 3.15X1017 1.5X1017 

InAs 2.2X1017 1.0X1017 

GaN/Al203 2.2X 1017 

(No. 1) 
GaN/Al203 1.2X1017 

(No. 2) 

sponding to the measured LPP+ frequency; the fact that the 
points lie on the calculated branches is inherent in the fol- 
lowed procedure. The point here is to show that with the 
high energy resolution of the Raman measurements (1 
cm-1), even if the range of interest for the GaN is on the 
flatter part of the curve, the error in wp is estimated to be 
within 5% (Fig. 5). In this plot the standard error of the fit 
procedure is represented as a function of the percentage 
variation from the best value of the free parameters, wp, 
y, and T. The fit of the Raman line shape shows no signifi- 
cant dependence on variations of the damping constants and 
therefore the free carrier mobility for these samples cannot 

be determined in a plausible way by this method. For the 
sake of comparison, Table I shows the electron concentra- 
tions determined by Hall effect and by the described optical 
method for GaAs and InAs epitaxial layers. The derived 
electron concentration for different GaN layers grown on 
sapphire is n~ 1-2X 1017 cm-3. Compared with Hall mea- 
surements this optical technique for the determination of the 
free carrier concentration separates the contribution of differ- 
ent conductive materials in a heterostructure and therefore 
can be conveniently applied, e.g., in the presence of other 
conductive layers or of a conductive substrate. 

V. THERMAL TREATMENT OF GaN: HREELS AND 
XPS 

The vibrational and electronic surface properties of GaN/ 
6H-SiC heterostructures have been investigated in situ by 
HREELS and XPS. In particular, the surface of the as-grown 
GaN epilayers (~ 300 nm of thickness) and after successive 
heating steps in UHV at 600, 700, 800, and 900 °C (10 min 
each) was characterized. Figure 6(a) shows the HREEL spec- 
tra measured in the energy loss range of the electronic exci- 
tations across the GaN band gap. The onsets of two types of 
transitions are clearly recognized. Both structures have been 
fitted with a (hv—E)m type of function reflecting the prob- 
ability of absorption for allowed band-to-band direct transi- 
tions and for electron transitions from an impurity level into 
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FIG. 6. HREEL spectra measured at RT at the surface of the as-grown GaN/6H-SiC(0001) heterostructures and after successive annealing steps, (a) HREEL 
spectra taken in the energy range of the electronic excitations across the GaN band gap. The spectra are normalized to the quasi-elastic peak (not shown) and 
represented with a magnification factor of 104 on a full-scale elastic-peak height, (b) HREEL spectra in the IR energy range together with the quasi-elastic 
peak at zero loss energy. The spectrum at the bottom is that of the 6H-SiC substrate surface. 
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FIG. 7. XPS spectra of GaN grown on 6H-SiC(0001) in the binding energy 
region of N 1.5 core level and Ga LMM Auger excitations. The thickness of 
the epilayer is 300 nm. The spectra are measured on the as-grown sample 
(bottom) and after successive annealing steps in UHV at the indicated tem- 
perature. The last spectrum at the top is plotted with a magnification factor 
of 10. 

the conduction band.16 The higher loss structure corresponds 
to excitations of electrons across the energy gap of the GaN, 
£^ = 3.39 eV, the lower one to excitations from a deep en- 
ergy level in the gap into the conduction band with AZs 
= 860 meV above the valence band maximum. After heating 
at 600 °C the lower absorption band is strongly reduced. In 
Fig. 6(b) the HREEL spectra are shown in the IR energy loss 
range. The observed strong features are due to the surface 
Fuchs-Kliewer phonons (FK phonons) and their multiple ex- 
citations. The bottom spectrum is that of the 6H-SiC clean 
surface. The commercial SiC wafers are n doped with a 
nominal electron concentration of 1 X 1018 cm"3 and this is 
reflected in the broad FWHM of the elastic peak (FWHM 
= 32.8 meV) to be compared with the experimental energy 
resolution of 3.5 meV. A further reason for the broadening of 
the elastic peak is also a certain roughness of the surface on 
a scale of 8 nm, which has been revealed by atomic force 
microscopy. The FK phonons of the as-grown GaN surface 
are found at 88.5 meV. The FWHM of the quasi-elastic peak 
is 17 meV, due to the presence of free carriers as well as a 
certain surface roughness. Heating of the sample up to 
800 °C does not induce any change in the IR surface prop- 
erties; after the heating step at 900 °C the HREEL spectrum 
resembles that of the substrate, with the FK phonons of SiC 
at 119 meV and with the broader quasi-elastic peak. 

The GaN MBE growth process runs in a nitrogen rich 

atmosphere and at the end of the growth the Ga source is first 
closed, keeping the N source running to avoid a nitrogen 
depletion in the surface near region. The GaN surface always 
shows a (1 X 1) reconstruction with a light diffused intensity 
background, as seen in LEED. The electronic structure and 
the formation energies of native defects in GaN have been 
calculated and the dominant intrinsic point defects are found 
to be vacancies.17 In «-type GaN the Ga vacancy gives rise 
to a deep acceptor level (a triple acceptor in a three charge 
state). The relevant transition level is calculated to lie at 
— 1.1 eV above the top of the valence band; therefore Ga 
vacancies and their complexes with O are inferred to be re- 
sponsible for the yellow luminescence observed in 
«-GaN.18 The energy position of these deep acceptor levels 
is also consistent with the lower absorption band observed in 
HREELS. The N-rich growth conditions, in particular at the 
end of the growth suggest that Ga vacancies might increas- 
ingly be formed in a region close to the surface. The behav- 
ior of the HREEL spectra in the vibrational region is very 
clear: it shows the thermal decomposition of the GaN layer 
in UHV. 

This result is further confirmed by the XPS spectra of Fig. 
7. The structure observed at approximately -398 eV binding 
energy is due to the N Is photoelectrons; close by at lower 
binding energies the Ga LMM Auger excitations are mea- 
sured. The escape depth for both lines therefore amounts to 
the same value, X. ~ 1.8 nm. No significant variation of the 
relative intensity is observed after each annealing step, up to 
850 °C. Annealing at 900 °C causes the complete desorption 
of GaN (also revealed by the disappearance of all the other 
GaN related XPS core level structures); the small N Is sig- 
nal left is assigned to a reacted component with the SiC 
substrate. The shift of 0.1 eV towards lower binding energy 
after 850 °C is observed for all XPS structures and is there- 
fore assigned to a change in the band bending at the surface. 

The XPS results clearly show that Ga and N are desorbed 
together from the GaN surface; the thickness of the epilayer 
might gradually decrease after each annealing step but this 
behavior cannot be followed by XPS and HREELS, which 
are surface sensitive techniques. These results are not in con- 
tradiction with the conclusion of a congruent thermal decom- 
position in vacuum due to the large kinetic barrier of GaN 
decomposition as reported in the literature.19 Nevertheless a 
mass spectroscopic study is needed to support this conclu- 
sion. 

VI. CONCLUSIONS 

Epitaxial GaN layers grown on Al2O3(0001) and 6H- 
SiC(0001) by plasma assisted MBE have been characterized 
by several techniques. The TEM analysis shows a similar 
defect structure for the layers grown on both substrates. In- 
version domain boundaries with a bandlike contrast, thread- 
ing dislocations, and planar defects in the region close to the 
interface are found. A higher density of planar defects was 
observed in GaN on 6H-SiC. This can be considered as a 
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possible origin of the threading defect density in the upper 
part of the GaN layer which is reduced only by a factor 3 
compared to GaN/Al203. Micro-Raman spectroscopy has 
been employed to determine the unintentional doping con- 
centration. The in situ HREEL spectroscopy gives insight 
into the electronic and vibrational properties of the GaN sur- 
face. Deep levels at —900 meV above the valence band 
maximum induce a surface absorption structure which might 
be attributed to the presence of Ga vacancies in the as-grown 
layers, in particular in the region close to the surface. An- 
nealing the GaN/6H-SiC heterostructures at 900 °C causes 
decomposition of the GaN layer. 
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Raman monitoring of molecular beam epitaxial growth of GaN 
on GaAs (100) and Si (111) 
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Epitaxial layers of GaN were grown by molecular beam epitaxy on GaAs (100) and Si (111) 
substrates. Nitrogen was provided from a rf-plasma source while elemental Ga was evaporated from 
a Knudsen cell. The growth process was performed in an ultrahigh vacuum chamber that is optically 
aligned with a multichannel Raman spectrometer. This setup allows Raman spectra to be taken 
online, i.e., during the growth process. Utilizing resonant Raman scattering conditions, spectra with 
a sufficient signal-to-noise ratio were taken even at the growth temperature of 600 °C. For both 
substrates the evolution of compressive strain at the interface was monitored from the frequency 
shift of the substrate phonons in the initial phase of the growth process. © 1997 American Vacuum 
Society. [S0734-211X(97)07104-7] 

I. INTRODUCTION 

The success in the fabrication of GaN-based optoelec- 
tronic devices operating in the blue and ultraviolet spectral 
region, e.g., light-emitting diodes and injection lasers,1'2 has 
launched an enormous research interest in the basic material 
properties as well as the understanding of the growth mecha- 
nisms for heterostructures. Detailed knowledge in these 
fields is expected to help improve the quality of the material 
and the performance of devices. Epitaxial growth of GaN 
layers has been achieved by metalorganic vapor phase epi- 
taxy (MOVPE)3 and molecular beam epitaxy (MBE)4 on 
various substrates, including sapphire, GaAs, and Si, but se- 
vere problems result from the high growth temperatures 
around 1000 °C in MOVPE and up to 700 °C in MBE as 
well as the high lattice mismatch (GaAs: Aa/a = 0.2, Si: 
Aa/a = 0.17 for cubic GaN at RT). Growth techniques have 
to be further improved in order to cope with these obstacles, 
and consequently there is a need for sophisticated character- 
ization tools that can be applied during growth in order to 
obtain direct information on the growth process. While re- 
flection high energy electron diffraction is commonly used in 
MBE, several optical techniques have been developed in re- 
cent years, the application of which is not restricted to ultra- 
high vacuum (UHV) conditions. Examples are reflectance 
anisotropy spectroscopy and spectroscopic elhpsometry.5 

Also Raman scattering, which has a long tradition as a char- 
acterization method for thin films and heterostructures, has 
been successfully applied for monitoring the MBE growth of 
II-VI compounds such as ZnSe6 or ternary compounds like 
ZnS^-Sej-j.7 Information deduced from these experiments 
includes layer composition, layer thickness, strain evolution, 
crystal quality, and interface reactivity.8 Although the scat- 
tering volume of thin films is very small, sufficient sensitiv- 
ity for the detection of ultrathin layers can be achieved by 
taking advantage from resonant Raman scattering (RRS) that 
leads to a strong enhancement of the scattering cross section 
when the excitation energy is chosen in the vicinity of the 

^Corresponding author; Electronic mail: drews@physik.tu-chemnitz.de 

fundamental band gap or another critical point in the band 
structure of the material under investigation.9 For growth 
monitoring this condition has to be fulfilled at the growth 
temperature, so the temperature dependence of the band gap 
has to be taken into account. 

In the present article we report on Raman monitoring of 
the MBE growth of GaN on GaAs (100) and Si (111) sub- 
strates. 

II. EXPERIMENT 

MBE growth was performed in a specially designed UHV 
chamber (base pressure < 10~10 mbar) that allows light scat- 
tered from the sample to be collected through the central 
viewport and focused on the entrance slit of a Raman spec- 
trometer (Dilor XY) with multichannel detection. Details of 
this setup can be found in Ref. 10. Elemental Ga (6N purity) 
was evaporated from a Knudsen cell at a temperature of 
870 °C as measured by a thermocouple. This leads to a Ga 
flux of about 5X 1012 atoms/cm2 s as judged from the fre- 
quency decrease rate of a quartz microbalance. Atomic nitro- 
gen was provided by a rf-plasma source (SVT RF 4.5) oper- 
ated at a power of 300 W and a nitrogen (6N purity) flux of 
2 seem leading to a total pressure around 2X 10~4 mbar in 
the chamber during growth. The growth was performed at a 
substrate temperature of 600 °C, which was determined from 
the frequency shift of the substrate phonons. The GaAs (100) 
substrate surface was prepared by thermal desorption of an 
arsenic cap deposited on a micron thick GaAs homoepitaxial 
layer grown by MBE. This resulted in a clean As rich surface 
with c(4X4) reconstruction as observed by low-energy 
electron diffraction. The Si (111) substrate surface was pre- 
pared by chemically etching and subsequent annealing at 
825 °C in UHV. The 406.7 nm (3.05 eV) emission line of a 
Kr+ ion laser was used for excitation, and the monochro- 
mator slits were set for a resolution of 5.5 cm-1. The laser 
beam (P< 100 mW) was focused to a spot of about 100 ^m 
in diameter on the sample surface. All Raman spectra were 
recorded in a backscattering geometry, the polarization of the 
incident light was parallel to the [011] direction of the sub- 
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FIG. 1. Evolution of Raman spectra during growth of GaN on GaAs (100) at 
600 °C (äI>=3.05 eV). 

strate. For the sake of higher sensitivity the polarization of 
the scattered light was not analyzed, but the detection of light 
with parallel polarization is strongly favored by the mono- 
chromator response. 

III. RESULTS AND DISCUSSION 

Figure 1 shows a three-dimensional plot of the evolution 
of Raman spectra during the growth of GaN on GaAs (100) 
at a substrate temperature of 600 °C. The spectrum in the 
front corresponds to the clean substrate and displays only a 
peak at 281 cm-1 caused by scattering of the longitudinal 
optical (LO) phonon mode of the GaAs substrate. As growth 
progress additional features are observed in the spectral re- 
gion 500-800 cm-1, which are attributed to Raman scatter- 
ing in the growing layer. For a closer view at the frequency 
positions Raman spectra from different stages of growth are 
displayed in Fig. 2 corresponding to clean surface, 30, and 
230 nm of layer thickness, respectively (the thickness deter- 
mination will be described later). The two main peaks are 
located at 560 and 718 cm-1, respectively. The GaN layer is 
likely to be composed of a hexagonal as well as a cubic 
phase, therefore the peak at 560 cm-1 is attributed to the 
E2 mode of hexagonal GaN (570 cm-1 at RT) while the 
other peak arises from scattering by the A j mode of hexago- 
nal GaN (735 cm"1 at RT) and the LO mode of cubic GaN 
(740 cm-1 at RT).11 Due to the high temperature the two 
modes are broadened so that they cannot be resolved, there- 
fore only a single structure is observed. This assignment is 
further discussed below in comparison to the results for GaN 
growth on Si (111). Comparing the position of the E2 mode 
measured here at 600 °C with the value reported for room 
temperature provides an estimate of 1.7 cmTVlOO K for the 
temperature induced linear phonon shift in GaN. An addi- 
tional peak is observed in the uppermost spectrum of Fig. 2 
at 143 cm-1, which corresponds to the position of the low- 
frequency E2 mode of hexagonal GaN at room temperature. 
The fact that this mode is fairly strong in intensity and al- 
most unshifted compared to its room temperature position is 
in agreement with the observations by Perlin et dl}1 for this 
mode under pressure. 
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FIG. 2. Raman spectra from different stages of the growth of GaN on GaAs 
(100) at 600 °C. 

In the region between the LO mode of GaAs and the E2 

mode of GaN additional weak structures are visible. These 
can be attributed to second-order Raman scattering processes 
of acoustic phonons that have been observed in this spectral 

13 region. 
As can be seen from Fig. 2 the two main GaN features are 

already visible after deposition of only 30 nm of GaN. The 
high sensitivity necessary for the detection of such a thin 
layer is a consequence of the resonant Raman scattering con- 
dition established by the choice of the 3.05 eV line for exci- 
tation at this growth temperature. The energies of the E0 

gaps of cubic and hexagonal GaN at RT are 3.23 eV and 3.4 
eV, respectively.14 A shift of -5.4X10"4 eV/K has been 
reported for cubic GaN above room temperature,14 so the 
excitation energy is very close to the E0 gap of cubic GaN at 
600 °C and at least in the vicinity of the hexagonal gap. 
Furthermore, the proximity to the band gap is supported by 
the appearance of photoluminescence, which is observed as 
broad, increasing background in the Raman spectra. Since 
the development of the background is clearly correlated with 
the growth of the GaN layer it cannot be attributed to black 
body radiation at the high temperature, which should already 
be observable from the clean substrate. 

The intensities of all features in the Raman spectra dis- 
played in Fig. 1 show a significant modulation upon deposi- 
tion time. This modulation is caused by Fabry-Perot inter- 
ference of the incident as well as the scattered light within 
the heterostructure, and its occurrence indicates an optically 
smooth interface and surface.15 Furthermore, diffuse elastic 
light scattering that is typical for rough surfaces and would 
cause a strong increase of scattering intensity at the low en- 
ergy side of the Raman spectra is not observed. 

Using the optical constants of the materials the evolution 
of the intensities of both the substrate and the layer related 
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FIG. 3. Intensity of the LO mode of GaAs (open symbols) and At /LO 
structure of GaN (solid symbols) as a function of layer thickness together 
with the calculated intensity evolution of substrate and layer related Raman 
scattering (line). 

features can be calculated as a function of layer thickness. 
For the calculation the substrate and the surrounding vacuum 
are assumed semi-infinite with a plane layer of growing 
thickness on the substrate surface. All interfaces are assumed 
to be ideally smooth. Details on the model can be found 
elsewhere.16 By comparing the result with the observed evo- 
lution in Fig. 1 the deposition time can be correlated with the 
layer thickness. As a result a growth rate of 0.46 nm/min is 
obtained for the GaN. Figure 3 shows the observed scattering 
intensities of the LO mode of GaAs and the A; /LO structure 
of GaN together with the result of the calculation. A value of 
n = 2.2 was estimated for the real part of the complex index 
of refraction N= n + ik of GaN at 600 °C based on the data 
given in Ref. 17, while « = 3.8 and A: =1.8 for the GaAs 
substrate were extrapolated from Ref. 18. The imaginary part 
k = lm(N) of GaN was introduced as a fit parameter, since it 
varies strongly in the vicinity of the E0 gap. Best agreement 
is found for A: = 0.035 consistently for substrate and layer 
related scattering. 

Alternatively GaN was grown on the (111) surface of a 
silicon substrate and the growth was again monitored by Ra- 
man spectroscopy. The result is displayed in Fig. 4. The first 
spectrum corresponding to the clean Si surface is governed 
by a peak at 507 cm-1 caused by scattering by the phonon 
mode of Si. The additionally broad, weak structure in the 
spectral region 900-1000 cm-1 is attributed to second order 
scattering processes of Si. First evidence of the formation of 
a GaN layer is the familiar intensity modulation of the Si 
peak that starts immediately after beginning the deposition. 
After a few minutes new features appear in the spectra that 
are directly related to Raman scattering in the growing layer. 
It is noteworthy that no photoluminescence background is 
observed in contrast to the results for growth of GaN on 
GaAs (100) (see Fig. 1). Its absence is compatible with the 
higher band gap energy of hexagonal GaN predominantly 
grown on Si (111) thus corroborating the presence of the 
cubic GaN phase on GaAs (100) and thereby supporting the 

4005oo6oo70oRm-      / 
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FIG. 4. Evolution of Raman spectra during growth of GaN on Si (111) at 
600 °C(hv= 3.05 eV). 

assignment given above for the structure in the Raman spec- 
tra at 718 cm"1. 

Figure 5 shows the relevant part of the spectrum recorded 
at the end of GaN growth on the Si (111) substrate together 
with the spectrum obtained from growth on the GaAs (100) 
substrate for the same thickness of 230 nm-1. The thickness 
scale for the growth on Si (111) was derived by the same 
procedure as described above assuming Af=5.6+3.0; for the 
index of refraction of the silicon substrate.19 The E2 and 
A! /LO structures of GaN are observed in both spectra. In the 
case of the Si (111) substrate the Aj/LO structure has a 
smaller full width at half-maximum (FWHM) (32 cm-1), 
while its peak position is shifted slightly (1 cm-1) to higher 
frequencies. The smaller FWHM indicates a lower degree of 
mixed phase disorder, which is consistent with the fact that 
the predominant growth of one phase, i.e., the hexagonal 

16 
Substrat: 
 GaAs(100) 
 Si(111) 

dGaN=230nm 

T=600°C 

400 600 800 

Raman Shift / cm"1 

FIG. 5. Raman spectra recorded during growth at a layer thickness of 230 
nm of GaN on GaAs (100) (solid line) and Si (111) (dashed line). 
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FIG. 6. Upper frame: Positions of the phonon modes of the substrate mate- 
rials GaAs (solid circles) and Si (solid diamonds) as a function of GaN layer 
thickness. Lower frame: FWHM of the A, /LO structure of the GaN layer as 
a function of layer thickness on GaAs (100) (open circles) and Si (111) 
(open diamonds). The dashed lines are a guide for the eye. 

modification is preferred on a (111) surface. The small in- 
crease of the peak position might be explained by the lower 
lattice mismatch of Si to GaN that leads to lower residual 
tensile strain in a layer grown on Si than on GaAs. 

For a more detailed analysis of the evolution of the fre- 
quency position and FWHM during growth the phonon 
modes of GaAs and Si and the A: /LO structure of GaN were 
fitted with asymmetric Lorentzian line shapes after subtrac- 
tion of a linear background. The asymmetry was such that 
the FWHM of the lower energy side of the peak (Ti) was 
larger than on the higher energy side (Tr). In case of the 
substrate phonon modes only small asymmetries are found 
(rx /rr== 1.4 for GaAs, Ti/Tr^ 1.2 for Si) and are probably 
caused by anharmonic contributions to the scattering process 
introduced due to the high temperature. The line shape of the 
GaN structure is additionally affected by disorder resulting 
from the mixture of cubic and hexagonal phases, leading to 
ratios of rt IYr up to 2.2. 

The upper part of Fig. 6 shows the evolution of the posi- 
tions of the substrate phonon modes during the growth of 
GaN at 600 °C. On GaAs a shift of about 2.2 cm"1 to higher 
frequencies is clearly observed in the initial phase of the 
growth process, i.e., the deposition of the first 50 nm of GaN. 
If this shift would be attributed to a variation of substrate 
temperature due to the change of emissivity it would indicate 

an extremely unlikely decrease of the substrate temperature 
of 120°. In fact, the growth is started by opening the shutters 
of both the Ga and the nitrogen source, thereby exposing the 
substrate surface to an additional thermal radiation load 
which should rather result in an increase of temperature. 
Therefore the observed frequency shift is attributed to the 
development of a compressive stress of about 2 GPa in the 
substrate at the interface.20 It should be mentioned, that the 
high absorption for the excitation energy of 3.05 eV leads to 
a very low penetration depth of 18 nm into the GaAs sub- 
strate while the GaN overlayer is comparably transparent. 
Consequently, the information depth of Raman scattering in 
GaAs is about 9 nm, thus the experiment is extremely sensi- 
tive to changes in the layer/substrate interface region. Still 
the stress evaluated here is surprisingly high and incompat- 
ible with the usual picture of epitaxial growth which assumes 
that strain relaxation via defect formation in the layer should 
occur in the very early stages of growth due to the extremely 
large lattice mismatch. On the other hand, the evolution of 
strain in the substrate is clearly associated with the formation 
of the GaN layer and cannot be assigned to, e.g., a substrate 
modification like nitrogen incorporation in the GaAs lattice 
as judged from an additional nitridation experiment. 

Considering the nucleation of GaN on the Si (111) surface 
a similar effect as for the GaAs substrate is observed. Here 
the frequency of the Si phonon mode increases by about 1 
cm-1 during the deposition of the first 50 nm of GaN, indi- 
cating the development of a compressive stress of about 0.2 
GPa at the GaN/Si interface.21 The enormous difference in 
substrate strain for GaAs and Si cannot simply be explained 
by the difference in lattice mismatch, but is also likely to be 
a result of the different substrate orientation influencing the 
initial nucleation of GaN. At this stage a conclusive micro- 
scopic model in order to explain the observed substrate stress 
effects is still missing, but this question is currently ad- 
dressed by investigating the influence of different substrate 
surface modifications prior to the growth, e.g., nitridation or 
starting GaN nucleation at a lower temperature. 

The lower part of Fig. 6 shows the development of the 
FWHM {T = {TX + Tr)ll\ of the GaN A^LO feature with 
increasing layer thickness on both substrates. Generally the 
linewidth of the phonon structure of GaN grown on the Si 
(111) surface is smaller than for growth on GaAs (100). As 
already mentioned this is attributed to the lower degree of 
mixed phase disorder in the GaN on Si, which is predomi- 
nantly hexagonal. No significant dependence of the GaN 
phonon mode linewidth on the layer thickness is observed. In 
contrast to this, an overall decrease of the FWHM is found 
during growth on GaAs (100). This can be explained by 
assuming stronger competition between the hexagonal and 
cubic phase of GaN when grown on GaAs, especially in the 
initial phase of growth. As a consequence, the formation of 
many small domains leads to a high degree of lattice disorder 
which is gradually reduced when larger domains are grown 
with increasing layer thickness. 
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IV. CONCLUSIONS 

Raman spectroscopy has been applied for the first time for 
monitoring the MBE growth of GaN on GaAs (100) and Si 
(111) at a temperature of 600 °C. RRS conditions were uti- 
lized in order to achieve the necessary sensitivity of the de- 
tection of ultrathin GaN layers. A significant intensity modu- 
lation is observed in the Raman spectra which allows layer 
thickness to be calculated. A shift of the phonon frequencies 
of both the GaAs and the Si substrate to higher energies in 
the initial phase of the growth process was found indicating 
the formation of compressive strain in the substrate interface 
region. In the case of GaAs as substrate material an improve- 
ment of crystal quality of the GaN layer as judged from the 
decrease of the linewidth of the GaN phonon features with 
increasing layer thickness was found. 
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The effect of active nitrogen, generated by a radio frequency plasma source, on clean GaAs (001) 
surfaces has been examined using x-ray photoemission spectroscopy (XPS) and reflection high 
energy electron diffraction. The "nitridation" of the surface was performed under fixed plasma 
conditions, compatible with the molecular beam epitaxial growth of GaN, and as a function of both 
temperature (in the range —300-600 °C) and time (up to 15 min). At low temperatures the 
nitridation proceeds very slowly and was characterized, in its initial stages, by the transformation of 
the (2X4) reconstructed GaAs surface to a high intensity "amorphous" haze, presumed to be 
related to the As released in the anion exchange reaction but not evaporated from the surface. At 
high temperatures the nitridation is much more aggressive readily forming thicker GaN films of a 
polycrystalline nature. Curve fitting of the XPS spectra, to reveal the nature of the reaction products 
indicated the probable formation of As-N species in addition to GaN. © 1997 American Vacuum 
Society. [S0734-211X(97)12004-2] 

I. INTRODUCTION 

Recent progress in the epitaxial growth of group III ni- 
tride materials, culminating in the fabrication of high bright- 
ness light emitting diodes (LED) with wavelengths extending 
from the violet to the green and most recently in the demon- 
stration of laser action at violet wavelengths,1 has prompted 
a huge worldwide research and development interest. Addi- 
tionally, the relatively high bond strength of the material 
holds the promise of future applications in high temperature 
electronics.2 The major perceived stumbling block to the 
continued development of these materials is the absence of a 
convenient large area, lattice matched substrate. Until the 
work that led to the demonstration of a working LED, grown 
on a sapphire substrate, this problem was thought to be ef- 
fectively insurmountable. Consequently, a range of different 
substrates have been investigated.3 

One combination that has proved to be very interesting is 
GaN/GaAs (001)4-6 where, by suitable control of the growth 
conditions, it has been found possible to produce GaN in 
either its cubic or its more natural wurtzite phase. The cubic 
phase has been pursued since it offers a number of potential 
advantages over the hexagonal phase and recent reports, of 
optical gain in pumped cubic GaN at room temperature from 
samples that are featureless under an optical microscope,7 

indicate the possibility of high quality material. Under mo- 
lecular beam epitaxy (MBE) conditions using N atoms/ions 
as the active N species, the purity and quality of the cubic 
phase grown on GaAs (001) is strongly dependent on both 
the surface stoichiometry4 and the procedures adopted at the 
initiation of growth.5 Nitridation of the substrate, i.e., expo- 
sure of the surface to the active nitrogen species, has been 
identified as critically important. In the case of atomic N the 
nitridation process proceeds simply via an anion exchange 
reaction:6 

GaAsM+N„-v^GaNroi+As, s(s)-™(g) (s)" s(?)> (1) 

"'Electronic mail: Spxph@cf.ac.uk 

where the uncertainty in the fate of the elemental As reflects 
the fact that it could remain as a solid or be released as a 
vapor or, as has been shown in reactions using hydrazoic 
acid (HN3) as a precursor, even into As-N species.8 Short 
nitridation times subsequently resulted in cubic GaN whilst 
longer times result in wurtzite material, presumed to be due 
either to the formation of wurtzite GaN or (111) facets which 
act as a template for further wurtzite growth.5 Conversely, 
for metal organic vapor phase epitaxy based growth, using 
dimethylhydrazine (DMHy) or ammonia as a source of ac- 
tive nitrogen, nitridation of the GaAs surface for long peri- 
ods prior to growth still results in cubic GaN material.9 

Clearly, the effect of nitridation on the initial GaAs sur- 
face plays a crucial role in the epitaxial process. In order to 
understand this interface more fully we have performed a 
detailed x-ray photoemission spectroscopy (XPS) and reflec- 
tion high energy electron diffraction (RHEED) study of the 
reactions between the GaAs surface and atomic nitrogen as a 
function of both atomic nitrogen exposure time and substrate 
temperature. 

II. EXPERIMENT 

All experiments were performed in a home-built MBE 
style growth chamber attached to a conventional VG 
ESCALAB Mk II. The system was specifically designed to 
allow the surface science investigation of the crucial initial 
stages of growth whilst maintaining the degree of control and 
reproducibility inherent in dedicated growth systems. 

In more detail, the growth chamber is based on a six way 
"cross" one side of which is attached to the ESCALAB via 
a gate valve whilst the other ports lead to; the sample ma- 
nipulator, the source and shutter flange, the pumping port 
(leading to a diffusion pump), a 5 kV RHEED gun, and its 
associated RHEED screen. The source flange holds up to 
three thermal evaporation sources, a pyrometer viewport, 
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and, most importantly for these studies, an Oxford Applied 
Research CARS 25 activated rf plasma source used for the 
production of either atomic nitrogen or hydrogen. Similar 
active nitrogen sources are used in many group Ill-nitride 
growth laboratories worldwide.10'11 All of the sources are 
individually shuttered although these are not intimate with 
the sources and some atomic nitrogen does reach the sample, 
as will become apparent. 

All experiments were performed with fixed plasma condi- 
tions and therefore with a fixed active nitrogen flux onto the 
substrate. For atomic hydrogen cleaning, hydrogen gas was 
admitted to the plasma source via a leak valve and was op- 
erated at a chamber pressure of (5.5 ± 0.5) X 10~5 mb, as 
measured by an ion gauge mounted into the liquid nitrogen 
cold trap of the system's diffusion pump. With a forward rf 
power of 400 W an optical emission detector (OED), based 
on an optical fiber fed into a Si photodiode, gave a reading of 
— 1.2 V. For nitridation, nitrogen gas admission was con- 
trolled either by a mass flow controller (mfc) or by a leak 
valve calibrated against the mfc. The N flow rate was —1.0 
seem, corresponding to a system pressure of (5.5 ± 0.5) 
X 10"5 mb. With a forward rf power of 450 W the OED 
gave a reading of (3.35±0.05) V. The etched GaAs sub- 
strates, of dimension — 1X1 cm, were In mounted onto Mo 
spades compatible with transportation by modified VG 
ESCA "stubs." The sample temperature was calibrated 
against a thermocouple (situated between the heater and the 
spade) by means of an Ircon V-series pyrometer and extrapo- 
lated for low sample temperatures. 

XPS measurements were taken at normal emission, with 
an analyzer pass energy of 5 eV and using a Mg anode to 
give a photon energy of 1253.6 eV. Spectra were obtained 
for the Ga 3d, As 3d, and N Is regions whose emitted 
electrons have escape depths of —26, —26 and —20 Ä, 
respectively.12 

The substrates were cleaned under an atomic hydrogen 
flux for 5 min at 400 °C after which time RHEED showed a 
(2X4) reconstruction and XPS showed the absence of any O 
or C contamination. Nitridation was performed, following 
adjustment of the sample temperature where necessary, for 
times up to 15 min in steps of 5 min duration. Between 
nitridations, at temperatures in the range 300-600 °C, the 
samples were transferred to the ESCALAB for measurement 
by XPS. Although both the Ga and As 3d and 2p core level 
features were measured most of the useful information has 
been obtained by consideration of the evolution of the Ga 
3d and As 3d features in combination with the N Is level. 

III. RESULTS 

A. RHEED observations 

Progression of the RHEED pattern for successive nitrida- 
tions of a clean GaAs (001) surface at low temperatures 
(300-530 °C) took the following course: For these samples 
the starting GaAs reconstruction was (2X4), the same as that 
obtained following atomic hydrogen cleaning at 400 °C. 
Once the nitrogen plasma is struck, even with the plasma 
source shutter closed, the GaAs reconstruction features fade, 

the intensity being transferred to the background, indicating 
that a highly disordered layer is formed on the surface. On 
opening the shutter an unreconstructed streaked pattern re- 
turned, the intensity of which increased slowly with time. 
Further nitridation results in modulation of these streaks (i.e., 
bulk diffraction spots begin to appear) indicative of some 
roughening of the surface. The rate at which modulation of 
the streaks occurred depended on the sample temperature, so 
that, for a total nitridation time of 15 min the 450 °C sample 
showed only slight modulation whilst for 530 °C there was 
little streaking left between the bulk spots. 

At higher sample temperatures the progression was quite 
different. For example at 580 °C the following observations 
were made. On heating the cleaned sample, following clean- 
ing, from 400 to 580 °C the 2X reconstruction of the (2X4) 
pattern changes to a 4X. It was not possible to access the 
orthogonal direction by RHEED with this sample but it was 
believed, from previous samples, that the reconstruction was 
probably (4X6). On striking the nitrogen plasma (with the 
shutter closed) the 4X reconstruction quickly changed to an 
excellent 3X, consistent with previous reports of a (3X3) 
reconstruction occurring at the early stages of nitridation at 
this temperature.13'14 After a further —10 s the 3X and bulk 
diffraction features faded, again indicative of a highly disor- 
dered layer on the surface. Later still sharp bulk spots began 
to appear, although on opening the plasma shutter these 
quickly gave way to a ringed, or polycrystalline, pattern 
which, once established, changed little. 

B. Photoemission results: Ga 3d core level peak 
shapes 

As the temperature and time of nitridation increased the 
Ga 3d feature increased in intensity, broadened, and slowly 
shifted in position to higher binding energy (BE). This was 
consistent with the Ga 3d feature being formed by the su- 
perposition of contributions from the original GaAs substrate 
and from the GaN film above it. The Ga-N related features 
have a higher BE than the Ga-As features, as has been pre- 
viously reported.6 

In order to confirm the above view and extract more in- 
formation regarding the nitridation process the Ga 3 d spectra 
from the clean GaAs surface, the nitrided surfaces and a 
thick GaN film, grown in situ onto a GaAs (001) sample, 
were curve fitted. Although the Ga 3 d core level is in reality 
a doublet, as a result of spin orbit splitting, it was found that, 
following removal of a linearly sloping background, the 
clean GaAs feature could be well represented by a single 
Voigt function with Lorentzian and Gaussian widths of 0.30 
and 0.81 eV, respectively. With this as a guide the following 
scheme was used to fit the reacted Ga features: (a) the back- 
ground was assumed to be linear in all cases; (b) following 
nitridation the Ga 3d peak was assumed to be composed of 
only two Voigt functions; (c) the Lorentzian widths of both 
peaks (GaAs and GaN) were constrained to the clean GaAs 
value; (d) both peaks were initially assumed to have Gauss- 
ian widths of 0.81 eV, if a good fit could not be obtained 
with this width the GaN Gaussian width was allowed to 
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FIG. 1. XPS scans of the Ga 3d spectral regions for (a) the clean GaAs 
surface, (b) following 5 min nitridation at 300 °C, (c) following 5 min ni- 
tridation at 450 °C. The background has been subtracted, the fit to the curve 
passes through the data points, and the individual components are shifted 
down slightly for clarity. 
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FIG. 2. XPS scans of the As 3 d spectral regions for (a) the clean GaAs 
surface, (b) following 5 min nitridation at 300 °C, (c) following 5 min ni- 
tridation at 450 °C. The background has been subtracted, the fit to the curve 
passes through the data points, and the individual components are shifted 
down slightly for clarity. 

broaden; (e) the GaN features were allowed to vary in bind- 
ing energy—it was not usually necessary to let the GaAs 
peak position vary. Using this scheme good fits to Ga 3d 
spectra were obtained. This is demonstrated in Fig. 1 which 
shows, in addition to the original clean GaAs Ga 3d signal, 
curve fitted spectra obtained following 5 min nitridation. The 
chemical shifts between the two Ga 3d contributions being 
in the range 0.56-0.63 eV agree well with the report of 
DeLouise6 following bombardment of the GaAs (110) sur- 
face with N^". 

C. Photoemission results: As 3d core level peak 
shapes 

The changes in the As 3 J core level appear most dramatic 
at the early stages of nitridation at low temperature, where a 
reacted As species is observed quite distinct from the sub- 
strate contribution. These features were curve fitted using a 
similar scheme as for the Ga 3d. However, in this case the 
larger spin orbit splitting of the As 3d level meant that the 
clean surface was best fitted with a doublet of splitting 0.67 
eV, branching ratio 1.5 and using Gaussian and Lorentzian 
widths of 0.63 and 0.42 eV, respectively. Due to the fact that 
the reacted As components decreased, relative to the sub- 
strate contribution, with sample temperature all As 3d spec- 
tra could be sensibly fitted. Figure 2 shows, in addition to the 
original clean GaAs As 3d signal, curve fitted spectra ob- 
tained following 5 min nitridation at 300 and 450 °C. The 
separation of the two contributions is in the range 1.4-1.85 
eV. At higher nitridation temperatures only the substrate fea- 
ture remained, although with considerably reduced intensity. 
Thus the As 3d feature provides the best indication of the 
attenuation of the substrate signal, and therefore the thick- 
ness of the GaN, at these temperatures. 

Combining the evidence from the low nitridation tem- 
perature curve fitted Ga 3d features and the As 3d attenua- 
tion at high temperatures it can be stated that the thickness of 
the GaN increased with both nitridation time and tempera- 
ture and, in particular, that no upper thickness limit to the 
nitridation process was evident. 

D. Photoemission results: N 1 s core level peaks 

For all experiments performed the N Is feature appeared 
as a symmetric single peak. However, examination of the full 
width at half-maximum (FWHM) did provide some evidence 
that nitrogen exists in more than one chemical state. The 
weakest N 1 s signal was, as expected, obtained for the short- 
est time, lowest temperature nitridation, i.e., for 5 min at 
300 °C and had a FWHM of 1.39 eV. The highest FWHM, 
of 1.58±0.5 eV, was obtained following subsequent nitrida- 
tions at 300 °C and for nitridations of 5-15 min at 450 °C. 
By contrast, at higher temperatures, where the extent of ni- 
tridation was more advanced, no reacted As species were 
detected and the N 1 s FWHM reduced to 1.30 eV, the same 
value as that obtained for thick epitaxially grown GaN. It can 
be speculated that the N 1 s broadening is due to As-N spe- 
cies. 

E. Photoemission results: Intensity and attenuation 
data 

It is common, when analysing XPS data of thin film 
growth, to plot measured intensities against some process 
parameter, in our case nitridation time or temperature. Un- 
fortunately, the process of performing these experiments re- 
quired a large amount of sample manipulation, between the 
nitride growth chamber and the ESCALAB analysis cham- 
ber, resulting in uncertainties in absolute intensity measure- 

JVST B - Microelectronics and Nanometer Structures 



1136 Hill et al.: Nitridation of the GaAs (001) surface 1136 

I    ' I    ' I    ' 1 - 
- 

• - 
,o 10 — _ 
0! 

>. - - 
</> 
c 
<u - • - 
c 

T3 " • ■ 

CO 
U) <. 1 — • — 

CO z • " 
ro ■ ~ 
O 

n 

- 

I I I    1 1 

- 

300 400 500 600 
Sample temperature (C) 

700 

FIG. 3. Ratios of the total areas under curves (Ga 3d/As 3d), following 
background subtraction, as a function of nitridation temperature following 5 
min nitridation using atomic nitrogen. 

ments. However, comparison of relative intensities of differ- 
ent peaks, obtained under identical conditions without 
sample manipulation, should be much more reliable. 

The simplest way to present such information, which 
avoids possible errors in curve fitting, is to display the ratios 
of the total areas under curves, following background sub- 
traction. Figures 3 and 4 show the ratios for (Ga 3d)/(As 
3d) and (Ga 3d)/(N Is), respectively, as functions of nitri- 
dation temperature and 5 min nitridation. It should be noted, 
as has previously been discussed, that the Ga and As 3<i's 
contain both substrate and overlayer contributions and the N 
1 s probably also has more than one (overlayer) contribution. 
Noting that the (Ga 3d)/(As 3d) ratio measured for clean 
GaAs was (0.65±0.03), Fig. 3 shows clearly that the extent 

300 400 500 
Sample temperature (C) 

600 

of nitridation (i.e., thickness of GaN) was very low at 
300 °C, but increased strongly as a function of increasing 
temperature. Figure 4 shows that at low temperature the (Ga 
3d)/(N Is) ratio is dominated by the influence of the Ga 
3d signal from the substrate, whereas at the high tempera- 
tures it is consistent with the formation of a relatively thick 
GaN film [for thick layers of epitaxial GaN the (Ga 3d)/(N 
Is) ratio has been found to be (0.95±0.10)]. 

To actually quantify the extent of nitridation it is neces- 
sary to calculate the areas under specific peaks, which for 
XPS may be obtained using the following equation: 

"'fa  eXP(T dl, (2) 

FIG. 4. Ratios of the total areas under curves (Ga 3d/N Is), following 
background subtraction, as a function of nitridation temperature following 5 
min nitridation using atomic nitrogen. 

where / is the intensity of electrons emitted from the material 
at a certain kinetic energy, tl and t2 are the thickness limits 
of the layer, / is the distance below the surface (for normal 
emission), K is the electron escape depth for the particular 
materials and electron kinetic energy considered, and K is a 
constant taking into account(a) the number density of atoms 
in the material, (b) sample area, (c) differential photoionisa- 
tion cross section, (d) X-ray flux and detector efficiency.15 

By considering the relative intensities of contributions from 
the same element and core level (e.g., GaAs and GaN con- 
tributions to the Ga 3d signal) the integral in Eq. (2) is much 
simplified and the thickness of overlayers can be calculated. 
A consideration of the uncertainties in parameters in Eq. (2), 
in particular in the electron escape depth, leads to an esti- 
mated possible error of ±25% in the calculated thicknesses. 
In addition, implicit in this treatment is an assumption that 
the layers are all both uniform and abrupt, the consequences 
of which will be discussed below. 

Two different approaches have been taken to quantify the 
extent of nitridation. The first makes use of the fact that the 
Ga and As 3d features could be reasonably curve fitted to 
reveal their substrate and overlayer contributions. Thus the 
relevant reacted and substrate components could be used to 
calculate thicknesses. This is slightly complicated by the fact 
that there are two reacted species present so that the compo- 
sition and nature of the overlayer is unclear. Here it has been 
assumed, for the purposes of determining the elemental num- 
ber densities, that Ga in the overlayer is in the form GaN and 
that the As is in the form of elemental As. To account for the 
unknown physical location of the "elemental As" with re- 
spect to the "GaN" a thickness range was determined by 
performing the calculations twice for the extreme cases of 
the As being located at the surface and, conversely, at the 
buried interface. Since such calculations are really only valid 
for uniform overlayers, the area ratio data and results of 
these calculations are presented in Table I only for the the 
two lowest substrate temperatures (300 and 450 °C) where 
RHEED and ex situ atomic force microscopy (AFM) indi- 
cated that the surfaces were still smooth. Also presented in 
Table I are the area ratios of Ga 3d (GaN)/N Is and Ga 
3d(GaAs)/As 3J(GaAs). By comparison with the measured 
ratios for GaAs substrates and GaN epitaxial films, given 
earlier, it can be seen that, while the substrate data agrees 
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TABLE I. Intensity ratios obtained from the curve fitting of the XPS data from nitrided GaAs (001) surfaces at 
low temperature and the subsequently calculated estimates of the GaN and As overlayer thicknesses. 

(Ga 3 d)/ 
Ga3d As 3d Ga3d (As 3d) 

(GaN/GaAs) (As/GaAs) d(GaN)/k rf(As)/A (GaN/Nls) (GaAs) 

300 °C/5 min 0.38 0.26 3.4-3.8 2.7-3.1 0.47 0.64 

300 "C/15 min 0.6 0.29 6.3-7.1 2.7-3.4 0.55 0.61 

450 °C/5 min 0.77 0.18 8.1-8.7 1.6-2.2' 0.62 0.66 

450 °C/15 min 1.0 0.17 9.9-10.6 1.4-2.1 0.55 0.65 

well, there is almost twice the N 1 s signal required to satisfy 
the formation of GaN! Since the N must be bonded onto the 
surface it is again suggested that As-N species are present, 
and in comparable quantities to GaN, at these early stages of 
nitridation. In addition, comparison of the nitride thicknesses 
as a function of time indicate that the nitridation rate does 
saturate at these temperatures, presumably due to the require- 
ment of transporting the incoming atomic nitrogen through 
the surface layer. 

A second approach was also considered. Here, the fact 
that As 3d signals were detected in all experiments, and the 
(Ga 3d)/(As 3d) ratio for GaAs substrates is known, was 
used to determine the contribution of the substrate Ga to the 
total Ga 3d signal. The estimated thicknesses, d, determined 
in this way for 5 min nitridations at the same temperatures 
considered were as follows: T = 300 °C(d = 4.8-5.5 Ä) and 
T = 450 °C(d = 8.6-9.3 Ä). The spread of values again re- 
flects the uncertainty in the location of the reacted As as 
discussed. Comparison of the derived thicknesses, between 
the two methods for the low temperature nitridations shows 
that the agreement, although not perfect, is nonetheless rea- 
sonable. 

The same calculations have also been performed for the 
higher sample temperatures where RHEED indicated the ab- 
sence of a smooth surface. For these samples Eq. (2) is not 
valid and so the values derived are presented only to illus- 
trate, in more comprehensible terms than Figs. 3 and 4, the 
effect of sample temperature on the extent of nitridation. 
Examination of Eq. (2) leads to the expectation of an en- 
hanced substrate signal from the thinner overlayer regions 
giving rise to calculated thicknesses that are less than the 
average thickness. The calculated values are as follows: T 
= 530 °C (d = 16 Ä); 580 °C (d = 25Ä); 620 °C (d 
= 62Ä). 

IV. DISCUSSION/CONCLUSIONS 

The measurements presented here have shown that reac- 
tion of atomic nitrogen with the clean GaAs (001) surface is 
a strong function of the sample temperature and at high tem- 
peratures is capable of producing reasonably thick, but non- 
uniform, GaN films. The calculated thickness value of 62 A 
obtained for 5 min nitridation at 620 °C must be a lower 
limit estimate due to this nonuniformity. In fact the aggres- 
sive nature of the process under these conditions was evi- 
denced by the fact that the surface of the sample was visibly 
disrupted with a large number of local defects separated by a 

generally slightly roughened background. Closer examina- 
tion with an AFM revealed that the background was com- 
posed of small grains of diameter 250±50 Ä clustered to- 
gether to form larger grains of diameter 1750±250 A which 
combined to give the surface a rms roughness of —40 A 
which is comparable with the calculated thickness of the 
film. This granular structure is presumably responsible for 
the appearance of polycrystalline rings in the RHEED pat- 
tern. 

It is possible that the disruption of the surface is a natural 
consequence of the amount of GaN being produced. Sato, 
using plasma enhanced metalorganic chemical vapor deposi- 
tion temperature of 500 °C, observed roughening of the 
GaAs surface for GaN coverages of > 1 ML and proposed a 
model based on the lattice mismatch between GaAs and GaN 
to explain the formation of subsurface GaN clusters.16 In 
addition, there is a serious question as to the fate of the As 
that must be released at the buried interface as nitridation 
proceeds. Given that it is unlikely that As, as a relatively 
large atom, can migrate away from the interface at the same 
rate as nitrogen atoms can migrate to it, it is possible that the 
release of As contributes to the disruption of the surface 
region. 

The nature of the surface film and the fate of the As 
released at low temperatures is also interesting. RHEED and 
AFM evidence for nitridation at 450 °C showed that this film 
was commensurate with the GaAs substrate and had a sur- 
face that was essentially smooth despite the fact that the 
measured GaN film had a thickness approaching 10 A, a 
value well in excess of the —2.25 Ä value that corresponds 
to 1 ML. Thus it appears possible to freeze out the condition 
that layers above 1 ML GaN coverage form relaxed GaN 
clusters.16 As has been stated, the released As had a binding 
energy consistent with the elemental form, however, there is 
evidence from the apparent excess of nitrogen present and 
the broadening of the N 1 s signal that As-N species might 
also be present. This is not a new concept, having been dem- 
onstrated for the reaction of hydrazoic acid (HN3) with GaAs 
(001).8 It can be added that the reacted As species is likely to 
be in a very disordered state since the Gaussian widths used 
to fit it were observed to increase by 2.2 to 2.5 eV compared 
to the width (of 0.625 eV) required as part of the fit of the 
clean GaAs surface As 3d doublet. At the same time the 
reacted Ga 3d component required an increase in the width 
of its Gaussian component by amounts from 0.2 to 0.45 eV 
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above the clean GaAs value of 0.81 eV (noting that the Ga 
3d, although a doublet, has been treated as a singlet). 

It is important to consider the results presented here in 
terms of the growth of GaN/GaAs structures. Most growth of 
nitrides is initiated at temperatures of —600 °C or higher, 
where the interaction with the surface is aggressive. This 
possibly goes some way to explaining the relatively poor 
quality of material often reported using GaAs substrates. 
Avoiding surface nitridation is not necessarily straightfor- 
ward. As has been noted by Sato,16 plasma sources require a 
short but not insignificant period of time to achieve a stable 
flux of the active species as a result of either the transients 
involved in striking the plasma, or the requirement of alter- 
ing the tuning conditions for coupling the rf power input. 
Additionally, shuttering of the plasma sources in the MBE 
environment is unlikely ever to be 100% efficient. Our ex- 
perience with a simple shutter arrangement has been that 
nitridation of the clean GaAs surface occurs to some extent 
even with the shutter closed. Since nitridation at higher tem- 
peratures appears to be so rapid, lack of attention to the first 
stages of the growth process may result in poor quality or 
irreproducible epitaxy. Curiously, Hausenstein era/.13 have 
shown that the formation of the GaAs-N (3X3) reconstruc- 
tion was a reversible process so that it was possible to re- 
cover a clean high quality GaAs surface especially if an As 
flux is also present. The implication here is that reevapora- 
tion of N occurs from this reconstructed surface so that if the 
active N flux is low compared to the reevaporation rate (e.g., 
achieved by having a very efficient shutter) high quality sur- 
faces may be retained for long periods. The issue is clearly 
complicated. 

In summary, the nitridation of the GaAs (001) surface 
with atomic nitrogen proceeds slowly at low temperatures 
but at the temperatures typical of epitaxial growth (600 °C 
and higher) it is very aggressive. Therefore great care must 
be taken to control this process before the onset of growth. 
Curve fitting of the XPS spectra, to reveal the nature of the 
reaction products at low temperatures, indicates the possible 

formation of As-N species in addition to GaN and yields 
some quantitative information on the thickness of the nitride 
layer. In view of the uncertainty in the physical location of 
the As for low nitridation temperatures and the nonunifor- 
mity at higher temperatures, these deduced thicknesses 
should be viewed as an approximate guide. 
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The optical transitions in InGaN/AIGaN single quantum wells (SQWs) grown by metal-organic 
chemical vapor deposition have been studied. The spectral lineshape and the recombination 
dynamics of the optical transitions have been systematically investigated at different conditions. It 
was found that the main photoluminescence (PL) emission line in these SQW was contributed 
predominantly by the localized exciton recombination. However, time-resolved PL results revealed 
the presence of a band-to-impurity transition which cannot be resolved spectroscopically from the 
localized exciton transition line due to the broad emission linewidth. © 7997 American Vacuum 
Society. [S0734-211X(97)08604-6] 

I. INTRODUCTION 

The group Ill-nitride wide band gap semiconductors have 
attracted much attention recently because of their potential 
for many applications such as blue/UV light emitting diodes 
(LEDs), laser diodes (LDs), and high-temperature and high- 
power electronic devices.1 In particular, InGaN has the ad- 
vantage of tunability of the energy gap, allowing greater con- 
trol over the spectrum of emitted light from visible to near 
UV. InGaN/AIGaN single quantum wells (SQWs) are being 
used as an active medium for commercial high brightness 
blue/green LEDs.2 Blue/UV LDs operating at room tempera- 
ture based on multiple quantum wells (MQW) of 
In^Ga!^N/hiyGa!_yN (x>y) have also been demonstrated 
recently.3 However, the optical properties of InGaN and the 
nature of the optical transitions in InGaN QWs are not well 
understood. Needless to say, a better understanding of opti- 
cal transitions in InGaN QWs is needed for the improve- 
ments of optoelectronic devices based on these materials. In 
this work, we have employed time-resolved photolumines- 
cence (PL) measurements to study the mechanisms of optical 
transitions in InGaN/AIGaN SQW. Compared with InGaN/ 
GaN and GaN/AlGaN QW structures,4 the InGaN/AIGaN 
QW structure provides more controlled parameters due to the 
fact that both the barrier and well materials are alloys, an 
enhanced photon confinement due to the larger difference in 
the indices of refraction between InGaN and AlGaN, and an 
enhanced carrier confinement due to the larger band offset. 

II. SAMPLES 

Unintentionally doped InGaN/AIGaN SQW samples used 
here were grown by metal organic chemical vapor deposition 
(MOCVD) in an atmospheric pressure vertical reactor. The 
structure of these InGaN/AIGaN SQW is shown schemati- 

a)Electronic mail: Jiang@Phys.ksu.edu 

cally in Fig. 1. Source gases used were ammonia (NH3), 
trimethylgallium (TMG, -10°C), and trimethylaluminum 
(TMA, +18°C) and ethyldimethylindium (EdMIn, 
+ 10 °C) was used as the carrier gas. Prior to the deposition 
of the SQW, a thin 100 Ä A1N buffer layer was grown on a 
(0001) sapphire substrate at 700 CC by atomic layer epitaxy 
(ALE). Next, a 0.1-^m-thick Al^Ga^N (y~0.05) cladding 
layer was grown by MOCVD at 950 °C, followed by a 
graded In^Gaj^N layer deposited while the temperature was 
ramped down from 800 to 750 °C. The active In^Ga^N 
was then grown at 750 °C, followed by a 500 Ä 
AljGa^yN (y~0.05) upper cladding layer grown at 950 °C 
to complete the structure. The thickness of the active 
In^Gaj „XN well is estimated to be about 50 Ä, based on the 
growth rate and the transmission electron microscope (TEM) 
studies carried out on this material system. The value of x 
was estimated in the 20%-25% range as determined by x-ray 
diffraction studies on thicker In^Ga^N films. This range in 
the value of x is due to compositional nonuniformity across 
the wafer in our current ALE/MOCVD reactor. From these 
parameters, the energy band diagram of the InGaN/AIGaN 
single quantum well sample studied here can be constructed 
and is shown in Fig. 2. 

III. EXPERIMENT 

For photoluminescence measurements, samples were at- 
tached to copper sample holders and placed inside a closed- 
cycle He refrigerator with a temperature variation from 10 to 
320 K. A temperature controller enabled us to stabilize the 
temperature to within 0.1 K. Photoluminescence spectra 
were collected in a reflecting mode. Excitation pulses of 
about 7 ps at a repetition rate of 9.5 MHz were provided by 
a cavity-dumped dye laser (Coherent 702-2CD) with 
Rhodamine 6G dye solution, which was pumped by an 
yttrium-aluminum-garnet (YAG) laser (Coherent Antares 76) 
with a frequency doubler. The output from the dye laser was 
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FIG. 1. Schematic diagram of MOCVD grown InGaN/AlGaN single quan- 
tum well samples used in this work. 

frequency doubled again by a second frequency doubler to 
provide tunability in the UV region. The laser output after 
the second doubler has an average power of about 20 mW, a 
tunable photon energy up to 4.5 eV, and a spectral width of 
about 0.2 meV. The laser beam size on the sample was about 
0.3 mm in diameter. A single photon counting detection sys- 
tem was used to record the time-resolved photoluminescence 
spectra. With the use of a microchannel-plate photomulti- 
plier tube (MCP-PMT), the overall time resolution of the 
detection system was about 20 ps. The excitation intensity 
was controlled by a set of UV neutral density filters with 
different attenuation parameters D, and was thus propor- 
tional to 10_£\ 

IV. RESULTS AND DISCUSSIONS 

Figure 3 shows the continuous-wave (cw) photolumines- 
cence (PL) emission spectra of an InGaN/AlGaN SQW mea- 
sured at T= 10 K. The main peak at about 2.8 eV results 
from the InGaN active well region and is predominantly due 
to the localized exciton recombination. An additional emis- 
sion line with a much lower emission intensity and a nar- 
rower linewidth at about 3.62 eV is also evident in Fig. 1, 
which results from optical recombination in the A^Ga^N 
barrier layers. This assignment is based on the fact that the 
emission energy is consistent with the expected Al composi- 
tion of about 0.05. 

Figure 4 shows the cw PL spectra measured at T= 10 K 
for five representative excitation intensities, 7exc=0.01, 0.1, 

500Ä J 50A        400Ä 1000Ä ■ 

Alo.05Gao.95N Al0.05Ga„.95N 
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FIG. 3. PL spectrum of an InGaN/AlGaN SQW measured at 10 K. 

0.32, 0.63, and 1.0/0. These spectra have been normalized to 
the maximum peak intensity for each /exc for a better illus- 
tration. The overall spectral line shapes for different 7exc are 
quite similar. However, it is clear that the peak position of 
the dominant band is shifted toward higher energies as exci- 
tation intensity increases. This observation is expected for a 
localized exciton recombination. In semiconductor alloys, 
excitons are localized in random potential wells induced by 
alloy disorder. At higher excitation intensities, lower energy 
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FIG. 2. Energy band diagram of InGaN/AlGaN single quantum well sample 
used here. 

FIG. 4. PL spectra measured at T= 10 K for five representative excitation 
intensities, /exc=0.01, 0.1, 0.32, 0.63, and 1.0 70, respectively. 
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FIG. 5. Excitation intensity dependence of PL emission intensity measure at 
10 K. The solid curve is the least squares fit of data by Eq. (1). 

states are more likely being occupied and consequently more 
excitons have to fill in higher energy states, which causes the 
shift of emission peak position toward the higher energies. 

The PL emission intensity, 7emi, of the dominant PL band 
near 2.8 eV at 10 K as a function of excitation intensity, 
/exc, has been measured. This is plotted in Fig. 5. It is found 
that /emi increases superlinearly with excitation intensity, 
i exc, following a power-law form, 

*■ emi    *- exc * (i) 

The solid curve in Fig. 5 is the least squares fit of the data 
with Eq. (1), where the fitted exponent ß is about 1.4. The 
superlinear increase of /emi with 7exc has also been observed 
for the localized exciton recombination in InGaN epilayers,5 

in which the exponent ß is 2.6. The superlinear behavior 
seen here supports our interpretation that the main emission 
line in these InGaN SQW is of a predominantly intrinsic 
nature, i.e., localized exciton recombination. The smaller 
value of exponent ß seen here may be due to the presence of 
an impurity related transition which cannot be resolved spec- 
troscopically from the localized exciton transition line due to 
the broad linewidth. 

In order to elucidate further the nature of the dominant 
emission line near 2.8 eV in InGaN/AlGaN SQW, we have 
employed a time-resolved PL to study its dynamical behav- 
ior. There have been a few prior measurements on time- 
resolved PL on similar systems, such as InGaN epilayers5 

and InGaN/GaN SQW.6"8 The decay of the localized exci- 
tons in high-quality InGaN epilayers is exponential, while 
the PL in InGaN/GaN SQW under a strong excitation decays 
according to a bimolecular law due to the nature of the band- 
to-band (free electron-to-free hole) transition under such a 
condition. On the contrary, the decay of the PL emission 
band in InGaN/AlGaN SQW observed here is neither an ex- 
ponential nor a bimolecular type. This is illustrated in Fig. 6 
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FIG. 6. Semilogarithmic plot of PL temporal responses measured at three 
representative emission energies. The solid curves are the least squares fit of 
data by two-exponential decay functions of Eq. (2). The detection system 
response (~20ps) to the laser pulses (7 ps) is indicated as "system." 

where the temporal responses of PL emission measured at 10 
K for three representative emission energies together with a 
system response (20 ps) to the laser pulses are shown. The 
PL decay shown in Fig. 6 can be described very well by a 
two-exponential function, 

I(t)=Al exp( — tlTx)+A2 exp( —f/r2), (2) 

where TJ and T2 are the recombination lifetimes for the faster 
and slower components, respectively. Across the entire emis- 
sion band, PL decay kinetics can all be fit very well by Eq. 
(2) and the PL amplitude of the fast decay component A t is 
always greater than 90%. 

In Fig. 7, we plot the recombination lifetimes of the fast 
and slow decay components, Tj and r2, as functions of emis- 
sion energy. Tj is approximately constant in the range from 
2.67 to 2.8 eV and then decreases from 0.7 to 0.4 ns as the 
emission energy increases from 2.8 to 3.05 eV and is com- 
parable to the recombination lifetimes of the localized exci- 
tons in InGaN epilayers.5 Localized excitons in semiconduc- 
tor alloys can transfer from higher energy sites to lower 
energy sites with a relaxation rate that increases with an in- 
crease of emission energy.6 Thus the observed decrease of 
Ti with increasing emission energy shown in Fig. 7(a) is also 
expected for localized excitons. These results further support 
our interpretation that the main emission band in InGaN 
SQW is contributed predominantly by the localized exciton 
recombination. However, there is a second PL emission 
component (A2<10%) which has a recombination lifetime 
(T2) ranging from 5.5 to 2.5 ns. The observed nanosecond 
recombination lifetimes of r2 suggests that this second emis- 
sion component is of a band-to-impurity nature. Addition- 
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ally, the emission energy dependence of the recombination 
lifetime r2 is also similar to that of a band-to-impurity tran- 
sition seen previously in a GaN epilayer.9 

Furthermore, based on a previous theoretical model,10 the 
asymptotic decay of the band-to-impurity recombination at 
longer times follows a power law, I{t)^t~a. We have re- 
plotted PL temporal responses in a double logarithmic scale 
and found that the PL decay at longer times indeed follows a 
power law with the decay exponent a increasing with an 
increasing of the emission energy. A power law decay at 
longer times has been observed for a band-to-impurity re- 
combination in /»-type doped GaN previously.11 This further 
supports our interpretation that the second slower decay 
component is due to a band-to-impurity recombination. 

Finally, we have also obtained some preliminary results 
on recently grown InGaN/AlGaN SQW of higher quality, in 
which more than one emission peak can be clearly resolved 
in time-resolved PL spectra. This further corroborates our 
assignment. The dependence of r2 on emission energy at low 
temperatures suggests that the energy level of the impurity 
involved in the transition may have a distribution, which 
together with alloy disorder in InGaN causes the broad emis- 
sion linewidth observed in the SQW investigated here. Ad- 
ditionally, interface roughness, dislocations caused by lattice 
and thermal coefficient mismatches between InGaN and Al- 
GaN, and native defects may also contribute to the emission 
linewidth broadening, which further leads to the difficulties 
in resolving different emission lines in cw PL spectra. 

The excitation intensity dependencies of the recombina- 
tion lifetimes rx and r2 have also been measured and are 
shown in Fig. 8. Both rt and T2 are almost constants when 
/exc is varied by two orders of magnitude. This suggests that 
the localized exciton recombination is always the dominant 
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FIG. 8. Excitation intensity dependencies of the recombination lifetimes r^ 
and T2 measured at the spectral peak positions at 10 K. 

optical transition in InGaN/AlGaN SQW samples studied 
here. 

V. SUMMARY 

Mechanisms of optical transitions of InGaN/AlGaN SQW 
have been studied by time-resolved PL under different con- 
ditions. The dynamical behavior of the PL emission reveals 
that the main emission line in these SQW is due to the com- 
bination of the localized exciton and a band-to-impurity re- 
combination. The spectral line shape and the recombination 
dynamics of the localized exciton and the band-to-impurity 
transitions have been systematically investigated at different 
conditions. 
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A selection of the results of a theoretical investigation of the properties of interfaces and surfaces of 
the wide-gap III-V nitride semiconductors is reviewed. The electronic properties of wurtzite 
heteroepitaxial interfaces of A1N and GaN, incorporating the effects of strain, are discussed. In 
particular, we find that this interface is of type I and have calculated the valence-band offset to be 
-0.57 eV. The surface energies and atomic geometries of the 2X2 reconstructions of the (0001) 
face of GaN are also presented. In conditions which are rich in a given species, an adatom 
reconstruction of that species is found to be the most energetically favorable: for gallium-rich 
conditions, the reconstruction with a gallium adatom on a T3 site is the most stable, while for 
nitrogen-rich conditions the reconstruction with a nitrogen adatom on the H3 site is energetically the 
most favorable.   © 1997 American Vacuum Society. [S0734-211X(97)11904-7] 

I. INTRODUCTION 

Semiconductor heterojunctions find wide applications in 
microelectronics. These include lasers, photodetectors, high- 
efficiency solar cells, and radiation-resistant integrated 
circuits.1 The III-V nitrides with their wide band gaps, high 
thermal stability and conductivity, and radiation resistance 
have long been viewed as attractive candidates for use in 
microelectronic devices.2 

The recent demonstration of a GaN-based blue laser, 
which follows three decades of research, has served to high- 
light the potential of these materials.3 However, at present, 
the mechanisms underlying the workings of the blue laser are 
not understood. To this end and in order to develop other 
nitride-based devices, great effort is being expended to un- 
derstand and control the materials properties of the wide gap 
nitrides. 

II. METHODOLOGY 

The standard ab initio plane-wave pseudopotential 
method4"6 was used in the calculations of interface proper- 
ties. To ensure convergence of the nitrogen pseudopotential, 
an energy cut-off for the plane-wave expansion of 50 Ry was 
chosen. The equivalent of 10 £-points for bulk and superlat- 
tice calculations in the zinc-blende structure7 and 6 
k-points for calculations of the wurtzite structure8 were em- 
ployed. A careful check of the convergence in both the size 
of the plane-wave basis and the number of special points was 
made. For the surface calculations, a multi-grid-based total- 
energy method that uses a real-space grid as the basis was 
used. This approach has been used to study a wide range of 
systems involving large numbers of atoms.9 The ions were 
relaxed using the "fast-relax" algorithm.10 

The Perdew-Zunger parametrization11 of the Ceperley- 
Alder form of the exchange-correlation energy was chosen. 
Nonlocal, norm-conserving pseudopotentials13-15 were in- 
cluded using the Kleinman-Bylander approach.16 For gal- 
lium, a recently developed norm-conserving pseudopotential, 

"Electronic mail: nardelli@nemo.physics.ncsu.edu 

which includes a nonlocal core correction,17 and permits an 
efficient description without the need for an explicit treat- 
ment of the d valence electrons was used. For nitrogen, a 
standard pseudopotential with a neutral configuration as the 
atomic reference for all states was employed. These pseudo- 
potentials have been demonstrated to reproduce accurately 
the bulk properties of GaN.18 

The calculated bulk properties are presented in Table I. 
The theoretical lattice parameters of both the zinc-blende and 
wurtzite forms agree very well with the experiment; a similar 
level of accuracy is expected for the surface and interface 
calculations described below. The cohesive energy of GaN 
and a-Ga is 10.42 eV and 3.4 eV, respectively. The binding 
energy of nitrogen molecule is 5.87 eV per nitrogen atom, in 
good agreement with other local density approximation 
(LDA) calculations.19 The theoretical heat of formation of 
GaN is thus 1.15 eV, in good agreement with the experimen- 
tal value of 1.14 eV. 

III. INTERFACE PROPERTIES 

Interface behavior is very important in determining the 
properties of semiconductor devices. We have investigated 
the wurtzite (0001) GaN/AIN interface. Superlattices of A1N 
and GaN are expected to be strained because of the 3.5% 
theoretical lattice mismatch between A1N and GaN (the ex- 
perimental value is 2.7%). The effects of the strain were 
incorporated using macroscopic elasticity theory.20 In this 
theory, each half of the heteroj unction is treated as a strained 
bulk with a fixed in-plane lattice constant a\\. The strain 
energy of the system is minimized, keeping the in-plane lat- 
tice constant fixed, to determine the perpendicular lattice 
constant, c, of the epilayer. For A1N and GaN, the calculated 
elastic constants used to determine the strains are given in 
Table II. Total energy calculations confirm the that macro- 
scopic elasticity theory predicts well the perpendicular lattice 
constant for the epilayer. The residual relaxation of the at- 
oms at the interface is negligible (<0.05 A) and does not 
affect the band offset of the interface.18 
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TABLE I. Calculated bulk properties of zinc-blende and wurtzite nitride 
semiconductors. The values of the gap at the T-pt (Er) and of the valence- 
band width (A£„s„.) are the LDA results. Note that the LDA indirect gap in 
zinc-blende A1N is 3.2 eV. Experimental values are in brackets and follow 
Ref. 35. 

A1N GaN InN 

zinc-blende 
a0(k) 4.37 (4.38) 4.52 (4.5) 5.01 (4.98) 

B0 (Mbar) 2.02 (2.02) 1.70(1.90) 

wurtzite 

1.58 (1.37) 

a {A) 3.09 (3.11) 3.20 (3.19) 3.55 (3.54) 

c/a 1.62 (1.60) 1.63 (1.63) 1.63 (1.61) 
u (units of c) 0.378 (0.382) 0.376 (0.377) 0.375 

B0 (Mbar) 1.99 (2.02) 1.69 (1.95, 2.37) 1.62 (1.26, 1.39) 

The band offsets of the (0001) GaN/AIN strained hetero- 
junction were studied following the procedure of Ref. 21. 
The valence band offset is divided into a band-structure con- 
tribution, which is the difference between the energies of the 
valence-band and conduction-band edges when the average 
electrostatic potentials of the epilayers are aligned, and the 
difference in the value of the average electrostatic potential 
(A V) in the two epilayers of the heterostructure. Strain will 
affect the electronic properties of the interface through the 
variation of the average electrostatic potentials and through 
the variations of the band edges (deformation potentials). 
The calculated valence-band offset in the case of an A1N 
in-plane lattice constant (strained GaN) is estimated to be 
-0.57 eV,22 a value smaller than the result for the strained 
nonpolar (001) GaN/AIN interface. The ratio of the 
conduction-band to valence-band offset is 65:20. These re- 
sults agree very well with the experimental measurements of 
the (0001) wurtzite interface.23 

As spin-orbit effects in both A1N and GaN have been 
shown to be of the order of 20 meV, their difference, which 
enters into the calculations of the band offsets, is much 
smaller than other possible sources of systematic error.24 

These include the neglect of the anion p- and cation 
J-state repulsion25 and the well-known neglect of many- 
body effects in the LDA. In GaN/AIN interfaces, the inclu- 
sion of the 3d electrons as valence electrons results in a 
constant shift of 0.2 eV, which is less than the experimental 
error,23 and does not change the character of the interface. 
Incorporating this shift gives results in agreement with pre- 
vious work using a d valence pseudopotential30 and an all- 
electron calculation.26 The importance of many-body effects 
on the band offsets is not known and awaits a future GW 
calculation. 

TABLE II. Elastic constants calculated for zinc-blende A1N, 
(in units of Mbar). The experimental values in brackets are 

GaN, and InN 
from Ref. 36. 

A1N GaN InN 

c„                      3.01 
Cj2                      1.62 

2.61 (2.64) 
1.27 (1.53) 

2.14 
1.37 

The wurtzite system displays pyroelectric and piezoelec- 
tric behavior.27 These effects will manifest themselves mac- 
roscopically in multiple quantum wells along those direc- 
tions that do not have a perpendicular mirror plane.28,29 In 
(0001) strained GaN/AIN, we observe a substantial electric 
field as has been previously noted by Satta and co-workers. 
We have calculated the spontaneous bulk polarization of un- 
strained A1N and the strain-induced polarization for the GaN 
epilayer, in order to distinguish the bulk pyroelectric and 
piezoelectric contributions to this field from that induced by 
the interface. A superlattice consisting of eight layers of 
wurtzite and six layers of lattice-matched zinc-blende was 
used.31 In unstrained zinc-blende, the bulk spontaneous po- 
larization is rigorously zero. Further, zinc-blende-wurtzite 
interface does not introduce any chemical or geometrical per- 
turbations. This construction, therefore, permits the unam- 
biguous determination of the spontaneous polarization 
present in the wurtzite structure from the slope of the mac- 
roscopic average of the electrostatic potential. The spontane- 
ous polarization (P3) of A1N and GaN in equilibrium is 
-1.227 fiC/cm2 and -0.448 yuC/cm2, respectively; the po- 
larization of the strained GaN is -0.454 /iC/cm2. These val- 
ues are comparable to the computed bulk polarization in 
BeO.31 The effect of the interface dipole is small; the polar- 
ization in the GaN/AIN multiple quantum well is well de- 
scribed as the sum of the polarizations of the constituent 
epilayers of the multiple quantum well. The estimated con- 
tribution of the interface dipole (which includes the response 
of one epilayer to the field of the other) is 0.057 /iC/cm2, 
which is of opposite sign and an order of magnitude smaller 
than the bulk polarizations. The computed value of the po- 
larization in the superlattice agrees with that estimated from 
experiment by Martin et al.2 

IV. SURFACE RECONSTRUCTIONS 

The (0001) surface is a polar surface. The ideal surface 
has dangling bonds with charge distributions that are ener- 
getically unfavorable. If kinetically permitted, the surface at- 
oms will relax and redistribute the "dangling-bond" charge 
density so as to satisfy the valences of all of the surface 
species. This can be achieved via structural relaxation (with a 
concomitant charge transfer between surface atoms). Recent 
experimental studies have revealed the presence of 2X2 re- 
constructions during growth.32 In this article, we restrict our 
attention to these reconstructions on the gallium-terminated 
face. 

We considered eight different 2X2 reconstructions, 
namely the ideal relaxed structure and gallium vacancy, ni- 
trogen adatom, gallium adatom, and nitrogen trimer, each on 
the T3 and H3 (hollow) sites (see Figs. 1 and 2). We find that 
adatom reconstructions are the most energetically favorable 
of the studied reconstructions. In particular, in the gallium- 
rich case that the gallium adatom on the T3 site has the 
lowest energy, while in the nitrogen-rich case the nitrogen 
adatom on the H3 is the most stable. 

The slabs contained four bilayers of GaN, three bilayers 
of which were relaxed. Relaxations in the third bilayer were 
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FIG. 1. Schematic top view of the 2X2 gallium-adatom reconstruction on 
the (0001) surface of GaN. The gallium adatom (in grey) sits above a nitro- 
gen in the second layer on the T3 site. The numbers denote gallium atoms on 
the surface, while the primed numbers denote nitrogen atoms in the first 
subsurface layer. 

negligible, indicating that a sufficiently thick slab was em- 
ployed. Pseudo-hydrogens with Z=0.75 passivated the 
nitrogen-terminated face.33 If the work functions of the two 
surfaces are different, then the periodic boundary conditions 
of the supercell enforce a common electrostatic potential in 
the vacuum and result in an unphysical change in the electric 
potential in the vacuum region equal to the difference be- 
tween the two work functions. A large vacuum region of 10 
A served to reduce the size of this field. Previous calcula- 
tions that explicitly included a correction for this field did 
not show significant differences in the final equilibrium 
geometries,34 and consequently field corrections were not in- 
cluded in our calculations. An orthorhombic supercell with 
grid spacing of 0.21, 0.22, and 0.20 a.u. in the x, y, and z 
directions, respectively, was employed. The eight reconstruc- 
tions mentioned above were studied using T-point sampling. 
For the lowest energy structures of each class, i.e., nitrogen 

~ 11 
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 (1X1) relaxed 
 N-adatom on H3 site 
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FIG. 2. Schematic top view of the 2X2 nitrogen-adatom reconstruction on 
the (0001) surface of GaN. The nitrogen adatom sits above the hollow 
(H3) site. The numbers denote gallium atoms on the surface, while the 
primed numbers denote nitrogen atoms in the first subsurface layer. 

FIG. 3. Formation energy vs gallium chemical potential for the (0001) sur- 
face. The maximum chemical potential for N (Ga) is equal to the energy per 
atom calculated for N2 (bulk Ga). Two k-points are sampled in the irreduc- 
ible Brillioun zone. 

adatom on H3 site, nitrogen trimer on the T3 site, etc., a 
further calculation using two ^-points in the irreducible Bril- 
lioun zone was carried out. 

Figure 3 displays the relative surface energies for the five 
different reconstructions calculated using 2 k-points in the 
irreducible Brillioun zone. Under gallium-rich conditions 
and for most of the range of the chemical potential, the low- 
est energy reconstruction is the gallium adatom on the T3 

site, while under nitrogen-rich conditions, the reconstruction 
with the nitrogen adatom on the H3 site is preferred energeti- 
cally. 

The gallium-adatom reconstruction is shown in Fig. 1. 
The adatom sits on the T3 site above the subsurface nitrogen 
atom; the gallium-nitrogen distance is 2.46 A. The gallium- 
adatom surface-gallium bond length is 2.40 Ä, which is very 
close to the Ga dimer distance in a-gallium (2.44 Ä). The 
bond angle between two gallium surface atoms and the ada- 
tom is 82°. The in-plane relaxation of the surface atoms is 
negligible; the only observed relaxation of the first bilayer is 
along the z direction. The three gallium atoms bonded to the 
adatom remain coplanar to a significant degree, while the 
remaining unbonded gallium surface atom relaxes into the 
slab. The proximity of the gallium adatom to the nitrogen 
subsurface atom lowers the electrostatic energy and makes 
this particular configuration energetically more favorable 
than the gallium adatom reconstruction with the adatom on 
the hollow site. 

The nitrogen-adatom reconstruction is shown in Fig. 2. 
The adatom sits on the hollow (H3) site. The nitrogen- 
adatom surface-gallium bond length is 2.0 Ä and is very 
close to the Ga-N bond length distance in GaN bulk (1.96 
A). The bond angle between two gallium surface atoms and 
the nitrogen adatom is 89°. The relaxation perpendicular to 
the surface is very similar to that in the gallium-adatom re- 
construction. This configuration is stabilized because it sepa- 
rates the nitrogen adatom from the subsurface nitrogen atom 
and thereby lowers the electrostatic repulsion. 
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V. SUMMARY 

We have reviewed a selection of theoretical results for the 
properties of interfaces and surfaces of the gallium and alu- 
minium nitrides. The electronic properties of wurtzite het- 
eroepitaxial interfaces of A1N and GaN incorporating the ef- 
fects of strain were discussed. The strained AIN/GaN 
interface is of type I and has a valence-band offset of —0.57 
eV. As a result of the pyro- and piezoelectric nature of the 
wurtzite nitrides, macroscopic polarization of 0.057 ßC/ 
cm2, is present in multiple quantum wells along the (0001) 
direction. The surface energies and atomic geometries of the 
2X2 reconstructions of the (0001) face of GaN were also 
investigated. Adatom reconstructions were found to be the 
most energetically favorable over the whole range of gallium 
chemical potential: under gallium-rich conditions, the recon- 
struction with a gallium adatom on a T3 site is the most 
energetically favorable, while under nitrogen-rich conditions 
the reconstruction with a nitrogen adatom on the H3 site has 
the lowest energy. 
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Heterostructures involving ZnS/GaN show promise for the injection of holes from /?-GaN into 
n-ZnS. Utilizing knowledge obtained from ZnS phosphor technology, this combination could result 
in a new type of multi-color electroluminescent display. Further, this combination provides a very 
interesting interface. Both ZnS and GaN are very ionic materials. Hence, it is desirable that the 
interface will be relatively benign, and that charge injection can occur despite the large lattice 
mismatch and resulting misfit defects that form near the interface. The highly lattice mismatched 
structures ZnS/GaN and ZnS/Al203 were grown by molecular beam epitaxy using elemental 
sources. Growth rates of up to 0.4 (Ctm ph were observed for the lower growth temperatures, with 
rapidly diminishing rates for temperatures above 350 °C. The GaN substrate consisted of a 3 yam 
epilayer grown on sapphire (0001) by metalorganic chemical vapor deposition. Reflection high 
energy electron diffraction observations indicate that the zincblende ZnS layers commonly contain 
(111) twins, although films with no visible twin spots could be grown at a high substrate 
temperature. The sulfide layers were characterized using photoluminescence, x-ray diffraction, and 
scanning electron microscopy (SEM). X-ray peaks typically had widths of 400 arcsec for wl26 
scans, and somewhat worse for u> scans, indicating mosaic tilt. Photoluminescence spectra of the 
ZnS films doped with Ag and Al demonstrated the characteristic blue transition near 440 nm. SEM 
electron channeling patterns indicated that the ZnS films lie at a 30° rotated orientation to the 
A1203 (0001) substrate, as does GaN. /7-GaN/n-ZnS devices were fabricated using standard 
photolithography techniques. The current voltage characteristics are reported and preliminary 
electroluminescence results are discussed for this heterojunction system. © 7997 American 
Vacuum Society. [S0734-211X(97)06804-2] 

I. INTRODUCTION 

Zinc sulfide, with its wide direct band gap, has long been 
known as a versatile and efficient light emitting compound. 
It has been extensively used as a phosphor, and continues to 
show promise in semiconductor light emitting devices, such 
as ZnS based flat panel displays,1"3 light emitting diodes,4 

and semiconductor lasers.5 However, difficulties in produc- 
ing high quality doped material, particularly p-type, have 
otherwise reduced the utility of the sulfide system. 

Recently, high conductivity p-type GaN has become 
available.6"8 With a valence band edge below that of ZnS,9 it 
has been proposed that GaN may be a good hole injector into 
ZnS and other light emitting semiconductor materials.10 To 
this end, we have grown ZnS on GaN (0001) and sapphire 
(0001) substrates by molecular beam epitaxy (MBE) in an 
attempt to characterize this potentially interesting system as 
well as gain insight into highly lattice mismatched systems in 
general. 

While there have been many reports of ZnS grown by 
MBE on near lattice matched substrates such as Si,11'12 

GaP,13"15 and GaAs,16"18 with lattice mismatches of 0.4%, 
0.8%, and 4%, respectively, little has been reported of epi- 
taxial growth on the highly mismatched substrates GaN 
(~+20% mismatch) or A1203 ( 20% mismatch). These 
interfaces are very interesting because of the large mismatch 

a'EIectronic mail: tcm@ssdp.caltech.edu 

and the unusual properties of the constituents. First, it is not 
expected that the ZnS epilayer will grow coherently strained 
for more than 1 monolayer. More likely, relaxation in the 
layers closest to the interface will result in dangling bonds 
and numerous dislocations. In fact tilting and three dimen- 
sional (3D) relaxation are likely the most energetically pre- 
ferred strain relaxation mechanisms.19 Second, GaN and ZnS 
are known to be good light emitters even when the defect 
density is high. Hence, this interface provides us with a po- 
tentially technologically useful junction even though it is 
likely to be heavily defected. 

II. MBE GROWTH AND RHEED OBSERVATIONS 

ZnS epilayers were grown in a modified Perkin-Elmer 
430 MBE system, equipped with a valved cracking source 
for sulfur (6 N purity), Knudsen cell sources for elemental 
Zn (6 N), Al (6 N), Ag (6 N), and a radio frequency nitro- 
gen (5 N5)plasma source (Oxford Applied Research). Ex- 
cept where noted, the sulfur cracking zone temperature was 
held at 700 °C. The growth chamber maintains a base pres- 
sure during growth of 3 X 10 ~10 Torr with cryopaneling 
fully cooled. Samples were either bonded with In to molyb- 
denum holder blocks, or secured to similar blocks with Mo 
or Si clips. We found that In bonding provided better tem- 
perature uniformity and reproducibility than the use of clips. 
Temperatures were measured by thermocouple, and reflec- 
tion high energy electron diffraction (RHEED) operating at 
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FIG. 1. X-ray photoemission spectrum of GaN before and after exposure to 
in situ rf nitrogen plasma. 

10 keV was used as a characterization tool during growth. 
Some ZnS films were doped with Ag and Al. 

The GaN substrates consisted of a 3-/xm-thick epilayer 
grown by metalorganic chemical vapor deposition 
(MOCVD) on c-plane sapphire. Van der Pauw Hall measure- 
ments performed on the GaN layers indicated p -type conduc- 
tivity of 5 Cl cm, a carrier concentration of ~2 
X 1017 cm'3, and a mobility of 7 cm2/(V s). Sapphire (0001) 
substrates were sourced from Union Carbide Crystal Prod- 
ucts. Substrates were degreased in organic solvents and 
loaded into the MBE vacuum system. Before epilayer 
growth, the samples were transferred in situ between the 
growth chamber and an x-ray photoemission spectroscopy 
(XPS) analysis chamber. XPS analysis on the GaN layers 
revealed carbon surface contamination of atmospheric origin. 
It was found that the carbon could be removed by exposing 
the sample to a rf nitrogen soak at a substrate temperature of 
500 °C for -20 min (Fig. 1). The plasma operated at a 
chamber pressure of 1 X 10~6 Torr and 200 W rf power. This 
treatment also visibly improved the RHEED pattern of the 
GaN. Contamination could be reduced, but not eliminated, 
by thermal cleaning alone. The sapphire substrates were ther- 
mally treated at 500 °C for 30 min prior to growth, after 
which sharp RHEED streaks were manifest. We found that 
etching of substrates made no noticeable difference. 

Preceding MBE growth the GaN and sapphire substrates 
showed sharp RHEED streaks. After opening the source 
shutters the RHEED pattern quickly became spotty for most 
films, suggesting that growth proceeds in the 3D (Volmer- 
Weber) mode. The spotty pattern persisted throughout the 
growth period, and indicates that the ZnS films are of the 
zincblende structure with (111) orientation and are single 
crystalline or composed of mosaic crystallites which are 
aligned with the underlying substrate lattice. Most films dis- 
played twinning in the (111) growth plane [Fig. 2(B)] which 
is commonly observed for growth on a (111) oriented 
substrate,13'18 although this twinning was absent and replaced 
by (111) twins for some films grown with a lower sulfur 
cracking temperature of 300 °C [Fig. 2(C)]. Films grown at 
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FIG. 2. 10 keV RHEED images [(110) azimuth] of ZnS on sapphire (A) 
grown at 400 °C with no visible twin spots, (B) grown at 250 °C with sulfur 
cracking zone temperature at 700 °C and showing (11 l)_twins, (C) grown at 
250 °C with cracking zone at 300 °C showing (111) twins, and (D) 
ZnS:Al,Ag grown on GaN [(111) twinned]. The smudge common to all 
pictures is due to a defect in the phosphor screen (x). 

the higher temperature of 400 °C showed no visible twinning 
[Fig. 2(A)]20 and show superior surface morphology, al- 
though they suffer from extremely low growth rates. Anti- 
thetically, ringlike patterns were observed for films grown at 
very low temperatures or with poor surface preparation. 
Streaky patterns were not observed for any of the samples 
grown at temperatures between 150 °C and 400 °C and with 
source flux beam equivalent pressures (BEPs) of 
(0.3-2.0)Xl0~7 Torr. 

III. FILM CHARACTERIZATION 

Film thicknesses were measured by depth profiler and by 
spectroscopic ellipsometery, and growth rates were calcu- 
lated assuming a constant rate throughout the growth period. 
Figure 3 shows the calculated rates as a function of growth 
temperature. Rates of up to 0.4 /im/h were observed for the 
lower growth temperatures, with rapidly diminishing rates 
for temperatures above 350 °C. This trend is in agreement 
with other work.11'13'18 A typical film thickness was 600 nm. 

Some films were characterized by scanning electron mi- 
croscopy (SEM) operating in electron channeling pattern 
(ECP) mode. The ECP scans are useful as an indication of 
crystal symmetry, quality, and orientation. Channeling pat- 
terns were visible for as grown films grown at 400 °C and for 
post-annealed films. The ECP shown in Fig. 4 is of a sample 
annealed in sulfur over pressure at 1000 °C.21 For films of 
poorer crystallinity as quantified by x-ray measurements, no 
ECP was visible. As confirmed by RHEED observations, the 
scan shows that the zincblende ZnS grows at a 30° rotated 
orientation to the sapphire substrate lattice. That is, the (111) 
faces of ZnS parallel the (0001) faces of A1203 and the [110] 
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FIG. 3. Temperature dependence of the growth rate of ZnS on sapphire 
(0001). The line is meant to guide the eye. 
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FIG. 5. X-ray rocking curves for ZnS grown on sapphire at (i) 250 °C and 
(ii) 400 °C. 

azimuth points along the [1010] direction (Miller-Bravais 
notation) of the A1203. GaN has also been observed to grow 
in a 30° oriented state on sapphire (0001). The degree of 
detail visible in the ECP also indicates good crystal quality. 

High resolution x-ray diffraction analysis was performed 
using a four crystal [Ge (220)] diffractometer and Cu Ka x 
rays. Results indicated that the films are composed of mosaic 
crystalline domains which are slightly tilted and rotated from 
one another. Such mosaic films are commonly observed in 
other materials systems where large lattice mismatch exists, 
such as Si on A1203, and GaAs on Si. The full width at half 
maximum (FWHM) of (111) peaks were consistently close 
to 400 arcsec for co/26 scans, invariable with growth condi- 
tions. X-ray rocking curves (w scans) showed peak widths of 
up to several degrees, depending on growth temperature, film 
thickness, and doping (Fig. 5). The FWHM of w scans pro- 
vides an indication of the degree of mosaic tilting that is 
present in the film. Undoped samples grown at 400 °C 

showed the best as grown rocking curve FWHM of —60 
arcmin. Further improvement in crystalline quality was ob- 
tained by post-annealing at 1000 °C in a high pressure sulfur 
environment.21 

Low temperature (5 K) photoluminescence (PL) measure- 
ments were made using the 325 nm wavelength of a HeCd 
laser. The samples doped with Ag and Al produced a bright 
blue luminescence with spectra as shown in Fig. 6. Visible 
are the characteristic silver high (390 nm) and low (440 nm) 
energy emission bands.22 The relative intensities of the two 
bands are known to be dependent on sample preparation. In 
the samples studied, both bands are present for the 
ZnS:Al,Ag films grown on sapphire, while the lower energy 
peak is dominant for the films grown on rc-GaN, and the film 
grown on p-GaN shows only emission near the Ag higher 
energy wavelength. The p-GaN layer also has luminescence 
in the blue-violet region, and is not resolvable from the ZnS 
emission shown in Fig. 6(A). This variation in Ag transition 
peak intensities is not well understood at this time, and fur- 
ther study is warranted. Also present in Fig. 6(B) is the near 
band edge excitonic structure (350-400 nm) of the uninten- 
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FIG. 4. Shown is the SEM electron channeling pattern of ZnS grown on 
sapphire (0001), post-annealed at 1000 °C under high sulfur over pressure. 
The ECP indicates that the ZnS layer lies rotated to the substrate. Distortion 
in the figure is caused by charging effects. 
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FIG. 6. Low temperature (5 K) photoluminescence spectra of ZnS doped 
with silver and aluminum on (A) /?-GaN, (B) unintentionally doped 
«-GaN, and (C) sapphire (0001). 
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FIG. 8. Current-voltage trace of the prototype p-GaN/n-ZnS light-emitting 
device. Diode-like behavior is observed with large series resistance effects. 

tionally doped «-type GaN substrate. The ZnS band gap is 
too wide to probe near band edge features with this laser. 

IV. DEVICE FABRICATION 

p-GaN/n-ZnS devices were fabricated using standard 
photolithographic processes. The insulating sapphire sub- 
strate necessitated the use of lateral contacts. The fully pro- 
cessed structure is shown in the inset of Fig. 7. An aluminum 
top contact was first sputter deposited on the as grown 
ZnS:Al,Ag/GaN:Mg layers. Mesas were then patterned and 
the Al and ZnS layers were etched in a solution of 
Br:HBr:H20 (1:100:100), which was found not to quickly 
etch the GaN. Au p-type contacts were then patterned and 
sputter deposited using a lift-off process. It is not believed 
that either contact is ohmic. The effects of annealing on the 
dot-to-dot current-voltage curves for /?-GaN/Au contacts 
were observed on a separate substrate, and the results are 
presented in Fig. 7. As deposited, it is seen that the contacts 
are highly rectifying, and do not become fully ohmic even 
after annealing at 780 °C. 

The current-voltage trace of the preliminary p-n device is 
shown in Fig. 8. It shows roughly diodelike behavior, al- 
though the nonideal effects of high series resistance and rec- 
tifying contacts are evident. Turn on voltage is seen to be ~ 3 
V, which is expected, as it corresponds to the band gap of the 
materials. The necessity of lateral contacts and the low con- 
ductivity of GaN are largely responsible for the large series 
resistive component. 

At low applied voltages (3-10 V), luminescence is ob- 
served by eye to be a pale blue similar to the hue observed in 
ZnS/n-GaN PL [Fig. 6(B)]. The devices are bright enough 
during room temperature operation to be seen with the room 
lights on with 1 mA current applied. The expected nonuni- 
formity of luminescence due to current spreading is ob- 
served. Additionally, "bright spots" are seen which may be 
caused by defects or thickness variations in the ZnS layer. As 
forward bias is increased, light appears more violet colored, 
similar to low temperature ZnS/p-GaN PL [Fig. 6(A)]. The 

exact mechanism of luminescence is unclear at this time, as 
there are several possibilities. The rather broad photolumi- 
nescence spectra of the GaN:Mg and ZnS:Al,Ag samples 
were found to be quite similar at room temperature, thus 
making it difficult to deduce if recombination is taking place 
in the GaN layer or the ZnS layer. Other mechanisms, such 
as recombination in the nitride layer followed by absorption 
and fluorescence in the sulfide layer, are possible. Also, lu- 
minescence at high biases may be linked to hot carrier exci- 
tation processes. Due to the low temperatures of growth and 
device processing, we do not expect that a significant amount 
of interdiffusion has occurred, such as Zn diffusing into the 
nitride layer or Ga diffusing into the sulfide layer. Ga is 
known to act as a donor in ZnS, and Zn a deep acceptor in 
GaN. Spectroscopy and other work is in progress in the study 
of this structure. 

V. SUMMARY 

Zinc sulfide thin films were grown on GaN and sapphire 
substrates by MBE, with the GaN surface being effectively 
cleaned prior to growth by exposure to a if nitrogen plasma. 
RHEED patterns indicated that monocrystalline films could 
be grown on both substrates, but most contained microtwins 
in the (111) or (111) planes. No twins were visible in the 
films grown at 400 °C. Typical growth rates were measured 
at 0.1-0.2 /^m/h for temperatures below 350 °C and were 
much lower for higher temperatures. The samples were char- 
acterized using photoluminescence and x-ray diffraction. 
X-ray peaks typically had FWHM of 400 arcsec for CD/28 

scans, and larger widths for co scans, indicating a degree of 
mosaic tilts. The PL from the ZnS films doped with Ag and 
Al displayed bright blue luminescence. Heterostructure de- 
vices were fabricated and their current-voltage curves were 
measured. Electroluminescence from these devices was pale 
blue at low forward bias and shifted to violet at higher bi- 
ases. 
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It has been shown that well-defined, ordered organic layers can be formed on the silicon (100) 
surface. This is achieved through the interaction of unsaturated C=C bonds with the oriented 
dimers of the reconstructed Si(100)-(2X 1) surface. In this article, we present an investigation of the 
structure and chemical bonding of organic films prepared using different organic precursors. Data 
were obtained using scanning tunneling microscopy, Fourier-transform infrared spectroscopy, and 
x-ray photoelectron spectroscopy. The molecules investigated are cyclopentene, 3-pyrroline, and 
norbornadiene, representing prototypical cyclic, heterocyclic, and bicyclic unsaturated organic 
molecules, respectively. Each molecule has at least one unsaturated C=C bond. © 1997 American 
Vacuum Society. [S0734-211X(97) 11804-2] 

I. INTRODUCTION 

In recent years, there has been a great deal of interest in 
organic-based materials for applications such as nonlinear 
optics, thin-film displays, lithography, and molecular elec- 
tronics. The controlled integration of organic materials with 
the existing infrastructure in silicon-based microelectronics 
technology would present many new opportunities in these 
areas. 

Chidsey and co-workers1 successfully formed layers of 
densely packed alkyl monolayers on hydrogen-terminated 
Si(lll) and Si(100) surfaces through a free-radical mecha- 
nism. Also, ethylene and acetylene have both been shown to 
be capable of bonding to the Si(100) surface through a so- 
called "di-cr" configuration. In this configuration, the double 
bonds of the Si dimers and the double bonds of the adsorbed 
species are broken, forming two new Si-C a bonds. ~ 

In an earlier report,10 we showed that cyclopentene inter- 
acted with the dimers of Si(100) leading to well-defined 
monolayers with the molecules in the organic layer exhibit- 
ing both translational and rotational order over macroscopic 
dimensions. The basis of our method is that the dimers (for- 
mally two Si atoms sharing a a and a TT bond), which com- 
prise the clean Si(100)-(2Xl) surface can interact with 
double bonds in unsaturated organic molecules, thus, attach- 
ing the molecule to the surface through the formation of two 
new Si-C bonds. Because the interacting bonds are both 
strongly oriented, the interaction of the Si=Si dimers with 
the unsaturated C=C bonds effectively makes the surface 
Si=Si dimers act as a template for extending rotational order 
into the organic film. 

It should be possible to generalize this methodology to 
other unsaturated organic molecules so as to prepare a vari- 
ety of organic layers having novel physical and/or chemical 
properties. In this article, we compare the interaction of three 
different unsaturated organics with Si(100). Cyclopentene, 
which is shown interacting with the silicon surface in Fig. 
1(a) is a cyclic molecule with one unsaturated C=C unit. 

a)Author to whom correspondence should be addressed; Electronic mail: 
rjhamers @ facstaff.wisc.edu 

3-pyrroline, Fig. 1(b), is a heterocyclic molecule having an 
amine group as part of the ring structure. Because there are a 
number of well-defined organic chemistry reactions for link- 
ing secondary amines to other chemical functionalities, such 
a molecule can serve as a model for exploring the possibility 
of generalized attachment chemistry on the Si(100) surface. 
Finally, norbornadiene, Fig. 1 (c) is a bicyclic molecule hav- 
ing two unsaturated bonds. 

II. EXPERIMENT 

All experiments reported here were performed in ultra- 
high vacuum (UHV) systems achieving base pressures of 
< 1 X 10~10 Torr. The surfaces were characterized by sev- 
eral techniques. Direct observation of adsorbed molecules 
and molecular layers was achieved using a home-built UHV 
scanning tunneling microscope (STM). AU STM images 
shown here were obtained with a sample bias of —3 V and a 
tunneling current of 0.2-0.3 nA. Fourier-transform infrared 
(FTIR) adsorption spectra were obtained using a multiple 
internal-reflection geometry and a Mattson RS-1 FTIR spec- 
trometer coupled to a UHV system through BaF2 windows. 
X-ray photoelectron spectroscopy (XPS) experiments were 
performed using a Physical Electronics system with a mono- 
chromatized Al Ka source. For each type of experiment, 
samples were prepared and characterized completely in situ. 

The molecules used for growing the films reported on 
were bought from Aldrich and each had a purity of at least 
97%. They were introduced into the chamber through a vari- 
able leak valve. Clean Si(100) samples were prepared by 
annealing pieces of Si(100) wafers to 1475 K while main- 
taining the chamber pressure at < 3 X 10~10 Torr. This pro- 
cedure produces a clean well-ordered surface exhibiting a 
(2X1) reconstruction.11 Samples having two different levels 
of doping and two slightly different crystallographic orienta- 
tions were used. Highly doped (<0.15 ft cm resistivity, Sb- 
and P-doped) samples were used for STM and XPS experi- 
ments, while lightly doped (>5 ft cm resistivity, P-doped) 
samples were used for infrared spectroscopy experiments to 
reduce free-carrier adsorption in the bulk. 
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FIG. 1. Schematic illustration of molecules discussed in the text, (a) Inter- 
action of cyclopentene with the Si(100) surface, (b) 3-pyrroline. (c) Norbor- 
nadiene. 

Two slightly different crystallographic orientations of 
Si(100) were used. On-axis samples were oriented to expose 
the (100) surface with an accuracy ±0.5°. The distance be- 
tween surface steps is large for on-axis wafers. As a result, 
the steps are only one atom high, and the direction of the 
Si=Si dimer bond rotates by 90° across each step; this leads 
to a surface containing equal amounts of the two different 
rotational domains of the dimers, with each domain sepa- 
rated by a single-height step. We also performed experiments 
using samples purposely miscut by 4.0°±0.5° toward the 
(110) direction. For such 4°-miscut off-axis ("vicinal") 
samples, the interactions between adjacent steps are suffi- 
ciently strong that almost all steps on the surface are two 
atoms high.12'13 As a result, the rotational orientation of the 
Si=Si dimers is retained across the step, leading to samples 
in which there is only one rotational domain of the Si=Si 
dimers. In the FTIR experiments, we utilized several differ- 
ent polarizations of the incident electric field. In particular, 
we note that for s -polarized light (in which the electric field 
is parallel to the surface plane) the interaction of the electric 
field with the Si=Si dimers on a vicinal surface is different, 
depending on whether the electric field is parallel to or per- 
pendicular to the Si=Si dimer axis. Figure 2 schematically 
depicts the direction of the electric field relative to the silicon 
dimers for two different polarizations. Polarization directions 

(110) direction (perpendicular to the Si=Si dimer bonds) 
and polarization "B" has E oriented along the (110) direc- 
tion (parallel to the Si=Si dimer bonds). 

III. RESULTS AND DISCUSSION 

A. Films formed from exposure of Si(100) 
to cyclopentene 

In Fig. 3, we show scanning tunneling microscopy images 
after Si(100) was exposed to 30 L (1 X 10"7 Torr for 300 s) 
of cyclopentene at room temperature. In Figs. 3(a) and 3(b), 
the surface is oriented to within 0.5° of the (100) plane, in 
Fig. 3(c), the surface is a 4°-miscut vicinal surface, with 
arrows pointing to the locations of the double-height steps. 
In all three images, each oval shaped object protruding from 
the surface is an individual cyclopentene molecule, with the 
direction of elongation corresponding to the wide direction 
of the ring. In Fig. 3(c), it can be seen that the orientation of 
the molecules is retained across the double-height steps; ad- 
ditionally, the translational ordering in Fig. 3(c) is somewhat 
better than that observed for the on-axis sample, Figs. 3(a) 
and 3(b). We believe the improvement in ordering is due to 
the fact that the steps, which are separated by only —20 Ä, 
provide a means for relieving strain, which builds up in the 
organic layer due to steric repulsion between adjacent mol- 
ecules. Regardless of any imperfections in the translational 
ordering of the films, there are two very important features 
that can be discerned in all three images. First, the molecules 
are clearly aligned into rows; this demonstrates that the cy- 
clopentene molecules spontaneously order with very specific 
bonding locations. Second, the individual molecules appear 
elongated, and this direction of elongation is the same for all 
molecules. These images, therefore, prove that the molecules 
are ordered rotationally as well as translationally. The use of 
4°-miscut Si(100) surfaces, Fig. 3(c), allows the rotational 
orientation to be retained across the entire sample (length 
scale of centimeters).12'13 

The rotational anisotropy in the molecular orientation 
should yield rotational anisotropy in optical properties. To 
demonstrate that this is indeed the case, we present infrared 
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FIG. 3. STM image of Si(100) surface after exposure to 30 L of cyclopen- 
tene at room temperature, bias -3 V, tunneling current 0.2-0.3 nA. (a) 
Image showing ordered molecular adsorption on a single terrace, (b) High- 
resolution image showing the translational ordering and consistent elongated 
appearance of individual molecules, (c) Image obtained on a 4°-miscut vici- 
nal Si(100) substrate showing that molecular orientation of cyclopentene is 
preserved across double-height steps. Arrows indicate the positions of the 
double-height steps. 

absorption spectra for vicinal Si(100) samples exposed to 
cyclopentene. Figure 4 shows infrared absorption spectra for 
s -polarized light parallel to and perpendicular to the direc- 
tion of the Si=Si dimer bonds. As shown in Fig. 4, the 
spectra show significant differences between the two polar- 
ization    directions    in    the    C-H    stretching    region 
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FIG. 4. Si-H and C-H spectral regions showing the anisotropy of infrared 
absorption of Si(100) after exposure to 30 L at room temperature of cyclo- 
pentene for both polarization directions of s -polarized light. 

(2800-3000 cm-1). In particular, the absorption peak at 
2895 cm-1 is several times larger when measured using po- 
larization direction "A" than with direction "B." Differ- 
ences are also observed in the relative intensities of the over- 
lapping peaks at 2850-2875 cm-1. Although a full spectral 
analysis has not yet been performed, we attribute the peak at 
2895 cm-1 to a mode involving motion of the two H atoms 
at the apex of the cyclopentene molecule (attached to the C 
atom farthest from the Si surface), these C-H bonds are 
expected to lie in a plane perpendicular to polarization direc- 
tion "B" but parallel to polarization direction "A." All 
other C-H bonds in this molecule are expected to have com- 
ponents of their dynamic dipole moment along both (110) 
and (110) directions, meaning they should exhibit some ab- 
sorption strength for both polarizations. The fact that differ- 
ences in absorption for 5-polarized light along these two di- 
rections is seen confirms that the orientation observed in the 
STM image, Fig. 3(c), is maintained over centimeter dis- 
tances. 

The Si-H stretching region in Fig. 4 shows a small peak 
near 2070 cm-1 for polarization "B." This peak corresponds 
to the Si-H stretching mode for Si dimers with one attached 
hydrogen atom,14'15 and suggests that there is some dissocia- 
tion on the surface. It is not yet clear whether the dissocia- 
tion arises from impurities in the cyclopentene or if it is 
intrinsic to the preparation procedure. Nevertheless, it is ob- 
vious from the small size of this peak and the ordering ob- 
served in Fig. 3 that the extent of dissociation is small (we 
estimate <5%), and does not significantly affect the ordering 
of the molecular film. 

To confirm that the cyclopentene molecules are bonded as 
depicted in Fig. 1, we obtained x-ray photoelectron spectros- 
copy data for these films, as shown in Fig. 5. Figure 5 shows 
two C Is peaks having binding energies of 284.9 and 284.2 
eV with an intensity ratio 3:2. Since C is more electronega- 
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FIG. 5. C IS XPS spectra from a Si(100) surface, which was exposed to 30 
L of cyclopentene at room temperature. 

tive than Si, the C atoms bonded directly to the Si surface are 
expected to be more negatively charged and to, thus, have 
smaller core-level binding energies than the C atoms of the 
cyclopentene molecule, which are not bonded to the surface. 
We, therefore, attribute the peak at 284.2 eV to the two C 
atoms bonded directly to the Si surface, and the more intense 
peak at 284.9 eV to the other three C atoms having no direct 
C-Si bond. There is also a small component of the C Is 
peak at a binding energy of 285.5 eV. This is due to C=C 
and arises from excess cyclopentene physisorbed to the sur- 
face. 

One remaining question is whether the Si-Si bond of the 
silicon dimers remains intact. Two possibilities exist, as de- 
picted in Fig. 1(a); if the bond remains intact, a highly 
strained four-member ring involving two Si and two C atoms 
is formed. While the thermal 2+2 cycloaddition reaction is 
formally disallowed by symmetry arguments, dimer tilting 
might destroy the symmetry and allow the thermal reaction 
to take place. However, we note that previous studies of 
ethylene on Si(100) have suggested that the Si-Si dimer 
bond might be broken, leading to a larger ring structure and 
Si atoms having formal "dangling bonds."8'9 None of the 
experiments we have done, to date, have allowed us to con- 
clusively resolve this question. 

B. Films formed from the exposure of Si(100) 
to 3-pyrroline 

While cyclopentene shows a high degree of translational 
and rotational order, further chemical functionalization is 
difficult. However, the presence of another functional group 
within the ring structure, such as an amine group, should 
provide a means for further chemical functionalization of the 
organic film and/or a means for continuing the controlled 
growth into subsequent layers to produce multilayer films. 

The molecule 3-pyrroline, as shown in Fig. 1(b), is per- 
haps the simplest modification of the cyclopentene molecule. 
In Fig. 6, we show scanning tunneling microscopy images 
after Si(100) was exposed to 30 L of 3-pyrroline at room 
temperature. Each protrusion P in the images corresponds to 
an individual 3-pyrroline molecule bonding to the surface. 
Once again, high-resolution STM images show that these P 

FIG. 6.  STM image of the Si(100) surface after exposure to 30 L of 
3-pyrroline at room temperature, bias -3 V, tunneling current 0.2 nA. 

protrusions are slightly elongated parallel to the dimer direc- 
tion, suggesting that the molecules bond in a manner similar 
to cyclopentene. While the ordering for 3-pyrroline is poorer 
than for cyclopentene, it is important to note that there exist 
areas showing both translational and rotational order, dem- 
onstrating that there is a preferred bonding of 3-pyrroline at 
specific surface sites. However, the relative disorder and 
analysis of the positions of the features observed in STM 
suggest that there is more than one way for 3-pyrroline to 
bond to the Si(100) surface. 

The presence of more than one bonding configuration is 
confirmed through x-ray photoelectron spectra. Figure 7(a) 
shows N Is XPS spectra taken of a Si(100) sample that was 
exposed to 1 L of 3-pyrroline at room temperature and then, 
subsequently, annealed to successively higher temperatures 
for 1 min. Immediately after exposure of Si(100) to 
3-pyrroline at room temperature, two separate N 1 s peaks of 
roughly equal intensity are observed having binding energies 
of 398.4 and 399.4 eV. As the sample is subsequently an- 
nealed to higher temperatures, the peak at low binding en- 
ergy decreases in intensity, while the peak at higher binding 
energy remains intact with constant intensity. After anneal- 
ing to 500 °C, only a single N 1J peak is observed at ap- 
proximately 399.4-399.6 eV. The shift in this peak as the 
temperature increases is due to band bending, the silicon 2p 
peak shows the same shifting as the temperature increases. 
At higher temperatures, this peak disappears and is replaced 
by a new peak at 397.5 eV; this peak persists to very high 
temperatures and is attributed to nitrogen incorporation into 
the silicon giving rise to silicon nitride. Based on this infor- 
mation, a logical assignment of the 3-pyrroline bonding con- 
figurations giving rise to the two Nls peaks is as follows: 
the 398.4 eV peak is due to the N atom bonding to the Si 
surface directly, through the formation of a N-Si bond, 
while the 399.4 eV peak is attributed to bonding through an 
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FIG. 7. (a)Nls XPS spectra taken of a Si(100) sample that was exposed to 
1 L of 3-pyrroline at room temperature and then subsequently annealed to 
successively higher temperatures for 1 min. (b) Schematic illustration of the 
two different bonding possibilities for 3-pyrroline. 

addition/insertion reaction similar to that observed for cyclo- 
pentene. These bonding configurations are shown in Fig. 
7(b). This assignment is consistent with the fact that Si is 
less electronegative than H, thus, a N atom bonded to Si 
would be expected to have a smaller core-level binding en- 
ergy than a N atom bonded to H. The disappearance of the 
399.4 eV peak occurs at a relatively high temperature that is 
similar to the temperature at which ethylene desorbs from 
Si(100).6'8 Ethylene and 3-pyrroline (in the bonding configu- 
ration assigned to this peak) are both bonded to the surface 
through two Si-C bonds. 

In Fig. 8, we show FTIR spectra, using polarization direc- 
tion "A," of Si(100) after exposure to 8 L of 3-pyrroline at 
room temperature. While a full spectral analysis is impos- 
sible at this point, there are still two useful observations we 
can make. First, there is a peak near 2075 cm""1, which is in 
the Si-H stretching region. This peak is due to a hydrogen 
atom adsorbed to a silicon dimer,14'15 and its presence indi- 
cates that there is some dissociation upon adsorption, leading 
to surface hydrogen. Also, there is a small peak near 
3073 cm-1, which is the spectral range attributed to the C-H 
stretching mode of an alkene. This peak is attributed to C-H 
stretches of 3-pyrroline molecules that are bonded to the Si 
surface through the N atom; presumably, this bonding occurs 
with concurrent loss of the amine H atom, which then be- 
comes bonded to the underlying Si surface. Thus, the 
3073 cm-1 peak and the 2075 cm""1 peak result from bond- 
ing of the 3-pyrroline molecule to the Si surface directly 
through the N atom. Analysis of the C-H region has not 

2000     2200 2600     2800     3000 
Frequency (cm-1) 

3200 

FIG. 8. FTIR spectra of polarization direction "A" of Si(100) after exposure 
to 8 L of 3-pyrroline at room temperature. 

been successful due to the presence of a very broad peak 
over 100 cm-1 wide. 

C. Films formed from the exposure of Si(100) 
to norbornadiene 

Norbornadiene, Fig. 1(c), was investigated to see if the 
methodology described above could be extended to mol- 
ecules having more than one unsaturated double bond. Fig- 
ure 9 shows FTIR data of both polarization directions "A" 
and "B" after vicinal Si(100) was exposed to 10 L of nor- 
bornadiene at room temperature. The first thing to notice 
about these spectra is that there are no visible peaks in the 
Si-H stretching region, but there are peaks in the C-H 
stretching region. This immediately demonstrates that nor- 
bornadiene adsorbs on the surface with little or no dissocia- 
tion. In order for norbornadiene to interact with the surface 
without a loss of hydrogen, it must do it through the unsat- 
urated C=C bond. Second, there is a relatively strong peak 
at 3057 cm-1, which is characteristic of the C-H stretch of 

5x10-4 

Polarization A 

Polarization B 

2000  2200 2600  2800  3000 
Frequency (cm-1) 

3200 

FIG. 9. FTIR spectra using both polarization directions of 5 light of (100) 
after exposure to 10 L of norbornadiene at room temperature. 
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(b) 

FIG. 10. (a) STM image of Si(100) surface after exposure to 30 L of nor- 
bomadiene at room temperature, bias -3.6 V, tunneling current 0.3 nA. (b) 
Schematic illustration of several bonding sites for norbornadiene on Si(100). 

an unsaturated molecule. This, in turn, suggests that in at 
least some of the molecules, only one (or none) of the two 
unsaturated C=C bonds have been eliminated by bonding to 
the Si(100) surface. Finally, a closer comparison of the two 
different polarization directions shows that there is little dif- 
ference between them. This indicates that while we know 
that the molecule is interacting with the surface through the 
C=C bond, there must be more than one type of surface site 
at which the interaction can occur. 

Scanning tunneling microscopy images, as shown in Fig. 
10(a), give further insight into how norbornadiene bonds to 
the Si(100) surface. The STM data were taken after vicinal 
Si(100) was exposed to 30 L of norbornadiene at room tem- 
perature. There is no translational or rotational ordering ap- 
parent in this image, and it is difficult to see where the 
double-height steps are. The absence of Si-H vibrations in 
the FTIR data strongly suggests that cleavage of C-H bonds 
does not occur, leading us to conclude that each protrusion 
observed in Fig. 10(a) is a single norbornadiene molecule. In 
studies performed at lower coverage (not shown), we find 
that some of the features attributed to norbornadiene appear 
to be on top of the Si=Si dimers and some appear to be 
bonded midway between the rows of Si=Si dimers. There- 
fore, it is reasonable to assume that the lack of order in the 
film and the absence of anisotropy in the FTIR spectra is due 
to the molecule bonding to the surface in more than one 
configuration. Figure 10(b) shows four bonding possibilities: 
both C=C bonding within a dimer row, one C=C bonding 
within a dimer row, both C=C bonding across a dimer row, 
and one C=C bonding across a dimer row. Analysis of the 

resulting FTIR spectra is, therefore, complicated due to the 
90° rotation of some molecules with respect to each other. 

While the interaction of norbornadiene with Si(100) re- 
sults in a mixture of several different bonding geometries, it 
should be noted that the organic film shows virtually no dis- 
sociation. Thus, this molecule, and/or derivatives of it, may 
still serve as useful interfacial precursors for the creation of 
organic thin films. 

IV. SUMMARY AND CONCLUSIONS 

We have identified a general class of reactions involving 
the interaction of unsaturated organic molecules with the 
Si(100) surface that enable organic monolayers to be pre- 
pared on Si(100) in a controlled manner. The three mol- 
ecules presented in this article grow films through the same 
process but with different net results. Cyclopentene can be 
used to grow monolayer films with a high degree of transla- 
tion and rotational ordering. The films grown from the het- 
erocyclic molecule 3-pyrroline have areas showing both 
translational and rotational ordering. While, for this mol- 
ecule, there are two possible bonding configurations to the Si 
surface at room temperature, control of temperature and/or 
other experimental variables may permit optimization of one 
particular structure. Finally, the bicyclic molecule norborna- 
diene leads to layers that appear disordered in STM due to 
more than one bonding configuration; however, these mono- 
layer films show virtually no cleavage of C-H bonds and 
apparently bond to the Si surface through the C=C ir system 
in a manner similar to the other molecules. 

ACKNOWLEDGMENTS 

This work was supported by the U.S. Office of Naval 
Research and the National Science Foundation Presidential 
Faculty Fellowship Program. 

'M. R. Linford, P. Fenter, P. M. Eisenberger, and C. E. D. Chidsey, J. Am. 
Chem. Soc. 117, 3145 (1995). 

2C. C. Cheng, R. M. Wallace, P. A. Taylor, W. J. Choyke, and J. T. Yates, 
Jr., J. Appl. Phys. 67, 3693 (1990). 

3P. A. Taylor, R. M. Wallace, C. C. Cheng, W. H. Weinberg, M. J. 
Dresser, W. J. Choyke, and J. T. Yates, Jr., J. Am. Chem. Soc. 114, 6754 
(1992). 

4A. J. Mayne, T. R. I. Cataldi, J. Knall, A. R. Avery, T. S. Jones, L. 
Pinheiro, H. A. Hill, G. A. D. Briggs, J. B. Pethica, and W. H. Weinberg, 
Faraday Discuss. R. Soc. 94, 199 (1992). 

5A. J. Mayne, A. R. Avery, J. Knall, T. S. Jones, G. A. D. Briggs, and W. 
H. Weinberg, Surf. Sei. 284, 247 (1993). 

6L. Clemen, R. M. Wallace, P. A. Taylor, M. J. Dresser, W. J. Choyke, W. 
H. Weinberg, and J. J. T. Yates, Surf. Sei. 92, 205 (1992). 

7C. Huang, W. Widdra, and W. H. Weinberg, Surf. Sei. Lett. 315, 953 
(1994). 

8W. Widdra, C. Huang, and W. H. Weinberg, Surf. Sei. 329, 295 (1995). 
9W. Widdra, C. Huang, S. I. Yi, and W. H. Weinberg, J. Chem. Phys. 105, 
5605 (1996). 

10R. J. Hamers, J. Hovis, S. Lee, H. Liu, and J. Shan, J. Phys. Chem. 101, 
1489 (1997). 

nR. J. Hamers, R. M. Tromp, and J. E. Demuth, Phys. Rev. B 34, 5343 
(1986). 

12J. D. Chadi, Phys. Rev. Lett. 59, 1691 (1987). 
13M. Henzler and J. Clabes, Jpn. J. Appl. Phys. Suppl. Pt. 2 2, 389 (1974). 
14J. Shan, Y. Wang, and R. J. Hamers, J. Phys. Chem. 100, 4961 (1995). 
15Y. J. Chabal and K. Raghavachari, Phys. Rev. Lett. 53, 282 (1984). 

J. Vac. Sei. Technol. B, Vol. 15, No. 4, Jul/Aug 1997 



Gallium desorption behavior at AIGaAs/GaAs heterointerfaces 
during high-temperature molecular beam epitaxy 

K. Mahalingam and D. L. Dorsey 
Materials Directorate, Wright Laboratory (WL/MLPO), Wright-Patterson Air Force Base, 
Ohio 45433-7707 

K. R. Evansa) 

Avionics Directorate, Wright Laboratory (WL/AADP), Wright-Patterson Air Force Base, Ohio 45433-7707 

Rama Venkat 
Department of Electrical Engineering, University of Las Vegas, Las Vegas, Nevada 89154 

(Received 12 January 1997; accepted 22 April 1997) 

A Monte Carlo simulation study is performed to investigate the Ga desorption behavior during 
AlGaAs-on-GaAs heterointerface formation by molecular beam epitaxy. The transients in the Ga 
desorption rate upon opening the Al shutter are shown to be associated with the concurrent reduction 
in the V/III flux ratio. Monte Carlo simulations employing a constant V/III flux ratio yield a 
"steplike" variation in the Ga desorption rate with the resulting interfaces closer in abruptness to 
the ideal AlGaAs-on-GaAs interface. Further details on the stoichiometry of the interface and its 
relationship with predicted Ga desorption profiles is presented. © 1997 American Vacuum Society. 
[S0734-211X(97)09704-7] 

I. INTRODUCTION 

AIGaAs/GaAs heterostructures grown by molecular beam 
epitaxy (MBE) are important materials for applications in 
optical and electronic devices. It has been established for this 
system that growth at a high substrate temperature has im- 
portant advantages. In addition to producing interfaces of 
high structural quality, employing high substrate tempera- 
tures also improves the optoelectronic properties of 
AlGaAs.1'2 An important problem that arises, however, is 
that these substrate temperatures are high enough to cause 
significant Ga desorption.3-7 Furthermore, in situ desorption 
mass spectrometry studies8'9 reveal that during AlGaAs-on- 
GaAs heterointerface formation the Ga desorption behavior 
is more complex than a simple constant or "steplike" be- 
havior. Upon opening the Al shutter, there is a sharp rise in 
the Ga desorption rate, followed by a gradual decrease to a 
steady state value less than that corresponding to GaAs 
growth. A potential consequence of this transient is a com- 
positional grading that extends 2-4 monolayers (ML) into 
the AlGaAs layer. 

In a recent study10 we developed a Monte Carlo (MC) 
model to investigate the possible mechanisms that could ex- 
plain the observed Ga desorption behavior at the AlGaAs- 
on-GaAs interface as seen during desorption mass spectrom- 
etry (DMS) experiments. The various factors investigated 
include the Al-Ga surface exchange mechanism, the effects 
of change in V/III flux ratio accompanying the opening of 
the Al shutter, and the influence of Al-Ga interaction en- 
ergy. It was observed that the model including the Al-Ga 
surface exchange mechanism agreed well with the experi- 
mental results. Interesting was the fact that it was also ob- 
served that the experimental results could be reproduced 

a'Present address: Quantum Epitaxial Designs, Inc., 119, Technology Drive, 
Bethlehem, PA 18015. 

even without the Al-Ga surface exchange mechanism when 
the Al-Ga interaction energy was set to be equal to the 
Ga-Ga interaction energy. An examination of the predicted 
time evolution of the surface stoichiometry revealed that the 
transients in the Ga desorption rate were associated with a 
sharp decrease in the As coverage due to a reduction in the 
V/III ratio accompanying the opening of the Al shutter (to be 
discussed further later). The sharp rise in the Ga desorption 
rate was explained in terms of an instantaneous increase in 
the surface population of weakly bound Ga species due to 
the reduction in As coverage. The subsequent gradual de- 
crease in the Ga desorption ratio was explained by the reduc- 
tion in the number of surface cation sites from which Ga 
could desorb due to the presence of Al. 

The above results indicate that the key to eliminating the 
Ga desorption transients at the AlGaAs-on-GaAs heteroint- 
erface is to maintain a constant V/III flux ratio. In this study 
we extend previously developed MC models10 to investigate 
different strategies that employ a constant V/III flux ratio. 
The effectiveness of the different strategies is examined by 
comparing the predicted Al/Ga concentration profiles at the 
AlGaAs-on-GaAs interface. 

II. MODEL 

The MC simulation procedure employed in the present 
study is similar to that adopted in previous models,11'12 

wherein MBE growth is simulated by including deposition, 
surface migration, and desorption as allowed events. The 
model simulates growth on an unreconstructed (100) zinc- 
blende surface, explicitly taking into account the tetrahedral 
nature of the lattice with its individual sublattices for the 
cations and anions. An important difference between the 
present and previous models is that in the present model a 
temperature-dependent physisorption mechanism for cations 
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is included to accurately model their desorption kinetics at 
high growth temperatures. In this mechanism a cation arriv- 
ing at a cation terminated site is allowed a fixed number 
(temperature dependent) of jumps, determined by fit to ex- 
perimental data, to find an anion terminated site; the cation 
desorbs if it is unsuccessful. The significance of this mecha- 
nism is that it accounts for the finite surface residence time 
for cations at high temperatures. By including this mecha- 
nism it was possible to obtain quantitative agreement with 
experimental Ga desorption rates for a range of growth 
temperatures,8 and also to accurately predict the dependence 
of Ga desorption energy on V/III flux ratio (for GaAs ho- 
moepitaxy) observed in experiments.5 

Growth simulations were performed on a substrate 40X40 
in size (site 2) assuming a solid-on-solid (SOS) model (va- 
cancies and overhangs not permitted) with periodic boundary 
conditions. The kinetic rates for deposition of Al, Ga, and As 
were assumed to be equal to their respective fluxes. The rates 
for surface migration and desorption events were assumed to 
be of the Arrhenius form with configuration-dependent acti- 
vation energies calculated in terms of the first- and second- 
nearest-neighbor interaction energies, as in earlier MC 
models.11'12 The frequency factors and interaction energies 
for GaAs were taken from a previous study,10 and those for 
AlAs were determined from values for the cohesive 
energy.13 The model parameters used were the frequency 
factors for diffusion and desorption, 7?diff= 1010/s Rdes 

= 7.5Xl012/s, respectively; nearest-neighbor interaction en- 
ergies, £"Ga_As=0.85 eV, £A1_As=0.97 eV; and second- 
nearest-neighbor   interaction   energies   EG^Qa=0.17   eV, 

JAs-As = 0.12 eV, and £A1_A1=0.25 eV. 
,10 Our previous MC simulation study has shown that the 

Ga desorption behavior at the AlGaAs-on-GaAs interface is 
best described by two models (hereafter referred to as mod- 
els I and II), where model I includes the Al-Ga surface 
exchange mechanism with the Al-Ga interaction energy 
(£A1^Ga=0.21 eV) set to be greater than the Ga-Ga interac- 
tion energy (EG^Gii=0.l7 eV), and model II does not in- 
clude the surface exchange mechanism with EM_Ca 

= £'Ga_Ga=0.17 eV. In the present study we use both models 
to perform growth simulations in which the V/III flux ratio is 
held constant. MC simulations were performed employing 
two different procedures (hereafter referred to as cases 1 and 
2); in case 1 the opening of the Al shutter is accompanied by 
an instantaneous increase in the As flux to maintain a con- 
stant V/III flux ratio, and in case 2 the As flux is maintained 
constant and the Al and Ga fluxes are adjusted such that the 
V/III ratio remains constant at a given xA1. 

In order to match the conditions used in a recent 
experiment,10 MC simulations were performed for growth 
temperatures in the range of 950-990 K at a V/III flux ratio 
of 5. Growth simulations at a given temperature were initi- 
ated by first growing several layers of GaAs (on a As termi- 
nated GaAs surface) with incident Ga flux at 1 ML/s. The 
final configuration of the GaAs surface was stored and was 
subsequently used as the starting surface in the AlGaAs 
growth  simulations.   During  the  initial   stages  of GaAs 

growth, the Ga desorption rate increased sharply and reached 
a steady state value when the Ga incorporation into the sub- 
strate was about 1 ML. For convenience, time zero was de- 
fined to be the instant at which the Ga desorption ratio at- 
tained steady state value for that growth temperature. 

The AlGaAs growth simulations for the two cases de- 
scribed above were performed under the following condi- 
tions. In case 1 the incident flux for Ga was 1.0 ML/s and 
that for Al 0.667 ML/s; in case 2 the incident flux for Ga was 
0.6 ML/s and that for Al 0.4 ML/s. Both cases yield a nomi- 
nal composition of Al04Gao6As. In each simulation the Ga 
desorption ratio, defined as the fraction of incident Ga flux 
that desorbs, and the surface Al, Ga, and As fractions, de- 
fined as the fraction of surface sites terminated by the respec- 
tive atomic species, were monitored as a function of time. 
The deposition of Ga was governed by the physisorption 
rule, while Al, which has a negligible desorption rate under 
the conditions of this study, was allowed enough jumps to 
find an appropriate SOS site. The Al-Ga surface exchange 
was implemented by having Al atoms that arrive at Ga ter- 
minated sites (by deposition or diffusion) replace the Ga 
atom. The ejected Ga atom then finds another site or desorbs, 
as per the physisorption rule. 

III. RESULTS AND DISCUSSION 

For completeness, we begin with a brief examination of 
results from growth simulations in which V/III flux ratio is 
not held constant. Figure 1(a) shows the time evolution of 
the Ga desorption ratio as predicted by models I and II. The 
experimental data are included for comparison. It is clear that 
a good match with experiment is obtained from both models. 
The origin of the transient in the Ga desorption ratio can be 
understood by examining the variation of the surface Al, Ga, 
and As concentrations with time, as shown in Fig. 1(b). The 
results from both models show that opening the Al shutter 
introduces an abrupt decrease in the As coverage due to a 
reduction in the V/III flux ratio. The observed transients can 
then be explained in terms of an abrupt increase in surface 
population of weakly bound Ga species followed by a de- 
crease in the number of surface Ga sites, as described earlier. 

Figure 2 shows the results from models I and II with the 
V/III flux ratios maintained constant using the two strategies 
specified in Sec. II. It is clear that both strategies eliminate 
the upward spike in the Ga desorption rate and result in a 
more rapid drop to the steady state value. However, both 
models predict that case 1 yields a steeper decline and a 
more steplike response in the Ga desorption behavior. The 
observed differences may be explained by examining the 
time evolution of the surface stoichiometry during growth. 
Figure 3 is a plot of the Al, Ga, and As concentrations of the 
surface versus time as predicted by model II. A comparison 
of the As coverage with that in Fig. 1(b) shows that both 
strategies are quite effective in eliminating drastic changes in 
the As coverage when the Al shutter is opened. Figure 3 also 
reveals that in case 2 the Ga surface concentration decreases 
more slowly and is also at a higher value than in case 1 
before both profiles converge to the same steady state value. 
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FIG. 1. Models result from the simulation with the V/III flux ratio not held 
constant showing the time evolution of the (a) Ga desorption ratio and (b) 
surface stoichiometry. Experimental data in (a) are from Ref. 10. The hori- 
zontal lines in (b) were included for ease in delineating profiles correspond- 
ing to Al, Ga, and As. 

The predicted Ga surface concentration profiles are thus con- 
sistent with the Ga desorption profiles shown in Figs. 2(a) 
and 2(b). The slower decrease in the Ga surface concentra- 
tion for case 2 may be explained as follows. Given that the 
V/III flux ratio is the same for both cases, and that the group- 
Ill flux during AlGaAs growth is higher for case 1 (1.667 
ML/s vs 1.0 ML/s for case 2), it follows that the amount of 
excess As, which is simply the As flux minus the group-Ill 
flux, is higher for case 1. This greater excess of As causes an 
increased incorporation rate for surface Ga, resulting in the 
effect observed. 

In order to examine the effectiveness of the two strategies 
employed, it would be useful to compare the stoichiometry 
of the AlGaAs-on-GaAs interface predicted by the different 
models. The Al concentration profiles predicted by models I 
and II are shown in Figs. 4(a) and 4(b), respectively. For the 
case in which the V/III ratio is not held constant, we observe 
significant buildup of the Al concentration on the GaAs sur- 
face. In model II this buildup is confined mostly to the top 
GaAs layer, and is caused by Al atoms occupying cation 
sites left vacant by desorbing Ga atoms. The buildup in Al 
concentration is even more pronounced in model I due to the 
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FIG. 2. Model results for the two growth strategies that maintain a constant 
V/III flux ratio, as predicted by (a) model I (includes Al-Ga surface ex- 
change) and (b) model II (excludes Al-Ga exchange). 

presence of the Al-Ga exchange mechanism. Both models 
predict that maintaining a constant V/III flux ratio results in 
an interface that is closer to the ideal AlGaAs-on-GaAs in- 
terface. The best results are achieved in case 1, however, 
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FIG. 3. Evolution of the surface stoichiometry as predicted by model II 
(excludes Al-Ga surface exchange) with the V/III flux ratio maintained 
constant by two different methods. The horizontal lines were included for 
ease in delineating profiles corresponding to Al, Ga, and As. 
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FIG. 4. Al concentration profiles for conditions with and without the V/III 
flux ratio maintained constant, as predicted by (a) model I (includes Al-Ga 
exchange) and (b) model II (excludes Al-Ga exchange). The zero of the 
abscissa denotes the initial GaAs surface layer over which AIGaAs growth 
is simulated. The vertical line denotes the ideal AlGaAs-on-GaAs interface. 

indicating that increasing the As flux is more efficient at 
suppressing both the Al-Ga exchange mechanism and Ga 
desorption from the GaAs surface. The influence of the As 
flux on the Al-Ga exchange mechanism as predicted by 
model I is in agreement with experimental studies14,15 that 
report a similar effect of the As overpressure on the ex- 
change mechanism. 

It is worth noting that there is a good correlation between 
the Al concentration profiles shown in Fig. 4 and their re- 
spective Ga desorption profiles presented in Figs. 1(a) and 2. 
The steeper decline in the Ga desorption ratio leads to a more 
abrupt interface. It should be noted, however, that a sharp 
rise in the Ga desorption rate (for conditions in which the 
V/III flux ratio is not held constant) does not lead to an 
overenrichment of Al at the interface as was predicted in a 
previous model.9 The previous model does not take into con- 

sideration the penetration of impinging Al atoms into the 
GaAs surface and thus overestimates the Al enrichment at 
the AlGaAs-on-GaAs interface. Our models suggest that the 
spike in the Ga desorption profile leads to the formation of a 
diffuse interface of the order of 2-3 ML. It should be 
pointed out that the predictions of different models can be 
verified by performing appropriate growth experiments. 
While in situ DMS can be used to verify the predicted Ga 
desorption profiles, the stoichiometric profiles can be verified 
by high-resolution transmission electron microscopy using 
the chemical lattice imaging technique.16 

IV. SUMMARY 

The transient in the Ga desorption rate during AlGaAs- 
on-GaAs heterointerface formation is caused by a reduction 
in the V/III flux ratio that coincides with the opening of the 
Al shutter. The present MC study shows that "steplike" 
variations in the Ga desorption rate and abrupt interfaces can 
be realized by adopting conditions in which the V/III ratio is 
maintained constant during growth. The best results are ob- 
tained when the reduction in the V/III ratio is compensated 
by an increase in the As flux. 
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Kink defects and Fermi level pinning on (2x4) reconstructed molecular 
beam epitaxially grown surfaces of GaAs and InP studied by 
ultrahigh-vacuum scanning tunneling microscopy and x-ray 
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The relationship between kink defects and Fermi level pinning on molecular beam epitaxially grown 
GaAs and InP(001)-(2X4) surfaces is studied in detail by scanning tunneling microscopy and x-ray 
photoelectron spectroscopy. In Si-doped GaAs, the kink density increased with doping as previously 
found. However, actual density depended very much on the reconstruction phases and experimental 
conditions. At high Si doping levels, Fermi level was strongly pinned below mid-gap, but the 
measured kink density was found not to be large enough to explain pinning by the previous 
kink-deep-acceptor model assuming that each kink forms a single discrete level. In Si-doped InP, 
the kink density remained constant with the increase of Si doping, although the Fermi level was 
pinned above mid-gap. The result cannot be explained by the kink-deep-acceptor model either. 
© 1997 American Vacuum Society. [S0734-211X(97)09604-2] 

I. INTRODUCTION 

In III-V compound semiconductor based microelectron- 
ics, control of the electronic properties of surfaces and inter- 
faces is one of the most important issues for further progress. 
Namely, III-V compound semiconductor surfaces normally 
possess high density of surface states which pin the position 
of the surface Fermi level within a certain narrow energy 
range. This Fermi level pinning phenomenon makes the con- 
trol of the Schottky barrier heights by metal work function 
difficult as well as prevents formation of well-behaved 
insulator-semiconductor interfaces. 

Because of this importance, a number of studies on the 
surface states and the Fermi level pinning have been carried 
out previously, and several models such as unified defect 
model (UDM),1 metal-induced gap state (MIGS) model,2'3 

disorder-induced gap state (DIGS) model,4 and effective 
work function (EWF) model5 have been proposed concern- 
ing their origin and the pinning mechanism. However, these 
models lacked direct microscopic justification. In this re- 
spect, Pashley et al.6,1 have recently found by scanning tun- 
neling microscope (STM) observation that the density of the 
so-called kink defects in the missing-dimer arrangements on 
«-type GaAs(001)-(2X4) surface grown by molecular beam 
epitaxy (MBE) have a strong correlation with the Si doping. 
Based on this observation, these authors proposed that each 
kink acts as a single discrete deep surface acceptor site and a 
high density of kinks cause mid-gap Fermi level pinning on 
heavily Si-doped n-type GaAs(001)-(2X4) surfaces. Later, a 
scanning tunneling spectroscopy (STS) study8 detected di- 
rectly the existence of negative charge near kinks, further 
confirming the acceptor nature of kinks. This model is here- 
after referred to as the kink-deep-acceptor model. This model 

^Electronic mail: ishikawa@ryouko.rciqe.hokudai.ac.jp 

seems to be the first microscopic model concerning the 
Fermi level pinning. However, the quantitative validity of 
the model as well as its applicability to other III-V com- 
pound semiconductor surfaces has not been well established 
so far. Only kinks on surfaces of narrow gap InAs have been 
investigated by Yamaguchi and Horikoshi,9 where basically 
the same kink-deep-acceptor model was used with certain 
modifications to take account of the narrow gap nature of the 
material. 

The purpose of this article is to study the relationship 
between the kink defect density and the Fermi level pinning 
on GaAs and InP (2X4) surfaces prepared by MBE in detail 
by using STM and x-ray photoelectron spectroscopy (XPS), 
and to investigate the quantitative validity and applicability 
of the kink-deep-acceptor model. 

It is shown here that the kink density in Si-doped GaAs 
increases with doping as previously found. However, actual 
density was found to depend very much on the reconstruc- 
tion phases and experimental conditions. At high Si doping 
levels, Fermi level is strongly pinned below mid-gap, but the 
measured kink density was found not large enough to explain 
pinning in terms of the kink-deep-acceptor model. 

In Si-doped InP, the kink density was low and remained 
constant with the increase of Si doping, although the Fermi 
level was found to be pinned above mid-gap. The result can- 
not be explained by the kink-deep-acceptor model either. 

II. EXPERIMENT 

A. Experimental system and MBE growth of samples 

An ultrahigh vacuum (UHV)-based multi-chamber system 
was used. In this system, a solid source MBE chamber, a gas 
source (GS) MBE chamber, XPS (Perkin-Elmer PHI 
5100C) chamber, and UHV-STM (JEOL JSTM-4600) cham- 
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ber are connected by a UHV transfer chamber, together with 
other chambers. Details of this system have been described 
elsewhere.10'11 

For preparation of GaAs surfaces, surface oxides were 
desorbed from « + (> 1 X 1018 cm"3)-GaAs (001) substrates 
in an As4 flux at 600 °C first, and then thick Si-doped GaAs 
epitaxial layers (>5000 A) were grown in a conventional 
solid source MBE. According to Ref. 6, this thickness should 
be large enough for saturation of the kink density. The 
growth rate was 1.0 ML/s, and the growth temperature was 
580 °C. Reconstruction patterns were monitored by reflec- 
tion high-energy electron diffraction (RHEED) with an elec- 
tron energy of 15 keV. RHEED patterns were streaky (2X4) 
during the growth. 

In addition to the Si-doped GaAs samples grown under 
the above condition, three different types of GaAs samples 
were also prepared in order to compare them with Si-doped 
samples. They were a Be-doped p-typs sample grown at 
580 °C, a Si and Be co-doped «-type sample grown at 
580 °C, and a Si-doped «-type sample grown at a low tem- 
perature (LT) of 300 °C, respectively. 

For preparation of InP surfaces, the surface oxides were 
desorbed from « + -InP (001) substrates in a phosphorus flux 
at 500 °C, and then thick Si-doped «-type InP epitaxial lay- 
ers were grown in a GSMBE using tertiarybutylphosphine 
(TBP), metallic In, and elemental Si at 470 °C with a growth 
rate of 0.5 ML/s. TBP was precracked at 750 °C. Clean 
/7-type InP (2X4) surfaces were also prepared on Zn-doped 
p-type substrates by thermal desorption of surface oxides in 
a phosphorus flux at 500 °C. 

Doping concentration was calibrated by the Hall effect 
measurements for both GaAs and InP materials. For Si- 
doped GaAs, the observed electron concentration was almost 
equal to the Si doping concentration up to a Si doping of 
(5-7)X 1018 cm-3 beyond which the electron concentration 
saturated in agreement with a previous report.12 On the other 
hand, for Be-doped p-typt GaAs and Si-doped «-type InP, 
the carrier concentration did not show saturation even if the 
doping was done above the (5-7)X 1018 cm"3 level. This 
also agrees with the previous reports.13'14 

After the growth was completed, the samples were an- 
nealed in an arsenic or a phosphorus flux for 3-10 min be- 
fore cooling. STM observations were done on samples 
cooled down to room temperature. 

B. Preparation of various GaAs(001)-(2x4) surfaces 
for room temperature observation 

(2X4) GaAs surfaces for room temperature STM obser- 
vation were prepared by the following two procedures. The 
first procedure was to establish the initial reconstruction 
phase by annealing the surface after MBE growth at a suit- 
able temperature and then to cool the sample by gradually 
reducing the intensity of the As4 flux irradiating the surface 
during cooling in such a way that the initial RHEED pattern 
was maintained during cooling down to room temperature. In 
this study, three (2X4) phases, i.e., a, ß, and y phases of 
GaAs were realized. They could be clearly distinguished by 

FIG. 1. Typical [110] RHEED patterns for (a) GaAs (2X4) ß phase, (b) 
GaAs (2X4) y phase, (c) heavily Si-doped (1.0X 10" cm"3) GaAs (2X4) 
surface obtained under the same condition as the ß phase, and (d) InP (2X4) 
surface. 

the intensity of the 2/4 fractional order streaks in the [110] 
RHEED pattern.15 Namely, an a phase with the weak 2/4 
fractional order streaks in the [110] RHEED pattern appeared 
above 610 °C, a ß phase with the strong 2/4 fractional order 
streaks appeared at around 580 °C, and a y phase with the 
weak 2/4 fractional order streaks appeared at around 520 °C, 
respectively. All these patterns were maintained down to 
room temperature by proper adjustment of As4 flux intensity 
during cooling. 

The second procedure was to cool the sample without 
reducing the As4 flux down to room temperature where the 
(2X4) pattern changed to the c(4X4)pattern at about 
500 °C. After the background As was sufficiently removed, 
the sample was heated up to 420 °C in the absence of an 
arsenic flux where c(4X4)reconstruction changed to (2X4) 
y reconstruction. This y-phase pattern could be maintained 
down to room temperature by subsequent cooling. In this 
study, the kink densities on both ß and y phase (2X4) sur- 
faces were studied in detail, changing the Si doping levels in 
the epitaxial layers over a wide range. 

Figures 1(a) and 1(b) show the typical [TlO] RHEED pat- 
terns of GaAs (2X4) ß and y phases obtained at room tem- 
perature on undoped or moderately Si-doped samples, re- 
spectively. The pattern from the ß phase shown in Fig. 1(a) 
possesses a clear Laue circle. On the other hand, the pattern 
from the y phase does not possess a clear Laue circle. This 
nature of the y-phase pattern was independent of the above 
two procedures. 

However, in heavily Si-doped (above around 5X1018 

cm-3) samples, such clear /3-phase pattern with a Laue 
circle as in Fig. 1(a) could not be obtained under the same 
preparation procedure. Instead, a pattern shown in Fig. 1(c) 
was obtained where only very weak 2/4 fractional order 
streaks appeared without Laue circle. Appearance of a simi- 
lar pattern at high Si doping was reported in a previous 
study.16 Although the pattern in Fig. 1(c) is different from 
that in Fig. 1(a) and more like a y-phase pattern with sharp- 
ened streaks, we refer to this pattern as ß* phase in this 
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article for simplicity to indicate the preparation condition. 
The transition from this ß* phase to y phase in heavily 
Si-doped samples could be clearly distinguished by broaden- 
ing the streaks in the [110] RHEED pattern. 

C. Preparation of lnP(001)-(2x4) surfaces at room 
temperature 

On InP (2X4) surfaces, the [TlO] RHEED pattern at high 
temperature always showed /3-phase patterns with high in- 
tense 2/4 fractional order streaks. This (2X4) surface for 
room temperature observation was obtained in the following 
way. After the growth, the surface was cooled without 
changing the phosphorus flux intensity down to 370 °C 
where the P-excess (2X1) surface appeared. Then, the phos- 
phorus flux was stopped, and the sample was annealed at 
370 °C in the MBE chamber until residual phosphorus vapor 
was sufficiently removed, and the (2X4) pattern was 
recovered.10'11 Then the sample was cooled down to room 
temperature where the ß phase (2X4) surfaces with strong 
2/4 fractional order streaks and a clear Laue circle in the 
[110] RHEED pattern was obtained as shown in Fig. 1(d). 
Even in the case of the heavily Si-doped samples, InP sur- 
faces showed well-defined /3-phase patterns with strong 2/4 
fractional streaks. 

D. Conditions of STM and XPS measurements 

After the desired (2X4) RHEED pattern was obtained at 
room temperature, the samples were rapidly transferred to 
STM or to XPS chambers through the UHV transfer cham- 
ber. In this study, a sample chip with an area of 5 mmX5 
mm for the STM measurement and another chip with an area 
of 10 mmXIO mm for the XPS measurement were placed 
next to each other on the same holder in the MBE chamber 
and underwent exactly the same growth and surface prepa- 
ration procedures down to room temperature before they 
were finally separated into different chambers. For this pur- 
pose, a special sample holder which was separable in the 
UHV environment was used. 

Room temperature STM observations were made using 
electrochemically polished tungsten tips with a constant cur- 
rent mode (0.10-0.20 nA at sample bias of -2.5 to -2.0 V, 
i.e., filled state images). Our STM equipment had high lateral 
and vertical resolutions enough to discuss the atomic ar- 
rangements of III-V compound surfaces as previously 
described.11 

For the kink density measurements, 5-10 measurement 
spots were chosen on the STM sample chip, and eight im- 
ages were taken on each spot by shifting the probe position. 
The average kink density and its rms deviation were deter- 
mined from statistical analysis of 40-80 images. 

XPS measurements were done at room temperature using 
Al Ka radiation (Av=1486.6eV) for GaAs, and Mg Ka 
radiation (hv= 1253.6 eV) for InP, in order to measure the 
surface Fermi level position. The binding energies of the 
spectra were carefully calibrated by the separate measure- 
ments of Au 4/7/2 Peak position. 

(b) 

FIG. 2. STM images of Si-doped GaAs (2X4) surfaces for (a) ß phase and 
(b) y phase. Si concentrations of the samples were (a) 1.0X 1018 cm-3 and 
(b) 3.0X 1017 cm~3. The insets show parts of the both images under higher 
magnification. 

III. EXPERIMENTAL RESULTS 

A. Kink density on GaAs(001)-(2x4) surfaces 

Typical STM images taken on the (2X4) surfaces of 
highly Si-doped GaAs corresponding to ß and y phases are 
shown in Figs. 2(a) and 2(b), respectively. The Si doping 
concentrations were 1.0X1018 cm-3 for Fig. 2(a) and 
3.OX 1017 cm~3 for Fig. 2(b), respectively. The insets show 
parts of both images under higher magnifications. 

The unit cells of both surfaces possess rows of two As 
dimers and rows of two missing As dimers in the top layer, 
as previously reported by Avery et al.17 It was found that the 
/3-phase surface possesses very large terraces where the 
straight dimer rows and missing-dimer rows, seen as white 
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10 14 
:GaAs(001) 

(a) 

(b) 

FIG. 3. STM images of heavily Si-doped (1.0X1019 cm~3) GaAs (2X4) 
surfaces for (a) ß* phase and (b) y phase. 

and dark stripes on the STM images in Fig. 2(a), respec- 
tively, extended over long distances along the [110] direc- 
tion. Thus, the density values of kinks on the /3-phase sur- 
faces were low. On the other hand, high density of kinks as 
well as many holes and islands were observed on y-phase 
surfaces. 

By further increasing the Si doping level, STM images 
shown in Figs. 3(a) and 3(b) were obtained an ß*- and y- 
phase surfaces, respectively. The Si doping concentration 
was 1.0X 1019 cm-3 for both samples. A large number of 
kinks are observed on both images. As seen in Figs. 3(a) and 
3(b), there is a strong tendency on both images for a series of 
kinks to be formed next to each other, aligning approxi- 
mately along the [110] direction as shown by the arrows. At 
each kink site, both of the dimer rows and missing-dimer 
rows are shifted horizontally by one atomic spacing. 

10 11 

10 17 10 18 10 19 

doping concentration (cm ,-3\ 

FIG. 4. Kink density vs doping concentration of GaAs (2X4) ß-, ß*- and 
y-phase surfaces. The data obtained by Pashley and Haberern (see Ref. 6) 
(A) and Yamaguchi and Horikoshi (Ref. 9) (O) were included. 

The average kink densities obtained from GaAs (2X4) 
images are summarized in Fig. 4 for «-type surfaces with 
various Si doping concentrations and for a Be-doped 
p-type sample with y phase. As mentioned previously, each 
data point represents an average of 40-80 STM images, and 
the error bars show the rms deviation values of the measured 
density data. The experimental results by other workers6'9 are 
also included. Judging from the STM images, it seems that 
ß- and /3*-phase surfaces were used by these other two 
groups, although it is not explicitly stated in the papers. 

As seen in Fig. 4, the kink density observed on Si-doped 
GaAs (2X4) ß-, ß*-, and y-phase surfaces increases with Si 
doping concentration monotonously in qualitative agreement 
with the observations of other groups. However, the values 
of the kink density and the slope of the curves are quite 
different. It is also seen that the behavior of the kink density 
is strongly dependent on the reconstruction phases. Namely, 
on Si-doped y-phase surfaces, the kink density increases 
with Si doping concentration above —3X1018 cm-3, but 
remains constant at about 3 X 10!2 cm-2 for Si doping below 
3 X 1018 cirT3. This constant value is much larger than those 
on the /3-phase surfaces. 

The Be-doped p-type y-phase surface with the Be con- 
centration of 1.5X1019 cm~3 showed unexpectedly high 
kink density of about 3X 1012 cm-2, although this value is 
much lower than those on Si-doped «-type samples with the 
same level of doping. 

B. Kink density on Si-doped LT-grown GaAs and Si 
and Be co-doped GaAs(001)-(2x4) surfaces 

Figures 5(a) and 5(b) show the STM images of a Si-doped 
LT-grown GaAs (2X4) /3*-phase surface and a Si and Be 
co-doped GaAs (2X4) y-phase surface, respectively. The 
(2X4) surface on an LT-grown sample was formed by an- 
nealing the surface in an As4 flux at 580 °C for 10 min after 
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FIG. 6. Kink density vs net carrier concentration for GaAs (2X4) surfaces. 
All samples were doped with Si of 6.0X 1018 cnT3. The solid line is the 
theoretical line explained later. 

(b) 

FIG. 5. STM image of GaAs (2X4) surfaces for (a) Si-doped /3*-phase 
surface grown at low temperature (300 °C) and (b) Si and Be co-doped 
y-phase surface grown at 580 °C. Si doping concentrations are 6.0X1018 

cm-3 for both samples. 

the LT growth. The Si doping concentration was the same 
and equal to 6.0X 1018 cm"3 for both of the LT and co- 
doped samples, but the electron concentrations were found to 
be different, being 2.0X 1018 cm"3 for the LT-grown GaAs 
and 1.4X1017 cm"3 for the Si and Be co-doped sample, 
respectively. 

High densities of kink defects were observed on both of 
these surfaces in spite of reduced electron concentrations. 
The average kink densities were 4.3X 1012 cm"2 for the LT- 
grown GaAs and 5.4X 1012 cm"2 for the co-doped GaAs, 
respectively. The kink densities on these surfaces are com- 
pared in Fig. 6 with those of the sample with only Si doping 

explained later. As seen in Fig. 6, the kink densities on LT- 
grown GaAs and Si and Be co-doped GaAs samples were 
found to be almost equal to those obtained under the conven- 
tional Si doping only. This result indicates that the kink den- 
sity depends principally on the Si doping concentration itself 
under the same reconstruction phase, and does not depend on 
the net electron concentration. 

C. Kink density on lnP(001)-(2x4) surfaces 

Figures 7(a) and 7(b) show two STM images of Si-doped 
InP (2X4) surfaces with the doping concentration of 4.5 
X1018 and 1.4X1019 cm"3, respectively. As seen in Figs. 
7(a) and 7(b), the missing-dimer rows on InP surfaces are 
very regular even at high doping levels. They extend over 
long distances straightly along [110] direction, being similar 
to the case of the lightly Si-doped GaAs (2X4) /3-phase sur- 
face shown in Fig. 2(a). Kinks in missing-dimer rows were 
observed also on these surfaces. But, their densities are low. 
They tend to form next to each other as in the case of GaAs 
(2X4) surfaces. However, the amount of horizontal shifts are 
not only one atomic spacing as shown by the letter A as in 
the case of GaAs, but also can be two atomic spacings, as 
shown by the letter B in the images. This indicates that the 
atomic arrangements around kink sites on the InP (2X4) sur- 
face may be partially different from those on the GaAs 
(2X4) surface. 

Figure 8 shows the measured average kink densities on 
InP (2X4) surfaces as a function of the Si doping concentra- 
tion with error bars showing rms deviations. Here the num- 
ber of all of the kink sites were included, being irrespective 
of type A and B shifts. As seen in Fig. 8, kinks in missing- 
dimer rows showed no correlation with the Si doping con- 
centration in the case of InP, giving a low constant value of 

12 to the same level of 6.0X 1018 cm"3 as a function of the net       around  1X 1012 cm    .  In addition, the Zn-doped p-InP 
electron concentration. The solid line is the theoretical line       (2X4) surface also showed nearly the same kink density. 
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FIG. 8. Kink density vs doping concentration of InP (2X4) surfaces. 

FIG. 7. STM images of Si-doped InP (2X4) surfaces. Si doping concentra- 
tions are (a) 4.5X 1018 cm"3 and (b) 1.4X 1019 cm-3, respectively. 

D. Fermi level positions at GaAs and InP (2x4) 
surfaces 

The surface Fermi level positions of the GaAs surfaces 
were determined from the XPS valence band spectra. The 
surface photo voltage effect,18 which is known to reduce the 
band bending during measurement, was ignored. According 
to calculation,18 such an effect appears to be negligible at 
room temperature particularly for surfaces with heavily 
«-type doping with high surface recombination. The Fermi 
level positions of the surfaces from the valence band maxi- 
mum (VBM) measured on the Si-doped «-type GaAs (2X4) 
surfaces are summarized in Fig. 9(a) as a function of Si 
doping concentration. 

As seen in Fig. 9(a), the surface Fermi level positions lay 
around the mid-gap for the lightly Si-doped (1.0X1017 

cm-3) GaAs (2X4) surfaces, and a slightly deeper position 

of about Ev +0.62 eV below the mid-gap as the Si doping 
level is increased. The result seems to be independent of 
reconstruction phases. Figure 9(b) shows the measured 
Fermi level positions on InP (2X4) surfaces as a function of 
the doping concentration. The surface Fermi level positions 
were determined from P2p3n core level peak positions using 
the relation of EPlpm-Ey= 127.74 eV.19 The apparent 
shifts of the peak energy positions caused by the band bend- 
ing within the electron escape depth20 were corrected by nu- 
merical analysis. Details of this correction procedure were 
described previously.11 It is seen from Fig. 9(b) that the 
Fermi level on the ra-InP (2X4) surface lies at 
EF=Ev+0.95 eV, and that on p-InP the (2X4) surface lies 
at EF=Ev+0.75 eV on average. These values are far from 
the flafband condition and indicate the presence of Fermi 
level pinning. 

IV. DISCUSSION 

A. Applicability of kink-deep-acceptor model for 
Fermi level pinning on GaAs (2x4) surface 

Previous models on surface Fermi level pinning which 
assume the presence of surface states can be classified into 
two types. Namely, one type assumes the presence of dis- 
crete deep defect states at surface as in the case of the unified 
defect model (UDM) by Spicer et al} The other type as- 
sumes U-shaped continuum of surface states with a charge 
neutrality level as in the case of the metal-induced gap state 
(MIGS) model3 and the disorder-induced gap state (DIGS) 
model.4 

Let us consider n-type materials. Then, in the former 
case, pinning is caused by discrete deep acceptor states as 
schematically shown in Fig. 10(a). The condition for the sur- 
face Fermi level EFS to be pinned in the close vicinity of the 
surface acceptor level ESA is obviously 

NSA=N, depl (1) 
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FIG. 9. Surface Fermi position above Ev measured by XPS as a function of 
doping concentration for (a) GaAs (2X4) surface and for (b) InP (2X4) 
surface. 

where NSA is the area density of surface acceptors and the 
N depllEFS = £s 

is the total number per unit area of ionized 
donors when EFS agrees with ESA. Here, A/depl is given in the 
depletion approximation as a function of £FS by 

NdeJEFS)=^2se0(Ec-EFS-eVn)Nd/e, (2) 

where e is the electron charge, e is the dielectric constant of 
the semiconductor, e0 is the permitivity in vacuum, Ec is the 
conduction band minimum (CBM), eVn is the distance be- 
tween the CBM and the bulk Fermi level, and Nd is the 
ionized donor concentration. When the condition (1) is not 
met, £FS is not pinned at ESA, but lies above £"SA. 

eVr 

EFS^ESA 

(a) 

NaaD(E) •gap 

-V 

(b) 

FIG. 10. Models of gap state distributions; (a) discrete distribution and (b) 
U-shaped continuous distribution. 

On the other hand, in the case of gap state continuum, 
pinning takes place by the acceptor type gap state continuum 
as shown in Fig. 10(b) and the pinning position is determined 
by the following equation 

JE 
Ng,p(E)dE = Nd^(EFS), (3) 

where Ngap(E) is the surface state density per unit energy 
and area and EH0 is the charge neutrality level of the surface 
state continuum.4 In this continuum, surface state is of ac- 
ceptor type above EH0, and of donor type below Euo, re- 
spectively. Note that Eq. (3) applies only to pinning at free 
surface and insulator-semiconductor interface, but not to pin- 
ning at metal-semiconductor interface where charge on metal 
has to be included.21 

The kink-deep-acceptor model originally proposed by Pa- 
shley and Haberern6 to explain Fermi level pinning on 
n-type (2X4) GaAs surfaces belongs to the former type of 
pinning by discrete states where each kink acts as a discrete 
surface deep acceptor state which accommodates one elec- 
tron per kink site. When the doping density is high, the high 
density of kinks pin the surface Fermi level at the energy 
position of the deep acceptor which is assumed to lie near 
mid-gap. In this model, there is a further assumption that 
each kink acceptor is formed so as to lower the energy of 
each electron from each Si donor by trapping the electron at 
a low lying acceptor level. This continues until £FS agrees 
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with ESA so that there is no energy gain. Thus, in this case, 
the number of the kink acceptor, Nkink, should satisfy 

^kink = M depl • (4) 

In order to compare the experimentally observed kink 
densities with the prediction of Eq. (4), the calculated values 
°f Nkink using Eqs. (2) and (4) are shown for various pinning 
positions by the solid lines in Fig. 11(a). Data by other 
groups6,9 are also included. As seen in Fig. 11(a), there is a 
general trend that the kink density N^^ increases with the Si 
doping. This agrees with the observation by other workers.6'9 

However, for a given doping, the observed kink density is 
very different among workers and among reconstruction 
phases. There is absolutely no indication that there exists 
one-to-one correspondence between the Si doping concentra- 
tion and the kink density in spite of the presence of strong 
Fermi level pinning near mid-gap in all the samples. 

Since Pashley et a/.6"8 claimed the kinks become domi- 
nant pinning sites in the high Si doping range of 1018-1019 

cm-3, the surface Fermi level positions expected from the 
measured kink densities after the kink-deep-acceptor model 
and those directly measured by XPS are compared in detail 
in Fig. 11(b). This was done only for our data due to ambi- 
guity in the exact Fermi level positions in previous works.6'9 

It should be noted that, as mentioned previously, our samples 
for kink measurement and those for XPS measurement for 
Fermi level pinning were prepared in this study next to each 
other and underwent exactly the same growth and cooling 
procedure, so that possible change of the kink density during 
cooling should not affect the measurement. In Fig. 11(b), 
data pairs taken on the neighboring samples are connected by 
dashed lines. For the sake of easier understanding of the data, 
doping values are shifted horizontally within doping mea- 
surement accuracy. 

If the kink-deep-acceptor model is correct, these two sets 
of Z?FS values should coincide with the measurement accu- 
racy. However, it is apparent from Fig. 11(b) that the two 
surface Fermi level positions are very different and differ- 
ences are much larger than the measurement accuracy, par- 
ticularly in the case of well-behaved ß, and ß* surfaces. 
Thus, the present result cannot be explained quantitatively by 
the kink-deep-acceptor model. 

The result shown in Fig. 6 concerning the relation be- 
tween the net electron concentration and kink density is also 
very much against the kink-deep-acceptor model. This is be- 
cause the reduction in the net ionized donor density in the 
surface depletion layer due to compensation should result in 
reduction of the surface kink acceptors. The theoretical rela- 
tionship using Eqs. (2) and (4) with the assumption that the 
net electron concentration is equal to the net ionized donor 
concentration is shown by the solid line in Fig. 6, using the 
observed Fermi level position of EF=Ev+0.62 eV. How- 
ever, no change of the kink density was observed, and it is as 
though the kink density is determined by the number of Si 
atoms itself, not by the number of net ionized impurity at- 
oms. Of course, there is a possibility that the number of the 
compensating acceptors, i.e., Be in the Be-doped case and 
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FIG. 11. (a) The calculated values of Ndepl for various pinning positions and 
the experimentally observed kink density as a function of doping concen- 
tration of GaAs (2X4) surfaces. The kink densities experimentally obtained 
by the present study, Pashley and Haberern (Ref. 6) and Yamaguchi and 
Horikoshi (Ref. 9) are plotted by dots, (b) surface Fermi level position 
above Ev expected from the measured kink density after the kink-deep- 
acceptor model and by XPS in the present study. Doping values are shifted 
horizontally within doping measurement accuracy. 

deep acceptors in the LT-GaAs case may be slightly smaller 
in the surface depletion region due to surface diffusion pro- 
cess, etc. We cannot entirely rule out such a possibility, al- 
though we feel it unlikely because post-growth annealing 
was done only for a short time of 3 min at the growth tem- 
perature in the Be-doped case. Further work is necessary to 
clarify this point. 

Thus, we conclude that although the kink density has a 
strong correlation with Si doping on GaAs(001)-(2X4) sur- 
faces, the observed kink density, which is strongly dependent 
on preparation conditions, is not always large enough to ex- 
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plain quantitatively the observed strong Fermi level pinning 
by the kink-deep-acceptor model. 

The present result may seem to contradict the recent STS 
result by Pashley et al.,s where a negative charge of (1.2 
±0.4)e was directly detected near each kink. However, one 
should also remember that no discrete peaks corresponding 
to the existence of discrete deep acceptors were detected in 
the STS spectra. Instead, STS taken on the kink site showed 
either no gap states or broadly U-shaped continuous gap- 
state spectra similar to that shown in Fig. 10(b). This result is 
very difficult to understand by the kink-deep-acceptor model. 
Additionally, if we assume formation of acceptor type gap- 
state continuum by each kink through some unknown 
mechanism, the reported charge of (1.2±0.4)e seems then to 
correspond to integration of continuous states up to Ec or 
above Ec and not to the mid-gap pinning position, judging 
from the empty state bias used. However, what matters for 
pinning is the integrated charge up to the pinning position, as 
is clear from Eq. (3), and this charge seems to be much 
smaller than (1.2±0.4)e. 

Our tentative interpretation to explain the present result is 
that the major mechanism for strong Fermi level pinning in 
ß-, ß*- and y-phase surfaces observed in this study is due to 
disorder caused by missing As atoms on the As-dimer rows, 
holes, and steps, etc. that destroy two-dimensional order on 
the surface. They clearly exist as large densities in all the 
images which we took in our study, including /3-phase 
samples. Although the ordered missing-dimer structure itself 
should be free of surface states according to Chadi,22 random 
disorder in the dimer array may introduce gap state con- 
tinuum such as shown in Fig. 10(b). Namely, we assume that 
such surface disorder causes random scattering of electron 
wave and produces tail states. Of course, kinks are also the 
cause of such disorder, and may contribute to gap state con- 
tinuum. Further theoretical and experimental work is obvi- 
ously necessary to justify such an interpretation based on 
surface disorder. What we can conclude now is that kinks as 
simple discrete deep acceptors cannot explain the present 
result quantitatively. 

B. InP (2x4) surface and possible reason for 
difference between GaAs and InP 

XPS study showed that the Fermi level on Si-doped InP 
(2X4) surfaces is pinned at around Ec-EF=0.3-0.6 eV. 
Figure 12 shows the prediction of the kink-deep-acceptor 
model together with the measured kink densities. 

Obviously, there is no correlation between kink density 
and Si doping concentration experimentally, and the ob- 
served number of kinks does not explain the observed Fermi 
level pinning. Thus, the kink-deep-acceptor model is not ap- 
plicable to Fermi level pinning on the InP surface, either. 

The observed difference between GaAs and InP surfaces 
with respect to correlation between Si doping and kink den- 
sity is remarkable, and obviously requires explanation. In 
this connection, Yamaguchi and Horikoshi9 investigated the 
kinks on the (2X4) reconstructed InAs, and found no kink- 
related mid-gap Fermi level pinning. The result was ex- 

doping concentration (cm 3) 

FIG. 12. The calculated values of Ndepl for various pinning positions and the 
experimentally observed kink density in the present study as a function of 
doping concentration of InP (2X4) surfaces. 

plained in terms of competition between energy loss by kink 
formation and energy gain by electron trapping from conduc- 
tion band into the kink acceptor. This competition becomes 
more and more important in narrow band gap materials. 

In the case of InP, no complication due to quantum ef- 
fects, as discussed for InAs in Ref. 9, exists and their theory 
is basically the same with the original kink-deep-acceptor 
model of N}d^k=Näepi except that energy correction for the 
kink formation, £kink, is included in Eq. (2). Thus, the the- 
oretical curves remain the same in Fig. 12, and the values of 
the parameter EC—EFS is reduced by the magnitude of 
Eünk, which is typically 0.2 eV according to Ref. 9. 

Thus, these modified curves do not explain the observed 
constant kink density. In the case that the value of Ekink is 
unrealistically large, then no kink will be formed and this 
does not explain the observed rather high constant kink den- 
sity either. Thus, it is difficult at present to provide a defini- 
tive explanation for the remarkable difference between GaAs 
and InP within the scope of this study. One possible expla- 
nation that we can suggest is that it is related to the differ- 
ence in the actual microscopic structure of the (2X4) 
missing-dimer array between GaAs and InP, namely, the 
missing-dimer trench on GaAs (2X4) surface has 1 mono- 
layer (ML) depth according to the latest observation.17 We 
also recently have confirmed this, and additionally we also 
have found that the missing-dimer trench on InP (2X4) sur- 
face has 0.5 ML depth.11 Thus, when the Si atom is going to 
replace a group III atom on the (2X4) reconstructed surface, 
it should replace the one on the trench wall in the case of 
GaAs, whereas it should replace the one on the trench bot- 
tom on the InP surface. If the former is energetically unfa- 
vorable to the neighboring atoms as compared with the latter, 
it may lead to kink formation on GaAs, but not on InP. This 
is not to say that there is one Si atom at each kink site on 
GaAs. Instead, one kink once formed at one Si site may be 
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copied during crystal growth forming a kink without the 
presence of Si and such kinks may remain on the surface 
after the original Si atom itself is buried the bulk. Dynamic 
processes such as kink motion and recombination may also 
coexist during crystal growth and may complicate the kink 
dynamics. In any case, further work is necessary to clarify 
this point. 

V. CONCLUSION 

The relationship between kink defects and the Fermi level 
pinning on GaAs and InP(001)-(2X4) surfaces was studied 
in detail by STM and XPS. The main conclusions are listed 
below. 

(1) In Si-doped GaAs, the kink density increased with dop- 
ing as previously found. However, actual density de- 
pended very much on the reconstruction phases and ex- 
perimental conditions. 

(2) At high Si doping levels, Fermi level was strongly 
pinned below mid-gap, but the measured kink density 
was found to be not large enough to explain such pin- 
ning by the kink-deep-acceptor model, which assumes 
that each kink acts as a single discrete deep acceptor site. 
It is suggested that loss of two-dimensional order on the 
surface by various reasons including kinks may create 
surface states of continuous nature, and cause pinning. 

(3) In Si-doped InP, the kink density remained constant with 
the increase of Si doping, although the Fermi level was 
pinned above mid-gap. The result cannot be explained 
by the kink-deep-acceptor model either. 
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Comparison of Si and GaAs/interfaces resulting from thermal 
and plasma oxidation 
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X-ray photoelectron spectroscopy (XPS) analyses of oxides produced by thermal and plasma 
oxidation of GaAs show that electron cyclotron resonance (ECR) plasma oxidation favors what 
is thought to be the more desirable (from the point of view of electronic passivation) As+5 oxidation 
state while thermal oxidation favors the lower oxidation state, As+3. Thermal oxidation produces 
a Ga-rich oxide, whereas the ECR plasma oxides are nearly stoichiometric. Also, thermal oxidation 
removes As(0) during the initial stage. XPS shows that thermal and ECR plasma Si oxides 
have different structures. In situ and real time ellipsometry studies indicate that thermal and ECR 
plasma oxidations yield different film growth kinetics for both GaAs and Si. In particular there are 
no strong substrate orientation effects for the ECR plasma oxidation of GaAs and Si in the initial 
stage of oxidation. The similarities in our Si and GaAs oxidation results enable models to emerge 
based on the dominance of the highly reactive plasma generated oxidant species for plasma 
oxidation and molecular oxygen for the thermal case. © 7997 American Vacuum Society. 
[S0734-21 lX(97)06504-9] 

I. INTRODUCTION 

The technology of the metal insulator semiconductor field 
effect transistor (MISFET) hinges on the electronic passiva- 
tion of the semiconductor/insulator interface. An electroni- 
cally passivated interface has a significantly smaller number 
of interface states in the band gap than the number of carriers 
needed for device operation. These states can arise from in- 
adequate termination of the crystal lattice at the surface and 
are called dangling bonds or intrinsic interface states, as well 
as from defects and impurities, and are then referred to as 
extrinsic interface states. Electronic passivation of the Si sur- 
face is achieved through thermal oxidation, and the resulting 
interface state density is typically less than 
1010 cm"2 eV"1, which is about 102 lower than the carrier 
concentration required for Si-based MISFET operation. It is 
known that electron cyclotron resonance (ECR) plasma oxi- 
dation produces good electrical quality oxides on Si.1 Plasma 
oxidation of GaAs has also been previously reported.2"4 

III-V semiconductors such as InP and GaAs offer materials 
property advantages over Si, such as increased carrier mobil- 
ity and direct band gap, and may be used for microwave and 
optoelectronic applications. However, electronic passivation 
of GaAs is not fully resolved, and models have been pro- 
posed to explain the origin of the high density of interface 
states at III-V semiconductor/insulator interfaces.5"7 

"Fixes" have been found using S,8 or running deionized 
water (RDIW) and UV light9 for instance, to reduce surface 
state levels. However, these solutions have not yet achieved 
wide acceptance due to processing and stability issues. A 
recent promising study10 involving in situ molecular beam 

"'Electronic mail: GENE_IRENE@UNC.EDU 

epitaxial deposition of various oxides shows an interface 
midgap density in the lO^eV^1 cm"2 range, on n and 
p-type GaAs/Ga203 structures. 

Previous work in our laboratory on InP (Ref. 11) led to a 
passivation method involving first mild ECR plasma oxida- 
tion to about 2 nm oxide thickness, to reduce intrinsic states, 
followed by the ECR plasma chemical-vapor deposition of 
Si02 to preserve the stoichiometry of the interface. This pro- 
cess did not produce excess P at the InP/oxide interface and 
resulted in good electrical characteristics of MIS structures. 
The present research follows from the InP studies. ECR 
plasma offers many advantages such as low ion energies, 
high plasma density, and the possibility to operate at room 
temperature, which makes it an important method for com- 
pound semiconductor processing. 

In the present study, we report a comparison of the ther- 
mal and ECR plasma oxidation of GaAs and Si. We address 
such issues as the structural differences between the oxides 
obtained thermally, and with ECR plasma, the effect of the 
plasma conditions on the resulting oxides, and orientation 
effects on the kinetics of oxidation. First several GaAs clean- 
ing procedures from the literature were compared using spec- 
troscopic ellipsometry (SE), x-ray photoelectron spectros- 
copy (XPS), and atomic force microscopy (AFM), in order to 
find a process that leads to a reproducible and uniform start- 
ing surface. Also, the amount of As(0) left after the cleaning, 
as well as produced during various oxidation processes has 
been monitored, since As(0) is held partly responsible for 
poor electrical properties of GaAs MISFET devices. Thermal 
oxidations, which were included in this study mainly for the 
purposes of comparison with ECR plasma results, were per- 
formed on different GaAs orientations, at 420 °C, and on 
Si(100) at 500 °C and 800 °C. ECR plasma oxides were 
grown on various GaAs and Si substrates. Substrate bias and 
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temperature effects were observed. The oxidations were 
monitored in situ and in real time with single wavelength 
ellipsometry (SWE), in situ with SE, and ex situ with XPS. 
Optical models of the oxides were established from SE data 
and checked with XPS. 

II. EXPERIMENTAL PROCEDURES 

The GaAs wafers used were polished single crystal semi- 
insulating undoped GaAs wafers with (100), (110), and (111) 
orientations. The (111) wafer type was determined to be a Ga 
terminated surface, using White and Roth's etchant.12 The Si 
wafers werep-type c-Si, with (100), (110), and (111) orien- 
tation, and 1 -2 ohm cm resistivity. Si surfaces were cleaned 
using a modified RCA procedure,13 with a final HF dip and 
deionized water rinse. As for GaAs cleaning, three different 
methods from the literature were tested, but all started with a 
degreasing step, involving sequential rinsing in electronics 
grade tetrachloroethylene, acetone and methanol, followed 
by RDIW for 2 min. Each step lasted 10 min, and was per- 
formed in an ultrasonic bath. The different chemical treat- 
ments applied after the degreasing step are listed below.14 

Process 1:     r^PO^HjCVr^CXklilO), room temperature, 

4 s+RDIW rinse+HCl:MeOH(l:l), room 

temperature,  2 min+final RDIW rinse. 

Process 2:    HCl:MeOH(l:l), room temperature, 

2 min+final RDIW rinse. 

Process 3:    HC1:H20(1:1),  room temperature, 

2 min+final RDIW rinse. 

After the last water rinse, the samples were blown dry 
with high purity N2, and then were transferred in air to the 
ECR plasma processing/SE chamber or to the XPS system. It 

should be noted that other successful cleaning processes are 
reported in the literature, see for example Ref. 14, but we 
made no attempt to be exhaustive. Rather, we chose three of 
the simplest procedures to compare. 

The GaAs thermal oxidations were performed at 420 °C 
in dry oxygen, in a cylindrical fused silica tube placed in a 
resistively heated furnace. This temperature was selected be- 
cause we found that it was high enough to perform kinetics 
studies and low enough to preclude large amounts of produc- 
tion of elemental As. The flow of oxygen was 50 seem. The 
Si thermal oxidations were performed at 500 and 800 °C. 

The ECR plasma processing chamber/SE system is shown 
in Fig. 1. The plasma operates at 300 W and 2.45 GHz. The 
oxygen pressure was maintained at about 8 X 10~4 Torr dur- 
ing oxidation, and the sample was placed about 20 cm down- 
stream from the plasma. The sample could be heated by a 
halogen lamp behind the sample stage, and a dc bias voltage 
between the sample and the plasma could be applied. The 
base pressure of chamber was around 5X10-8 Torr. The 
spectroscopic ellipsometer was a custom built rotating ana- 
lyzer system with a spectral range of about 1.5 eV and 5.5 
eV, and has been previously described.15 The SWE studies 
were carried out at 380 nm for GaAs, and 340 nm for Si, 
because at these energies, ellipsometry is very sensitive to an 
overlayer, but is relatively insensitive to temperature changes 
for GaAs16 or Si.17 Also, before SE measurements, the 
samples were cooled to room temperature. The thicknesses 
reported in this work that were derived from SWE measure- 
ments, were obtained using a trajectory method.17 The mea- 
surables in ellipsometry are the changes in amplitude, ty, and 
phase, A, of the p and s components of polarized light upon 
reflection from a sample surface. The complex reflection co- 
efficient, p = tan W\ can be directly related to the dielectric 
function e of a pure substrate through the relation 

-ie-> = sin   <f> tan2 (f> 
1-P 

1+p 
+ 1 (1) 

Microwave 
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Analyzer 

Load 
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P ~ 5 x 10  torr 
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FIG. 1. Diagram of the ECR plasma processing chamber/SE integrated sys- 
tem. 

where <$> is the angle of incidence, 71° in this case. For a 
nonperfect or film covered surface, "^ and A yield a 
pseudodielectric function, (e), which is a convolution of the 
substrate and film(s) dielectric functions. The measured com- 
plex reflection coefficients, pexp, were related to physical 
properties of the sample through model calculations using 
the Bruggeman effective medium approximation.18 To com- 
pare the measured p(pexp) to that of an assumed model, 
Panic an unbiased estimator S, is calculated from the 
relation19 

1 

N-P- i 2^   (Pexp     Peak/ 

1/2 

(2) 

where TV is the number of wavelengths, P the number of 
unknown parameters, and pcalc is calculated from a literature 
database.20 A minimizing procedure gives the best fit param- 
eters which are film thickness and composition, at the 90% 
confidence level. To interpret the SWE measurements in 
terms of film thickness, we assumed a simple one layer 
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model. Further discussion of modeling will be given below. 
Film thicknesses reported in this study were determined us- 
ing ellipsometry. 

The XPS spectra were taken using monochromatized Al 
Ka radiation (1486.6 eV). Charging effects were eliminated 
using an electron flood gun, and the C Is peak was kept 
around 285 eV. The spectra were taken at 80° and 20° take- 
off angles, which gives the possibility for depth profiling. 
The XPS raw data shown below have not been smoothed or 
convoluted. The ratios shown in Tables I, II, and IV were 
derived as follows: 

Gaox    %Gatot    area of Gaox peak 
X- (3) 

Asox    % Astot" area of Asox peak' 

where %Gatot and %Astot are the total percentage of Ga and 
As detected in the sample. Similarly, the As ratios are given 
as 

As+A:     area of As+* peak 
(4) 

As+J     area of As+y peak' 

The values in the tables are deduced from fitting, and a 20% 
error in the areas corresponds to a maximum of 50% error in 
the ratios. We believe such errors can occur when examining 
the As(0) peak. For GaAs, we analyzed mainly the As and Ga 
3d core level spectra, but also the 2p spectra, which is an- 
other way of performing depth analysis, since the escape 
depths for the 3d and 2p electrons are significantly 
different21 (about 2.4 nm versus about 0.7 nm). For Si, the Si 
2p peaks were used. In both cases, the O Is window was 
also analyzed. The XPS data were fit using mixed Gaussian- 
Lorentzian functions, in order to perform semiquantitative 
analysis. The fitting includes the 3/2 and 5/2 contributions 
for the 3d peaks, with a ratio of 0.67, and a separation of 
0.47 eV for Ga, and 0.69 for As. The 1/2 and 3/2 compo- 
nents of the Si 2p peaks are kept with a ratio of 0.5, and a 
separation of 0.59 eV. XPS data were not used to determine 
oxide thicknesses in this work. In this study, chemical etch- 
ing of GaAs thermal oxide was also used with XPS, in order 
to better understand the depth composition of our oxides. A 
more detailed study22 of the depth composition of native ox- 
ide using a chemical depth profiling method in conjunction 
with XPS also showed a gradient of composition in the ox- 
ide, consistent with our results. 

AFM was utilized to image surfaces from which rms 
roughness values were obtained. 

III. EXPERIMENTAL RESULTS AND DISCUSSION 

A. Cleaning 

For Si, a modified RCA method13 was used, followed 
with a HF dip and deionized water rinse. This method is 
known to give reproducible surfaces, and SE shows that it 
leaves a 0.4 nm±0.1 nm residual oxide layer. The SE data 
was analyzed using a single layer two component model. 
Our XPS measurements at 80° indicate that the residual ox- 
ide does not contain Si02, but rather suboxides, hereafter 
referred to as SiOx.  The binding energy (BE) shift for 

TABLE I. XPS data at 80° for cleaning processes 1 through 3, for a GaAs 
(100) sample. For the details of the cleaning processes, see the text. The 
table gives the Ga to As oxide ratio, the As+ ¥5 to As+3 oxide ratio, and the 
ratio of the As(0) to that of As in GaAs, derived from the XPS 3d peaks. The 
energies are in eV. 

Process 
Gaox/Aso; 

3d 
As+S/As+3 

3d 
As(0)/Assubst 

3d 

0.3 
0.4 
0.25 

0.25 
0.10 
0.18 

SiOx, measured from substrate Si, is 1.05 eV, which corre- 
sponds to a +1 oxidation state for Si.23 For GaAs, three 
different cleaning processes described above were compared 
using SE and XPS. All of the processes left a residual over- 
layer presumably formed during air exposure after the last 
water rinse, which is anticipated since it has been reported 
that the HC1 treated GaAs surface is very reactive in air. Our 
intention in the "cleaning" phase of this work was not to 
achieve a bare GaAs surface, but rather a reproducible sur- 
face with a low concentration of electronic defects for poten- 
tial MIS applications. Therefore, close attention was paid to 
the As(0) in the residual oxide layer. The thickness of the 
overlayer, after the various method tested, was 1.2 nm±0.2 
nm, determined from SE data, and analyzed using a single 
film two component model. Table I summarizes the XPS 
fitting results obtained from methods 1 through 3. For the Ga 
3d peak, two components separated by 1.05±0.05 eV were 
observed. They correspond to the substrate Ga appearing at a 
lower BE, and to Ga+3 for the other. As for the As window, 
the oxide peak has only one component, As+3, separated 
from the substrate by 3.37+0.03 eV. An additional compo- 

Si models 

MODEL 1 MODEL 2 

Si02 Si02 
a-Si Si02 

j£#Si;;.:--. 
mgaggmmgm 

MODEL 1 

GaAs models 

MODEL 2 

GaAs oxide 
GaAs oxide 

a-As 

■'• ;GäÄs-;" 

GaAs oxide 
a-As 

GaAs" 

FIG. 2. One and two film models used to fit the SE data, for Si and GaAs. 
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FIG. 3. Substrate orientation effect on the thermal oxidation of GaAs at 
420 °C. The line is a polynomial fit to the data, and is not related to a 
specific model of oxidation. 

nent is observed that is shifted by about 0.6 eV relative to the 
As substrate peak and is attributed to elemental arsenic, 
As(0), which is known to accumulate at the GaAs/oxide 
interface.25 Table I shows that the residual oxide is not sto- 
ichiometric, it is As rich, it does not contain As+5, and that 
different cleaning methods produce different interfaces. The 
process using H3P04 seems to leave the most As(0) at the 
interface, and the HCkMeOH (1:1) mixture seems to leave 
less As(0) than does HC1:H20 (1:1). Another study26 shows 

25     24     23      22     21      20      19     18 

Binding Energy (eV) 
17     16     15 

As 3d 

46 45      44     43     42     41 

Binding Energy (eV) 
40     39     38 

FIG. 5. Representative Ga and As 3d XPS peaks for a GaAs sample ther- 
mally oxidized at 420 °C for 20 min. 

(a) 

3.0 3.5 4.0 
Energy (eV) 

4.5 5.0 

20 min 60 min 

= 2.63 nm +/- .53 nm 

45 % . - „ 
55%*/-8/° 
1.04 nm +/- .62 nm 

GaAs oxide 

GaAs oxide 
 a-As 

t = 4.3 nm +/- .35 nm 

40 %+/-3 % 60 %  ' J '" 
2.16 nm+/-.44nm 

(b) 

FIG. 4. (a) Imaginary part of the pseudodielectric function, (e2), for GaAs 
samples thermally oxidized at 420 °C for 20 min and 60 min, respectively, 
and (b) SE modeling data for the same samples, deduced from (a). 
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that a H2S04:H202:H20 (5:1:1) mixture leaves more As(0) 

at the interface than a concentrated HC1 (50%) dip. Proce- 
dure 2 was therefore chosen as our cleaning method for this 
study, since it leads to reproducible surfaces, and AFM indi- 
cates smooth surfaces with a rms value of about 0.4 nm. 

B. Thermal oxidation 

Si thermal oxidation kinetics measurements were not re- 
done, since the results from extensive studies are available.27 

It is known that in the initial oxidation regime (<10 nm) the 
(110) Si surface oxidizes faster than the (111), which in turn 
oxidizes faster than (100); this order parallels the areal den- 
sity of Si atoms. 

The thermal oxidation of the (100), (110), and (111) 
GaAs orientations was followed with SE. Figure 2 displays 
the optical models that were used in this study, in order of 
complexity. The simplest models involve a single film with 
one component, and this works well with thick Si02 layers, 
where the contribution of the interface is negligible. How- 
ever for our thickness range, we need to use a single film two 
component model, or a two film model if the interface is 
large enough, or to model interface roughness. The optical 
absorption of the films increases with the content of elemen- 
tal As, or a-Si, as well as with the roughness of the interface. 
By the same token, As(0), or a-Si, can be used in the mod- 
eling as constituents that increase n and/or k of a film, for 
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TABLE II. XPS data at 80° for a GaAs (100) sample oxidized thermally for 20 min. (a) shows the BE differences between the Ga or As substrate peak and 
the corresponding oxides for the 3d windows, the FWHM, shown in square brackets, of the oxide peaks, and the BE differences between the O 1 s peak and 
the various 3d oxide peaks, (b) shows the stoichiometry of the oxides, as well as the ratio of As<0) to As of the substrate. The energies are in eV. 

Ga+3-Ga As+3-As As+5-As Ga ox/ASox Gaox/Asox As+5/As+3 As    /Assubst 

3d 3d 3d 0ls-Ga+3 0ls-As+3 0ls-As+5 3d 2p 3d 3d 

Before 1.33 3.55 4.90 510.9 486.95 485.6 1 2.5 0.9 0.015 

H20 dip 
After H20 

[1.15] 
1.31 

[1.45] 
3.46 

[1.61] 
4.85 510.95 487.1 485.7 14 5.8 1.25 0.024 

dip [1.15] [1.57] [1.79]   

example if the density of the measured film is higher than 
that used for the data base. For the GaAs oxide, the available 
data base is that of an anodic oxide, which contains equal 
amounts of As+3 and Ga+3 oxides. To decide which is the 
best model for a specific situation, we relied on the value of 
S, as defined in Eq. (2), as well as on physical facts deduced 
from our XPS data and/or from the literature. 

Figure 3 shows thermal oxidation results for three GaAs 
orientations. A single layer model with two components was 
used in order to determine the thicknesses. It is seen that the 
(100) and (110) surfaces exhibit essentially the same behav- 
ior while the (111) A samples oxidize more slowly. A 
(lll)A surface has Ga surface atoms attached to three As 
atoms below the surface plane, and the valency of Ga is 
satisfied. This situation is not favorable to oxidation, because 
electrons are not readily available. On the other hand, the 
(110) orientation, with both As and Ga atoms at the surface, 
oxidizes faster than the (lll)A orientation. The (100) orien- 
tation also oxides faster and this is possibly attributable to 
the fact that on this surface each atom is attached to two 
atoms in the plane below yielding uniform but weaker bond- 
ing than the (111) surface. These results are consistent with 
published etch rate studies14 on various GaAs orientations. 
Thus for GaAs thermal oxidation, the rates of oxide forma- 
tion appear to be dominated by the chemical environment at 
the GaAs surface rather than simply by the atomic density. 
Figure 4 displays representative SE data in terms of (e2) for 
GaAs samples thermally oxidized at 420 °C for 20 and 60 
min, as well as the modeling results using model 2 for the 
same samples. Model 2 gave better results than model 1 in 
terms of 8. It is seen that during the thermal oxidation of 
GaAs, both the internal (interfacial) and external (outer) lay- 
ers grow. In order to better understand the model, we per- 
formed XPS measurements on a sample oxidized for 20 min 
at 420 °C. Figure 5 shows representative Ga and As 3d spec- 
tra for this oxide. The sample was dipped in running deion- 
ized water for a minute in order to dissolve the top part of the 
oxide layer, and reanalyzed with XPS. The fitting results are 
shown in Table II. It has been argued28 that oxidation of 
GaAs does not produce separate phases of Ga203, As203, 
or As205, but rather a single phase nonstoichiometric oxide 
with mixed bond types. For this reason, the individual oxides 
are not identified in our analysis. The XPS results confirm 
that thermal oxidation produces Ga rich oxides,25 the ratio of 
Ga to As oxide being significantly greater than 1. Extensive 
XPS studies29 on thermally grown GaAs oxides also show 

that As+3 is the dominant form of As oxide, even though 
As+5 was detected. In our case, the presence of such a rela- 
tively large amount of As+5 might be due to the fact that our 
oxidation temperature was low, and our oxidation time short. 
Comparison of the ratios of Ga to As oxides using the 3d 
and 2p peaks indicates that the outer part of the oxide is 
richer in As than the substrate/oxide interface. This fact is 
confirmed by the H20 dip, which mostly eliminates arsenic 
oxides. At our oxidation temperature, the arsenic oxides, 
As203 and As205 should evaporate, and yet we detect oxi- 
dized forms of As. This confirms previous studies28 that sug- 
gest that the GaAs thermal oxide produced at this tempera- 
ture is a single phase structure. As(0) is observed at the 
interface, but its amount has been reduced compared to that 
of a freshly cleaned sample. The As(0) pileup at the interface 
has been explained in two ways: first through the ternary 
condensed phase diagram30 which predicts that GaAs and 
As203 react to give GaAs and As(0); and second using 
Wilmsen's model for oxide growth31 which predicts that dur- 
ing the early stage of oxidation, the As oxides evaporate, 
leaving a layer of Ga rich oxide behind, through which fur- 
ther outdiffusion of As is difficult. It is likely that we do not 
observe much As(0) at the interface, because our reaction 
temperature is low, and the reaction time is short. The appar- 
ent increase in the As(0)/Assubst ratio observed after the 
H20 dip cannot be interpreted since it is within the error of 
the experimental method. On the other hand, our SE data 
shows that the As(0) content of our oxides is high. However 
this may be a modeling artifact, considering that the oxide 
near the GaAs/oxide interface is Ga rich, and therefore does 

es 

106 104 102 100 

Binding Energy (eV) 

96 

FIG. 6. Representative Si 2p XPS peak for a Si sample oxidized at 800 °C 
for 30 min. 
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TABLE III. XPS data at 80° for clean Si, and for Si thermal oxides grown at 800 °C for 30 min and 3 h, and 
500 °C for 14 h. The table displays the O Is peak position as well as the BE differences between the oxides 
detected and the substrate peak. The FWHMs are shown in square brackets. The energies are in eV. 

O Is Si+I-Si Si+2-Si Si+3-Si Si+4-Si O U-Si+4 

Clean Si 532.34 
[1.88] 

1.04 
[0.63] 

800 °C 532.68 1.01 4.37 429.78 
30 min [1.34] [0.63] [1.21] 
800 °C 532.9 4.31 429.75 
3h [1.25] [1.15] 
500 °C 532.45 1.01 1.86 2.62 4.13 429.86 
14 h [1.46] [0.70] [0.74] [1.08] [1.26] 

not correspond to our data base used for model fitting. There- 
fore the a-As in the model might be needed in order to 
account for a denser part of the oxide for example, and in- 
deed Ga203 is more dense than any As containing oxide 32 

CO 
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CD c 
o 
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Figure 6 shows the Si 2p spectrum for a Si sample oxi- 
dized at 800 °C for 30 min. Table III displays the XPS fitting 
results in the present study for a clean Si substrate, and for 
three Si thermal oxides. Two samples were grown at 800 °C 
for 30 min and 3 h, respectively, and the other at 500 °C for 
14 h. The thicknesses of these oxides, determined by SE, are 
3.9 nm and 15.6 nm for the 800 °C samples, respectively, 
and 2.4 nm for the sample oxidized at 500 °C. Si02 is not 
observed on our freshly cleaned sample at 80°, and only a 
component shifted by 1.04 eV is present. Our data at 25° (not 
shown), indicates a small component shifted by 3.82 eV. 
This is probably Si02, considering that the BE shift between 
the substrate and the Si02 decreases with decreasing oxide 
thickness,33 and the effect of the oxide thickness on the BE 
shift ceases at about 5 nm. Our results show that the oxida- 
tion at 500 °C leaves suboxides even after 14 h of oxidation, 
and that the full width at half maximum (FWHM) of the 
Si02 peak is greater than that of 800 °C oxide. The O 1 s 
peak of the oxide grown at 500 °C is also greater than that of 
the 800 °C ones. These observations indicate that the process 
temperature affects the structure of the oxides, and this will 
be discussed further when we compare the thermal oxides 
with the ECR plasma grown oxides. 
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FIG. 7. Substrate orientation effect on the ECR plasma oxidation of (a) Si 
with a substrate bias of +30 V at floating temperature and (b) GaAs with a 
substrate bias of +10 V at floating temperature. The plasma power was 300 
W. 
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FIG. 8. Imaginary part of the pseudodielectric function (e2), for ECR 
plasma grown oxides on Si, for 7 min and 25 min with a substrate bias of 
+30 V. 
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FIG. 9. Imaginary part of the pseudodielectric function, (e2), for an ECR 
plasma grown oxide on GaAs, 10 min with a substrate bias of +10 V. 

C. ECR plasma oxidation 

Figure 7 shows the ECR plasma oxidation kinetics data 
for Si and GaAs, for three orientations as obtained from 
SWE measurements. SE data were also taken at different 
stages of the growth, to confirm the SWE results. It is seen 
that, for the thickness range studied, the Si and GaAs orien- 
tation has no significant effect on the kinetics of oxidation, 
which is contrary to the thermal results. In fact, if there is 
any effect on Si, it is interesting to note that it is the (110) 
surface that oxidizes the slowest and which for thermal oxi- 
dation is the fastest oxidizing orientation.26 The effect of 
substrate bias and temperature on the kinetics of ECR plasma 
oxidation has already been studied for Si34 and GaAs.35 It 

ECR GaAs 
10 min 

GaAs oxide 
a-As 

3.61 nm +/- .7 nm 

*>% *       i  ^c 

«'f *'" < l' 
6 = 0.0045 

ECR Si 
7 min 25 min 

SiO, 1.36 nm+/- .39 nm 

22% 

SiO, 3.64 nm +/- .42 nm 

Si02 

a-Si 
Si02 

a-Si 
?>-•» 

2.35 nm +/- .34 nm 3.16nm+/-.45nm 

c-Si c-Si 

FIG. 10. SE modeling data for ECR plasma oxides grown on GaAs, 10 min 
with a substrate bias of +10 V, and on Si, for 7 min and 25 min, respec- 
tively, with a substrate bias of +30 V. 
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FIG. 11. Ga and As 3d XPS peaks for a GaAs sample oxidized at a plasma 
power of 300 W for 10 min, with a +10 V substrate bias. 

was shown that in both cases a positive substrate bias, as 
well as higher temperature, enhances the oxidation rate, and 
also that the initial regime of oxidation, that is the first 5 min, 
is independent of substrate bias. 

Figures 8 and 9 show the SE data in terms of (e2) for 
ECR plasma grown oxides on Si and GaAs, and Fig. 10 
displays modeling results for these samples, deduced from 
the previously shown SE data. Model 2, which includes an 
interfacial layer, was found not to apply to ECR plasma ox- 
ides on GaAs where the interfacial layer thickness was found 
to be zero. Figure 10 shows representative modeling results 
for a GaAs sample oxidized for 10 min with a substrate bias 
of +10 V, and similar results were found for various biases 
and oxidation times. This modeling indicates that the GaAs 
ECR plasma oxides are more uniform than the thermal ox- 
ides. This result is likely due to temperature, since we have 
shown in our previous study35 that annealing a GaAs ECR 
plasma grown oxide sample in vacuum significantly changed 
the structure of the oxide, to the point where model 2 had to 
be used in order to analyze the SE data. Model 2 was used 
for Si, and indicates that there is an interfacial layer between 
the substrate and the oxide. This layer increases slightly with 
oxidation time. 

Figure 11 shows representative Ga and As 3d spectra for 
a GaAs sample, oxidized at a plasma power of 300 W for 10 
min, with a + 10 V substrate bias. Table IV summarizes the 
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TABLE IV. XPS data at 80°, unless stated otherwise, for a GaAs (100) sample oxidized by ECR plasma for 10 
min. The plasma power was 300 W, the substrate bias was +10 V, and the substrate was oxidized at floating 
temperature, (a) The BE differences between the Ga or As substrate peak and the corresponding oxides for the 
3d windows, the FWHM of the oxide peaks in square brackets, and the BE differences between the O 1 s peak 
and the various 3d oxide peaks, (b) The stoichiometry of the oxides, as well as the ratio of As<0) to As of the 
substrate. The energies are in eV. 

(a) 
Ga+3-Ga As+3-As As+5-As 

3d 3d 3d Oi.,-Ga+ 
0„-As+3 0K--As+ 

+ 10 V 
10 min 

1.10 
[1.15] 

3.16 
[1.45] 

4.62 
[1.65] 

511.30               487.82 486.2 

(b) 
Gaox /Asox 

3d 
Gaox/Asox 

3d, 20° 
As+5/As+3 

3d 
As    /Assu(,st 

3d 

+ 10 V 
10 min 

1.1 1.1 3.50 0.1 

XPS fitting results for that sample. The BE shifts between 
the substrate and oxide peaks are smaller for the ECR plasma 
grown oxides than for the thermal oxides. Also the shifts 
between the O 1 s and the oxide peaks are larger for the ECR 
plasma grown oxides than for the thermal oxides, which in- 
dicates that the oxide structures are different. The stoichiom- 
etry of the oxides is also different: the plasma oxide is nearly 
stoichiometric, with a Ga to As oxide ratio close to unity, 
and contains more As+5 than the thermal oxide. These re- 
sults agree with those of Lu et al.4 Figure 12 displays a rep- 
resentative Si 2p spectrum for a Si ECR plasma oxide grown 
for 7 min at a plasma power of 300 W, and with a +30 V 
substrate bias. Table V summarizes the XPS fitting results 
for Si ECR plasma oxides grown for 7 and 40 min, respec- 
tively, at a plasma power of 300 W, and with a +30 V 
substrate bias. The thicknesses of these oxides, determined 
by SE, are 3.7 nm for the 7 min sample, and 13.2 nm for the 
40 min sample. The thin ECR plasma grown oxide shows a 
Si+2 component that was not detected in the thermal sample. 
The FWHM of the O Is and Si02 peaks are larger for the 
ECR plasma oxides, than for the thermal ones. It has been 
argued23 that bond length/angle distribution affects the XPS 

Si2p 

106   104    102   100 

Binding Energy (eV) 

98 96 

oxide peaks for Si, and that stress leads to broader oxide 
peaks. It is possible that our plasma oxide, grown at floating 
temperature has a more stressed interface than the thermally 
grown oxide. To confirm that our XPS results were tempera- 
ture related, we grew a thermal oxide at 500 °C and analyzed 
it using XPS. The fitting results are reported in Table III. The 
FWHM are larger than in the 800 °C case, which corrobo- 
rates our assertion of a temperature related phenomenon. 

Yamasaki et al? investigated the transport of 02 in GaAs 
oxide during dry plasma oxidation. They concluded that the 
mass transport in the oxide was due to ion drift. They also 
suggested that far from the plasma discharge, neutral oxygen 
comprises the dominant oxidant, and that a fraction attaches 
to the substrate surface, and is ionized through electron bom- 
bardment. Also, it has been argued36 that 02 decomposes to 
O and O-, which migrates through the oxide at positive 
bias. This corroborates our previous results35 that show that 
the oxide growth rate is proportional to the positive bias 
value. Also in a previous study37 we have shown that insert- 
ing a shutter between the plasma discharge and the sample 
slows the oxidation. The shutter stops direct impingement of 
electrons onto the substrate, and much of the UV irradiation 
from the plasma, which may also account for its effect on 
oxidation rate. Carl et al.38 performed a detailed study on the 
ECR plasma oxidation of Si. Their kinetics data, although in 

TABLE V. XPS data at 80° for ECR plasma grown oxides on Si, for 7 and 40 
min, respectively. The plasma power was 300 W, the substrate bias was 
+30 V, and the substrate was oxidized at floating temperature. The table 
displays the O Is peak position as well as the BE differences between the 
oxides detected and the substrate peak. The FWHMs are shown in square 
brackets. The energies are in eV. 

O Is       Si+I-Si    Si+2-Si    Si+3-Si    Si+4-Si 
[FWHM]   [FWHM]   [FWHM]   [FWHM]   [FWHM]   Ols- Si+ 

FIG. 12. Si 2p XPS peak for a Si ECR plasma grown oxide for 7 min at 
plasma power of 300 W, and substrate bias of +10 V. 

ECR 532.15 1.03 2.09 4.08 429.70 
7 min [1.51] [0.62] [1.0] [1.34] 
ECR 532.34 4.32 429.79 
40 min [1.50] [1.37] 
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a much thicker range, agree with ours. On the other hand, 
based on Fourier transform infrared spectroscopy, XPS, and 
Auger spectroscopy, they observed no chemical differences 
between thermal and plasma oxide. This might be due to the 
fact that their oxidations were done at higher temperatures 
than ours. 

IV. CONCLUSIONS 

A combination of SE and XPS showed that the oxide/ 
substrate interfaces produced by thermal and ECR plasma 
oxidation of Si and GaAs are different. For GaAs, ECR 
plasma oxidation produces a more uniform and nearly sto- 
ichiometric oxide, with a higher As+5 content than the ther- 
mal oxide. For Si, it is not so much the suboxides content 
that distinguishes the oxides produced thermally and with 
ECR plasma, but the Si02 structure. The oxide produced by 
ECR plasma may be more stressed, and this appears to be 
related to the low temperature process. It has also been 
shown using SWE and SE data that the orientation effect 
seen in thermal oxidation for both Si and GaAs disappears in 
the initial stage of ECR plasma oxidation. Also, while for Si 
thermal oxidation, the order of oxidation rate follows the 
areal density of Si atoms on the surface, for GaAs, the rates 
of oxide formation appear to be dominated by the chemical 
environment at the GaAs surface. We have also shown that 
different cleaning methods lead to different starting surfaces 
in terms of As(0) content. To more precisely define the GaAs 
interfaces, ultraviolet photoelectron spectroscopy measure- 
ments on the various oxides would be useful. Also, the vari- 
ous GaAs/oxide interfaces need to be electrically character- 
ized, to determine the potential electronics significance of the 
different chemical interfaces. 
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The initial stages of oxidation of AlAs(OOl) (using D20 as the oxidant) have been investigated using 
Auger electron spectroscopy and temperature-programmed desorption. We have found that 
molecularly adsorbed water on AlAs(OOl) has two competing reaction pathways available: either 
desorption back into the gas phase, or dissociation resulting in aluminum oxide, aluminum 
hydroxide, and arsenic hydride. Recombination of the arsenic hydride produces arsine, which 
desorbs and depletes arsenic within the oxide film, a process which is shown to enhance the oxide 
growth. By identifying the various reaction steps that occur (with annealing) after the 
low-temperature adsorption of water on AlAs(OOl), we are able to propose a mechanism for the 
initial stages of wet AlAs oxidation. © 7997 American Vacuum Society. 
[S0734-211X(97)08104-3] 

I. INTRODUCTION 

The excellent properties of AlAs oxide films formed by 
wet oxidation have recently attracted much attention. A 
simple oxidation process, usually carried out at 700-800 K 
on epitaxial AlAs films gives rise to robust, high quality 
oxide layers that have been incorporated into III-V metal- 
oxide-semiconductor devices,1-3 and used as apertures in 
vertical cavity lasers, confining both optical mode and drive 
current.4"7 Initial studies of the oxide growth rate (under 
kinetically limited conditions) have revealed a dramatic de- 
pendence on the fraction of Al in AlGaAs films, e.g., AlAs 
oxidizes approximately one order of magnitude faster than 
Al096Gao04As.7 

The majority of current research has been directed at un- 
derstanding the structural, compositional, and electrical 
properties of the fully oxidized films that result after atmo- 
spheric pressure oxidation in tube furnaces. Consequently, 
little is known about the evolution of the oxide at a funda- 
mental level. In order to address this concern, we have in- 
vestigated, under ultrahigh vacuum (UHV) conditions, the 
mechanism of water adsorption and dissociation and the sub- 
sequent growth of thin oxide films on the AlAs(OOl) surface 
using Auger electron spectroscopy (AES), temperature- 
programmed desorption (TPD), and low-energy electron dif- 
fraction (LEED). 

"'Corresponding author; Electronic mail: mitchell@engineering.ucsb.edu 

II. EXPERIMENTAL METHODS 

All experiments were conducted in an UHV chamber 
(base pressure of 1 X 10"10 Torr) that has been described in 
detail elsewhere.8 Briefly, the chamber is equipped with 
re verse-view LEED optics (Princeton Research), a single- 
pass cylindrical mirror analyzer (PHI) for AES, and a differ- 
entially pumped mass spectrometer (UTI-100C) for TPD. 

The samples used in this study were 2000 Ä thick AlAs 
(undoped) films, grown on GaAs(OOl) substrates by molecu- 
lar beam epitaxy (MBE), which were As capped to prevent 
air oxidation upon exposure to the atmosphere. The 
AlAs(OOl) surface was prepared as follows: The sample was 
Ar+ sputtered (500 eV at ~ 1 yu,A/cm2) to remove atmo- 
spheric contaminants and then thermally annealed to 800 K 
to desorb the As cap. Final annealing to 900-950 K, a tem- 
perature range in which significant As2/As4 desorption from 
the AlAs matrix occurs, resulted in a reproducible As(31 
eV)/Al(64 eV) peak-to-peak ratio of approximately 0.5 using 
AES. Note that a persistent trace of oxygen could always be 
detected on the nominally clean AlAs(OOl) surface. Al- 
though determination of the clean surface structure (using 
LEED) was difficult due to the insulating nature of the un- 
doped AlAs film at low temperatures (below 400 K), a weak 
(1X1) LEED pattern was observed after the above surface 
preparation. Only the (3X2), (1X1), and (2X3) surface 
reconstructions have been observed on AlAs(OOl):9'10 the 
(3X2) and (2X3) structures were assigned to Al- and As- 
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stabilized surfaces, respectively, whereas the apparent (1 
X 1) structure, which exists at intermediary Al/As coverages 
in the top layer, was assigned to a disordered surface con- 
sisting of a large number of random, dimerized domains. 

The extent of AlAs oxidation was monitored by AES. 
Derivative-mode (dNIdE) spectra were recorded after each 
oxygen exposure, using an electron beam energy of 3 keV. 
All spectra were recorded at 300-350 K, as it was not pos- 
sible to obtain a reproducible signal at lower surface tem- 
peratures (presumably due to the insulating nature of the ox- 
ide). Oxygen coverage was monitored using the 
0(KL1L23) transition at 510 eV. Both the high- and low- 
energy As transitions at 1230 eV and 31 and 38 eV were 
monitored, as well as the high- and low-energy Al transitions 
at 1400 eV and 42 and 64 eV. The oxidic Al transitions at 
39, 47, and 54 eV were also monitored (where oxidic can 
refer to an oxide or hydroxide or both11). In all the experi- 
ments carried out here, the high-energy transitions [with 
electron escape depths of 20-25 Ä (Ref. 14)] were found to 
be invariant with oxidation, suggesting that any oxide films 
that are formed are thin and are restricted to the surface 
region. 

Multiplexed TPD spectra (up to eight different masses) 
were collected and controlled with an IBM-compatible 486 
PC. The sample temperature ramps were controlled by in- 
house software installed on a separate PC. The TPD data 
were measured at constant heating rates of 1 KVs. 

In order to reduce the effects of background water con- 
tamination, D20 (Cambridge Isotope Labs, 99.9% D) was 
used in all experiments. The D20 was exposed to the surface 
using a directional pinhole (5 ^m) doser. The D20 exposures 
are given in Langmuirs (L) defined in terms of the manifold 
pressure upstream from the doser as measured by a 
Baratron gauge [i.e., 1 Lsl effective monolayer= 88 Torrs 
(Ref. 15)]. 

III. RESULTS 

A. AES data 

The Auger spectra recorded after exposure of D20 to the 
AlAs(OOl) surface at 100 K are presented in Fig. 1 and show 
a dramatic change with increasing exposure. The increase in 
the oxygen peak at 510 eV, see Fig. 1(b), indicates that oxy- 
gen in some form is accumulating on the surface. Recall that 
the AES spectra are recorded at 300 K, a temperature sub- 
stantially above that for D20 desorption on this surface (at 
approximately 150 K); therefore, the O signal must originate 
from the more stable products of D20 dissociation, namely 
adsorbed hydroxyl (OD) groups and/or oxygen adatoms (in- 
dicative of partial and complete dissociation, respectively). 
The low-energy spectra, see Fig. 2(a), show clearly that the 
oxygen-based dissociation product is preferentially bound to 
Al (with multiple coordination) by virtue of the oxidic Al 
transitions at 39 and 54 eV that grow with D20 exposure, 
i.e., a near-surface Al oxide/hydroxide phase has formed11'16 

that is distinct from a chemisorbed O/OD overlayer.17 Ac- 
cordingly, the Al peaks at 42 and 64 eV decrease dramati- 
cally in intensity upon conversion from Al in AlAs to "oxi- 

w •a 
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FIG. 1. Low-(a) and mid-(b) energy Auger spectra recorded after consecu- 
tive cycles of 2 L D20 exposure to the AlAs(OOl) surface at 100 K followed 
by heating to 300 K. 

dized" Al. The depletion mechanism of surface As, as 
indicated by the intensity decrease in the As transitions at 32 
and 38 eV (the oxidic Al transition at 39 eV overlaps the As 
transition at 38 eV), will be made clear from the TPD data 
presented next. 

B. TPD data 

In all TPD experiments, the only desorbing species de- 
tected were D20 {mle = 20, where mle represents the mass- 
to-charge ratio), AsD3 [where AsD2 (mle = 19), representing 
the primary cracking fragment in the mass spectrometer, was 
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molecular D20 
• desorption 

 1 1 1 1 ] 1 1 ~T  

3.0 L D2O/AlAs(001), T . = 100 K 

OD disproportionation 
and rehydrogenation 

100       200       300       400        500        600 

Temperature, K 

700 800 

FIG. 2. D20 (m/e = 20), D2 (m/e = 4), and AsD2 (m/e = 79) thermal de- 
sorption spectra that result following a 3 L exposure of D20 to the 
AlAs(OOl) surface at 100 K. 

used to monitor the AsD3 production], and D2 (m/e = 4). No 
evidence for volatile As oxides was found and, as expected, 
no desorbing Al oxides were detected below 800 K.18 

Thermal desorption spectra recorded after exposure of the 
AlAs(OOl) surface to 3 L D20 at 100 K are presented in Fig. 
2. Clear evidence for D20 dissociation on AlAs is provided 
by the broad arsine (210 and 500 K), D20 (550 K), and D2 

(650 K) desorption peaks, respectively. The D2 desorption 
peak at 650 K is assigned to the thermal decomposition of 
aluminum hydroxide (Al-OD) produced by the partial dis- 
sociation of D20 below 200 K. The other possible sources of 
D2, namely As-D and Al-D species, are less likely since 
As-D will be significantly depleted below 600 K by the 
AsD3 desorption peak, and high-resolution electron energy 
loss spectra (HREELS)19 show that little, if any, Al-D exists 
on the surface. The D20 desorption peak at 550 K 
is assigned to the recombinative desorption of D20 
from   aluminum  hydroxide   via  either  disproportionation 

[2Al-OD-^Al-0+D20(g) + Al] or rehydrogenation 
[Al-OD+As-D->D20(g) + Al+As]. The high-temperature 
desorption of AsD3 at 500 K is a result of As-D recombina- 
tion reactions in which D atoms are exchanged between As 
sites until AsD3 forms, which then desorbs. After 3 L expo- 
sure, it appears that arsenic dideuteride (AsD2) and trideu- 
teride (AsD3) can form directly from D20 dissociation be- 
low 200 K: desorption of AsD3 from these states then 
accounts for the low-temperature desorption peak, which is 
observed at 210 K. Note that this peak is not resolved after 
submonolayer D20 exposure.19 

The sharp D20 desorption peak at 170 K is evidence that 
not all the molecularly adsorbed D20 dissociates upon an- 
nealing, i.e., some fraction remains intact and desorbs. Sig- 
nificantly, similar behavior is observed after submonolayer 
D20 exposures,19 namely concurrent desorption and disso- 
ciation, indicating that D20 must adsorb molecularly at 100 
K, and that competitive desorption and dissociation reaction 
pathways are available from this state upon annealing. 

IV. DISCUSSION 

The above results can be used to extract some key fea- 
tures in the wet oxidation of the AlAs surface. A more de- 
tailed description, utilizing an analysis of more extensive 
AES, TPD, and HREELS data, will be published 
elsewhere.19 

The mechanism deduced from the data is summarized in 
Table I. Note that the initial adsorption step occurs with es- 
sentially unity probability at 100 K,20'21 implying a one-to- 
one correspondence between D20 coverage and exposure. 
The overlap of dissociation and desorption from the molecu- 
larly adsorbed state upon annealing implies that high concen- 
trations of water remain on the surface as dissociation pro- 
ceeds. This is the main reason why we are able to observe 
oxidation chemistry under UHV conditions. The fact that 
only the dissociation reaction is observed after adsorbing 
submonolayer coverages of water on pure Al surfaces22,23 

suggests that coordination of Al to As increases the activa- 
tion energy to dissociation, relative to that for desorption, by 

TABLE I. Summary of the wet oxidation mechanism of AlAs(OOl) inferred from the TPD spectra of Fig. 2. 

D20(g)+AlAs 
100 K 

AlAs-D20(a) 

D20(g) 

Al-OD+As-D 

Al-O+As-D 

AsD3(g) 

AsD3(g)(*>l) 

Al-0+Al+D20(g) 

AlAs+D20(g) 

Al-0+D2(g) 

Molecular adsorption 

150-180 K 
Molecular desorption 

AlAs—D20(a) 
-150 K 

Partial dissociation 
-150 K 

Total dissociation 

As-D 300-650 K 
Reaction-limited desorption 

As-D, 160-300 K 
Desorption-limited desorption 

OD disproportionation 2 Al-OD 
350-700 K 

Al-OD+As-D 350-700 K 
OD rehydrogenation 

Al-OD 500-700 K 
OD dehydrogenation 
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a sufficient amount for both dissociation and desorption to be 
observed on AlAs. This coordination effect may be the basis 
for the sensitivity of AlGaAs oxidation rates to the fraction 
of Al in the film.7 The desorption of arsine depletes the As 
within the oxide film (as observed in the Auger spectra of 
Fig. 1) and will expose subsurface Al dangling bonds for 
further oxidation. Indeed, both the Auger spectra shown in 
Fig. 1, in which oxidic Al peaks appear and grow with in- 
creased D20 exposure, and the TPD spectra shown in Fig. 2, 
in which more water dissociates than could be accommo- 
dated by surface Al atoms,24 provide clear evidence for sub- 
surface oxidation of Al. The implications of arsine desorp- 
tion on subsurface Al oxidation and oxide film growth have 
been further investigated. Shown in Fig. 3 are (low-energy) 
Auger spectra recorded after sputtering (for the indicated 
times) the oxidized surfaces that result after repeated thermal 
annealing cycles between 100 and 300 K, see Fig. 3(a), and 
100 and 800 K, see Fig. 3(b), with the sample positioned in 
front of the pinhole doser for continual exposure to D20 
during the anneal cycles. Cycling was repeated until satura- 
tion of the oxide growth was achieved [as measured by the O 
(510 eV) transition in AES]. The dramatic reduction in the 
As and Al intensities at 30 and 64 eV [with electron escape 
depths below 8 Ä (Ref. 14)], respectively, indicate that both 
the low- and high-temperature oxides are at least 2-3 layers 
thick. The larger oxidic Al(54 eV)-to-reduced-Al(64 eV) ra- 
tio in the high-temperature oxide, however, indicates that it 
is denser than the low-temperature oxide. Furthermore, the 
persistence of the oxide peaks25 for longer sputtering times 
in the high-temperature oxide is clear evidence for enhanced 
oxide growth after the 800 K annealing. The simplest expla- 
nation for this behavior is attributed to the increased AsD3 

desorption (exposing more subsurface Al for oxidation) after 
an 800 K anneal, relative to the desorption that results after 
annealing to 300 K, see Fig. 2. 

V. CONCLUSIONS 

We have investigated the interaction of water with the 
AlAs(001) surface under UHV conditions. Water exhibits a 
high dissociation probability on AlAs(OOl), even as the sur- 
face is increasingly oxidized, making it an efficient oxidant 
of AlAs. 

The wet oxidation of AlAs(OOl) proceeds as follows: Wa- 
ter adsorbs molecularly at 100 K. A large fraction of the 
water dissociates with thermal annealing (the remainder de- 
sorbs) producing both aluminum hydroxide and aluminum 
oxide, as well as arsenic hydride, at approximately 150 K. 
The arsenic hydride species combine over a wide tempera- 
ture range (approximately 200-600 K) to form arsine, which 
desorbs. The aluminum hydroxide species can either dispro- 
portionate and/or rehydrogenate between 400 and 650 K to 
produce desorbing water, or dissociate between 500 and 750 
K to produce hydrogen, which desorbs. 

The desorption of arsine, which occurs predominantly 
above 300 K, depletes the near-surface region of As and 
exposes subsurface Al dangling bonds for further oxidation. 
Accordingly, the AlAs oxide grown after adsorption/anneal 
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FIG. 3. Low-energy Auger spectra that result when the oxidized surfaces, 

prepared by continually exposing D20 to the AlAs(OOl) surface (up to satu- 
ration) while thermally cycling the sample between either 100 and 300 K (a) 
or 100 and 800 K (b), are sputtered with Ar ions for the indicated times. 

cycles between 100 and 800 K was found to be denser and 
thicker than the oxide grown with cycling between 100 and 
300 K. 
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The InGaSb/InAs strained layer superlattice (SLS) system has been proposed theoretically to be a 
potentially useful long-wavelength infrared (IR) detector material by Mailhiot and Smith. These 
authors have suggested that GaSb substrates would be suitable for growth of these SLS. The benefit 
of InGaSb/InAs SLSs grown on GaSb(OOl) versus GaAs(OOl) substrates has been substantiated by 
a number of recent papers [J. L. Johnson, L. A. Samoska, A. C. Gossard, J. L. Merz, M. D. Jack, 
G. R. Chapman, B. A. Baumgratz, K. Kosai, and S. M. Johnson, J. Appl. Phys. 80, 1116 (1996); T. 
D. Golding, H. D. Shih, J. T. Zborowski, W. C. Fan, C. C. Horton, P. C. Chow, B. C. Covington, 
A. Chi, J. M. Anthony, and H. F. Schaake, J. Vac. Sei. Technol. B 10, 880 (1992)]. Unfortunately, 
the current quality of GaSb substrates does not even match those of InP, much less GaAs or Si. In 
particular, the poor quality of the GaSb substrates leads to free carriers that make the samples 
electrically conductive and absorb photons in the IR. Further studies of this materials system, 
therefore, require either improved GaSb substrates or a suitable buffer layer to electrically isolate 
the substrate from the SLS. In this work, we explore the use of low-temperature grown (LTG) AlSb 
and GaSb, with and without annealing, as an effective near lattice matched buffer layer for SLS 
growth GaSb and GaAs. The LTG layers were formed by solid source molecular beam epitaxy using 
monomeric Sb from a cracker cell. The LTG-AlSb was grown at 450-500 °C while the GaSb layers 
were grown at 250-350 °C. Characterization of the layers by transmission electron microscopy 
(TEM), high-resolution x-ray diffraction, atomic force microscopy, and Hall mobilities has been 
performed. These results show that LTG GaSb on GaAs substrates are highly defective and become 
polycrystalline after about 1500 A of growth. TEM analysis showed the formation of precipitates in 
LTG AlSb films on GaSb after annealing. No Sb precipitates have been found in LTG GaSb. 
© 1997 American Vacuum Society. [S0734-211X(97)11304-X] 

I. INTRODUCTION 

Strained layer superlattices (SLS) have grown in impor- 
tance in recent years due to their potential use in many ap- 
plications. The InGaSb/InAs system, for example, has been 
predicted by Maihliot and Smith to be useful for both infra- 
red (IR) detector1 and nonlinear optical2 materials applica- 
tions. This SLS has also found increased attention as a 
mid-IR laser material.3 The preferred substrate for growth of 
this SLS is thought to be GaSb4 because of the near lattice 
match between the SLS and the GaSb substrate. Unfortu- 
nately, although GaSb substrates are readily available in rea- 
sonable quality, they are for the most part not optically trans- 
parent in the regions of interest and they are also highly 
electrically conductive. These properties severely limit the 
ability to electrically and optically characterize materials 
grown on GaSb. 

Several approaches exist to eliminate this problem of poor 
quality substrates. The substrate can be mechanically thinned 
so that it contributes less to the characterization techniques. 

A parting layer can be grown and the SLS removed from the 
substrate. An electrically resistive layer can be grown under- 
neath the SLS to isolate it from the conductive substrate. In 
this article, we will present results on low-temperature grown 
(LTG) GaSb and AlSb as possible resistive layers for this 
purpose. This approach is analogous to the LTG GaAs sys- 
tem where highly resistive layers are formed after a high- 
temperature anneal of material grown at low temperatures. 
LTG GaAs has become a very important material for buffer 
layer and high-speed photodetector applications.6 It is of in- 
terest, therefore, to determine if similar properties exist for 
either LTG GaSb or AlSb layers. Precipitation in this differ- 
ent material system should help evaluate the merit of the 
defect model7 and the buried Schottky model8 proposed to 
explain the high resistivity observed in NS arsenides. 

II. EXPERIMENT 

The samples in this study were grown by solid source 
molecular beam epitaxy in a Varian Genii system. The Sb 
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TABLE I. LTG GaSb and AlSb samples and characterization results. All LTG GaSb were grown at 250 °C and AlSb at 500 °C. All anneals were for 30 min 
at 550 °C. Layer 1 is next to the substrate. 

Layer 1 Layer 2 Layer 3 x-ray TEM Auger 
Sample ID Substrate Anneal GaSb AlSb GaSb Ns (cm"2) /x(RT) shift clusters 

//(Poly) 

Haze 

Y 

depth profile 

18 GaAs N 3000LTG 0 0 6el5 30 
19 GaAs Y 3000LTG 0 0 2el2 250 40 arcsec iV(Poly) Y 
24 GaSb N 1700 300LTG 1000 1.8el5 440 N N 
25 GaSb Y 1700 300LTG 1000 8.7el4 440 ? Y N Change 
29 GaSb N 1300 1500LTG 200 2.4el6 70 a N 
30 GaSb Y 1300 1500LTG 200 4.5el6 130 70 arcsec a N No change 
31 GaSb N 1500 0 1500LTG 9 ? N N N 
32 GaSb Y 1500 0 1500LTG ? ? 0 N N N 

aTEM sample preparation may have caused oxidation or amorphization of AlSb layer. 

source was an EPI cracker cell operated in a mode thought to 
produce monomeric Sb.9 The samples were mounted in EPI 
Uniblock holders without indium bonding. A sapphire back- 
ing plate was used. Temperature control is known to be very 
important in the growth of LTG GaAs, and reproducability at 
lower temperatures is very difficult. In this work, the mea- 
surements were done using an optical pyrometer sighted 
through a heated quartz window. Pyrometer readings were 
compared for accepted oxide desorption temperatures for 
GaAs and GaSb substrates. Ratios of pyrometer readings to 
wafer heater thermocouple readings were used to extrapolate 
to temperatures below the range of the pyrometer. In some 
cases, the transition from the (1X3) reconstruction of GaSb 
surfaces to the (1X5), approximately 380 °C,10 was used as 
an intermediate data point. The V/III flux ratio measured 
using a beam equivlent pressure (BEP) gauge was main- 
tained at a value of 8 for GaSb and 10 for AlSb. It should be 
noted that this flux ratio using monomeric Sb indicates a 
significantly higher flux of Sb molecules than an equivalent 
BEP ratio using Sb4. With the sublimator held at a constant 
temperature, the V/III BEP ratio increased to approximately 
40 as the cracker temperature was decreased to 600 °C to 
produce Sb4 molecules. The group III fluxes used in this 
study produced a growth rate of 0.5 ML/s for both the GaSb 
and AlSb. X-ray diffraction characterization was made using 
a high-resolution Philips MRD system with a multiple crys- 
tal monochromator and was analyzed by dynamical diffrac- 
tion simulations. Transmission electron microscopy (TEM) 
samples were prepared by low angle cleavage techniques to 
minimize sample damage.11 Some of the AlSb layers, so pre- 
pared, showed the presence of surface oxidation. Auger 
depth profiles were done with inert gas ion bombardment 
using standard techniques. Hall measurements were made to 
determine mobilities and carrier concentrations. 

III. RESULTS AND DISCUSSION 

Pairs of samples were grown under the same nominal 
conditions. One of the samples in the pair was then annealed 
in situ under a Sb flux for —30 min at a pyrometer tempera- 
ture of 500 °C. The GaSb layers were grown at a substrate 
temperature ranging from 250 to 350 °C and AlSb layers 
were grown between 450 and 500 °C. The samples to be 
discussed in this work are summarized in Table I. An overall 

total layer thickness was maintained at 300 nm for layers 
grown on both GaAs and GaSb substrates. TEM measure- 
ments made on the two LTG GaSb films grown on GaAs 
substrates showed an extremely defect structure. A shift of 
approximately 40 arcsec was observed with x-ray analysis. 
This shift may be due to excess Sb in the film or residual 
strain variation in the films. Additionally, a pair of thin LTG 
AlSb layers was grown between two GaSb layers grown at 
normal temperatures. These AlSb layers, as well as the two 
growths on GaAs showed a three order of magnitude de- 
crease in sheet charge with annealing. The sheet charge was 
a factor of 4 lower than that achieved for a 24 fim growth of 
GaSb on GaAs, which had a mobility of 700 cm/V s and a 
sheet concentration of 1.3 X 1013 cm-2. 

An inspection of the data presented in Table I shows sev- 
eral trends. The first observation is that none of the LTG 
GaSb films displayed any evidence of Sb precipitates before 
or after annealing. This statement holds for other LTG GaSb 
films grown and examined but not included in Table I. 
Sample 25 containing LTG AlSb did display apparent Sb 
precipitates in the TEM micrographs following the anneal 
process but, sample 24 did not indicate any precipitates in its 
unannealed state. An example of this is shown in the micro- 
graph in Fig. 1. Higher resolution analytical TEM is cur- 
rently being performed to confirm that these inclusions are 
composed of Sb. 

High-resolution x-ray diffraction rocking curve measure- 
ments were performed on all samples listed in Table I. None 

FIG. 1. TEM micrograph of LTG AlSb layer sandwiched between GaSb 
layers. The left panel corresponds to the unannealed sample while the an- 
nealed sample in the right panel shows the apparent presence of Sb precipi- 
tates, which is not observed in the unannealed sample. These precipitates are 
held located in the central AlSb section. 
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X-ray Data of LTG AlSb 
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-500 
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FIG. 2. X-ray rocking curves for LTG GaSb grown on GaSb substrates, Fig. 
3(a), compared to annealed LTG GaAs films grown on GaAs substrates in 
Fig. 3(b). 

of the LTG GaSb samples gave any indication of a signifi- 
cant change in the lattice constant between the annealed and 
unannealed pairs. Care must be taken in this analysis since 
small apparent shifts are seen. An example of this apparent 
shift is seen in the x-ray analysis of sample 31 in Fig. 2. 
These shifts are not due to excess Sb in the LTG layer but 
rather due to excess Sb at a buried interface. Typical rocking 
curves are shown in Fig. 2 for LTG GaSb (a) and LTG GaAs 
(b). Although these two curves appear similar, the shifts are, 
in fact, caused by different phenomena. In the case of the 
LTG GaAs, this shift is due to excess As incoporated in the 
film. In the case of the GaSb layer, this is due to a phase shift 
in the x-ray reflection at the buffer layer/substrate interface. 
This is evident from the fact that the fringe period corre- 

Comparison of NS-GaAs and LTG GaSb 
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FIG. 3. X-ray rocking curves for sample number 30 from Table I. The 
somewhat broad peak in the left part of the scan is from the thin (approxi- 
mately 150 nm thick) LTG AlSb layer. The shift between the annealed and 
unannealed layers is clearly visible. 
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FIG. 4. Auger depth profiles from sample numbers 24 and 25 from Table I. 
The unannealed sample in (a) gives a somewhat normal depth profile for the 
elements present, while the profile from the annealed sample in (b) shows 
considerable structure in the AlSb layer. 

sponds to approximately 3000 A, which is the nominal com- 
bined thicknesses of the 1500 Ä buffer layer and of the 1500 
Ä low-temperature GaSb growth. This shift may be due to a 
buried Sb layer. Buried Sb layers have been observed on 
GaSb(lll) surfaces, however, they have not currently been 
observed for the (001) surface.12 Due to the possibility of 
interfaces causing an apparent shift in the x-ray spectrum, 
care must be taken in the x-ray analysis before small shifts in 
the x-ray spectrum can be attributed to a change in the lattice 
constant caused by a small amount of excess Sb. 

More interesting behavior was observed in the LTG AlSb 
samples. Sample 30 from Table I had a somewhat thicker 
LTG AlSb layer than sample 25 and gave the rather interest- 
ing behavior indicated in Fig. 3. The annealed and unan- 
nealed samples are overlaid for easy comparison. A shift in 
the AlSb line is clearly observed visually. Simulation of the 
curves shows that there is shift of 70 arcsec in the LTG layer 
towards a lower angle. This shift is consistent with the for- 
mation of Sb precipitates during the annealing process. 

Finally, Auger electron spectroscopy depth profiles and 
secondary ion mass spectroscopy measurements were also 
carried out on several of the samples listed in Table I. As 
expected, the LTG GaSb samples showed the type of behav- 
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ior found in normally grown epitaxial GaSb. The LTG AlSb, 
however, displayed interesting behavior. Figure 4 shows an 
Auger depth profile for sample 24 discussed, as shown pre- 
viously, in Figs. 1 and 3. Figure 4(a) shows the depth profile 
of the unannealed sample while Fig. 4(b) shows the changes 
resulting from the anneal process. Figure 4(a) is similar to 
such depth profiles from normally grown layered structures. 
Figure 4(b) indicates that considerable redistribution of the 
Al and Sb elements has occurred. Although it is somewhat 
speculative due to the noise in the data, one could maintain 
that the Al concentration is reduced in regions where the Sb 
concentration is increased. This, of course, would be the ex- 
pected result if Sb precipitates were formed due to the anneal 
process. If the clusters are proven to be Sb, this material 
system will be instrumental in comparing the various models 
for the electrical and optical behavior of nonstoichiometric 
materials. 

IV. CONCLUSIONS 

Two important conclusions can be drawn from these re- 
sults. First, LTG AlSb was found to exhibit a shift in lattice 
constant upon annealing, indicating the possible presence of 
excess Sb in the layer. This result was also supported by the 
observation of possible Sb precipitation with TEM and Au- 
ger analysis. Second, the LTG GaSb did not show Sb pre- 
cipitates in this range of growth conditions in contrast to 
similar material such as LTG GaAs. Further, although more 
complete analysis is needed, none of the LTG GaSb films 
appeared to have the extremely high resistivity observed in 
annealed LTG GaAs. The use of LTG AlSb is promising in 

this regard. However, recent work by Blank et al.13 suggests 
that the use of the AlSb buffer and intermediate layers leads 
to inferior electrical and optical properties in similar SLS 
structures. Finally, it should be noted that all this work was 
carried out using cracked Sb sources. There remains the pos- 
sibility that tetrameric Sb might produce a different result, 
and work to test this hypothesis is in progress. 
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The electronic and morphological properties of ultrathin Pt/CaF2/Si(lll) metal insulator 
semiconductor structures have been characterized in situ by scanning tunneling microscopy (STM) 
and ballistic electron emission microscopy (BEEM). Platinum thickness from 2 A to 20 Ä grown on 
5 Ä epitaxial CaF2 have been characterized. The STM images of the Pt/CaF2/Si(lll) structures 
show the atomic steps of the underlying CaF2 morphology, as well as the formation of Pt nodules. 
These nodules have been observed to coalesce into bigger grains when left at room temperature 
under ultrahigh vacuum conditions for over 24 h. For ultrathin Pt coverages (2 Ä) the STM images 
at different tip biases reveal different topography, depending on the value of the tip bias relative to 
the conduction band minimum (CBM) of the CaF2 intralayer (3.3 eV). The STM images at biases 
well above the CBM of the CaF2 show similar features to bare CaF2/Si(lll), while images at the 
CBM show features of the deposited Pt. BEEM spectra of the 10 A sample show a peak at —4.5 eV 
due to the density of states of the CaF2 intralayer and an additional peak at 2 eV, which has not been 
observed in previous studies of metal/CaF2/Si(l 11) structures. © 1997 American Vacuum Society. 
[S0734-211X(97) 11704-8] 

I. INTRODUCTION 

The metal-insulator-semiconductor (MIS) diode plays an 
important role in many modern microelectronic applications 
such as in charged coupled devices (CCDs) and in metal- 
oxide-semiconductor field effect transistors (MOSFETs). 
Understanding the physics of the electron transport and the 
growth morphology of these structures is of great importance 
for optimizing their electronic properties.1 Calcium fluoride 
(CaF2) is an excellent choice for an epitaxial insulating layer 
in silicon-based MIS structures due to its large band gap 
(12.1 eV) and its small lattice mismatch with Si (0.6% at 273 
K). As a result of this small lattice mismatch (5.46 A for 
CaF2 and 5.43 Ä for Si), low surface free energy (0.45-0.55 
J/m2) of the CaF2, and chemical bonding at the CaF2/Si in- 
terface, very flat defect free epitaxial layers of CaF2 can be 
grown on well oriented Si(lll) substrates.2 By utilizing 
these properties of CaF2/Si heteroepitaxy, it is possible to 
grow MIS structures with ultrathin layers of CaF2 as the 
insulating film. Extensive studies of this system indicate that 
the first layer of CaF2 bonds directly to the Si to form a 
Si-CaF interfacial layer.3-6 This layer has a conduction band 
minimum (CBM) approximately 1 eV from the Fermi level. 
Successive layers of CaF2 grow stoichiometrically, and the 
CBM rises to a value of 3.3 eV. For the first two monolayers 
of growth, CaF2 epitaxy proceeds in a layer by layer 
fashion,7-9 although the surface morphology for thicker lay- 

a)Electronic mail: labelv@rpi.edu 
b'Electronic mail: schowalt@unix.cie.rpi.edu 
c'Electronic mail: cavph@uno.edu 

ers depends on the substrate orientation. Band offsets and 
density of state fluctuations of this CaF2/Si(l 11) system have 
been observed by both ballistic electron emission spectros- 
copy (BEEM), scanning tunneling spectroscopy (STS), and 
photoemission studies.3,10 

The growth of metals on top of CaF2 is dominated by 
island formation. This growth mode is a result of the low 
surface free energy of the CaF2 when compared to that of the 
metal, the apparent lack of a chemical reaction between the 
Pt and CaF2, and the large lattice mismatch between the 
metal and CaF2. This island growth mode has previously 
been observed for Fe, Co, and Ag growth on CaF2.

n In this 
study platinum is used which has a surface free energy of 
2.48 J/m2 (Ref. 12), and a fee lattice constant of 3.8 A. 

To investigate these novel MIS structures, scanning tun- 
neling microscopy (STM) studies of ultrathin Pt (2-20 Ä) 
grown onto approximately 5-Ä-thick epitaxial CaF2/Si(lll) 
structures have been performed. These new structures, with 
dimensions on the order of a few angstroms, allow quantum 
effects such as tunneling to play an important role in how the 
device operates. In addition, BEEM was performed to inves- 
tigate the electrical properties of these MIS structures. In 
BEEM, a scanning tunneling microscope (STM) tip is used 
to inject electrons into the metal overlay er at an energy 
which is determined by the tip bias.13'14 By collecting the 
fraction of injected electrons which pass through the metal- 
insulator overlayer into the Si substrate (i.e., the BEEM cur- 
rent), a direct measure of the local electron transport proper- 
ties can be attained. 
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II. EXPERIMENT 

The MIS structures were grown and characterized in a 
commercial Si molecular beam epitaxy (MBE) system 
(Fisons V90H) under ultrahigh vacuum (UHV) conditions. 
The MBE system incorporates a reflection high-energy elec- 
tron diffraction (RHEED) spectrometer to monitor growth 
and a custom-built STM for the BEEM measurements.15 2 
in. Si(lll) wafers which are oriented within ±0.25° (arsenic 
doped, 0.01 Cl cm) were used as substrates. The wafers were 
introduced into the UHV system directly from the manufac- 
turer's container without any precleaning. The wafers were 
annealed at 600 °C for —3 h followed by a high temperature 
anneal at 1000 °C for 30 min to remove the oxide. The wa- 
fers were cooled to 780 °C before CaF2 deposition. The 
RHEED measurements performed before CaF2 deposition 
indicated a well ordered 7X7 surface structure. During this 
annealing procedure the pressure stayed below IX 10~9 

mbar. The CaF2 was deposited using a Knudsen cell heated 
to 1440 °C. The intensity oscillations of the RHEED pattern 
were used to control the growth. This allowed for monolayer 
precision in the thickness of the CaF2 layer. For this study, 
only a thickness of 5 Ä was used. The deposition rate for the 
CaF2 was 20 s per monolayer, and the pressure stayed below 
1X10~9 mbar. RHEED measurements performed after the 
deposition of the CaF2 indicated a well ordered 1X1 surface, 
which is expected for epitaxial CaF2 on Si.9 STM images of 
these surfaces indicate a layer by layer growth mode. To 
grow the Pt diode, the substrate was cooled to room tempera- 
ture and transferred to another holder which had a shadow 
mask in it. The Pt deposition was carried out using an elec- 
tron beam evaporator, which is located approximately 80 cm 
from the substrate to reduce the number of stray electrons 
that strike the substrate. An Inficon detector was used to 
monitor and control the growth of the Pt. The deposition rate 
of the Pt was —0.2 Ä/s. The pressure during Pt deposition is 
typically in the high 10~8 mbar range. The thickness mea- 
surement of both the CaF2 and Pt layers were calibrated 
using Rutherford backscattering spectrometry (RBS) at the 
State University at Albany facility. 

After growth of the MIS structures, the sample was then 
transferred in situ to the STM for measurements of the sur- 
face topography and electrical properties. All STM and 
BEEM measurements were performed at room temperature 
under these UHV conditions within 24 h of sample growth. 
A Burliegh inchworm was used for coarse positioning of the 
STM tip. Tunneling at STM biases below the CBM of 
CaF2 resulted in STM tip instabilities. Therefore, all STM 
images in this study were take at tip biases of —3.5 V or less. 
During BEEM measurements a second Burliegh inchworm 
was used to bring a small platinum-iridium "finger" in con- 
tact with the Pt diode. This second contact was used for 
grounding the metal layer during BEEM measurements only. 
A BeCu spring clip acted as a third contact which was used 
to mechanically clamp the wafer to the STM head and to 
allow measurements of the BEEM current. 
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FIG. 1. (a) A 3000X 3000 Ä2 STM image of 10 Ä of Pt on 5 Ä of CaF2 on 
a Si(lll) substrate (Vtip= -3.5 V, /tip= 1 nA, AZ=40 Ä). Notice the for- 
mation of nodules with an average width and height of 30 Ä and 6 Ä, and 
the underlying CaF2 structures, (b) A 2000X2000 Ä2 STM image of 20 Ä 
of Pt on 5 Ä of CaF2 on a Si(l 11) substrate, with (Vtip= - 3.5 V, /tip= 1 nA, 
AZ= 25 Ä). Here the Pt nodules have an average width and height of 60 A 
and 3 Ä and the underlying CaF2 features show through. 

III. RESULTS AND DISCUSSION 

The STM images of 10 Ä and 20 Ä Pt/CaF2/Si(lll) sur- 
faces are shown in Figs. 1(a) and 1(b), respectively. For both 
coverages Pt nodules are observed on the terraces of the 
underlying surface. The terraces are at different heights due 
to the atomic steps in the underlying CaF2 interface. This 
growth mode suggests that the Pt does not wet the CaF2 

surface. For the 10-Ä- thick Pt overlay er the average nodule 
width and height, as measured from the STM images, is 30 A 
and 6 Ä. For the 20-Ä-thick Pt overlayer the average nodule 
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FIG. 2. A 3000 ÄX 3000 A2 STM image of 10 A of Pt on 5 A of CaF2 on 
a Si(l 11) substrate (Vlip= -3.5 V, /lip= 1 nA, AZ=25 Ä). This image was 
acquired after the sample was left to sit at room temperature in UHV con- 
ditions for 24 h. When imaged after deposition this sample showed the 
formation of Pt nodules [cf. Fig. 1(a)] which have coalesced into these big 
grains with an average width of 500 Ä. The height fluctuations on the 
surfaces of each grain are less than 1 A. 

width and height is 60 Ä and 3 A. This scaling effect of the 
nodule size with the metal overlayer thickness is similar to 
findings by Heim et al.'' for Co, Fe, and Ag on 
CaF2/Si(lll). 

The same sample shown in Fig. 1(a) is shown in Fig. 2, 
24 h after deposition while allowing the sample to stay under 
UHV conditions and at room temperature. The nodules that 
were seen in Fig. 1(a) have coalesced to form bigger grains 
with an average width of 500 Ä. The height fluctuations on 
the surfaces of each grain are less than 1 A. This unusual 
effect was not seen by Heims et al.'' There are several pos- 
sible explanations for this effect. One is that Si atoms diffuse 
through the CaF2, or through pinhole defects in the CaF2 

intralayer, and subsequently react with the Pt to form PtSi. 
Another explanation could be that the Pt prefers a certain 
thickness and is rearranging itself to achieve this. This latter 
effect has been observed with Ag on GaAs by Smith et al.16 

However, at this time, we have not been able rule out the 
formation of PtSi. Further experiments are being done to 
resolve this issue. The rest of this article will only deal with 
STM and BEEM results from samples immediately after Pt 
deposition. 

Scanning tunneling microscopy images of 2 Ä Pt/ 
CaF2/Si(lll), taken at tip biases of -3.5 V and -5.0 V are 
shown in Figs. 3(a) and 3(b), respectively. Although both 
images are taken over the same region of the sample, there is 
a pronounced bias dependence to the imaged topography. In 
Fig. 3(b), a step (running from the top to the bottom of the 
figure) is clearly visible while the step is not visible in Fig. 
3(a). In addition, Fig. 3(b) shows several of the triangular 

FIG. 3. (a) A 1500X 1500 Ä2 STM image of Pt/CaF2/Si(l 11) (Vtip= - 3.5 V, 
/tip= 1 nA, AZ= 15 Ä) showing the features of the Pt overlayer. (b) Same 
area as in (a) but with Vtip= -5.0 V and /tip= 1 nA (AZ= 15 Ä) showing 
the features of the CaF2 intralayer. The average Pt thickness is 2 A and the 
average CaF2 thickness is 5 A. 

features associated with the thin CaF2 layer which are not 
visible in Fig. 3(a) where only the Pt nodules are resolved. 
We believe that this unique effect results from coupling of 
the ballistic electrons with states either in the thin Pt layer or 
in the conduction band of the CaF2. At the lower bias, the 
number of states available for electrons to tunnel into are 
greater in the Pt overlayer than in the CaF2 intralayer. Even 
though the bias is just at the CBM of CaF2, the density of 
states at that energy is insignificant when compared to the 
states available in the Pt. At -5 V tip bias, the change in 
topography observed in Fig. 3(b) indicates that the probabil- 
ity that the electrons can access a state in the conduction 
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FIG. 4. Averaged ballistic electron emission microscopy spectra of a 10-Ä- 
thick Pt layer on 5 A of CaF2 on a Si(l 11) substrate (solid line, 250 spectra) 
and 20 A of PtSi on a Si(lll) «-type substrate (dashed line, 50 spectra), 
both with 7tip= 1 nA. The onset of the BEEM current in the dashed spectrum 
at 0.9 eV is consistent with the known Schottky barrier height of PtSi on 
«-type Si. The peak in the solid line at 4.5 eV is due to the density of states 
of the CaF2 intralayer. The peak at 2 eV suggests resonant tunneling in the 
well created by the vacuum, Pt overlayer, and CaF2 intralayer. 

band of the CaF2 is much greater than that of the Pt. This 
effect allows the electrons to access the states in the CaF2 

conduction band through the ultrathin Pt overlayer. In this 
case the tip is not influenced by features in the Pt morphol- 
ogy is seen in Fig. 3(b). 

Two averaged BEEM spectra are shown in Fig. 4. The 
solid line is from a 10 Ä Pt/CaF2/Si(lll), and the dashed 
line is from 20 Ä PtSi/Si(l 11) (n type) sample. As seen in 
the figure, there are distinct peaks at 4.5 eV and 2.0 eV in the 
spectra from the Pt/CaF2/Si(lll) sample. The peak at 4.5 eV 
is due to the injection of ballistic electrons which have 
passed through the Pt overlayer and have accessed states in 
the CaF2 conduction band. This peak occurs near the maxi- 
mum of the CaF2 density of states. This effect has been 
reported previously by Cuberes et al.m for Au on 
CaF2/Si(lll). The peak at 2 eV, which was not reported by 
Cuberes et al, may be due to resonant tunneling in the po- 
tential well created by the vacuum, Pt overlayer, and CaF2 

intralayer. Resonant tunneling would be observed near the 
bound state energies of the quantum well (the metal) in the 
double barrier structure (vacuum-metal-insulator). A simple 
calculation, by treating the metal as a finite well with an 
approximate width of 10 A and depth of 10.9 eV, gives an 
energy of e5*=*2 eV higher than the Fermi level of Pt (6.6 
eV).17 The BEEM current will reflect the resonant transmis- 
sion by a peak at this bound state energy. This effect will 
only be observed for very thin metal overlayers, since trans- 
port through thicker layers would increase the probability of 

electron scattering which would lower the probability of an 
electron accessing this resonant state. 

In interpreting this spectra, consideration of the electrical 
properties of the CaF-Si interface is needed since the CaF2 

is so thin (1.5 ML). Previous studies3,5'6 have indicated that 
the first layer of CaF2 reacts to form a CaF-Si interfacial 
layer; this peak may result from density of state effects in 
this interfacial layer. The CaF-Si interface layer's CBM is 
near 1 eV. The BEEM spectra would then be interpreted as 
accessing the conduction band of the interface layer. The 2 
eV peak in the BEEM spectra would correspond to the peak 
in the density of states for this interface layer. However, we 
have made recent BEEM measurements which show the dis- 
appearance of the 2 eV peak when the Pt thickness is in- 
creased while the CaF2 thickness remains the same. 

Since the onset of the BEEM spectra is near the Schottky 
barrier height for PtSi/Si(lll)(« type), another possible ex- 
planation of the 2 eV peak is that the BEEM spectra were 
taken over a region without a CaF2 interfacial layer. How- 
ever, the BEEM spectra of PtSi/Si(lll)(« type) show a con- 
tinuous increase in the BEEM current beyond 2 eV (as 
shown in Fig. 4) which provides evidence against this effect. 
Thus, fluctuations in the Pt/CaF2/Si(lll) averaged BEEM 
spectra indicate that these spectra are taken where there is 
sufficient CaF2 coverage, to prevent direct contact of the Pt 
with the underlying Si substrate. This is consistent with pre- 
vious work by our group7'918 indicating that the first mono- 
layer of CaF2 completely covers the Si surface. 

Correlating this spectra with the images from Fig. 3, the 
effect of tip bias on electron transmission into the semicon- 
ductor is apparent. At higher energies (5 eV), the electrons 
can access the CaF2 states much more readily than at lower 
energies (3.5 eV). These spectroscopy results correlate well 
with the change in morphology that is observed at different 
biases as seen in Fig. 3. 

IV. CONCLUSIONS 

The deposition of Pt at room temperature onto epitaxial 
CaF2/Si(lll) exhibits several interesting effects. It is domi- 
nated by the formation of an interconnected network of Pt 
nodules. These nodules increase in size when the Pt thick- 
ness is increased. They also appear to coalesce when left at 
room temperature under UHV conditions. For ultrathin (2 Ä) 
Pt on CaF2/Si(lll), changes in the tip bias provide a signifi- 
cant change in the imaged topography. This effect is due to 
the shape of the CaF2 density of states and to coupling be- 
tween Pt and CaF2 electronic states. The BEES spectroscopy 
also shows the effects of the CaF2 density of states and as 
well as a possible resonant tunneling state in the Pt well 
bounded by the vacuum on one side and CaF2 intralayer on 
the other. Currently, more work is being carried out to ex- 
amine this interesting structure. 
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Surface- and interface-related spectra, obtained either directly by techniques such as 
reflectance-difference (-anisotropy) spectroscopy or indirectly by subtracting pseudodielectric 
function spectra obtained ellipsometrically on surfaces with different chemical termination, exhibit 
features related to energy derivatives of the bulk dielectric function. We argue that these spectra 
provide direct evidence that the excitations involved are localized both in space and time. These data 
unequivocally indicate that critical point energies obtained from above-band-gap ellipsometric or 
reflectrometric optical spectra are not necessarily equal to bulk values, and that surface chemical and 
structural termination is at least one contributing factor. Present surface-optical calculations do not 
include these effects, which may explain, in part, remaining discrepancies between theory and 
experiment.   © 1997 American Vacuum Society. [S0734-21 lX(97)08004-9] 

I. INTRODUCTION 

We recently reported surface-induced optical anisotropy 
(SIOA) data obtained by reflectance-difference (-anisotropy) 
spectroscopy (RDS/RAS) for vicinal (001) Si surfaces 
chemically saturated with hydrogen and oxygen.1 These an- 
isotropy spectra can be approximated by the first energy de- 
rivative (- AEg+ ihT)deb/dE of the bulk dielectric func- 
tion eb, where AEg and Ar represent differences between 
apparent critical point energies and broadening parameters, 
respectively, for light linearly polarized along the two prin- 
cipal axes in the plane of the surface. This dichroism in Eg 

and r clearly shows that critical point energies and broaden- 
ing parameters obtained from optical spectra are not neces- 
sarily equal to their true bulk values, presumably because of 
the influence of the surface. 

The questions then arise as to whether similar shifts are 
seen in other surface- or interface-related optical spectra, and 
how such shifts can be described in fundamental terms. By 
examining spectroscopic ellipsometry (SE) data for the opti- 
cally isotropic (111) Si surface, we find similar shifts in E„ 
and T that depend on surface preparation and termination. 
Shifts have also been reported in ellipsometric data involving 
interfaces,3 photoreflectance,4 and second-harmonic 
generation,5 where they have generally been attributed to 
strain. Here, we present the first critical assessment of the 
origin of these effects. We show that these results cannot be 
explained by conventional stationary-state one-electron 
theory, since the energies'and lifetimes of Bloch states are 
determined by their semi-infinite extent in the bulk and, 
hence, cannot be influenced by effects in a finite surface 
region. However, these results can be described if it is as- 

''Electronic mail: lmantes@unity.ncsu.edu 

sumed that both the initial and final electronic states involved 
are localized both spatially and temporally near the surface, 
i.e., that they can be described as wave packets consisting of 
a weighted superposition of Bloch states, with the driving 
forces for near-surface localization being the finite penetra- 
tion depth of the photons and the finite lifetimes of the exci- 
tations. The energies and lifetimes of such states are deter- 
mined by the overlap between bulk and surface potentials, 
thereby providing a justification of the observed shifts. 

II. RESULTS 

Representative results for two types of surface-specific 
optical spectra are shown in Figs. 1 and 2. The solid line in 
Fig. 1 represents SIOA data obtained with a RD spectrom- 
eter over the energy range of 1.5-5.5 eV. These data were 
taken on an oxidized (113) surface of a n-type Si sample 
with a resistivity of 1-10 flcm. The surface was prepared 
by a standard RCA cleaning procedure, but with no final HF 
dip so that the surface was passivated by a suboxide. Details 
of the surface chemical procedure6 and the RD equipment 
used to obtain these data7 are described elsewhere. 

The solid line in Fig. 2 is taken from Ref. 2 and is the 
difference A(ej) between a pair of ellipsometrically mea- 
sured pseudodielectric function spectra (e) = (el) + i(e2) ob- 
tained on «-type (111) Si wafers with resistivities of 760- 
890 D, cm. The samples were also RCA cleaned with a final 
5 min immersion in NH4F (40%) to generate a stable 
H-terminated surface. Again, details of the preparation and 
measurement procedures2 and a description of the rotating- 
analyzer ellipsometer8 used to obtain these data are provided 
elsewhere. 

The RD data are typical of results obtained on chemically 
saturated Si surfaces. SIOA spectra for suboxide-covered Si 
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FIG. 1. Solid line: normal incidence SIOA data for (113)Si with a suboxide 
remaining on the surface. Dotted line: best-fit first derivative representation 
of the (E^Et) complex. Heavy dashed line: fits in the (E'0,Et) and E2 

regions using both first and second derivatives, as described in the text. 

surfaces cut 4°, 6°, and 10° off (001) toward (113) differ 
mainly by an increase in amplitude with increasing vicinal 
angle,1 which indicates that the anisotropy signal originates 
from steps on the surface. 

III. DISCUSSION 

The prominent sharp features near 3.4 and 4.5 eV in Figs. 
1 and 2 occur near the energies of the (E'0, £r) and E2 

critical points of crystalline (c-) Si, respectively, and have 
characteristic energy derivative line shapes. Therefore, we 
model these spectra in terms of energy derivatives of eb. 
The general expression describing the RD data of Fig. 1 is9 

Ar 

r 
Re '"""'-M-Re 

{(ra+rß) 

-2ikbL    (ea-€ß) ) 

\~2ikbL nb(eb-ea)) 
(1) 

E(eV) 

FIG. 2. Solid line: difference between pairs of ellipsometrically measured 
pseudodielectric function data of H-terminated (lll)Si surfaces. Dashed 
line: fit to the data using a first derivative bulk model, as described in the 
text. 

where eb and ea = 1 are the dielectric functions of the bulk 
and ambient, respectively, L is the decay length of the an- 
isotropy, which is assumed to be decreasing exponentially 
into the bulk, kb = 2TrnbElhc is the wave vector of light in 
the bulk, nb=\feb, and 7a and Fß are the complex reflec- 
tances for light linearly polarized along the planar principal 
axes a and ß, respectively, with ea and eß the corresponding 
components of the complex dielectric tensor. In the limits 
d<\ and d>K, where X. is the wavelength of light, Eq. (1) 
reduces to the standard equations describing an anisotropic 
overlayer and bulk, respectively.10 Near an isolated critical 
point at E = Eg, we suppose that eb(E) can be written 

eb(E) = B(E) + L(E-Ex + iT), (2) 

where B(E) is a slowly varying base line and L(E-Eg 

+ iT) is the contribution of the critical point. If ea and eß 

differ from eb by small changes AEg and Ar in Eg and T, 
then from Eq. (2): 

ea(E) = eb(E) + (-AEa
e + iAra) 

deb 

dE' (3) 

From Eq. (3) and the equivalent expression for eß, we have 

Ar r„-r 
= Re 

1 l(ra + Fß) 

= Re 
■2ikbL  (~AEg + iAT) deb 

(4) \-2ikbL    nb(eb-ea)     dE 

where AEg = AEa
g~AE^ and Ar = Ara-Ar". Since 

AEg and AT are expected to be different for different critical 
points, we divide the data into two ranges: 2.3-4.0 eV for 
the {E'0 ,£,) complex and 3.8-5.2 eV for the E2 transitions, 
and use least-squares regression to find the values of AEg 

and Ar that minimize the mean-square deviation between 
Eq. (4) and the data. 

For reasons that will be discussed below, comparisons 
were made using the bulk model in the limit L>\ of Eq. (1). 
The result for the (EQ ,£,) complex using the first derivative 
model is shown as the dotted line in Fig. 1. The representa- 
tion is clearly not adequate, in part because the calculated 
line shape is too broad. Accordingly, we examined the pos- 
sibility that the (£Q ,£,) structure could be fit with a second 
energy derivative d2ebldE2. The best-fit results, including 
both first and second derivative line shapes in the model 
calculation for both (E'0,E{) and E2 are shown in Fig. 1 as 
the heavy dashed line. The specific form of Eq. (4) used here 
is 

Ar 
— = Re 
r [nb(eb ea) 

-(AE^ + iATi)^ 

(-AEgl + iAr:) 

d2eb 

deb 

dE 

(5) 

where AEg2 and ATI ^ me adjustable parameters of the 
second derivative contribution. The agreement is now satis- 
factory in both energy ranges with first derivative contribu- 
tions    A£gl = (-0.037±0.05)meV    and    Ar^-OAl 
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±0.11) meV and second derivative contributions A£g2 

= (8.4±9)X10^6 meV2 and Ar2 = (166±6)X 10"6 meV2 

from 2.3 to 4.0 eV. From 3.8 to 5.2 eV, the data were fit with 
the first derivative coefficients A£gl =( — 0.73 ±0.16) meV 
and Ar, = (— 1.27±0.14) meV and second derivative coef- 
ficients A£2

2 = (21.1±51)X10~6 meV2 and Ar^=(50.9 
± 11)X 10"* meV2 from 3.8 to 5.2 eV. The second deriva- 
tive line shape empirically accounts for more than 75% of 
the (E'Q,E{) structure but only about 40% of the E2 struc- 
ture, showing that (£o,£j) is dominated by second energy 
derivative contributions and E2 by the first energy derivative. 
Slightly better fits were obtained using the bulk model for 
(EQ ,£]) and the surface model for E2, but with the excep- 
tion of the adjustable parameter values, the differences were 
not significant. Over a small energy range, the difference 
between the two is only a phase factor. Differences between 
the use of the joint-density-of-states operator, E2{dldE) 
X(£2- eb), and debldE were also insignificant. 

The second derivative line shape of the (E'Q ,£,) structure 
is surprising since the only mechanism that has been shown 
to give rise to a d2eb/dE2 line shape is an electroreflectance 
effect in heavily doped semiconductors,11 which is clearly 
not relevant here. Instead, we interpret this result as a con- 
sequence of the near degeneracy of the E'ü and E\ critical 
points of Si as follows. We suppose that the two critical 
points are characterized by amplitudes, critical point ener- 
gies, and broadening parameters c,, E'gj, and I",', respec- 
tively, where i= 1 and 2 and E' x*s.E' 2 and where the line- 
shape L(E — E\ + iT't) is the same for each, except possibly 
for a complex prefactor. Let the energies E'g0 and TQ be such 
that E'gl^E'g0^E'g2 and r;«r;=sr2. Then 

€h(E) = B(E) + clL(E-E'-AE'+iT^+iAT'i) 

(6a) + c2L(E-E'g0-AEg2 + ir^ + iAr'2), 

where AE'gi = E'gj-E'g0 and Ar-=r--ro. Expanding Eq. 
(6a) to second order, we have 

eb(E) = B(E) + (ci + c2)L(E-E'g0 + iTti 

+[(-c,A£;1-c2A£;2)+;(c,Ar;+c2Ar2)] 

x—+[ki(-A£;,+/Ar;)2+iC2(-A£; «2 

+/Ar2)2] 
HE1' 

(6b) 

Without loss of generality, we pick Eg0 and T0 so that the 
term proportional to dLldE in Eq. (6b) vanishes, thereby 
relating energy derivatives of L(£ — £'0+;To to the corre- 
sponding energy derivatives of eb(E) to within a second- 
order correction. 

Now suppose that £'j ,'£'2, T[, and T2 change slightly 
as a result, e.g., of surface termination. Neither first nor sec- 
ond derivative terms will now vanish, leading to Eq. (5). The 
coefficients of Eq. (5) can be written in terms of coefficients 
defined in Eq. (6b), although for the second derivative term 
the connection is not simple. This model clearly requires at 

least two critical points being nearly degenerate in energy, 
and hence, should be more important for the (E'0,Ei) com- 
plex than for the £2 transition of Si as suggested by the data. 

The SE data of Fig. 2 are in pseudodielectric function 
form and, hence, can be modeled directly in terms of 
(-AEg + iAT)deb/dE. The dashed line shows a fit to the 
data taken from Bell et al.2 with A£g=(2.5±0.2) meV and 
Ar = (-1.0+0.3) meV from 1.5 to 4.0 eV and A£^ = 
(-1.3 + 0.7) meV and Ar = (-0.1±0.3) meV from 3.6 to 
6.0 eV. The model also includes transparent overlayer and 
surface local field contributions as described in Ref. 2. How- 
ever, the main contribution here is from deb/dE. Second 
derivative contributions are found in difference SE spectra 
involving surfaces oxidized by H202.2 

We now consider how shifts in critical point energies can 
arise. When different samples are involved, two obvious pos- 
sibilities are differences in strain and temperature. Using a 
typical value of around 10 eV for the hydrostatic deforma- 
tion potential,12 a shift of 3 meV would require a bulk strain 
of 0.03%, an amount that is unlikely to be caused by chemi- 
cal preparation. However, we cannot rule out a chemically 
induced shift of atomic positions within the unit cell or a net 
volume change normal to the surface for several layers near 
the surface. Temperature effects can be eliminated since the 
known temperature coefficient of the Ex transition, 0.2 
meV/°C,13 would require a change of 15 °C to generate a 3 
meV shift between samples. To confirm that temperature ef- 
fects are negligible in the SE data, we monitored a test 
sample in situ with a thermocouple and found that, although 
temperature reductions of up to 5 °C could occur due to 
evaporative cooling from a MeOH rinse, temperatures re- 
turned to room values in less than 1 min. Further, tempera- 
ture effects cannot contribute to the SIOA data since these 
are obtained via different incident polarization states on the 
same sample, which for these measurements, is at room tem- 
perature. In addition, in no case is strain or temperature ex- 
pected to influence Ar significantly. 

If an overlayer is present, (e) spectra will exhibit Eg and T 
values that are different from those obtained from (e) data for 
samples where overlayers are negligibly thin or absent. How- 
ever, false-data calculations show that 5 Ä of Si02 are 
needed to cause a 1 meV shift in the apparent energy of the 
(£Q,£]) critical point. A layer this thick would reduce the 
height of the £2 peak in (e2) from 48.3 to 45.3, which is not 
observed. Apparent shifts in critical point energies have also 
been interpreted in terms of spatial dispersion enhanced by 
the nearly parallel bands along A.14 While this model yields 
qualitative agreement for the E\ structures of GaAs and InP, 
it is not obvious that the same mechanism would apply to the 
£2 transition. In principle, apparent shifts in energy can also 
result from carrier confinement resulting from band bending, 
where the surface and bulk Fermi levels are at different po- 
sitions with respect to the valence-band edge. However, 
confinement-induced shifts require doping levels orders of 
magnitude larger than are relevant here. In addition, the 
Franz-Keldysh effect, a second consequence of band bend- 
ing, leads to third derivative line shapes, unlike those seen 
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here. We further note that, although the image-charge poten- 
tial for c-Si has a magnitude of 3 meV for a point charge 
±e at a depth of 100 Ä below the surface, this shift is inde- 
pendent of the sign of the charge. Since both electron and 
hole experience the same shift, no net effect would be ob- 
served. 

Accordingly, we consider a nontraditional mechanism, 
spatial and temporal localization, which we recently pro- 
posed in Ref. 9 and which, to our knowledge, has not been 
previously used in calculations of the dielectric response. We 
show first that localization effects are relevant by using an 
exactly solvable stationary-state model to prove that surface- 
induced shifts A Eg in apparent critical point energies are 
impossible for semi-infinite stationary (e.g., Bloch) states in 
an infinite crystal. We approximate the bulk states as plane 
waves and the surface potential as a delta function, 
(V-d)S(z), where d can be considered the width of the ac- 
tual surface potential. We now place the surface potential in 
an infinitely deep well of width 2b, representing two crystals 
joined at z = 0. For wave functions of even symmetry, the 8 
function causes a discontinuity of the slope at the center of 
the well whereas the odd functions are unaffected. For small 
dlb, the energies of the even solutions can be determined 
analytically, and we find E,= n2 Tr2h212mb2 +V ■ dlb, where 
n is an integer and m is the free-electron mass. Thus, as 
b—>oo the effect of the surface potential vanishes. Since the 
energies of semi-infinite stationary states cannot be affected 
by a localized surface potential, we conclude that the obser- 
vation of a finite AEg is direct evidence of localization of the 
wave functions themselves. 

We next consider how localization can occur. The unper- 
turbed Hamiltonian contains no mechanism for localization, 
so it must result from either a strongly binding (surface) 
potential creating a state that does not overlap the continuum 
or the source term that created the packet. We eliminate the 
first since the line shapes show that the states involved are 
clearly dominated by the bulk potential. In principle, the sur- 
face potential could force the relative phases of nominally 
independent Bloch functions to be correlated such that local- 
ization occurs, however, the model calculation above shows 
that this does not necessarily occur. Accordingly, we con- 
sider the source, i.e., photon term. For an absorption coeffi- 
cient a + 0, this can be written in the long-wavelength limit 
as 

H' = -eEn-re - K\Z\ — icot (7) 

where K=a/2 is the extinction coefficient. We assume that 
H' is turned on at t = 0 and off at some later time, although 
in practice the lifetime is determined not by the photon but 
by the lifetime of the excitation. The initial and final wave 
functions i/f of the perturbed system can be expanded in one- 
electron Bloch states, </>„(k,r), as 

(A„(k0,r,f)=| d'kAn(k-k0,t)<t>n(k,r)e-WE»M<,   (8) 

where the coefficients A„(k-k0,f), centered about k0, are 
found by standard time-dependent perturbation theory and 

n is the band index. The result is a set of basis functions 
correlated in space and time. In standard calculations of the 
polarizability, each Bloch function is treated independently, 
with the result that these correlations and the accompanying 
localization effects are discarded. Since the photon potential 
e"*'z' is not qualitatively different from a S function for a 
semi-infinite crystal, the exact stationary-state solution 
shows that spatial localization of a single Bloch function by 
itself is not adequate and that space and time correlations are 
also required. 

Calculations that treat spatial and temporal aspects ex- 
actly would be formidable, since they must involve the mani- 
fold of states into which the excited states can scatter. How- 
ever, the above arguments suggest that such calculations are 
essential for quantifying the observed shifts AEg in Eg. We 
note that excitation should occur only where the photon po- 
tential is nonzero, since the probability amplitudes of the 
excited states should follow the photon potential. Also, since 
the excited electron must overlap spatially with the created 
hole, the initial states must also be localized. This places 
constraints on possible values of A„(k,f) and, in turn, im- 
plies that the mean energies of the initial and final packets 
are a weighted average of bulk and surface potentials. Such 
localization probably involves a manifold of states that does 
not conserve energy during the lifetime of the excitation, 
although energy is conserved overall when the destination 
states are considered. Finally, because such localization 
would occur on the scale of the penetration depth of light, 
— 50-500 Ä in the present case, the use of the bulk model, 
Eq. (5), rather than the surface model, is justified. 

We now consider shifts Ar in the broadening parameter 
T, which describe changes in the lifetimes of the excited 
states. Lifetimes are affected by the overlap of these states 
with the surface potential since this establishes, in part, the 
probability of scattering these states into states of lower en- 
ergy. In support of this interpretation, we note that the mini- 
mum T values for Si are obtained with H-terminated (111) Si 
samples,2 consistent with the fact that this is the highest qual- 
ity surface that can be prepared on this material. Since the 
surface potential does not depend on the polarization of the 
incident light, the SIOA dependence of both AEg and Ar on 
polarization is clearly connected to the fact that, according to 
polarization selection rules, states excited by different polar- 
izations will have different overlaps with the surface poten- 
tial. 

In this discussion we have neglected several issues. First, 
our localization arguments are general and would appear to 
apply to optical spectra of any crystalline semiconductor. 
However, RD data for clean reconstructed Si surfaces, which 
nominally contain a large density of unsaturated dangling 
bonds, are characterized by broad features at energies other 
than those of bulk critical points with no apparent derivative 
contribution. It would be expected, however, that the poten- 
tial associated with a chemically saturated surface would be 
stronger than that associated with dangling bonds. Second, 
the surface local field effect, which dominates the RD spectra 
of (110) surfaces of Si and Ge,10 needs to be incorporated. 
These issues will be discussed in future publications. 
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IV. SUMMARY AND CONCLUSIONS 

We have shown that surface-related optical spectra for 
(111) and vicinal (001)Si surfaces with saturated dangling 
bonds result in apparent critical point energies and broaden- 
ing parameters that are different according to surface termi- 
nation and incident polarization, manifesting themselves as 
spectra with line shapes related to energy derivatives of the 
bulk dielectric function. We have also shown that such shifts 
are inconsistent with stationary solutions of the Hamiltonian 
for a semi-infinite crystal modeled as a simple quantum well, 
and hence, require some form of spatial and temporal local- 
ization. 

Our results are significant for several reasons. First, such 
localization has not been previously identified in solids, al- 
though it is implicit in the three-step model of 
photoemission15 and occurs in atoms with high Rydberg or- 
bits through the localization of the initial states.16 Second, 
the values of critical point energies and broadening param- 
eters determined from optical data may, and most probably 
will, differ from true bulk values. Thus, when analyzing op- 
tical data involving interfaces and/or extremely thin films, 
care must be taken to use reference spectra obtained from 
samples with the same surface termination, otherwise errors 
in layer thicknesses and estimates of interfacial strain can be 
expected. Finally, these effects must be considered in theo- 
retical calculations of SIOA spectra if the full diagnostic 
power of surface-optical techniques is to be exploited. 
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Microwave modulated photoluminescence (MMPL) is a developing spectroscopy in which the 
sample is subjected to continuous optical pumping and chopped microwave electric fields. The 
signal detected in an MMPL experiment is the change in the photoluminescence spectrum of the 
sample due to the presence of microwave electric fields, which increase the kinetic energy of the 
free carriers. In order to investigate the effects of interfaces on this measured quantity, two types of 
GaAs samples have been compared. The first type of sample was grown such that the GaAs 
epilayers are exposed, while in the second type the GaAs is ' 'capped'' by a layer of higher band gap 
material. Several pairs of such samples have been studied. The MMPL results are consistent with the 
following mechanism: an increase in the kinetic energy of the free carriers that results from the 
presence of the microwave fields allows more free carriers to reach the interface or surface of the 
GaAs layer before recombining. The presence of a greater number of nonradiative recombination 
paths in the samples with a bare GaAs surface than at the GaAs/capping-layer interface is therefore 
seen experimentally as an increase in the photoluminescence quenching by the microwave electric 
fields. The potential usefulness of MMPL as a probe of non-radiative recombination and as an 
indicator of interface quality is illustrated by a quantitative estimate of surface/interface 
non-radiative recombination.   © 1997 American Vacuum Society. [S0734-211X(97)09504-8] 

I. INTRODUCTION 

In a microwave modulated photoluminescence (MMPL) 
experiment, the measured quantity is the change in the pho- 
toluminescence (PL) spectrum of a sample due to the pres- 
ence of microwave electric fields. This is done with standard 
lock-in techniques used in modulation spectroscopy. In our 
apparatus, the sample is placed at the electric field maximum 
of a TE011 microwave cavity with optical access. The sample 
is subjected to continuous optical pumping from an argon ion 
laser (5145 Ä) and chopped microwave electric fields from a 
400 mW supply with magnitude controlled by a variable 
attenuator. For all the data discussed here, a microwave 
power of ~4 mW, corresponding to microwave electric 
fields —10 V/cm, was used.1 The luminescence from the 
sample is dispersed with a 0.85 m double grating spectrom- 
eter and detected with a cooled GaAs photomultiplier. For 
the PL spectra the laser light was chopped mechanically and 
the signal was detected with standard lock-in techniques. For 
MMPL spectra the light was not chopped and the lock-in 
amplifier detected only changes due to the chopped micro- 
waves. All experiments were performed in a liquid helium 
cryostat at a temperature of ~5 K. 

The microwave electric fields change the PL spectrum of 
the sample because they accelerate the free carriers in the 
material to a higher kinetic energy than that corresponding to 
the lattice temperature. This increase in carrier energy can 
affect the PL spectrum in a variety of ways. One possibility 
is that a change in the PL spectrum results from the micro- 
wave accelerated carriers equilibrating with the crystal lattice 

and heating the sample. In this case the MMPL spectrum is a 
manifestation of the temperature dependence of the PL 
spectrum.2'3 We have previously established that effects re- 
lated to sample heating are easily distinguished in our appa- 
ratus due to long transients in the signals which result from 
inefficient cooling of the samples.2'3 The microwaves can 
also change the PL spectrum independent of heating of the 
crystal lattice. Possible mechanisms for such an effect are a 
dependence of the capture cross section of a luminescence 
process on the energy of the carriers involved as well as 
impact ionization from weakly localized states by the accel- 
erated carriers.3'5 

In this study, we used sets of GaAs samples which had 
similar bulk properties but were in different epitaxial struc- 
tures. The main comparison will be made between samples 
which were grown to have a bare (exposed to the atmo- 
sphere) surface and samples which were "capped" by a 
layer of higher band gap material. By design, the GaAs ep- 
ilayers in the samples were nominally identical, and the 
GaAs/GalnP interface at the capping layer was similar to 
interfaces known to have low recombination velocities from 
a previous study.6 Since the samples have similar bulk prop- 
erties (both by design and as measured by low temperature 
PL), the differences in the MMPL spectra of the samples are 
expected to be related to the different GaAs interfaces. 
MMPL has advantages over other tools because it is contact- 
less, requires minimum sample preparation, and can in prin- 
ciple probe any layer in a heterostructure, including a buried 
layer, that luminesces or affects the luminescence in some 
quantifiable way. Proximal probe techniques are limited to 
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exposed surfaces and may require careful preparation and 
handling of the samples.7 Time resolved luminescence mea- 
sured as a function of epilayer thickness is a standard tech- 
nique for measuring recombination velocities but requires 
multiple samples be grown while altering only the epilayer 
thickness.6 

Microwave electric fields can cause qualitative changes in 
the intensity within a PL spectrum by redistributing the car- 
riers among the various ongoing luminescence processes. 
The microwaves can also cause a quantitative change (i.e., a 
change in the integrated intensity of the luminescence) if, as 
in any real material, nonradiative recombination is present. 
The lifetime for carriers in the presence of competing radia- 
tive and nonradiative recombination is usually expressed in 
terms of the lifetimes of the competing processes: 

1/7= 1/7,.+ l/7„ (1) 

where 7, rr, and 7,„. are the carrier lifetime, radiative life- 
time and nonradiative lifetime, respectively. The integrated 
luminescence intensity is proportional to the internal quan- 
tum efficiency of the sample, r] 

V= 7„,.+ 7,. (2) 

Equation (1) is somewhat misleading in the case where 
the majority of the nonradiative recombination is at an inter- 
face or surface of the sample, as is the case in the samples 
with a bare GaAs surface, because it implies that the radia- 
tive and nonradiative recombination take place in parallel. In 
reality, one might see strong luminescence even if the non- 
radiative lifetime (7,„.) at the surface is very short compared 
to the radiative lifetime (Tr) in the bulk. This is because the 
carriers generated in the bulk have to diffuse to the surface 
before recombining there and the timescale of this diffusion 
is not necessarily short compared to the radiative lifetime in 
the bulk. The problem of interface or surface recombination 
competing with bulk recombination to determine the lifetime 
of minority carriers in semiconductors has been extensively 
studied for the case of double heterostructures.6 It has been 
shown that the lifetime for recombination at the surface for a 
wide range of parameters may be approximated by6,8 

TT
2
D 

d 
+ 2S> (3) 

where d is the thickness of the active layer of the hetero- 
structure, D is the minority carrier diffusion constant, and 
S is the surface/interface recombination velocity. Because of 
the form of Eq. (3), it is possible to measure (with time 
resolved photoluminescence) S and the bulk minority carrier 
lifetime using heterostructures with different active layer 
thicknesses.6 

In our experiment, we change the relative strengths of the 
competing radiative and nonradiative recombination by rais- 
ing the free carrier energy. The unique aspect of the MMPL 
is that we are changing the nonradiative lifetime in Eq. (3) 
by modulating D. In some cases the integrated PL intensity 
is quenched by more than an order of magnitude when a 

l\ I 
  microwaves off                /         \                / ^ 

 ^---"X _____ 
 microwaves on X10 

1.44 1.46 1.48 1.50 1.52 1.54 

Emission Energy (eV) 

FIG. 1. Conventional PL from bulk GaAs in the absence (upper trace) and 
presence (lower trace) of continuous microwave electric fields. The data for 
the latter has been multiplied by ten to facilitate comparison. An offset is 
added to the upper spectrum for clarity. The microwave electric field 
quenches the luminescence by more than one order of magnitude. 

sample is subjected to a microwave electric field. In other 
samples the integrated PL intensity does not change measur- 
ably. As will be shown, this substantial difference can be 
attributed to differences in the surfaces and interfaces in- 
volved. To get the large degree of luminescence quenching, 
both terms on the right hand side (RHS) of Eq. (3) must be 
small (with the microwaves "on") compared to the compet- 
ing radiative lifetime. The term in Eq. (3) which contains 
D and the radiative lifetimes are bulk properties and are not 
expected to change significantly from sample to sample in 
this study. Differences in the MMPL spectra from sample to 
sample will therefore be attributed to differences in the re- 
combination velocity, S. 

II. RESULTS 

The very large changes in a photoluminescence spectrum 
achievable with modest microwave powers are demonstrated 
by observing the effect of a continuously applied microwave 
electric field on the photoluminescence of a high purity 
GaAs sample, in this case grown by molecular beam epitaxy. 
These changes are demonstrated in Fig. 1. The highest en- 
ergy peak in the PL from the sample is associated with ex- 
citonic emission, while the lower energy peak is associated 
with recombination through impurity levels.9 A combination 
of band-acceptor and donor-acceptor-pair recombination 
likely accounts for the structure in the impurity-related peak. 
The microwaves quench the luminescence by more than one 
order of magnitude. 

The PL and MMPL spectra of two samples with different 
epitaxial structures are shown in Fig. 2(a) and 2(b). The het- 
erostructures were grown by organometallic chemical vapor 
deposition under conditions similar to structures reported 
earlier and are therefore expected to have low recombination 
velocities at the GaAs/GalnP interfaces.10 Diagrams of the 
epitaxial structures (single and double heterostructures) ac- 
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FIG. 2. PL and MMPL from the nominally identical GaAs layers in two 
different structures (structures also shown in figure). The scales are the same 
for the MMPL and PL spectra shown on each plot. The MMPL from the 
GaAs with the exposed surface (a) is entirely negative while that from the 
buried layer (b) has a significant positive component. This indicates a larger 
surface recombination velocity in the sample shown in (a). 

company the plots. The two highest energy peaks are as- 
signed to the same luminescence processes as those dis- 
cussed in Fig. 1. The origin of the lowest energy emission, 
not seen for the sample depicted in Fig. 1, is not known. Two 
possible sources of this "extra" peak are deep impurities 
throughout the GaAs layer of the heterostructures and inter- 
face states associated with the GaAs/GalnP interface, which 
is not present in the sample whose spectra are depicted in 
Fig. 1. These differences are not surprising considering that 
the samples were grown in different laboratories by different 
techniques. The two samples in Fig. 2, on the other hand, 
were grown to be identical except for the presence of the 
capping layer and have very similar PL spectra. The fact that 
their MMPL spectra are very different will be the major 
comparison of this work. Note that the MMPL spectra, by 
our convention, are the difference between the PL spectra 
with the microwaves "on" and those with microwaves 
"off." This quantity is simply the output of a lock-in ampli- 
fier tuned to be in phase with the on-cycle of the micro- 

waves. Hence, the MMPL spectrum for the situation de- 
picted in Fig. 1 (not shown) is just the negative of the PL 
spectrum. The major qualitative difference between the spec- 
tra shown in Fig. 2 is that for the sample with the GaAs 
surface exposed, the MMPL signal is entirely negative and 
for the other sample the MMPL signal has a significant posi- 
tive component at lower emission energy. This difference 
indicates that for the ' 'bare'' GaAs the microwaves enhance 
nonradiative recombination, while in the ' 'capped'' sample a 
redistribution of carriers among the various competing radia- 
tive transitions is the most significant effect. This qualitative 
difference has been observed for many samples. 

III. DISCUSSION 

Clearly, for the samples with an exposed GaAs surface 
[Figs. 1 and 2(a)] when the microwaves are applied the non- 
radiative lifetime of minority carriers becomes short com- 
pared to the radiative lifetime, and the luminescence effi- 
ciency decreases drastically. From Eq. (3), this implies that 
both Did2 and Sid become large compared to the reciprocal 
of the radiative lifetime. Since Did2 and the radiative life- 
time are bulk properties which are, by design, similar for all 
the samples used in this study, we will postulate the exis- 
tence of a relationship between the two for all samples used 
(with the microwaves "on") for some of the estimates made 
in this article: 

rr> 
TT2D' 

(4) 

The MMPL and PL signals may be integrated to reveal the 
net effect of applying the microwave electric fields on the 
luminescence intensity in the spectral range shown for each 
of the samples depicted in Fig. 2. In the case of the double 
heterostructure [Fig. 2(b)], the integral of the MMPL signal 
is, to within experimental uncertainty, zero. This shows that 
the microwaves produce no measurable effect on the inte- 
grated luminescence intensity. The contrast between Figs. 
2(b) and 2(a) indicates a much higher recombination velocity 
at the exposed GaAs surfaces than at the GaAs/GalnP inter- 
face. However, it is expected from the bare GaAs layers 
studied that diffusion to the GaAs/GalnP interface is signifi- 
cantly enhanced when the microwaves are applied. For the 
nonradiative lifetime not to change drastically due to the 
presence of the microwaves the following condition must be 
satisfied with both the microwaves "on" and "off:" 

d      d2 

2S> TT
2
D ' 

(5) 

It is not clear that the thickness of the GaAs layer (2 /mm) is 
the appropriate value for d since the entire layer may not be 
active, but since this distance is only a factor of two greater 
than the absorption length for 5145 Ä light in GaAs, this 
distinction will be ignored in the numerical estimates that 
follow. In this case Eq. (5) places an upper bound on the 
interface recombination velocity 
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S< 
TTLD 

(6) 

where D refers to the (microwaves "off") 5 K minority 
carrier diffusion constant. The samples shown in Fig. 2 are 
p type, lightly doped with Zn. The acceptor concentration 
may be related to the relative strengths of the impurity- 
related and excitonic emissions.11 Based on this fact and a 
comparison of the PL from this sample to that of a previous 
series with a wide range in known doping levels,3 we esti- 
mate the impurity concentration to be 1016 cm-3. From this 
we can estimate an impurity-scattering-limited mobility of 
the minority electrons of 103 cm2/V s, which is relatively 
insensitive to the number of electrons present.12 This gives a 
minority carrier diffusion constant of 0.1 cm2/s. Using these 
values, Eq. (6) constrains the interface recombination veloc- 
ity to be less than 104 cm/s, in agreement with previous 
measurements on similar samples which indicated the 
GalnP/GaAs interface is quite high quality.10 

For the "bare" GaAs layer shown in Fig. 2(a) the situa- 
tion is very different. The luminescence is quenched to 72% 
of its original value upon exposure to the microwave electric 
fields. The same microwave power produced the nearly com- 
plete quenching depicted in Fig. 1. It is difficult to quantify 
the surface recombination velocity from this measurement 
without having another measurement of the quantum effi- 
ciency of the sample. However, the PL intensity as measured 
by our system indicates a greater efficiency (in both the ab- 
sence and presence of the microwaves) than the sample 
shown in Fig. 1. We can therefore speculate that the surface 
recombination velocity is less for the sample whose spec- 
trum is shown in Fig. 2(a) than for the one whose spectrum is 
shown in Fig. 1. 

Any comparison between the samples depicted in Figs. 1 
and 2(a) is less clear than a comparison between the two 
samples shown in Fig. 2 due to the differences between the 
PL spectra shown in Fig. 1 and those shown in Fig. 2.13 In 
order to attribute the differences in the MMPL spectra shown 
in Fig. 2 to differences between the bare GaAs surface and 
the GaAs/GalnP interface, it is important that the two 
samples exhibit similar bulk properties. Specifically, we are 
able to confirm that the (nonradiative) recombination veloc- 
ity of the bare GaAs surface is larger than that of the GaAs/ 
GalnP interface for these two samples. 

IV. CONCLUSIONS 

Microwave modulated photoluminescence can be used to 
probe both buried interfaces and exposed surfaces of any 

layer of a structure that luminesces. The technique requires 
minimal sample preparation. Qualitative information about 
the nonradiative recombination at surfaces and interfaces 
may be obtained from a comparison of the luminescence 
quenching effect of the microwaves between samples with 
similar bulk lifetimes. Quantitative information may also be 
extracted if other sample parameters are known. A variable 
amount of microwave induced luminescence quenching from 
sample to sample, ranging from zero quenching to a nearly 
100% effect, is indicative of the ability of MMPL to give 
relative information about recombination velocities in 
samples with different interfaces and similar bulk properties. 
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We present the first systematic investigation of the differences among reference-quality 
ellipsometrically measured pseudodielectric function (e) spectra of crystalline Si, which are 
nominally used to approximate the bulk dielectric function of this material. In addition to the 
expected influence of residual overlayers, we identify surface-local-field and energy-derivative 
effects, the latter representing shifts between bulk and measured critical point energies, as well as 
changes in excited-carrier lifetimes due to the surface. Model calculations indicate that these four 
effects account for nearly all differences among spectra studied, although a 
second-energy-derivative component appears at the E\ transition in some cases. The isotropic 
contribution to the surface-local-field effect is observed for the first time. © 7997 American 
Vacuum Society. [S0734-211X(97)07904-3] 

I. INTRODUCTION 

As semiconductor devices become smaller, the need for 
accurate reference spectra to interpret optical data in terms of 
structural and material properties becomes more critical. 
These spectra are usually obtained from complex pseudodi- 
electric function spectra, (e) = {ex) + i{e2), where (e) is cal- 
culated from the ellipsometrically measured complex reflec- 
tance ratio in the two-phase (substrate/ambient) model 
without regard for surface overlayers. These reference spec- 
tra may be (e) spectra of samples for which considerable care 
has been expended to eliminate and/or prevent the formation 
of overlayers, or they may be calculated from (e) spectra by 
compensating for the effect of overlayers usually in the 
three-phase (substrate/overlayer/ambient) model. In recent 
publications, several reference-quality spectra for crystalline 
(c-) Si were reported and compared1'2 to previously pub- 
lished reference-quality spectra.3 Also, differences in opti- 
cally modeled film thicknesses resulting from the use of dif- 
ferent reference spectra have been noted.4 The mechanisms 
that give rise to these differences, however, have not been 
addressed. Here, we report the first systematic investigation 
of differences among nominally identical (e) spectra for 
c-Si. We find unexpectedly large differences of up to 4.5% at 
the (E'Q,E{) complex (3.32 and 3.4 eV, respectively) and 
3.3% at the E2 transition (4.2 eV) in these nominally bulk 
dielectric functions. Differences include shifts in apparent 
critical point energies even for seemingly identical 
H-terminated surfaces. 

We find that these differences can be grouped into four 
categories: (1) expected residual-overlayer effects due to the 
presence of oxides or microscopic roughness on the surface; 
(2) the surface-local-field (SLF) effect;5-7 and energy- 
derivative effects6"8 that represent (3) shifts AEg of critical 
point energies Eg, and (4) shifts AT of broadening param- 
eters r from one spectrum to the next (and, therefore, prob- 

a)Electronic mail: bell@unity.ncsu.edu 
b)Present address: Institut für Physik, Technische Universität, Ilmenau, Ger- 

many D-98684. 

ably from their true bulk values). In particular, we find a 
large isotropic SLF difference between surfaces terminated 
with Si02 and H. Isotropic SLF contributions have not been 
observed previously. The quantities AEg and Ar depend on 
both sample termination and orientation. Differences in the 
broadening parameter can be understood in terms of in- 
creased scattering at surfaces that cannot be prepared to the 
same level of quality as Si(lll)-H. The reasons for differ- 
ences among measured critical point energies with chemical 
termination are less obvious, but presumably result from a 
combination of a difference in surface potentials and the lo- 
calization of optically excited carriers, as discussed more 
completely by Mantese et al.9 

The SLF and derivative contributions indicate that sys- 
tematic differences among (e) spectra cannot be corrected by 
three-phase model calculations alone, but that more funda- 
mental mechanisms are present. These results further show 
that accurate modeling requires the use of a reference spec- 
trum obtained on a sample with the appropriate chemical 
termination. Also, differences in spectra obtained for nomi- 
nally identical Si(lll)—H surfaces show that care must be 
taken to eliminate steps and other imperfections in samples 
intended for reference-quality spectra. Finally, the mecha- 
nisms discussed must be taken into account in theoretical 
calculations of surface-optical properties if the full diagnos- 
tic power of surface-optical techniques is to be realized. 

II. EXPERIMENT AND DATA 

Samples measured here were nominally on-axis (±0.5°), 
«-type Si(lll) and Si(110) wafers grown and chemome- 
chanically polished by Western Electric Corporation. Resis- 
tivities were —800 flcm for Si(lll) and 24 Ocm for 
Si(110). The Si(lll) samples were prepared by a three-step 
RCA clean followed by a 5 min immersion in NH4F (40%) 
to produce a stable, atomically smooth, H-terminated 
surface.10 Our specific procedure is described by Yasuda and 
Aspnes.11 Samples were never allowed to dry in air at any 
time between treatments. Following the NH4F dip, samples 
were blown dry with nitrogen. Oxidized surfaces were pre- 
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50  - c-Si 

FIG. 1. Representative pseudodielectric function spectra of c-Si for various 
orientations and chemical terminations. The subscript "a" indicates data 
obtained here; subscripts "b, c, and d" indicate data obtained from Refs. 11, 
3, and 1, respectively. Here, and in subsequent figures, the notations -H, 
-Si02 and -X refer to the chemical termination of the respective surface. 

pared by immersing the Si(lll)—H surfaces for 30 s in 
H202. The Si(110) sample was air-oxidized and used as is, 
except for a methanol (MeOH) rinse prior to measurement. 
Samples were mounted vertically on a vacuum chuck in a 
windowless glass cell that allowed the surface to be accessed 
optically while maintained in a dry N2 ambient to ensure 
chemical stability. Anisotropy data were obtained by mea- 
suring the Si(110)-SiO2 sample at 45° ± 5° increments rela- 
tive to the plane of incidence, where the initial measurement 
was obtained along a principal axis of surface as determined 
by reflectance-difference spectroscopy (RDS). 

Our data were obtained from 1.5 to 6.0 eV using a rotat- 
ing analyzer ellipsometer (RAE); instrumentation12 and ex- 
perimental techniques3 are described in detail elsewhere. 
Data acquisition required 9 min per spectrum and typically 
began 30 min after sample preparation. The Si(lll) samples 
were measured for both H and Si02 terminations prepared as 
described above. Consistency was monitored by the height of 
the E2 peak in (e2) at 4.2 eV. The maximum peak height for 
our Si(lll)—H surfaces was 48.2 ±0.1; the highest value 
reported to date is 48.3 ±0.1, obtained by Yasuda and 
Aspnes.11 Once oxidized, the initial high-quality Si(lll)-H 
surfaces could not be recovered by treatment with either 
(1:30) dilute HF:H20 or (40%) NH4F. In particular, the 
NH4F etch tended to roughen and degrade air-exposed sur- 
faces, in agreement with previous scanning tunneling 
microscopy13 and atomic force microscopy14 results. 

Representative spectroscopic ellipsometry (SE) data for 
our Si(lll)-H, Si(lll)-Si02, and Si(110)-SiO2 surfaces 
are shown in Fig. 1. Also shown are previously reported 
reference-quality   spectra   obtained   from   the   literature: 

V < 

2 ■ 
(lll)-X°-(lll)-Hb 

(110)-SiO2"-(III)-H 

■m——~*-*W|) 

—I i I— 

2 3 4 5 6 

E(eV) 

FIG. 2. Representative differences A(e|) between selected pairs of spectra 
in Fig. 1 as indicated. 

Si(lll)-H prepared as described above;11 Si(111)—X pre- 
pared by a bromine-methanol followed by a subsequent 
chemical treatment,3 where X denotes the fact that the sur- 
face termination was unknown; and Si(001)-SiO2 prepared 
by a HF etch followed by 1 h oxidation in air, where the 
effect of the native oxide was removed mathematically using 
the three-phase model. Though these reference spectra are 
nominally identical, we find substantial systematic differ- 
ences that are best illustrated by subtracting one spectrum 
from another. Results for the real parts of these differences, 
A^ej), are shown in Fig. 2 for selected pairs. These differ- 
ences and the mechanisms giving rise to them are discussed 
in detail below. 

III. THEORY 

In the following, we develop mathematical models to de- 
scribe the A(ei) line shapes of Fig. 2 and show how they can 
be used to interpret observed systematic differences in SE 
data. Instrumentation artifacts can be eliminated as contrib- 
uting factors since the line shapes resulting, for example, 
from errors in calibration constants or the angle of incidence, 
4>, do not resemble the data shown. 

As mentioned above, the pseudodielectric function (e) is 
the two-phase model representation of the ellipsometrically 
measured complex reflectance ratio, p = rp lrs, where rp and 
rs are the complex reflectances of p- and s -polarized light, 
respectively. Specifically 
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— = sin2 d> + sin2 <f> tan2 <j>\ —— (1) 

where ea is the ambient dielectric function usually assumed 
to be 1. In the absence of overlayers (e) = es, where es is the 
bulk dielectric function of the substrate. 

If the sample is covered by an intentionally deposited, 
unintentionally accumulated, or surface-modified overlayer 
of dielectric function e0 and thickness d, then (e) is related 
to es to first order in dl\ by15 

Airid es(e-e0)(e0-6a){e-ea sin2 4>)m 

(2) 

where \ is the wavelength of light. The difference between 
(e) and the true bulk dielectric function of the substrate 
(which may differ from es) is the correction term A(e). We 
consider four models for A(e) which are described below. 

A. Overlayer model 

If the quality of preparation differs for two samples, we 
can expect differences in the amount of microscopic rough- 
ness (areal density of steps) or thickness of residual overlay- 
ers on their surfaces, such that A(e)overlayer originates from 
the second term on the right-hand side of Eq. (2). If \es\ 
>\e0\^=ea, this term simplifies to 

"\e/overlayer     \\e)     es) overlayer" 

4irid .3/2 l-^|.    (3) 

For | e0\ > ea, the term in parentheses drops out and Eq. (3) 
is independent of the overlayer dielectric function. We con- 
sidered both fused Si02, taken from Malitson,16 and micro- 
scopic roughness, approximated as a Bruggeman mix of 50% 
c-Si and 50% Si02, as representative dielectric functions for 
e0. In the former case, e0 is real such that the scaling term 
only affects the value of d and can be neglected. Though 
roughness does a slightly better job fitting the data than 
Si02 in some cases, as is discussed below, we find no clear 
distinction between results obtained using either to approxi- 
mate e0. For consistency, however, each difference spec- 
trum was fit using the roughness overlayer line shape shown 
in Fig. 3(a) for es equal to the dielectric function of c-Si 
from Ref. 11, ea = 1 and  d = 1 Ä. 

B. Surface-local-field (SLF) model 

The SLF effect originates from a modification of bulk 
screening due to the surface, and is known to give a large 
contribution to certain anisotropy spectra.5"7 In the contact 
exciton model,17 bulk screening is described according to 
es= €S0/(l+gE2eS0), where es0 is the unscreened bulk di- 
electric function, and | eso |, | es | 8> 1. Also, g < 0 is the contact 
exciton interaction or "screening" parameter that, in gen- 
eral, is expected to be tensorial with different values normal 
and parallel to the surface and, for vicinal (001) and (111) 
surfaces, even within the surface plane. Over a narrow en- 
ergy range, we can use the SLF screening parameter g 
= g~E2 and treat § as a constant.6 Supposing that g^g 

(b). Surface local field 

dBAg = 0.02 A 

I 
A_ 
uT 
V 
II 
A 
w~ 
V < 

(a). Overlayer 
d= 1 A 

. (c). Derivative 
AE = 6 meV 

2 3 4 5 6 

E (eV) 

FIG. 3. Model line shapes: (a) microscopic roughness overlayer model for 
d= 1 A; (b) surface-local-field model for dgAg = 0.02 Ä; (c) derivative with 

respect to critical point energy for A£s = 6 meV; and (d) derivative with 
respect to broadening parameter for AT=6 meV. 

+ Ag over a depth dg <& X. near the surface, we have e0 = es 

+ &gdesldg, in which case, A(e)SLF again comes from the 
second term on the right-hand side of Eq. (2) for d = dg, 

A(e)SLF=((e)-eJSLF£ 
4md„ 

Age] .5/2 (4) 

The line shape for A(e1)SLF is shown in Fig. 3(b) for c-Si for 
d Ag = 0.02Ä. 

C. Derivative models 

In the absence of directional perturbations such as 
uniaxial strain, derivativelike features in optical spectra arise 
from shifts AEg and/or AY of apparent critical point energies 
Eg and broadening parameters T from their bulk values. We 
interpret these shifts as bulk effects driven by a localization 
of the optically excited carriers near the surface.9 Also, since 
T is inversely proportional to the lifetime of the excitation 
process, measurements of AF between spectra indicate dif- 
ferences in the excited carrier lifetimes; rougher surfaces are 
expected to have shorter lifetimes than smoother surfaces 
due to scattering. 

The associated difference line shapes, A(e)AE and 

A(e)Ar, follow by noting that near a critical point, es can be 
written as 

es(E)=B(E) + L(E-Eg + iT), (5) 

JVST B - Microelectronics and Nanometer Structures 
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where B(E) and L(E-Eg + iT) represent the contributions 
of the slowly varying background and the critical point, re- 
spectively. In these cases, A(e) arises from the first term on 
the right-hand side of Eq. (2) for d = 0. To first order in 
AE„ and AT we have 

A(e)^E=((e)-es),Er-AEg^, 

A<e>Ar = «e>-6,)Ar = iAr^|. 

(6) 

(7) 

The line shapes corresponding to A(el)iiE and A^)^ are 

shown in Figs. 3(c) and 3(d), respectively, for AEg = AF 
= 6 meV. 

Since the differences among reference spectra are small 
(less than 10% of (e)), the correction terms in Eqs. (3), (4), 
(6), and (7) can be used additively to model differences 
among SE data. 

IV. RESULTS AND DISCUSSION 

Using least-squares regression, we determined the relative 
contributions of each of the four models described above to 
difference spectra, such as those shown in Fig. 2. The real 
parts of these differences, A(e,), are shown as the solid lines 
in Fig. 4. The dashed curves represent the best fit to each line 
shape. We note that model fits to the real and imaginary parts 
of these differences were consistent to within three mean- 
square deviations above 3.4 eV with few exceptions. Below 
this energy, our (e2) data are less accurate due to the poor 
sensitivity of the RAE to small values of (e2). 

Since SLF and derivative model contributions to the 
(EQ ,E{) complex and E2 transition were different, fits were 
done separately from 1.5 to 4.0 eV for (E'Q,EX) and 3.6 to 
6.0 eV for E2. Differences in SLF contributions arise from 
changes in the screening parameter g, which may vary ac- 
cording to the energy range of interest; differences in AEg 

and Ar derivative models arise since each critical point 
and/or broadening parameter may experience different shifts. 
This is also true within the complex. For example, it has 
been shown that E0 and El for c-Si shift by 40 and 70 meV, 
respectively, as the temperature is raised from ~0 to 283 
K.18 These derivative effects make it difficult to fit the line 
shape in the (E0 ,E{) region with our models in some cases. 
For example, difference spectra obtained for Si02- and 
H-terminated surfaces exhibit a second-derivative line shape, 
possibly due to the near-degeneracy of the E'n and E, critical 

Q 

points. 
Due to the complexity of the (E0 ,EX) structure, we focus 

our attention on the E2 region. However, the best-fit coeffi- 
cients d, dgAg, AEg, and Ar and their uncertainties are 
listed in Table I for both energy ranges along with respective 
mean-square deviations, S. In each case, all four coefficients 
were determined simultaneously to represent model correla- 
tions accurately. From 1.5 to 4.0 eV, the strongest correla- 
tions, i.e., above 70%, are between the overlayer and SLF 
models (80%), and between the SLF and Ar derivative mod- 
els (80%). From 3.6 to 6.0 eV, the energy range discussed 

■(b). (110)': 90°-0° 

A -? w 
V 
II 2 
A 
u 
V Ü 

<1 

-2 

2 

-2 

(a). (lll)-X°-(lll)-Hb 

=A- 
(c).(110)-SiO'-(lll)-Hb 

(d). (lll)-H,-(lll)-Hb 

(e).(lll)-Si02
d-(lll)-Hb 

(f). (Ill)-Si02
a-(111)-H* 

(*2 H 

2 3 4 5 

E (eV) 

FIG. 4. Least-squares fits (dashed lines) to differences (solid lines) of the 
real part of the dielectric function A(e,) between selected pairs of spectra as 
indicated. Since model contributions to the {E'0,E^) complex and the E2 

transition are in principle different, fits were done over separate energy 
ranges: 1.5-4.0 eV for {E'0 ,£,), and 3.6-6.0 eV for E2. 

here, the strongest correlations are between the SLF and 
AEg derivative models (90%), as well as between the over- 
layer and AEg derivative models (80%). 

Since no a priori estimates exist for the orders of magni- 
tude of the SLF and derivative effects, these were established 
experimentally. Thus, the scale of dgAg is set by the value 
0.042 ± 0.004 Ä determined for the difference between our 
isotropic Si(110)-SiO2 data and that reported by Yasuda and 
Aspnes11 for Si(l 11)-H; the scale of AEg is set by the value 
9.6 ± 1.1 meV determined for the Si(110): 90°-0° anisot- 
ropy spectrum; and the scale of Ar is set by the value 14.1 
±0.5 meV determined for the difference between the 

Jellison1 and Yasuda and Aspnes11 data. We consider first 
those differences that best illustrate each of the four models, 
then discuss implications regarding such differences for ref- 
erence spectra used for material and structural modeling. 
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TABLE I. Least-squares results for differences between pairs of spectra shown in Fig. 1. The notation -H, -Si02, and -X refers to the chemical termination of 
the respective surface. In entries 4(c) and 4(f), the effects of the roughness overlayer were removed mathematically. 

Figure Difference spectrum Energy (eV) 
Overlayer 

d(A) 
SLF 

d^g (A) 

Derivative Eg 

A£g (meV) 
Derivative T 
Ar (meV) S 

4(a) (lll)-Xc-(lll)-Hb 1.5-4.0 
3.6-6.0 

1.05 ±0.04 
1.00 ± 0.04 

0.010 ± 0.002 
0.004 ± 0.001 

1.6+0.3 
1.5±0.7 

-2.6 ± 0.4 
1.8 ±0.3 

0.08 
0.08 

4(b) (110)-SiOa: 90°-0° 1.5-4.0 
3.6-6.0 

0.27 ± 0.04 
0.75 ± 0.07 

0.018 ±0.002 
0.000 ± 0.002 

-0.7±0.3 
9.6±1.1 

2.9 ± 0.4 
-1.2 ±0.6 

0.08 
0.13 

4(c) (110)-SiOa-(lll)-Hb 

(8.9 Ä roughness removed) 
1.5-4.0 
3.6-6.0 

-0.11 ±0.09 
-0.29 ± 0.04 

0.042 ± 0.004 
0.037 ± 0.002 

1.7±0.7 
-4.5+0.7 

-2.8 ± 0.9 
5.0 ± 0.4 

0.18 
0.09 

4(d) (lll)-Ha-(lll)-Hb 1.5-4.0 
3.6-6.0 

-0.03 ± 0.03 
-0.07 ± 0.04 

0.002 ± 0.001 
0.004 ± 0.001 

2.5 ±0.2 
1.3±0.7 

-1.0 ±0.3 
-0.1 ± 0.3 

0.07 
0.08 

4(e) (001)-SiO^-(lll)-Hb 1.5-4.0 
3.6-5.3 

-0.51 ±0.12 
-0.92 ± 0.06 

0.019 ± 0.006 
0.023 ± 0.002 

-4.7±0.9 
-8.0±1.1 

-4.0 ± 1.2 
14.1 ± 0.5 

0.25 
0.15 

4(f) (lll)-SiOHlll)-Ha 

(4.8 A roughness removed) 
1.5-4.0 
3.6-6.0 

0.00 ± 0.06 
-0.03 ± 0.04 

0.011 ±0.003 
0.001 ± 0.002 

-1.7±0.4 
-2.1 ±0.7 

-2.6 ± 0.6 
4.9 ± 0.4 

0.12 
0.08 

"Data obtained here. 
'Reference 11 
cReference 3. 
dReference 1. 

A. Overlayer effects 

The overlayer line shape appears most clearly in the dif- 
ference between the Aspnes and Studna3 and Yasuda and 
Aspnes11 data shown in Fig. 4(a). The best-fit coefficients 
listed in Table I for the E2 transition give an overlayer thick- 
ness of d = 1.00 ± 0.04 A with comparatively small contribu- 
tions from the other models. The sign of d indicates that the 
Aspnes and Studna data3 were obtained on a lower quality 
surface than that of Yasuda and Aspnes,11 which is not sur- 
prising since the NH4F treatment was not used in the former 
case. This is further supported by the value of AT= 1.8 ±0.3 
meV, which indicates larger scattering for the Aspnes and 
Studna3 sample. The relatively small value of AEg =1.5 
± 0.7 meV, however, indicates that this surface was termi- 
nated largely by H, as will be discussed below. If the over- 
layer is assumed to be Si02, we obtain d=2 A as was specu- 
lated by Yasuda and Aspnes." Other than the factor of 2 in 
d that arises from the scaling factor in Eq. (3), as described 
above, there is no distinction between approximating the 
overlayer as microscopic roughness or Si02. 

B. Surface-local-field effects 

The SLF effect is well known in anisotropy spectroscopy, 
where it dominates the (normal-incidence) RD spectra of 
(110) Si and Ge surfaces.6'7 It is also present in the RD 
spectra of vicinal Si(001) and Si(l 11) surfaces off-cut toward 
[110], presumably due to [110]-type steps on the surface,7,8 

and may be present in many clean semiconductor surfaces 
such as (2X4) GaAs (001).19 The ellipsometrically deter- 
mined anisotropy spectrum for the Si(110)-SiO2 surface, 
shown in Fig. 4(b), was calculated by taking the difference 
between spectra obtained at azimuth angles 90° and 0°, 
which correspond to the alignment of the plane of incidence 
along the respective principal axes of the surface, a and ß, 

and yields the maximum anisotropy signal. This line shape 
strongly resembles the SLF model in Fig. 3(b), though its 
appearance is qualitatively different from that observed with 
RDS. We note that a full spectrum fit from 1.5 to 6.0 eV (not 
shown) gave a value of dgAg = 0.019 ± 0.002 A, where 
Ag = ga-gß represents screening anisotropy in the plane of 
the surface. However, we find a much smaller value of 
dgAg = 0.000 ± 0.002 Ä for the E2 region alone, as shown 
in Table I. This dramatic decrease in dgAg may be illusory 
since it is accompanied by a similar large change in AEg 

from 0.1 ± 0.6 to 9.6 ± 1.1 meV. As mentioned above, these 
model line shapes are highly correlated over this energy 
range, and some compensation is undoubtedly occurring. We 
also note that the value of AI"= - 1.2 ± 0.6 meV indicates a 
difference in scattering between the 90° and 0° sample ori- 
entations due to the (HO)-type steps on the surface. 

More interesting is the difference between the isotropic 
Si(110)-SiO2 data and the Yasuda and Aspnes11 data shown 
in Fig. 4(c). Here, the, isotropic contribution to 
Si(110)-SiO2 was isolated by averaging data taken at the 
eight different azimuths mentioned above. Though we ex- 
pected the Si(110)-SiO2 sample to be oxide terminated, we 
fit the data more accurately by assuming a microscopic 
roughness overlayer. By mathematically removing the 8.9 A 
of roughness determined by a least-squares fit to the initial 
difference spectrum (not shown), we highlight the residual 
line shape. The coefficients of the least-squares fit to this line 
shape are listed in Table I and show a SLF contribution of 
dgAg = 0.037 ± 0.002 Ä for the E2 transition. In this case, 
Ag represents the difference between the normal compo- 
nents of the screening tensors for the Si(110)—Si02 and 
Si(lll)-H surfaces. This is the first time that such differ- 
ences have been observed. We also find relatively large de- 
rivative contributions in this energy range of AEg=—A.5 
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± 0.7 meV and Ar=5.0 ± 0.4 meV. The former can be at- 
tributed to the difference in chemical termination between 
these surfaces (see below). The sign of Ar shows that T is 
larger for the Si(l 10)-SiO2 surface than for Si(l 11)-H. This 
is consistent with expectations, since the Si(lll)-H surface 
is atomically smooth and the lifetimes of excited carriers are 
expected to be shorter in the rougher Si(110)-SiO2 sample 
due to scattering. 

C. Critical point energy (AEg) effects 

The line shape in Fig. 3(c) is most clearly seen in the 
difference between the Si(lll)-H spectra obtained here and 
that reported by Yasuda and Aspnes11 shown in Fig. 4(d). As 
these surfaces were prepared by the same procedure, these 
spectra are nominally identical. The difference spectrum is 
small, with the dominant contribution from AES = 2.5 
± 0.2 meV for the {E'Q ,£,) complex and 1.3 ± 0.7 meV for 
the E2 transition. We note that temperature effects, known to 
give rise to energy shifts on the order of 0.2 meV/K,20 are 
negligible. By monitoring a test sample in situ, we found that 
changes in temperature of up to 5 K could occur due to 
evaporative cooling from a MeOH rinse, however, these 
changes vanished in less than 1 min. We further rule out bulk 
strain as a mechanism for the shift by using a typical value of 
10 eV for the hydrostatic volume deformation potential21 in 
strain calculations. A shift of 2.5 meV would require a 
0.025% strain, which is not likely to be caused by variations 
in chemical preparations between samples. Instead, these 
shifts indicate that the E'0, E1, and E2 bulk c-Si critical 
point energies determined from optical spectra are apparent 
only and not equal to their true bulk values, in agreement 
with previous conclusions obtained by RDS.7'8 This is dis- 
cussed more fully in Ref. 9. 

Larger AEg contributions are found in the differences be- 
tween H- and Si02-terminated surfaces. For example, the 
difference between the Jellison1 and Yasuda and Aspnes11 

data, shown in Fig. 4(e), exhibits sharp derivative-type fea- 
tures near bulk critical point energies. As mentioned above, 
we observe a strong second-derivative contribution to the 
line shape for the (E'Q ,E{) complex, which suggests that our 
set of models is incomplete or that the {E'Q,E{) complex 
cannot be treated as a single critical point. However, the 
obvious derivative nature of these spectra and the relatively 
large value of AEg = -8.0± 1.1 meV for the E2 transition 
indicates that some, and possibly all, critical point energies 
are shifted from their true bulk values. We also find an iso- 
tropic SLF effect between these surfaces with a value of 
dgAg = 0.023 ± 0.002 A. The negative value of d in Table I 
reflects some discrepancies between our overlayer model and 
the model Jellison used to correct his data.1 

The Fig. 4 results are the first indication that chemical 
termination plays a role in reference SE data, even after com- 
pensating for overlayer effects. To investigate this further, 
we examine differences between spectra obtained for H- and 
Si02-terminated Si(lll) samples, where the Si02 layer was 
formed by dipping the Si(lll)-H surfaces in H202 as de- 
scribed above. As expected, a least-squares fit to the initial 

difference spectrum (not shown) indicated a dominant over- 
layer contribution due to oxide on the surface. The data were 
better fit using the roughness overlayer model, which indi- 
cates that the H202 treatment roughened the surface. We 
isolate the more fundamental mechanisms involved by math- 
ematically removing 4.8 Ä of microscopic roughness. The 
remaining line shape is shown in Fig. 4(f). Again, we find a 
second derivative contribution to the (E'0 ,£,) complex but a 
better fit to the E2 transition with AEg = -2.1 ± 0.7 meV. 

D. Lifetime (AT) effects 

From the difference spectra discussed above, we have al- 
ready seen that differences in surface quality give rise to 
differences in T between samples. This was seen strongly in 
the difference between Si(110)-SiO2 and Si(lll)-H shown 
in Fig. 4(c), and is also found in the line shapes shown in 
Figs. 4(e) and 4(f). In Fig. 4(e), the best fit to the line shape 
gives a value of Ar=14.1 ± 0.5 meV for the E2 transition, 
which indicates a substantially larger T for Si(001)-SiO2 

than for Si(l 11)—H. This is consistent with the fact that 
Si(001) surfaces cannot be chemically prepared to the same 
degree of perfection as Si(lll)—H surfaces and should, 
therefore, exhibit larger amounts of scattering. In Fig. 4(f), 
the difference between our Si(lll)-Si02 and Si(lll)-H 
spectra, the value of Ar measured is 4.9 ± 0.4 meV, indicat- 
ing that AT is a measure of the difference in surface quality 
between Si02- and H-terminated Si(lll). It seems reason- 
able that the data giving rise to relatively large values of Ar 
are better fit using microscopic roughness as e0 in the over- 
layer model rather than Si02. Though this is the case for the 
data shown in Figs. 4(c) and 4(f), we find no clear distinction 
for the difference spectrum shown in Fig. 4(e). 

V. SUMMARY 

This article serves as the first systematic investigation of 
differences among reference-quality ellipsometric data for 
c-Si. The above results are general and are found not only 
between H- and Si02-terminations on the same sample, but 
also on different samples. This observation is the basis for 
our above statement that the lack of a AEg derivative com- 
ponent implies that the Aspnes and Studna3 surface was 
nearly H-terminated. We conclude, therefore, that AT is a 
general measure of surface quality while AEg gives informa- 
tion about chemical termination, possibly influenced by ori- 
entation. Finally, the isotropic SLF effect that appears sys- 
tematically among these difference spectra indicates that the 
normal component of the screening tensor also depends on 
sample orientation and termination. 

We recognize that more analysis needs to be done to 
clearly distinguish between microscopic roughness and 
Si02 overlayer contributions to the differences discussed, as 
well as to develop more representative models for the 
(E'0,EX) complex that include second-energy-derivative ef- 
fects. This work is currently in progress. However, from the 
results presented here, it is clear that accurate modeling of 
SE data requires a reference spectrum that is consistent with 
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respect to orientation and chemical termination as far as pos- 
sible. To this end, we note that energy shifts recently re- 
ported in SE data2'22 may indicate inconsistencies between 
the samples measured and the reference data used for optical 
modeling. We suggest that a reference spectrum more nearly 
representative of the starting surfaces may give different re- 
sults and that the shifts observed may be due to localization, 
as discussed in Ref. 9. 
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Reflectance-difference studies of interface-formation and initial-growth 
processes in ZnSe/GaAs(001) heteroepitaxy 
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(Received 29 January 1997; accepted 16 April 1997) 

In situ reflectance-difference studies of initial stages of ZnSe growth on GaAs(OOl) surfaces are 
reported. ZnSe layers with thicknesses less than 4 nm were grown by molecular beam epitaxy in 
both layer-by-layer and island-growth modes. It is found that the reflectance-difference spectra for 
this thickness range are clearly dependent on ZnSe thickness as well as on the growth mode. This 
observation indicates that the surface electronic structure develops with thickness and in a manner 
sensitive to the mid- or long-range order of the surface. The interface-induced peak at 2.8 eV, 
intensity of which is correlated with the extent of the interfacial Ga-Se bond formation, is pinned 
during the course of growth, which indicates that atomic rearrangement or mixing at the interface 
is minimal once several monolayers of ZnSe are deposited on GaAs. © 7997 American, Vacuum 
Society. [S0734-211X(97)07704-4] 

I. INTRODUCTION 

Optical diagnostics of crystal growth has been attracting 
increasing attention, not only because it can be performed in 
nonvacuum environments, but also because it provides us 
with information about the electronic state which is comple- 
mentary to the structural information obtained by commonly 
used diffraction techniques. Reflectance-difference spectros- 
copy (RDS), which measures polarization dependence, or an- 
isotropy, in normal-incidence reflectance, is among the 
surface-sensitive optical techniques suitable for in situ char- 
acterization for materials processing.1'2 Since its first demon- 
stration by Aspnes and Studna in 1985,3 there have been 
many RDS studies of surface-induced anisotropy. It was only 
recently, however, that the same technique was applied to 
heterostructures where optical anisotropies of various origins 
are possible4"11 For the ZnSe/GaAs system, the surface- 
induced anisotropy was the primary concern of recent studies 
by several groups. Anisotropies of the other origins were not 
examined in detail in their reports.12"14 

In our previous publications, we demonstrated that in situ 
RDS can simultaneously measure the surface- and interface- 
induced optical anisotropies of a heterostructure if the ac- 
quired data are properly analyzed.4'9 An application of this 
technique to ZnSe/GaAs(001) heterostructures, where the 
ZnSe epilayer thickness, LZnSe, was varied from 3 to 40 nm, 
showed that both surface- and interface-induced anisotropies 
are essentially independent of LZnSe. The RD responses for 
the thin-film regime (LZnSe< a few nm) were out of the 
scope of the our previous investigations. While we expect 
that systematic RD measurements for this initial-growth re- 
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b)Also with National Institute for Advanced Interdisciplinary Research 

(NAIR), Tsukuba 305, Japan. 
c)Also with Angstrom Technology Partnership (ATP), Tsukuba 305, Japan. 
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c)AIso with Institute for Materials Research, Tohoku University, Sendai 980, 

Japan. 

gime will help us understand the mechanism of interface 
formation, it is also anticipated that the resulting optical data 
will exhibit complex behaviors since surface and interface 
layers responsible for the anisotropy are likely to overlap or 
interact with each other. Another source of complication is 
the possibility that the dielectric response of such a thin ep- 
ilayer is probably different from that of bulk. 

The ZnSe/GaAs interface is the most critical interface in 
the  blue/green  semiconductor lasers. Their  lifetime, 
which needs to be extended to more than 1000 h for com- 
mercialization, is inversely proportional to the density of the 
grown-in defects that originate from the ZnSe/GaAs 
interface.17 Since the defect generation at this interface is 
correlated with the structure of the interface,18"20 the mecha- 
nism of the interface formation is of technological interest. 
At the same time, this interface is of scientific interest be- 
cause it is a good test case for us to study the effects of 
heterovalency in the epitaxy phenomena.9'2 '~23 

The subject of this study is the RD spectra acquired in situ 
during the initial stages of heteroepitaxial growth of ZnSe on 
GaAs(OOl). Combining these results with reflection high- 
energy electron diffraction (RHEED) observations, we dis- 
cuss the interface-formation and initial-growth processes. In 
this materials system, it has been well established that the 
growth mode can be readily controlled by applying an ap- 
propriate pre-growth treatment on the GaAs surface: a Zn 
treatment on an As-stabilized (2X4) surface for layer-by- 
layer two-dimensional (2D) growth, and Se-terminated 
(2X1) for island (3D) growth. This feature allowed us to 
investigate the effects of the growth mode on the optical 
properties in a single materials system. 

II. EXPERIMENT 

The heteroepitaxial growth of ZnSe on GaAs(100) wafers 
(semi-insulating and nominally on-axis) was carried out in a 
dual-chamber molecular beam epitaxy (MBE) system. It is 
equipped with an x-ray photoelectron spectroscope (XPS) 
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and a scanning tunneling microscope (STM) for on-line sur- 
face characterization. Clean GaAs surfaces were first ob- 
tained by growing an undoped homoepitaxial layer in the 
III-V chamber. Prior to ZnSe growth the GaAs surfaces 
were treated according to two different procedures as identi- 
fied below: 

(a) A Zn exposure on an As-terminated (2X4) GaAs sur- 
face. After the exposure the surface remained (2X4),24 and 
the Zn coverage measured by XPS was less than 1 
monolayer.25'26 The ZnSe growth on this surface is known to 
proceed in the 2D mode.20 It is also well established that this 
procedure is optimal for reducing the defect density in the 
final ZnSe/GaAs structure.18'20 

(b) A Se exposure on a Ga-terminated (4X6) surface fol- 
lowed by annealing at 798 K, which resulted in a Se- 
terminated (2X1) surface.21-24'27 ZnSe growth on this surface 
proceeded in the 3D mode.20,21'24 

In preparing these surfaces, the surface was reconstructed 
to either (2X4) or (4X6) in the III-V chamber,28'29 and the 
sample was then transferred through a vacuum tunnel to the 
II-VI chamber where each reconstruction was confirmed by 
both RHEED and RDS.30 The surfaces were treated by the 
beam exposure described above for 60 s at 533 K. Special 
care was taken to prevent uncontrolled adsorption of Se dur- 
ing these procedures. STM observation of the samples that 
were prepared in separate runs but under the same condition 
revealed that both surfaces were atomically flat with well- 
ordered dimer rows.24'31'32 

ZnSe growth was carried out in an intermittent manner. 
The Zn shutter was first opened, and growth was performed 
by opening the Se shutter for a pre-determined period, typi- 
cally 4 or 8 s. Each sequence was followed by in situ mea- 
surements by RDS and RHEED, first under the Zn beam and 
then under the Se beam. These procedures were repeated up 
to 44 s. The beam-equivalent pressures of Zn and Se were 
(2.3±0.2)X1(T5 and (4.9±0.2)X 1(T5 Pa, respectively. 
The sample temperature was 533 K throughout the Zn or Se 
treatment and the ZnSe growth. After a series of the RDS 
and RHEED measurements were completed, ZnSe growth 
was continued to a thickness of -100 nm so the average 
deposition rate could be determined. We note that the actual 
deposition rate during the initial growth cycles may be devi- 
ated from these average values. 

Our home-made RDS setup is similar to the one devel- 
oped by Aspnes et al.,33 except for the use of a calcite Glan- 
Taylor prism as the incidence polarizer. The results are 
displayed in terms of AF/F=Ar/r+iA6, where 
Ar=r-exp(/0) is the complex reflectance. In this article, 
Ar is defined as AF=F[110]-F[110], and only the real- 
part spectra are shown. The spectra cover an energy range 
from 1.5 to 5.8 eV. 

III. RESULTS 

We first present the RDS and RHEED results for the ini- 
tial stages of ZnSe/GaAs heteroepitaxy. A summary of the 
observations is given at the end of the section. 

(a) Zn beam    ..-._ 

< 
O 

Zn-treated 
(2x4)-GaAs 

i   ....   i   
3 4 

E   [eV] 

(b) Se beam 

Zn-treated 
(2x4)-GaAs 

-8 

E   [eV] 

FIG. 1. (a) Evolution of the RD spectra during 2D layer-by-layer growth of 
ZnSe on a Zn-treated (2X4)-GaAs surface. The spectra were acquired under 
the Zn beam at 4, 8, 12, 16, 20, 28, 36, and 44 s after initiation of growth. 
The thickness of the curves is in proportion to the growth period. The 
estimated deposition rate was 0.10 nm/s. The dotted curve is for the initial 
Zn-treated (2X4)-GaAs surface, (b) As (a) but under the Se beam 

A. 2D growth mode 

Figure 1 shows the RD spectra measured during ZnSe 
growth on the Zn-treated (2X4)-GaAs surface. The spectra 
were acquired at 4, 8, 12, 16, 20, 28, 36, and 44 s after 
initiation of growth, under both (a) Zn and (b) Se beams. If 
the average growth rate of 0.1 nm/s holds for this thin-film 
regime, 44 s growth translates to 4.4 nm film growth. In Fig. 
1(a), the spectral line shape for the initial Zn-treated surface 
showed only a slight offset from that of the as-prepared 
(2X4) surface, as discussed previously.9 A large change in 
the line shape was induced upon the first 4 s growth of ZnSe 
on the GaAs surface. Successive growth through 44 s 
changed the spectral intensity above -3.5 eV, while the peak 
intensity at 2.8 eV was pinned. We also noticed a red shift in 
the peak position around 5 eV. The spectra under the Se 
beam [Fig. 1(b)] also showed a systematic increase in the 
intensity while the 2.8 eV peak was pinned. An additional 
feature is a negative dip near 5.1 eV, which became apparent 
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(a)   before growth (b)   4 s 

(d)   140 s 

FIG. 2. RHEED patterns during the experiment in Fig. 1. The observation 
was done under the Se beam and with electron-beam incidence in [110]: (a) 
(2X4) before growth; (b) (1X1) after 4 s; (c) appearance of (2X1) after 8 s; 
(d) fully developed (2X1) after 140 s growth. 

after 20 s. It is tentatively ascribed to the linear electro-optic 
(LEO) effect at £, and El + \l transitions of ZnSe4 We 
note that the surface under the Se or Zn beam was so stable 
that repeated measurements on the same surface gave exactly 
the same spectra. Thus an annealing effect at the growth 
temperature was negligible. 

The RHEED patterns for the experiment of Fig. 1 are 
displayed in Fig. 2. The surface reconstruction of ZnSe is 
commonly (2X1) for Se termination and c(2X2) for Zn 
termination.34 The patterns in this figure were observed un- 
der the Se beam, with the electron-beam incidence set along 
[110] to detect the fractional diffraction of the (2X1) pattern. 
The (2X4) pattern of the initial GaAs surface disappeared at 
4 s growth, and the (2X1) pattern became visible at 8 s. 
Observation under the Zn beam with the [010] beam inci- 
dence showed that the c(2X2) reconstruction was vaguely 
visible at 12 s. At either incidence direction the patterns were 
streaky from the beginning through the end of the experi- 
ment, confirming that the growth proceeded in the 2D mode. 

Figure 3 illustrates the dynamic changes of the RHEED 
specular-beam intensity and the RD signal at 4.5 eV. A 
RHEED oscillation was clearly observed during the first and 
second growth cycles, further evidencing 2D growth. The 
separation of the two negative peaks in the first cycle, which 
we assume corresponds to a bilayer of ZnSe, gives a growth 
rate of 0.12 nm/s, which is close to the average rate of 0.10 
nm/s. The dynamic change of the RD signal is consistent 
with the spectral measurements in Fig. 1. The first 4 s growth 
induced a decrease of the signal, while for the second growth 
cycle the ZnSe surface termination changed gradually from 
Zn to Se during the 4 s period, then the Zn-terminated sur- 
face was re-established after the Se shutter was closed. 

Q 
rr 
C 
CO 

D 
LU 
W 
X 
cr_ 

RHEED 

/V/v- 

1st growth, 
4s 

2nd growth, 
4s 

Time r- H 5s 

FIG. 3. Dynamic RHEED oscillation (specular beam) and RD response at 
4.5 eV for the first and second cycles of intermittent growth (1 cycle=4 s). 
See Fig. 1 for the RD spectrum after each cycle. 

B. 3D growth mode 

Figure 4 shows a series of RD spectra taken similarly to 
those in Fig. 1, but for the 3D growth on the Se-terminated 
(2Xl)-GaAs. From the cross-section transmisson electron 
microscope (TEM) observation described later, we judge the 
actual growth rate for this data set was again close to the 
average rate of 0.075 nm/s, even though the growth pro- 
ceeded through island formation and coalescence. Thus the 
estimated LZnSe after 44 s growth is 3.3 nm. The initial GaAs 
surface exhibited a spectral line shape characteristic of Se- 
terminated GaAs(OOl) surfaces, as discussed in detail 
previously.9 The spectral behaviors in Fig. 4 are remarkably 
different in many aspects from what we saw in Fig. 1: 

(1) the first 4 s growth induced only a slight change in the 
spectrum; 

(2) the amplitude above 3.5 eV first increased through 16 s, 
then decreased after 20 s. The spectra at 16 s and 20 s 
were almost identical to each other; 

(3) switching the beam from Zn to Se induced relatively 
small changes; 

(4) the red shift of the peak near 5 eV was observed only 
after 20 s; 

(5) the 2.8 eV peak was pinned through 20 s, but its ampli- 
tude started to decrease thereafter; 

(6) the peak intensity at 2.8 eV was much higher than in Fig. 
1. 

Changes in the RHEED patterns corresponding to the data 
of Fig. 4 are summarized in Fig. 5. As in Fig. 2, RHEED 
data were taken under the Se beam and with a [110] probing 
incidence. A streaky (2X1) pattern for the initial surface 
turned to a diffuse spotty one after the first 4 s growth, which 
confirms that the growth mode was 3D. The pattern re- 
mained spotty though 44 s, each spot sharpened with in- 
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FIG. 4. As in Fig. 1, but for 3D island growth on the Se-terminated (2X1)- 
GaAs surface, measured under (a) the Zn beam and (b) the Se beam. In both 
plots, the spectral intensity above 3.5 eV first increased through 16 s, then 
decreased after 20 s. Spectra after 20 s are shown with a negative offset to 
make them easier to follow. The estimated deposition rate was 0.075 nm/s. 
The dotted curve is for the initial Se-terminated (2Xl)-GaAs surface. 

creasing growth time. The (2X1) pattern appeared at 44 s, 
but it took —100 s to obtain a streaky (2X1) pattern. While 
16 s was the point when the RD signal around 5 eV took a 
maximum in Fig. 4, the RHEED data exhibited nothing par- 

(a)   before growth (b)  4 s 

(c)   16 s 

(e)   104 s (f)    16 s , [110] 

FIG. 5. RHEED patterns during the experiment in Fig. 4. The data were 
taken under the Se beam. Electron-beam incidence was along [110] except 
for (f) which was taken with [110] incidence, (a) (2X1) before growth; 
(b)-(d) spotty patterns after 4, 16, and 44 s, respectively; (e) a streaky 
(2X1) pattern after 104 s; (f) spotty but much sharper pattern than (c) after 
16 s. 

ticularly remarkable at this point. The pattern (f) was taken at 
16 s, but with [1 10] incidence. Comparing it to (c), the 
former pattern was much shaper than the latter, indicating 
that the ZnSe islands were elongated in [110]. This result is 
consistent with the STM results in the literature, where for- 
mation of elongated islands on the Se-terminated GaAs sur- 

21,24 face was observed in real space. 

C. Summary of observations 

The behavior of the observed RD spectra for the initial 
ZnSe growth on GaAs is, as anticipated, fairly complicated. 
While it is formidable at the present stage to explain all the 
features we observed, it is possible to extract a few charac- 
teristic features that we believe are essential and therefore 
should be explained. 

(1) The 2.8 eV peak is pinned regardless of ZnSe surface 
termination and LZnSe. whereas its amplitude depends on 
the initial surface. 

(2) For the 2D case, the spectrum above 3.5 eV evolves as 
growth proceeds. The intensity increases and the peak 
position near 5 eV exhibits a redshift. 
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(3) The behavior for the 3D case is quite different from the 
2D case. The intensity takes a maximum at 16 s (or 1.2 
nm) under the conditions employed. 

In the next section we focus our discussion on these ob- 
servations. 

IV. DISCUSSION 

A. Interface-induced peak at 2.8 eV 

1. Origin 

In our previous studies of the RD spectra of the ZnSe/ 
GaAs structure, we showed that the 2.8 eV peak originates 
from the interface.4'9 This conclusion was deduced from the 
following observations: 

(i) After separating the measured RD spectrum into sur- 
face and interface components using the model calcu- 
lation, the 2.8 eV peak remained in the interface spec- 
trum but not in the surface spectrum. 

(ii) As seen in Figs. 1 and 4, the position and amplitude of 
this peak were hardly changed upon switching the 
surface termination between Zn and Se, while its in- 
tensity was dependent on the reconstruction and pre- 
growth beam treatment of the initial GaAs surface 
where the interface was formed. 

As we pointed out in our previous paper,9 the energy po- 
sition of this 2.8 eV peak is near the Ex transition of bulk 
GaAs at the growth temperature of 533 K,35 but it does not 
agree with critical-point energies of possible interfacial com- 
pounds such as Ga2Se3 and Zn3As2. This fact suggests that 
the states associated with this peak can be described as 
interface-modified states of bulk GaAs. We note that the 
LEO effect may induce RD features near the Ex transition 
energy, however the observed 2.8 eV peak is much broader 
than what would be expected for the LEO signal, indicating 
that the contribution of the LEO effect is minor. 

Nakayama and Murayama performed ab initio calcula- 
tions to obtain the electronic structure of the ZnS/GaP 
interface,23 which is supposedly similar to the ZnSe/GaAs 
system. They showed that the interface anisotropy near the 
Ex transition of GaP is caused by optical transitions between 
bulk states deformed by charge transfer at the interface. Re- 
lated to this effect, the surface-induced RD features, which 
appear shifted relative to the bulk critical points, were re- 
cently discussed by Rossow et al.36 They identified two 
types of anisotropy spectra (screening and derivativelike), 
and pointed out that the derivativelike line shapes can be 
explained by considering a dynamic localization of bulk- 
derived electronic states in a semi-infinite system. Further 
theoretical and experimental investigations are apparently 
necessary to establish a systematic understanding of surface- 
and interface-induced RD features located near bulk critical 
points. 

2. Intensity 

In Fig. 6 we compare RD spectra for five samples pre- 
pared on different initial surfaces and under different growth 
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FIG. 6. Effects of the initial-surface preparation and the growth condition on 
the RD spectra for the ZnSe/GaAs heterostructures. The estimated ZnSe 
thickness is in the range from 3 to 4 nm for all five samples. The spectra 
were measured under the Zn beam. Thin dotted: intermittent growth on 
Se-terminated (2X1) [44 s spectrum in Fig. 4(a)]; broken: alternating beam 
supply on Zn-treated (2X4); thin solid: intermittent growth on Zn-treated 
(2X4) [36 s spectrum in Fig. 1(a)]; thick dotted: continuous growth on 
Zn-treated (2X4) with a lower Se/Zn beam ratio (<2); thick solid: continu- 
ous growth on Zn-treated c(4X4). 

conditions. For all the samples LZnSe is in the range from 3 to 
4 nm. Here we focus our attention on the intensity of the 2.8 
eV peak. As will be discussed in the following, we find that 
the peak intensity is correlated to the Ga-Se bond density at 
the interface. 

In Fig. 6, the sample grown on the Se-terminated (2X1) 
surface shows the highest 2.8 eV peak, while the sample 
grown on c(4X4) GaAs shows the lowest. For the former 
case, we showed in our previous study by combining RDS 
and TEM, that the interfacial layer is composed of Ga and Se 
and that its thickness is about 4 monolayers.9 For the latter 
case, the same study identified an interfacial layer composed 
of Zn and As, which indicates that this interface has, if any, 
only a small density of Ga-Se bonds. 

The three curves in between the above two extreme cases 
were all grown on Zn-treated (2X4), but with different avail- 
ability of Se with respect to Zn. Among these three curves 
shown, the sample grown by alternating the supply of Zn and 
Se (i.e., the atomic-layer-epitaxy mode) shows the highest 
peak. Since the Zn coverage on the beam-treated GaAs sur- 
face is less than 1 monolayer,25'26 during the first cycle of 
alternating beam exposure the GaAs surface has an opportu- 
nity to react with the Se beam to form Ga-Se bonds. In the 
intermittent mode, such a Ga-Se reaction is presumably sup- 
pressed because Se is consumed to form ZnSe. The sample 
grown under Se-deficient, i.e., Zn-rich, beam conditions 
showed the lowest peak among the three. 

Thus, the trend seen in Fig. 6 can be well understood if 
the 2.8 eV peak intensity is correlated with the Ga-Se bond 
density (or the extent of the Ga-Se reaction) at the interface. 
An important implication of this result is that the interface 
stoichiometry is not unique but process-dependent for this 
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heterostmcture. At a heterovalent interface, the valence of 
each constituent atom should be satisfied through atomic re- 
arrangement, reconstruction, and/or mixing. As estimated 
theoretically by Nakayama and Oda, the interface energy 
of ZnSe/GaAs is dependent on the interfacial atomic con- 
figuration. One might expect that under such a constraint on 
the valence matching there exists a unique chemical compo- 
sition of the interfacial layer that minimizes the interface 
energy. The process-dependent change of the 2.8 eV peak in 
Fig. 6 implies that kinetics rather than energetics controls the 
formation of the ZnSe/GaAs interface. Finally we add that 
the relative availability of Se has a great impact on the defect 
generation at the ZnSe/GaAs interface as we demonstrated in 
our recent publications 18-20 

3. Pinning 

As we have discussed so far, the optical response of the 
ZnSe/GaAs interface involves two kinds of chemical bonds, 
i.e., Ga-Se and Zn-As, and the peak intensity at 2.8 eV is a 
qualitative measure of the fraction of the former. Extending 
this argument, the peak pinning we observe in Figs. 1 and 4 
indicates that once the first several monolayers of ZnSe are 
deposited, the chemical composition of the interface is fixed 
throughout the successive growth. In other words, once the 
interface is formed, atomic intermixing is minimal as far as 
the optical response of the GaAs side of the interface is con- 
cerned. This argument is supported by our annealing experi- 
ment of 10 nm ZnSe on Zn-treated (2X4)-GaAs, where the 
2.8 eV peak showed little change in intensity nor line shape 
up to 723 K. 

For the 3D case in Fig. 4, the 2.8 eV peak is pinned up to 
16 s but starts decreasing after 20 s. This is due to the fact 
that the surface-induced RD signal near 2.8 eV starts increas- 
ing in the negative direction after 20 s. The evolutions of the 
surface-induced RD signal are discussed in detail in Sec. 
IV B. 

B. Spectral evolution above 3.5 eV 

Here we discuss possible factors that contribute to the 
spectral evolutions observed in Figs. 1 and 4. 

1. Development of the surface electronic structure 

Figure 7(a) shows the difference spectra calculated from 
the data set of Fig. 1. They were obtained by subtracting the 
RD spectrum under Zn from that under Se at the same 
LZnSe. Since these differences are induced by switching the 
surface termination from Zn to Se, the spectra in Fig. 7(a) 
solely represent the surface-sensitive component of the RD 
spectrum. In other words they are essentially free from con- 
tributions from interface- and bulk-induced anisotropies. In 
this plot, the peak intensity near 5 eV increases with LZnSe, 
and the peak position shows a redshift. 

The surface RD signal is approximately expressed by the 
following linear equation:3 

AF/F=-(4TTid/\)-[Ae0/(es-l)]. (1) 

12 
(b) 3-D growth 

44 [s] 

4,8,12,16,20 [s 

E   [eV] 

FIG. 7. Evolution of surface-sensitive component in the RD spectra in Figs. 
1 and 4. Shown are the difference spectra obtained by subtracting the spec- 
trum measured under the Zn beam from that under the Se beam. The thick- 
ness of the curves is in proportion to the growth period: (a) 2D growth on 
Zn-treated (2X4)GaAs; (b) 3D growth on Se-terminated (2Xl)-GaAs. 

Here d, Ae0,es, and \ are, respectively, the effective thick- 
ness and the dielectric anisotropy of the surface layer, the 
isotropic substrate dielectric function, and the wavelength of 
light. This equation holds for d <s \. To apply this equation to 
the present ZnSe/GaAs system, we regard the entire ZnSe/ 
GaAs structure as a virtual substrate, and its pseudo dielec- 
tric function is used in place of ss.31 Then, an increase in RD 
is either by 

(i)       an increase in Ae"0 • d, which means a development of 
the surface electronic structure, or 

(ii)      a decrease in the pseudo dielectric function, which 
indeed takes place as LZnSe is increased. 

While the latter is a purely optical effect, the former is a 
novel finding if it actually contributes to the observed RD 
change. Using Eq. (1), we converted the Fig. 7(a) data to 
Ae'o • d, the result of which is shown for the imaginary part in 
Fig. 8. It should be remembered that the spectra in this figure 
represent the changes induced by switching from Zn termi- 
nation surface to Se termination. The pseudo dielectric func- 
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FIG. 8. Evolution of the surface-induced dielectric-anisotropy spectra ob- 
tained by converting the Fig. 7(a) data according to the three-phase ap- 
proach. Shown is the imaginary-part component of Ae0 • d. 

tion was calculated by a conventional procedure.38 In the 
calculation we assumed that d is much smaller than LZnSe. If 
this assumption does not hold, the spectra in Fig. 8 are over- 
corrected for the optical effect. The dielectric functions of 
GaAs at 500 K and ZnSe at 473 K were taken from 
literature.35,39 Since the experimentally determined ZnSe di- 
electric functions terminate at 5.1 eV, we extended them to 
5.4 eV by referring to the oscillator-model approximation of 
the ZnSe dielectric functions at room temperature.40 

From Fig. 8, it is now clear that the initial increase of the 
surface-RD signal reflects the development of the surface 
electronic structure. The apparent changes after 16 s (—1.6 
nm) may be ascribed to the optical effect, however the va- 
lidity of the assumption employed (i.e., d < LZnSe) needs to 
be checked before we concur on this point. We point out that 
the appearance of the surface-induced RD anisotropy from 
the beginning of the growth is consistent with the RHEED 
data in Fig. 2, where the surface reconstruction was also 
visible from the early stages. 

A similar evolution of the RD spectra with increasing 
epilayer thickness was reported for AlAs on GaAs(OOl) by 
Wassermeier et al. In this case, however, the RD spectrum 
saturated as early as 5 monolayers of AlAs growth (1.4 nm) 
and no further evolution was observed.6 This apparent differ- 
ence between AlAs/GaAs and ZnSe/GaAs possibly has to do 
with the fact that AlAs/GaAs is homovalent (III-V on III— 
V), while ZnSe/GaAs is heterovalent. Since the latter has an 
interfacial layer with a rather complex structure extending to 
several monolayers,9'20 the surface properties may be af- 
fected by the interface particularly when the epilayer is very 
thin. 

2. Effect of the growth mode 

Figure 7(b) shows the difference spectra obtained simi- 
larly to Fig. 7(a), but for the 3D growth in Fig. 4. In contrast 
to the 2D case in Fig. 7(a), the difference spectra are feature- 
less with no significant changes until 16 s. It is only after 20 

FIG. 9. High-resolution cross-sectional TEM images of coalesced ZnSe is- 
lands on Se-terminated GaAs. ZnSe growth was terminated when the RD 
intensity at 5.2 eV reached a maximum after 16 s growth (see Fig. 4). 
Horizontal arrowheads indicate the position of the interface. 

s that a line shape that looks similar to the 2D case begins to 
emerge. In Figs. 4(a) and 4(b) the RD signal characteristi- 
cally changes at 16-20 s. The RHEED data in Fig. 5, how- 
ever, show nothing particularly remarkable at 16 s. 

In order to characterize the structure of the ZnSe film at 
this point of growth, we performed cross-sectional TEM on a 
sample that was grown under conditions identical to that of 
Fig. 4, but for only 16 s. During this short run, we repeated 
the RD measurement to confirm that the evolution was re- 
produced. The result of the high-resolution TEM is shown in 
Fig. 9. We clearly see that at 16 s the islands have just 
completed coalescing and the ZnSe surface is about to be- 
come smooth. LZnSe determined from Fig. 9 is about 1.4 nm, 
which agrees with the thickness estimated from an average 
growth rate of 0.075 nm/s. Thus the evolution of the 
surface-RD signal for the 3D growth is associated with the 
formation of a continuous and smooth ZnSe film. 

While the local structure of the surface termination is usu- 
ally a concern for the interpretation of the surface-induced 
optical anisotropies, the data in Figs. 7(a) and 7(b) indicate 
that the epilayer thickness and long- or mid-range order in 
the lateral direction are certainly among the factors to be 
considered, at least for the initial stages of heteroepitaxial 
growth. 

3. Anisotropie roughness 

We finally address the contribution of anisotropic mor- 
phology to the initial changes in the Fig. 4 data. As pointed 
out in Sec. Ill, the RHEED patterns indicate that the ZnSe 
islands on the Se-terminated (2X1) surface were elongated in 
the [110] direction. This result is consistent with STM stud- 
ies by Li and Pashley concerning ZnSe nucleation on a 
similarly-prepared (2X1) surface.21 Their atomic-resolution 
image revealed that the islands were indeed elongated in the 
[110] direction. We also observed a similar roughness- 
induced anisotropy for the ZnSe film grown in the 3D 
mode.24 

To estimate the contribution of the morphology to the RD 
signal,    we    employ    the    well-established    three-phase 
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FIG. 10. Thick solid line: simulation of a roughness-induced RD line shape. 
Thin solid and dashed lines: incremental changes in the first four sequential 
spectra in Fig. 4(a). 

approach,41 which successfully explained the roughness- 
induced RD signal for the lattice-mismatched InAs/GaAs 
system.10 We consider the case where ZnSe islands are dis- 
persed on the GaAs surface. The dielectric response of such 
a discontinuous ZnSe layer is approximated by the effective- 
medium theory.2'38 We assume that the thickness and void 
fraction of this layer to be 1 nm and 0.5, respectively. We 
also assume the screening factors to be 1 and 5 for [110] and 
[110] polarizations, respectively, which represents islands 
elongated along [110]. 

The result of the simulation is shown in Fig. 10. To check 
whether a roughness effect can account for the initial in- 
crease of the RD signal above 3.5 eV, we also plot in the 
same figure the increments obtained by subtracting, for in- 
stance, the 4 s spectrum from the 8 s one for the Fig. 4(a) 
series. Although the positive sign of the RD changes can be 
explained by the optical model described above, the experi- 
mental and simulated results do not agree. We note that ad- 
justing the parameters in the effective-medium calculation 
did not help improve the line shape agreement. Thus, the 
anisotropic roughness by itself cannot account for the initial 
RD change in Fig. 4, although it remains one of the possible 
contributors to the observed changes. 

V. CONCLUSIONS 

We have carried out systematic RDS and RHEED mea- 
surements during the initial stages of ZnSe MBE growth on 
GaAs(OOl) surfaces. We compared the results for 2D growth 
on the Zn-treated (2X4) surface, to those for 3D growth on 
the Se-terminated (2X1) surface. The interface-induced 2.8 
eV peak, which is associated with the £j transition of GaAs, 
is pinned during the initial growth stage, indicating that the 
interface formation is completed once a ZnSe layer of sev- 
eral monolayers is deposited. The peak intensity at this en- 
ergy is qualitatively correlated with the Ga-Se bond density 
at the ZnSe/GaAs interface, which implies that the chemical 
stoichiometry of the interfacial layer is not unique but clearly 
process-dependent. The surface-induced signal above 3.5 eV 
evolves with ZnSe thickness, reflecting the development of 

the surface electronic structure. When growth proceeds in the 
3D mode, the surface-induced RD features appear only after 
the surface becomes smooth following coalescence of the 
islands. Possible contributions of anisotropic morphology to 
the initial increase of the RD signal were discussed. 
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A new and simple-to-use method to obtain homogeneous Schottky barrier heights from effective 
barrier heights and ideality factors that are determined from current-voltage (I- V) characteristics of 
metal-semiconductor contacts is presented. This approach is justified by a theory of 
metal-semiconductor interfaces with laterally inhomogeneous distributions of barrier heights. 
Effective barrier heights and ideality factors were determined from I- V characteristics of Si and 
GaN Schottky contacts and a linear reduction of the effective barrier heights with increasing ideality 
factors was always observed. These findings are explained by numerical simulations of 
inhomogeneous Schottky contacts which are based on theoretical results by Tung [Phys. Rev. B 45, 
13509 (1992)]. The homogeneous barrier heights of metal-semiconductor contacts are obtained by 
a linear extrapolation of the effective barrier heights to «,y = 1.01, the value of the ideality factor 
characteristic for image-force lowering of Schottky barriers only. © 7997 American Vacuum 
Society. [S0734-211X(97)07804-9] 

I. INTRODUCTION 

Most metal-semiconductor contacts are rectifying.1 

Schottky2 explained this behavior by depletion layers on the 
semiconductor side of such interfaces. The band bending in 
this space-charge region is characterized by its barrier height, 
which is the energy distance between the Fermi level and the 
edge of the respective majority-carrier band right at the in- 
terface. For moderate doping levels of the semiconductor, 
tunneling through the barrier may be neglected and thermal 
emission over the barrier determines the current-voltage 
(I-V) characteristics of rectifying metal-semiconductor or 
Schottky contacts. The image force lowers the barrier height 
and makes it voltage-dependent. This Schottky effect3 is ac- 
counted for by an ideality factor. Traditionally, rectifying 
metal-semiconductor contacts are characterized by their bar- 
rier heights and ideality factors. 

In the past, discussions on the physical mechanisms that 
determine the barrier heights in Schottky contacts have 
dominated the field of metal-semiconductor contacts. The 
metal-induced gap states4""6 are considered to be the primary 
mechanism7 while additional interface dipoles due to inter- 
face doping8 or correlated with specific interface 
structures,9-12 as well as fabrication-induced defects,7 were 
proposed as secondary mechanisms. Mostly, the interfaces 
were implicitly assumed to be laterally uniform and the con- 
tacts were characterized by their barrier heights and ideality 
factors. However, Tung et al.13'14 and Rau et al.15 already 
pointed out that inhomogeneities may play an important role 
and have to be considered in the evaluation of experimental 
I-V characteristics. The application of standard procedures 
gives effective barrier heights and ideality factors only. Both 
parameters vary from diode to diode even if they are identi- 

cally prepared. Only recently, a correlation between effective 
barrier heights and ideality factors was reported and it was 
approximated by a linear relationship.8'11 This finding was 
attributed to inhomogeneous interfaces and the barrier 
heights obtained by extrapolation to the ideality factor calcu- 
lated for image-force lowering only were taken as values 
characteristic of homogeneous interfaces. It was concluded 
that these values, rather than mean values obtained from a set 
of identically prepared contacts of the same kind, should be 
compared with theoretical results. The purpose of the present 
article is to analyze this procedure by considering theoretical 
results obtained by Tung14 for the current-voltage relation- 
ship of nonuniform Schottky contacts. It is worth mentioning 
that effective barrier heights and ideality factors reported for 
Pd2Si/ra-Si (Ref. 16) and Ni/n-GaAs (Ref. 17) Schottky 
contacts are also linearly correlated. These data were ob- 
tained from I- V characteristics recorded as function of tem- 
perature. 

II. THEORETICAL BACKGROUND 

The thermionic-emission theory gives the current across 
uniform metal-semiconductor interface as18'19 

I --AA**T2 exp 
€> 

kBT 
exp i 

epVc 
nkBT 

-1 (1) 

"Electronic mail: w.moench@uni-duisburg.de 

where A is the diode area, A|* is the effective Richardson 
constant, T is the temperature, kB is Boltzmann's constant, 
e0 is the electronic charge, Vc is the voltage drop across the 
contact, and $>e

B
ff

0 and n are the effective barrier height and 
the ideality factor of the contact, respectively. Image-force 
lowering and generation-recombination currents give ideality 
factors ntf= 1.01 -r-1.03 and nrg = 2, respectively. These 
mechanisms are not sufficient to explain the experimental 
values of 1.0 Is* «=£2 routinely observed. Moreover, this 
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simple thermionic theory fails to account for other anomalies 
such as, for example, temperature-dependent barrier heights 
and ideality factors. These problems were overcome by a 
theoretical approach of Tung's1314 who considered nonuni- 
form or "patchy" Schotfky contacts. 

Initially, inhomogeneous metal-semiconductor contacts 
were treated as to consist of separate diodes with different 
barrier heights and areas in parallel. Such models are correct 
as long as the dimensions of the patches are large compared 
to the Debye length of the semiconductor. If the size of the 
patches embedded in much larger areas of higher and uni- 
form barrier height becomes comparable to or even smaller 
than the Debye length, then saddle-point barriers exist in 
front of the patches. The barrier height at the saddle point is 
intermediate between the values of the patch itself and of the 
surrounding homogeneous contact area. The saddle-point 
barrier depends on the applied voltage. This results in a 
"pinch-off" of the patches as the bias increases. 

Tung13 has analyzed the current transport in nonuniform 
Schottky contacts in great detail. His results explain all the 
"anomalies" of the barrier height and ideality factor which 
have been obtained from I-V characteristics of metal- 
semiconductor contacts when they are evaluated by applying 
Eq. (1). Tung found that, for example, circular inhomogene- 
ities are characterized by the parameter y=3(7?2Ap/4)1/3, 
i.e., by the product of the patch area vRp and the deviation 
Ap of their local barrier height from the homogeneous value 
<J>B0- The subscript 0 refers to zero bias. Tung then assumed 
patches of area density pp with a Gaussian distribution 

PP 
N(y)=    |    exp (2) 

27TCT 
a 

of their patch parameters y, where a is the standard devia- 
tion. The total current through such patchy diodes then re- 
sults as 

IU«*L=AAFT
Z
 exp 

X 

kBT 

,2^1/3 

exp 

S7rppa-ri"- I e0a (Vh0 
riß exp| 9(Vb0-Vc)
1 

foV 
kBT, 

,2„2/ 
■vc) 

2/3 

2(kBT)zV 
2 „2/3 

(3) 

with 7]=ebs0/e0Nd where eb and Nd are the bulk dielectric 
constant and the dopant density of the semiconductor, re- 
spectively, and Vh0 is the interface band-bending of the uni- 
form barrier outside the patches. 

In real Schottky contacts the series resistance Rs of the 
semiconductor bulk and the measurement setup cannot be 
omitted.20 This reduces the applied voltage V a by RsIlota\ and 
the voltage across the contact itself amounts to 
Vc=Va — RsItotai. Equation (3) then becomes an implicit 
function of the total current and has to be rewritten as 

/totai=AA**:r2exp[-^ exp 
go( ya ~-R/total)'1 

kRT I 

1 + 

Xexp 

877PpO-V/3 

9(V, bO ~Va + RJ total) 

eW(Vb0- Va + RSI total) 

2{kBT)ln 
2    2/3 (4) 

Equation (4) completely describes the current through 
nonuniform Schottky contacts which exhibit circular patches 
with a Gaussian distribution of the patch parameter y . How- 
ever, Eqs. (3) and (4) do not include the image-force lower- 
ing of the barrier heights. 

III. EXPERIMENT 

As substrates we used standard w-Si(l 11) wafers (Wacker 
Chemitronik) and «-type a-GaN epilayers on sapphire (Cree 
Research Inc.). Both types of samples were first dipped in 
hydrofluoric acid which was diluted by a buffered HF solu- 
tion (HF:NH4F:NH4OH) with pH=9. This procedure leaves 
the Si samples with hydrophobic Si(lll):H-lX 1 surfaces. 
The Si substrates were subsequently transferred into the ul- 
trahigh vacuum (UHV) system and briefly annealed at 
850 °C to desorb the hydrogen and to produce clean 
Si(lll)-7X7 surfaces. After the wet chemical treatment the 
GaN samples were rinsed in de-ionized water, blown dry 
with N2 gas, and immediately transferred into the UHV sys- 
tem. The GaN substrates were still contaminated by ~1 
monolayer of oxygen. It was completely removed during ex- 
posure of the GaN samples to a flux of 1X1016 Ga 
atoms/cm2 s at 800 °C for 10 min, which was followed by an 
annealing in UHV for another 30 min. These surfaces 
showed sharp 1X1 low-energy electron diffraction (LEED) 
patterns and their x-ray photon spectroscopy (XPS) spectra 
revealed no traces of any residual impurities. 

Onto the clean Si(lll)-7X7 and GaN(0001)-lX 1 sur- 
faces, metals were evaporated in situ from Knudsen cells 
through a mask which had circular openings with nominal 
diameters of 1 mm. The exact diode areas were determined 
using an optical microscope. The evaporation rates were 
monitored using a quartz oscillator and were adjusted to 0.05 
nm/s. The metal films had a nominal thickness of 150 nm. 
Ohmic contacts were achieved by rubbing metallic gallium 
with an Al pencil onto the GaN samples. The Si wafers, on 
the other hand, exhibited implanted n+ layers on their rear 
face which acted as Ohmic contacts. The /- V characteristics 
were recorded outside the UHV system and in the dark. 

IV. RESULTS AND DISCUSSION 

Figure 1 displays the forward I-V characteristic (open 
circles) of a Sn/Si(ll 1) Schottky contact and a least-squares 
fit (full line) of Eq. (4) to the experimental data. The fitting 
parameters were the homogeneous barrier height <E>ß0, the 
series resistance Rs, the patch density pp, and the standard 
deviation a of the patch-parameter y. The diode temperature 
was 296 K. The fitting procedure included all experimental 
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FIG. 2. Effective Schottky barrier heights (a) and ideality factors (b) ob- 
tained from I-V characteristics of 38 Sn/Si(lll)-"7X7" diodes. The mean 
values of the effective barrier heights and of the ideality factors are 
(<J>go)=0.64 eV and (n) = 1.22, respectively. 

FIG. 1. Current-voltage characteristic of a Sn/Si(lll)-"7X7" Schottky di- 
ode at room temperature. The full line is a least-squares fit of Eq. (4) to the 
experimental data with <J>B0=0.679 eV, <r=2.18X 10"4 cm2'3 V1'3, pp 

= 1.79X107 cm-2, and Rs=91 ft. The arrows indicate the voltage range 
from which an effective barrier height <J>g6 = 

« = 1.41 were calculated using Eq. (1). 

:0.62 eV and an ideality factor 

data points in the voltage range from 0.01 to 0.25 V. We 
obtained a homogeneous barrier height $B0=0.679 eV, a 
series resistance Rs=91 ft, a patch density pp=1.79Xl07 

cm-2, and a standard deviation of the patch-parameter a 
= 2.18X 10"4 cm2'3 V1/3. In addition to this fitting procedure 
we also performed a "standard evaluation" of the I-V char- 
acteristics using Eq. (1). In the voltage range from 0.075 to 
0.14 V, which is indicated by the arrows in Fig. 1, ln(/) 
varies linearly as a function of the applied voltage. Accord- 
ing to Eq. (1), the respective slope parameter gives the ide- 
ality factor and the extrapolation to zero applied voltage 
gives the zero-bias barrier height. With the effective Rich- 
ardson constant A|* = 112 A cm"2 K"2 (Ref. 21) and the 
diode area A = 7.85X 10~3 cm2 we obtained an effective bar- 
rier height <E>5o=0.62 eV and an ideality factor n = 1.41. The 
homogeneous and the effective barrier heights of this Sn/ 
Si(lll) contact thus differ by $BO-<I>BO=0.059 eV. 

Effective Schottky barrier heights and ideality factors 
vary from diode to diode, therefore, it is common practice to 
take averages. Figure 2 displays histograms of the effective 
barrier heights and ideality factors for as many as 38 Sn/ 
Si(lll) Schottky contacts. The statistical analysis yields the 
mean effective barrier height {<£>f0) =(0.64 ± 0.017) eV and 
the mean ideality factor (n) = 1.22 ± 0.09. Such mean values 
disregard the pronounced correlation between effective bar- 
rier heights and ideality factors. 

Figure 3 now displays the effective barrier heights of the 
same 38 diodes as a function of their ideality factors. We 
would like to emphasize that the barrier heights plotted in 

Figs. 2 and 3 result from the standard evaluation of the ex- 
perimental I-V curves using Eq. (1) rather than from fitting 
procedures employing Eq. (4). Figure 3 clearly confirms the 
well-known linear correlation8'11 between effective barrier 
heights and ideality factors. In general, large effective barrier 
heights are related with small and then close to unity ideality 
factors. This trend may be understood in terms of nonuni- 
form interfaces. 

Both the ideality factor and the effective barrier heights 
depend, in a complicated way, on the patch density and the 
standard deviation of the patch-parameter. Due to the im- 
plicit form of Eq. (4), there is no analytic expression avail- 
able. Therefore, we performed a numerical simulation of the 
effective barrier height and the ideality factor as a function of 
the patch density for different standard deviations of the 
patch-parameter. The calculation procedure was as follows. 
With the parameters chosen we first calculated I-V curves 
using Eq. (4). We then applied the standard evaluation pro- 
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0.68 

1           '           1           ' 

-Theory Sn/n-Si(111)      - 

iL -£PO - 
0.66 O       >vPO  O - 

a> °^N^ x: "^vo - 
0.64 

oo° 

o 
o 

I— 
CO 
.a ^^n      O       ■ 
0 > 0.62 <D  = =0.679 eV o       ^a!^ 
r> <o> =2.18*10" cm^V1'3 °             3^ 
£ O  ' 
LLI n fin , I,I, i 

1.0 1.1 1.2 1.3 1.4 

Ideality factor 

FIG. 3. Effective barrier heights of Sn/Si(lll)-"7X7" diodes as a function 
of their ideality factors at room temperature. The data are the same as in Fig. 
2. The full line is the result of a numerical simulation. 

JVST B - Microelectronics and Nanometer Structures 



1224 Schmitsdorf, Kampen, and Mönch: Metal-semiconductor contacts 1224 

1.5 - Sil 

i       '       i 

con 
^  a = 2.2x10'4cm2,3V1'3- 

o 
o 

1.4 

1.3 

~ 

>*> 
■4—• 

CD 
T3 

1.2 - 
^^~-  2.0x10",cm2,3V"3 

1.1 

1 n 

~ / 

■       ,       i 

_____    1.8x10"" cm2'3 V1'3 

 I.exlO^cm2'3^'3       1 

Density of patches [x107 cm"2] 

FIG. 4. Simulation of the ideality factor as a function of the patch density for 
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contact was assumed to have a homogeneous barrier height $^0=0.679 eV 
and a series resistance fis=80 ft and the doping density of the substrate was 
set to Wrf=1.4xl015 cm~3. 

cedure using Eq. (1) to these calculated I-V curves and ob- 
tained effective barrier heights and ideality factors. Figure 4 
displays our results for the ideality factors. As one might 
intuitively expect, the larger the patch density and/or the 
standard deviation of the patch-parameter, the larger the re- 
spective ideality factor. Therefore, the ideality factors repre- 
sent a direct measure of the interface uniformity. This find- 
ing and the assumption that the patches have smaller barrier 
heights than the homogeneous contact explains the experi- 
mentally observed reduction of the barrier heights with in- 
creasing ideality factors. 

The full line in Fig. 3 shows the effective barrier as a 
function of the ideality factor which were both obtained from 
our simulations as described in the preceding paragraph. The 
parameters used were a homogeneous barrier height 
<5ß0 =0.679 eV, a series resistance Rs=90 ft, and a standard 
variation of the patch parameter cr=2.18X 10~4 cm2'3 V1/3. 
This choice was motivated by the parameters obtained from 
the fit of Eq. (4) to the experimental data displayed in Fig. 1. 
The patch density pp increased up to about 2X107 cm-2. 
The result of our simulations is indeed a straight line. It is 
worth mentioning that a "simple" linear regression of the 
experimental data yields the same straight line and, as a con- 
sequence, the same homogeneous barrier height. This finding 
confirms our earlier conclusion that homogeneous barrier 
heights may be obtained by linear extrapolations of <t>eB0 vs 
n plots to n = nif= 1.01^-1.03, the image-force-controlled 
ideality factor of homogeneous Schottky contacts. This pro- 
cedure is much easier than the determination of the homoge- 
neous barrier heights by fitting the complicated Eq. (4) to 
many experimental I-V curves. 

In our numerical simulations we made the simplifying as- 
sumption that all diodes are characterized by one and the 
same standard deviation a of the patch-parameter. Actually, 
the standard deviation of the patch-parameter may vary from 
diode to diode. This might explain the scatter of the experi- 
mental data around the straight line in Fig. 3. 
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FIG. 5. Effective barrier heights of Pb- and Ag/«-GaN(0001) diodes as a 
function of their ideality factors at room temperature. The dashed lines are 
linear least-squares fits to the experimental data. 

Linear correlations between effective Schottky barrier 
heights and ideality factors were also observed for a number 
of other metal-semiconductor combinations.8'11 As examples, 
results of Ag/Si(lll) and Ag as well as Pb/GaN(0001) 
Schottky contacts are displayed in Figs. 5 and 6. The data of 
the GaN Schottky contacts clearly show the importance of 
<&go vs n plots. Figure 5 gives the Schottky barrier heights of 
homogeneous Pb and Ag/GaN contacts as 0.73 and 0.82 eV, 
respectively. The simple statistical analysis of the data, on 
the other hand, yields mean effective barrier heights of 0.70 
and 0.69 eV, respectively. The mean effective and the homo- 
geneous Schottky barrier heights of the Ag/GaN contacts 
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FIG. 6. Effective barrier heights of Ag/Si(lll)-"7X7"and -1X1 diodes as a 
function of their respective ideality factors at room temperature. The full 
lines are results of numerical simulations. 
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FIG. 7. Simulation of the effective barrier height as a function of the ideality 
factor for three different homogeneous barrier heights and two different 
standard deviations each of the patch parameter. The silicon substrate was 
assumed to have a doping density Nd= 1.4X 1015 cm"3 and a series resis- 
tance R=%Q Ü. 

differ by as much as 130 meV. This large discrepancy is 
obviously caused by the large ideality factors of the Ag/GaN 
diodes. They might be a consequence of the poor quality of 
the GaN epilayers used. 

Effective Schottky barrier heights will always decrease as 
a function of the ideality factors. However, whether the cor- 
relation is linear depends on the actual inhomogeneities. A 
best fit to the Ag/Si(lll)-"7X7" data of Fig. 6 is achieved 
with <5BO=0.70 eV and <x=2.35X 10"4 cm2'3 V1/3 and gives 
a strict linear correlation. The Ag/Si(lll)-"1X 1" data, on 
the   other  hand,   are  best  described  by  the  parameters 
$>B0 =0.745 eV and cr- = 2.012X10"4 cm2/3 V 1/3 The fit is 
linear up to «=1.15 and is slightly bent above this value. 
Such nonlinearities will be discussed by considering further 
results of the numerical simulations outlined above. 

Figure 7 shows d>|g vs n plots for three different homo- 
geneous Schottky barrier heights and two different standard 
deviations of the patch parameter each. The d>|o(n) curves 
become nonlinear above n^l.2 for large effective barrier 
heights and small standard deviations of the patch-parameter. 
The curves may be divided into three regions. First, the cor- 
relation is close to linear for ideality factors near to unity. In 
the second region, the curve exhibits a strong downward 
bent. It is eventually followed by a third and almost linear 
part for large ideality factors. In this third region the patch 
density becomes large. Then, the effective barrier height of 
the contact is almost completely controlled by the patches 
and the homogeneous Schottky barrier height is of less im- 
portance. Therefore, some care must be taken if experimental 
data are analyzed in terms of 5>|o(w) P^ots an<^ tne ideality 
factors are large. In such cases a detailed analysis of indi- 
vidual /- V characteristics using Eq. (4) should be carried out. 
However, this procedure requires the input of material pa- 
rameters such as the modified Richardson constant, the exact 
doping density, the dielectric constant and the density of 
states in the majority-carrier band of the semiconductor. If 
these parameters are not available—as in the case of GaN— 

then the extrapolation of the effective barrier heights to n 
= njf^*l should be used as a first-order approximation. At 
present, we cannot derive an analytic relation for the ideality- 
factor range in which 0|fJ vs n plots are linear. This needs 
further investigation. 

V. CONCLUSIONS 

It is common practice to determine effective Schottky bar- 
rier heights and ideality factors from I-V characteristics of 
real metal-semiconductor contacts using the /- V relationship 
derived for thermionic transport across laterally uniform in- 
terfaces. Both effective barrier heights and ideality factors 
vary from diode to diode. However, we found pronounced 
correlations between the effective barrier heights and the ide- 
ality factors and attributed this behavior to local deviations 
of the barrier height from the value characteristic of uniform 
interfaces. The homogeneous Schottky barrier height of 
metal-semiconductor contacts may be easily obtained from 
plots of the effective barrier heights of a number of contacts 
versus their ideality factors. If such plots may be fitted by 
straight lines, then the extrapolation to the ideality factor 
n = nif

a"l directly gives the homogeneous Schottky barrier 
height. We justify this procedure by numerical simulations of 
I-V curves which use Tung's theory of laterally inhomoge- 
neous contacts with Gaussian distributions of the parameter 
characterizing such patchy metal-semiconductor interfaces. 
These homogeneous barrier heights rather than effective bar- 
rier heights of individual contacts or mean values should be 
used to discuss theories on the physical mechanisms that 
determine the barrier heights of metal-semiconductor con- 
tacts. Provided the semiconductor substrate is well character- 
ized then the homogeneous Schottky barrier height may be 
obtained from the /- V characteristic of even one contact. 
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Evolution mechanism of nearly pinning-free platinum/n-type 
indium phosphide interface with a high Schottky barrier height 
by in situ electrochemical process 
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and Information Engineering, Hokkaido University, Sapporo 060, Japan 
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Recently, unusually high Schottky barrier heights (SBHs) have been realized by our group on 
rc-type InP and related materials by an in situ electrochemical deposition of Pt. In an attempt to 
understand the underlying mechanism of the SBH enhancement, this article investigates in detail the 
evolution process of the metal (Pt, Ni, Co, and Ag)-InP interface during the in situ electrochemical 
process, using current-voltage, capacitance voltage, deep level transient spectroscopy, x-ray 
photoelectron spectroscopy, Raman, atomic force microscope, and scanning electron microscope 
measurements. Pt deposition by the electrochemical process realized an oxide-free, defect-free, 
stress-free, and nearly pinning-free interface, whereas Pt deposition by conventional electron beam 
evaporation and sputtering processes as well as Ag, Ni, and Co deposition by the electrochemical 
process gave rise to stressed and pinned interfaces. The observed large process dependence of SBH 
can be explained by none of the metal induced gap state model, the unified defect model, and the 
effective workfunction model. It is explained here by the disorder induced gap state model. 
© 1997 American Vacuum Society. [S0734-211X(97)09404-3] 

I. INTRODUCTION 

Schottky barrier heights (SBHs) for electrons at metal- 
semiconductor interfaces of GaAs and related materials such 
as AlxGa!_xAs are high, being larger than 900 meV. This 
has led to successful realization of GaAs metal- 
semiconductor field-effect-transistors (MESFETs) and high 
electron mobility transistors (HEMTs). On the other hand, 
those of the so-called InP-based materials such as InP, 
In^Ga^jAs with x being in the vicinity of 0.53 and 
In^Al! _^.As with x being in the vicinity of 0.52 are generally 
known to be low. Typical values reported in the literature are 
in the range of 400-500 meV for InP, 200-300 meV for 
Ino.53Gao.47As, and 600-700 meV for In0 52A10 48As, respec- 
tively, being almost independent on the metal work function 
due to the so-called Fermi level pinning phenomenon. 

Technologically, these materials are extremely important 
because they can produce electronic devices with superb 
high-frequency performances and well-behaved and highly 
reliable optoelectronic devices matched to wavelength in the 
long wavelength optical fiber communication. These InP- 
based devices are expected to become the "key devices" of 
various advanced systems, in various millimeter-wave wire- 
less local-area and world-wide network systems as well as 
the fiber-to-fhe-home (FTTH) information infrastructure. 
However, low SBH values in these materials are problematic 
and impose severe limitations on realizability, performance, 
and reliability of advanced devices such as MESFETs, 
HEMTs, metal-semiconductor-metal (M-S-M) interdigital 
photodetectors, etc. 

Theoretically, the mechanism for Fermi-level pinning, 
i.e.,  how the contact potential difference at the metal- 

a'Electronic mail: hasegawa@ryouko.rciqe.hokudai.ac.jp 

semiconductor interface is almost completely screened so as 
to produce metal-independent SBH values, has been a long- 
standing issue, and various models1-7 have been proposed, 
including the unified defect model (UDM),1 the metal in- 
duced gap state (MIGS) model,2'3 the disorder induced gap 
state (DIGS) model,4"6 and the effective workfunction 
(EWF) model.7 Among them, the MIGS model is theoreti- 
cally most well defined and is perhaps most predominantly 
accepted currently among physicists. Indeed, this model pre- 
dicts low SBH values for InP-based materials that are con- 
sistent with the above mentioned experimental values. Since 
the MIGS model asserts that Fermi level pinning is an intrin- 
sic property of the ideal intimate metal-semiconductor inter- 
face, it may seem impossible to change them. 

However, we have recently shown8'9 experimentally that 
SBH values can be substantially increased by 300-450 meV 
on n-type InP, Ino.53Gao.47As and Ino.52Alo.4gAs by depositing 
platinum with a novel in situ electrochemical process. Using 
this technique, a well behaved InP MESFET has been 
realized10 for the first time which showed even enhancement 
mode operation due to a high SBH value of 0.86 eV.10 

The purpose of this article is to study in detail the evolu- 
tion process of the metal-InP interface during the in situ elec- 
trochemical process in an attempt to understand the underly- 
ing mechanism of the observed SBH enhancement. Detailed 
current-voltage (I-V), capacitance voltage (C-V), deep 
level transient spectroscopy (DLTS), x-ray photoelectron 
spectroscopy (XPS), atomic force microscope (AFM), scan- 
ning electron microscope (SEM), and Raman studies have 
been made for Pt, Ni, Co, and Ag/InP interfaces prepared by 
the electrochemical process and for those by the conven- 
tional metal deposition processes such as vacuum evapora- 
tion and sputtering. 
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FIG. 1. (a) Set up of the novel in situ electrochemical process and (b) pulse 
waveforms for etching and plating modes. 

It has been found that Pt deposition by the electrochemi- 
cal process realizes an oxide-free, defect-free, stress-free, 
and nearly pinning-free interface, whereas Pt deposition by 
the electron beam (EB) evaporation and sputtering processes 
as well as Ag, Ni, and Co deposition by the electrochemical 
process produces stressed and pinned interfaces. The ob- 
served large processing dependence of SBH cannot be ex- 
plained by the MIGS model. The observed SBH increase is 
explained here by the disorder induced gap state (DIGS) 
model in terms of DIGS density reduction.4"6 

II. EXPERIMENT 

A. Interface formation 

The in situ electrochemical process was done using the 
setup schematically shown in Fig. 1(a). The electrolyte bath 
contains three electrodes, i.e., a semiconductor electrode 
onto which metal is deposited, a Pt counterelectrode, and a 
reference saturated calomel electrode (SCE). The overpoten- 
tial of the semiconductor electrode with respect to the SCE 
reference was controlled by a potentiostat. 

The process consists of controlled anodic etching of semi- 
conductors followed by subsequent in situ cathodic deposi- 
tion of metal in the same electrolyte realized by the polarity 
change of potential supply. Both etching and deposition were 

done in pulsed modes, using the pulse waveforms shown in 
Fig. 1(b). In the etching mode, holes are produced near the 
surface of the semiconductor by avalanche pulses with a 
height Ve, a width te, and a period Te. These holes oxidize 
the semiconductor surface where oxides are immediately dis- 
solved into the electrolyte resulting in the so-called anodic 
dissolution. Typical values of Ve, te, and Te used in this 
study were 15 V, 1 [is, and 400 ^ts, respectively. After the 
etching of the surface, plating pulses with a height Vp, a 
width tp, and a period Tp superposed on a offset potential of 
V0 are immediately supplied to start deposition of metal in 
the same electrolyte. The values of Vp, tp, Tp, and V0 were 
changed over wide ranges and their effects on the electrical 
properties and the surface morphology of the plated surface 
were studied and empirically optimized. The optimal values 
used in this study were Vp = 500-1500 mV, tp 

= 0.4-40 fis, Tp = 400/xs, and V0 = 200-500mV, respec- 
tively. The use of pulses instead of direct currents allowed 
accurate control of the average thickness for etching and 
metal deposition in sub-nm range. The pulsed mode also 
enhances the current efficiency for metal plating, largely 
avoiding the problem of H2 evolution at the surface. This 
type of electrochemical process was previously applied to Pt 
deposition to GaAs11 and GaAlAs/GaAs two-dimensional 
electron gas (2DEG) systems.12 

In this study, Pt, Ni, Co, and Ag were deposited onto 
«-type InP, using the following electrolytes: 

Pt:  IM HC1(200 ml)+H2PtCl6+NH4OH[/?H=l] 

Co:  IM HC1(200 ml)+CoSO4(10 g)+NH4OH[/?H=l] 

Ni: IM HC1(200 ml)+NiS04(24 g)+NiCl2(3 g) 

+NH4OH|>H=2] 

Ag: IM HC1(200 ml)+AgCl(l g)[pH=0]. 

For the purpose of comparison, Pt was deposited onto 
«-type InP by the conventional EB evaporation and rf sput- 
tering processes. The beam energy of 10 kV was used for the 
EB process. For the sputtering process, the rf frequency and 
the power were 13.56 MHz and 60 W, respectively. The Pt 
deposition rate was 20 nm/min for both processes. 

B. Interface characterization 

The electrical properties of the Schottky diodes were in- 
vestigated by I-V, C-V, and DLTS measurements. To de- 
termine SBH from the /- V characteristics, the effective Ri- 
chardson constant of 9.6 A cm-2 K~2 was used for «-type 
InP. In addition to the conventional log J (current density) 
versus V plot, the so-called Rhoderick plot13 and Norde 
plot14 were made to accurately determine the values of SBH. 

The surface morphology of the etched and plated surfaces 
of InP were investigated by the AFM and SEM, using Nano- 
scope II and Hitachi S-4100, respectively. 

The chemical composition and profile of the interface was 
studied by x-ray photoelectron spectroscopy (XPS) with Ar- 
ion sputtering, using Perkin Elmer 5100C spectrometer. The 
excitation source was Mg Ka (hv= 1253.6 eV).   Raman 
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FIG. 2. The measured (a) forward and (b) reverse /- V characteristics of the 
Pt/rc-InP Schottky diodes produced by the electrochemical process, the con- 
ventional EB deposition, and the sputtering process. 

spectroscopy measurements of the plated surfaces were made 
using Jobin Yvon TA 64000 Raman spectrometer. 

III. EXPERIMENTAL RESULTS 

A. Electrical properties 

Examples of the measured forward and reverse /- V char- 
acteristics of the Pt Schottky diodes produced by the electro- 
chemical process, the conventional EB deposition, and the 
sputtering process are compared in Figs. 2(a) and 2(b), re- 
spectively. As seen in Fig. 2(a), the latter conventional two 
process yielded poor I-V characteristics with conventional 
low values of n-type SBH, cf>Bn. On the other hand, the elec- 

0.1 0.2 0.3 

Voltage (V) 

FIG. 3. Forward I-V characteristics of various Schottky diodes for n-InP 
produced by the in situ electrochemical process. 

trochemically produced Pt Schottky diodes showed nearly 
ideal thermionic emission characteristics with high SBHs. As 
seen in Fig. 2(b), the electrochemical process reduced the 
reverse leakage currents by a factor as large as 4 to 5 orders 
of magnitude. Figure 3 shows examples of the forward 
I-V characteristics of the electrochemically produced 
n-InP Schottky diodes having different metals. The result 
showed very much metal-dependent behavior. The highest 
SBH values were obtained by Pt deposition. 

The average values of SBH and ideality factor n deter- 
mined from the /- V characteristics are summarized in Table 
I for various Schottky diodes studied here. In addition to 
conventional log J-V plots, Rhoderick plots13 and Norde 
plots14 were made. All these gave fairly consistent SBH val- 
ues. As seen in Table I, only the Pt/InP diodes prepared by 
the electrochemical process exhibited much enhanced SBH 
values of 0.86-0.90 eV with respect to Ni, Co, and Ag di- 

TABLE I. Summary of electrical measurements on metal/n-InP Schottky di- 
odes. 

Rhoderick Norde 
Metal Process \ogJ-V plot plot 

Pt electroplating SBH=0.86 eV 
n=1.15 

SBH=0.85 eV 
«=1.14 

SBH=0.90eV 

EB deposition SBH=0.44 eV 
n=1.70 

SBH=0.45 eV 
»=1.68 

SBH=0.45 eV 

sputtering SBH=0.49 eV 
n = 1.68 

SBH=0.49 eV 
n = 1.66 

SBH=0.51 eV 

Ni electroplating SBH=0.47 eV 
« = 1.32 

SBH=0.47 eV 
n = 1.31 

SBH=0.49 eV 

Co electroplating SBH=0.57 eV 
«=1.54 

SBH=0.57 eV 
rc=1.40 

SBH=0.63 eV 

Ag electroplating SBH=0.42 eV 
n=1.47 

SBH=0.42 eV 
n = 2.03 

SBH=0.41 eV 

JVST B - Microelectronics and Nanometer Structures 
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odes by the electrochemical process and Pt diodes by EB 
deposition and sputtering all of which gave conventional 
SBH values of 0.4-0.5 eV. 

C—V measurements were also made on Pt/InP diodes 
formed by the electrochemical process in order to see the 
possible existence of an interfacial layer or near surface band 
modification which can give rise to high SBH values. Very 
straight 1/C2-V plots were obtained whose slopes were con- 
sistent with the electron concentration determined by Hall 
measurements. In all of the electrochemical Pt/InP diodes, 
excellent agreements of SBH values were obtained between 
I—V and C-V methods with the difference in SBH values 
being within 20 meV as already reported elsewhere.9 This 
result strongly indicates that the novel electrochemical pro- 
cess realizes intimate Schottky contacts without an interfa- 
cial layer and near-surface modification of the band profile. 

No appreciable deep levels were detected by DLTS study 
on electrochemically prepared Pt/InP Schottky diodes. 

B. XPS and Raman study 

In order further to check the presence or absence of an 
interfacial layer on the Pt/InP Schottky diodes prepared by 
the electrochemical process, an XPS in-depth profile analysis 
was made, using Ar ion sputtering on various Pt Schottky 
diodes. The In3d5/2 and P2p spectra observed at the interface 
are shown in Fig. 4 for electrodeposited, EB-deposited, and 
sputter-deposited Pt/InP interfaces. The spectra as obtained 
from an molecular beam epitaxy (MBE) prepared InP free 
surface subjected to Ar-ion sputtering are also shown on the 
top as a reference. 

As seen in Fig. 4, the spectra from the Pt-electroplated 
interface remain almost completely the same with those from 
the Ar-sputtered reference free surface. In contrast to this, 
EB-deposited and Pt-sputter-deposited interfaces possess 
spectra that are significantly different from the reference, 
showing broadening, peak shifts, and inclusion of oxides. 
Thus, the Pt-electroplated interface forms an intimate contact 
without inclusion of appreciable interfacial oxide layer. 

An additional remarkable feature of the Pt-electroplated 
interface became apparent by Raman spectra measurements. 
The Raman spectra obtained from the Pt-electroplated sur- 
face and from the Pt-EB deposited surface are shown for 
various thicknesses of deposition up to about 100 Ä in Figs. 
5(a) and 5(b), respectively. Those from the Ni-, Co-, and 
Ag-electroplated surfaces having a metal thickness of about 
100 A are shown in Fig. 6. It is seen from Figs. 5 and 6 that 
no appreciable Raman peak shift of InP LO phonon peak and 
broadening takes place during electrodeposition of Pt, 
whereas large peak shifts and broadening takes place in other 
cases. Since Raman peak shifts and broadening are related to 
the presence of stress, the result here shows that Pt- 
electrodeposited surface is remarkably free from stress. 

C. AFM/SEM study 

AFM/SEM observation of etched and metal-deposited 
surfaces was made. Examples of the AFM images are shown 
in Figs. 7(a)-7(c). They were taken after anodic etching 
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FIG. 4. XPS spectra from (a) the Ar-sputtered InP free surface and the Pt/InP 
interfaces by (b) the in situ electrochemical process, (c) the EB process, and 
(d) the sputtering process. 

[Fig. 7(a)], after cathodic deposition of Pt [Fig. 7(b)], and 
after EB deposition of Pt [Fig. 7(c)], respectively. As seen in 
Figs. 7(a) and 7(b), the etched and Pt-electroplated surfaces 
exhibited a relatively smooth overall topography. The root 
mean square (rms) roughness of the etched surface was 1.0 
nm and this was found to be slightly better than that of the 
surface etched by conventional wet chemical etchant. The 
Pt-electroplated surfaces had an rms roughness of 2.4 nm 
with a dense array of small grains. On the other hand, EB- 
deposited surface was much more rough with a rms rough- 
ness of 7.9 nm and the presence of much larger grains. 

The SEM images taken on the initial phases of Pt electro- 
plating at various plating times are shown in Figs. 8(a)-8(c). 
Deposition starts from formation of small Pt semispherical 
grains whose sizes are 30-50 nm as seen in Fig. 8(a). Cal- 
culations showed that such grains were formed at an average 
rate of 100-300 grains per pulse depending on the details of 
the pulse waveforms. Longer plating times did not increase 
the grain size but increased the number of such grains, as 
shown in Fig. 8(b). The grains eventually became dense 
enough and produced a smooth surface as shown in Fig. 8(c). 

On the other hand, the surface morphology was found to 
be very different for Ni-, Co-, and Ag-electroplated surfaces 
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FIG. 5. Raman spectra in backscattering geometry from the Pt/InP interfaces 
by (a) the in situ electrochemical process and (b) the EB process. 
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FIG. 6. Raman spectra in backscattering geometry from the metal/InP inter- 
faces by the in situ electrochemical process. 

as shown in Figs. 9(a)-9(c), respectively. Namely, grains 
sizes are much larger, and grains tend to form larger islands. 
These features can also be seen in the EB deposited Pt sur- 
face shown in Fig. 7(c). It is likely that these larger grains 
and island formations give random stress to the InP surface, 
resulting in strain induced Raman shifts. However, such fea- 
tures are completely absent in the case of the electrodeposi- 
tion of Pt, and this appears to be the reason for the stress-free 
interface, although it is not clear at present which property of 
the metal or the electrodeposition process is responsible for 
this observed difference among metal species. 

IV. DISCUSSION 

The observed SBH values of «-type InP Schottky diodes 
studied here are plotted in Fig. 10 versus the metal work 
function by Michaelson.15 Our previous data8 taken on the 
Schottky diodes prepared by vacuum deposition are also in- 
cluded. It is noted in Fig. 10 that, except for the Pt by elec- 
trodeposition, most of the data fall within the range of 400- 
500 meV without showing clear dependence on the metal 
work function. The average value of the so-called slope fac- 
tor 5, defined by dc/>Bn/d(j)m with </>Bn and <f>m being the 
«-type SBH and the metal work function, respectively, is 
about 0.15 from the least square fitting, as shown by the 
dotted line in Fig. 10. Thus, only the electroplated Pt con- 
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FIG. 8. SEM images of initial phases of Pt deposition on n-InP for deposi- 
tion time of (a) 180, (b) 240, and (c) 360 s by the in situ electrochemical 
process. 

*#* 
600nm 

(c) 

FIG. 9. SEM images of (a) Ni-, (b) Co-, and (c) Ag-deposited InP surfaces 
by the in situ electrochemical process. 

tacts show remarkably enhanced SBH values of near 0.9 eV, 
while others show the conventional pinned value with some 
data scatters. 

As mentioned previously, the currently predominant the- 
oretical model for Fermi level pinning at an intimate metal 
contact is the MIGS model.2'3 According to this model, the 
SBH for an «-type semiconductor is given in the infinitely 
strong screening limit by 

4>B 'CNL> (I) 

where £CNL is the charge neutrality level of the MIGS con- 
tinuum. As for the theoretical location of ECNL, one may use 
the calculated midgap energy of Ev+0.76 eV after Tersoff16 

or that of the dielectric midgap energy of Ev+0.87 eV by 
Cardona and Christensen,17 giving rise to ^B„ = 0.59 and 
0.48 eV, respectively. These values, particularly the latter, 
are in good agreement with the experimentally observed 

SBH values of 400-500 meV for various diodes except the 
Pt-electroplated diodes, but are far away from those of the 
Pt-electroplated diodes by 300-400 meV. 

Of course, one has to take account of the fact that the 
screening capability of the MIGS continuum against the con- 
tact potential difference is not infinite. This effect may be 
taken account of by the following formula by Mönch.18 

0Bn=(£c-£cNL) + S(0m-0CNL) (2) 

with 

1 

1 "l -DMIGSC^CNL) SJ 

(3) 

where </>,„ is the metal work function, </>CNL is the energy 
location of £CNL from the vacuum level, £VAC, S is the 
slope factor, e0 is the permittivity of vacuum, e,- is the rela- 
tive permittivity of the interface, q is the electronic charge, 
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£>MIGS(£CNL) is the density of MIGS at ECNL, and <5,- is the 
thickness of the interface dipole layer (typically 0.2 nm) de- 
termined by the penetration depth of MIGS. Here, notations 
are changed from Ref. 18 so as to use work function rather 
than electronegativity. As for the actual value of S, Mönch 
has   recently   arrived   at   the   following   semiempirical 
formula 

5= 

18 

1 

1+0.29 
(e»-ir 

(4) 

where ex is the electronic permittivity of semiconductor. Us- 
ing cf>„= 5.65 eV,15 <£CNL=5.0 eV,18 e„ = 9.519 for InP, and 
6, = 4,18 one obtains 5 = 0.16 and the value of the correction 
term of S{<f>m- <£CNL) 

m Eq- (2) of 104 meV. However, this 
magnitude of correction is obviously too small to explain the 
experimental data. 

Thus, the MIGS model which should be applicable to an 
ideal intimate contact can explain the SBH values of the 
various less ideal Schottky diodes with stress, lateral nonuni- 
formity, and interfacial layer, but ironically not at all ex- 
plains the SBH of the most ideal diode in this study which 
has an oxide-free, stress-free, defect-free, and intimate inter- 
face. 

Then, from the viewpoint of the MIGS model, the follow- 
ing two possible explanations based on presence of an inter- 
facial layer should be further investigated to understand why 
the MIGS model fails here. One possibility is that, although 
the intrinsic SBH is indeed determined by the penetration of 
MIGS, a certain interfacial dipole layer is formed by Pt elec- 
trodeposition which gives rise to additional dipole contribu- 
tion to increase SBH. The other is, conversely, that an inter- 
facial layer is formed so as to attenuate the evanescent metal 
wave function sufficiently before it forms MIGS in the semi- 

conductor. In this case, SBH approaches the ideal Schottky 
limit, and should increase in the case of Pt due to its large 
work function. In either case, the interfacial layer is expected 
to be ultrathin, since the penetration depth of MIGS is ex- 
tremely small, being usually below 1 nm. 

One possible candidate for such an interfacial layer is 
some kind of oxide layer formed during the electrodeposition 
of Pt which provides an additional dipole to enhance the 
SBH, or attenuate MIGS. However, our XPS in-depth profile 
analysis of the present interface showed the absence of such 
an oxide layer down to the monolayer level, as already men- 
tioned previously. 

Another possible candidate for the interfacial layer is a 
hydrogen related layer, since electrodeposition is a compet- 
ing process with hydrogen evolution. If such a layer exists, it 
may add additional dipole or screen MIGS. In fact, Wittmer 
and Freeouf20 showed previously that an ideal Schottky di- 
ode whose SBH is far away from the prediction by the MIGS 
model can be realized by putting mercury contacts on 
hydrogen-passivated silicon surfaces. Since detection of hy- 
drogen related ultrathin layer is extremely difficult in the 
present system, we cannot entirely rule out such a possibility. 
However the fact that the present Pt deposition process has a 
high current efficiency, and that the resultant electroplated Pt 
contacts adhere to InP very strongly and thermally stable at 
least up to 250-300 °C, seem to indicate that presence of 
such a weakly bonded layer which prevents direct interaction 
between metal and semiconductor, is highly unlikely. 

Furthermore, excellent agreement of SBH values obtained 
between I-V and C-V methods as mentioned previously 
also indicates consistently that no interfacial layer exists at 
the interface. Additionally, 1/C2- V plots were straight lines 
with no change of bulk doping near interface by the elec- 
trodeposition, indicating that no hydrogen passivation of 
dopants takes place. Thus, the present high SBH is an intrin- 
sic property of an intimate Pt Schottky contact without the 
interfacial layer. 

Thus in order to explain the present result, we have to 
investigate other models such as UDM, EWF model, and 
DIGS model all of which assert that Fermi level pinning is 
extrinsic, rather than intrinsic as in the case of the MIGS 
model, with different extrinsic origins for pinning. 

From the viewpoint of UDM, the present result could be 
explained by reduction of the density of the discrete defect 
level responsible for pinning. However, in contrast to the 
case of GaAs where the well-known EL2 midgap level exists 
and is claimed to be the pinning center,21 no such defect 
which can cause pinning at 400-500 meV from Ec exists in 
InP, and this makes further discussion difficult. 

From the viewpoint of EWF model, the present result may 
be explained if the electrodeposited Pt has an effective work 
function higher than that of the ordinary Pt. Since Pt is cata- 
lytically active and can dissolve appreciable quantities of 
hydrogen, its work function may be changed due to hydro- 
gen evolution and subsequent incorporation during Pt elec- 
trodeposition. In fact, effects of hydrogen exposure on 
n-GaAs/Pt group metal Schottky barriers were previously 
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studied systematically by Aspnes and Heller,22 and it was 
demonstrated that hydrogen exposure could change SBH. 
However, the effect was to reduce SBH and not to increase. 
Thus, the EWF model does not seem to explain the present 
result either. Additionally, the reproducibility and thermal 
stability of the present Pt contacts also seem to indicate that 
such a possibility is unlikely. 

We believe that the present result can be consistently ex- 
plained by the disorder-induced gap state (DIGS) model for 
Fermi level pinning4-6 proposed by our group. According to 
this model, deposition of metal or insulator on the semicon- 
ductor surface disturbs the crystalline perfection of semicon- 
ductor surface and forms a thin disordered semiconductor 
layer with a thickness S whose electronic properties are fea- 
tured by the DIGS continuum. The continuum has continu- 
ous energy and spatial distribution of gap states of acceptor 
type and donor type with a characteristic charge neutrality 
level Euo. EH0 agrees with that of the MIGS model, 
ECNL, and lies at about 5.0 eV from the vacuum level for a 
major semiconductor.4 

The DIGS model gives the same formula of Eq. (2) for 
the SBH, but, with the following expression for the slope 
factor.5'6 

S = sech(<J/\) 

with 

^ = [e0^/q2NDlGS(EHO)] 1/2 

(5) 

(6) 

where X. is the DIGS screening length and ND1GS(Em) is the 
volume density of DIGS at the charge neutrality level 
Em. According to this model, Fermi level pinning is extrin- 
sic and the value of S is process dependent. When the degree 
of disorder is high, S becomes zero and the Fermi level is 
firmly pinned at the same position with the MIGS model. 
However, when an intimate M-S interface is formed without 
causing disorder, S becomes unity and the ideal Schottky 
limit is realized. These two limits are shown by dashed lines 
in Fig. 10, assuming EHo=-Ev+0.87eV=.EVAC-5.0eV. 
According to this, a large value of S of 0.62 was realized by 
electrodeposition of Pt. 

In the present study, a high processing energy is used for 
formation of metal-semiconductor interface in the standard 
EB deposition and rf-sputtering deposition. Furthermore, 
random stress is generated at the interface due to large grain 
sizes and island formation in the case of electroplating of Co, 
Ni, and Ag. In these cases, a large disorder is produced at the 
semiconductor surface and produces high-density DIGS 
states which pin the Fermi level at Em, being independent 
of the metal work function. On the other hand, the present in 
situ electrochemical process possesses an extremely low pro- 
cessing energy with an application of small voltages of 500- 
700 meV at room temperature, and realizes for Pt deposition 
a nm size grain based stress-free intimate interface. This 
realizes a reduced DIGS density and realizes a large value 
of S. 

V. CONCLUSION 

In an attempt to understand the underlying mechanism of 
the recently observed large SBH enhancement by elec- 
trodeposition of Pt on InP, the evolution process of the metal 
(Pt, Ni, Co, and Ag)-InP interface was studied in detail, us- 
ing I-V, C-V, DLTS, XPS, Raman, AFM, and SEM mea- 
surements. 

It is shown that Pt deposition by the electrochemical pro- 
cess realizes an oxide-free, defect-free, stress-free, and 
nearly pinning-free ideal interface which has a remarkably 
high SBH of 900 meV. 

On the other hand, Pt deposition by conventional vacuum 
deposition processes as well as Ag, Ni, and Co deposition by 
the electrochemical process lead to stressed and pinned in- 
terfaces with almost metal-independent SBH values in the 
range of 400-500 meV. 

The observed result cannot be explained by the currently 
predominant metal induced gap state (MIGS) model, even if 
one takes account of the limited screening capability of the 
MIGS continuum. It can be explained neither by the unified 
defect model (UDM), nor by the effective work function 
(EWF) model. 

It was shown that the results can be phenomenologically 
explained in a consistent way by the disorder induced gap 
state (DIGS) model proposed by the present author's group. 

Further work is necessary, however, to directly verify the 
existence of DIGS, and establish the quantitative validity of 
the formula of Eq. (5). Since many theoretical calculation 
show existence of MIGS, a further work is also necessary to 
reconcile MIGS and DIGS models. Our present interpreta- 
tion is that the MIGS will be definitely present, but its 
screening capability of the contact potential difference by an 
extremely thin dipole layer is somehow overestimated. Thus, 
the usually observed strong pinning is not due to MIGS, but 
due to DIGS. From this viewpoint, to what extent one can 
approach the Schottky limit is eventually determined by the 
screening capability of intrinsic MIGS. Further study may 
clarify this important question. 
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In this study, the evolution from diamond surfaces to metal-diamond interfaces has been examined. 
The electron affinity and the Schottky barrier height of a few Ä thick films of Zr and Cu deposited 
in ultrahigh vacuum (UHV) onto lib substrates were correlated. Prior to metal deposition, the 
diamond surfaces have been cleaned by different anneals and plasma treatments in UHV, and the 
surfaces were characterized by Auger electron spectroscopy and atomic force microscopy. The 
initial surfaces were terminated with oxygen, or free of chemisorbed species. Ultraviolet 
photoemission spectroscopy was employed to determine whether the samples exhibited a positive 
electron affinity or a negative electron affinity (NEA) before and after metal deposition. For Zr, the 
Schottky barrier height was found to change very little with the presence or absence of chemisorbed 
species at the interface. A NEA was observed for Zr on diamond independent of the surface 
termination. However, for Cu, the surface cleaning prior to metal deposition had a more significant 
effect. The Schottky barrier height changed strongly depending on the chemical species at the 
interface. A NEA was only detected for Cu on clean diamond surfaces. The differences between Zr 
on the one hand and Cu on the other are correlated with differences in interface chemistry and 
structure.   © 1997 American Vacuum Society. [S0734-211X(97)11604-3] 

I. INTRODUCTION 

Negative electron affinity (NEA) surfaces could enable 
the development of cold cathode devices. The electron affin- 
ity of a semiconductor corresponds to the energy difference 
between the vacuum level and the conduction-band mini- 
mum. For most materials, the vacuum level lies above the 
conduction-band minimum. This is called a positive electron 
affinity. As a wide bandgap semiconductor, diamond has the 
potential of exhibiting negative electron affinity surfaces 
since the conduction-band minimum lies near the vacuum 
level. Electrons from the conduction-band minimum then 
have sufficient energy to leave a NEA surface and be emitted 
into vacuum. 

By employing different surface treatments, such as 
plasma cleaning or annealing in ultrahigh vacuum (UHV), 
the position of the conduction-band minimum can be shifted 
with respect to the vacuum level. This can induce a NEA or 
remove it.1"6 Subsequent to precleaning the diamond (100) 
samples with a wet chemical etch, the diamond surfaces are 
oxygen terminated. This chemisorbed oxygen layer forms a 
surface dipole. Such a surface exhibits a positive electron 
affinity. For the diamond (100) surface, an anneal to 900- 
1050 °C or a H-plasma clean results in a NEA and a 2X1 
reconstructed, oxygen-free surface.3'5'6 The different thresh- 
old temperatures are related to different wet chemical 
pretreatments.3 It was found that UHV annealing at 900 °C 
was sufficient for samples precleaned by an electrochemical 
etch. But a 1050 °C anneal was required for a preclean em- 
ploying chromic acid. It has been proposed that the diamond 
(100) surface exhibits a monohydride termination subsequent 
to a 900-1050 °C anneal or a H-plasma exposure.3'5'6 A H 

a'Electronic mail: robert_nemanich@ncsu.edu 

surface layer results in a dipole resulting in a NEA. How- 
ever, for all these treatments, a positive electron affinity and 
a 2X1 reconstruction are observed following a 1150 °C 
anneal.6 This surface is considered to be free of adsorbates. 
Ab initio calculations for the 2X1 reconstructed surface pre- 
dict a NEA for a monohydride terminated surface and a posi- 
tive electron affinity for an adsorbate-free surface.5 This is in 
agreement with the experimental results.5'6 

Various studies have described metals on diamond.7"15 

As-deposited metal contacts usually have been found to ex- 
hibit Schottky characteristics. Most of these reports are based 
on current-voltage (I-V) data. It is, however, difficult to 
deduce the Schottky barrier height from /- V measurements 
due to the large ideality factors of metal-diamond 
interfaces.13"15 Ultraviolet photoemission spectra can be 
used to measure the Schottky barrier height of metal- 
diamond interfaces. For this purpose, features from both the 
metal and the semiconductor need to be visible. This means 
the thickness of the metal has to be equal to or less than the 
electron mean-free path (=£5 Ä). It has been demonstrated 
that depositing a few Ä of metals such as Ti, Ni, Co, Cu, and 
Zr can induce a NEA on diamond surfaces.3'16"21 Also, sub- 
monolayer deposition of TiO has been reported to induce a 
NEA.22 The presence of a NEA or positive electron affinity 
has been correlated with different structures of the metal- 
diamond interface. Metal films deposited on adsorbate-free 
surfaces have been found to exhibit lower Schottky barrier 
heights and lower electron affinities than for surfaces termi- 
nated by species such as hydrogen or oxygen. And for some 
metal-diamond structures, the Schottky barrier heights have 
been low enough to induce a NEA. 

Photoemission spectroscopy is a very sensitive technique 
to determine whether a surface exhibits a NEA or a positive 
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electron affinity. Electrons are photoexcited from the valence 
band into states in the conduction band. These electrons can 
then quasithermalize down to the conduction-band mini- 
mum. For NEA surfaces, these secondary electrons from the 
conduction-band minimum can be emitted into vacuum and 
appear as a sharp peak at the low kinetic energy end of the 
photoemission spectra.23'24 In this study, diamond (100) sur- 
faces have been cleaned by anneals to 1050 or 500 °C. Thin 
Zr or Cu films were deposited on these diamond substrates. 
The surface properties were analyzed before and after metal 
deposition. 

II. EXPERIMENT 

For this study, an UHV system was employed that con- 
sists of several interconnected chambers featuring capabili- 
ties for annealing, metal deposition, ultraviolet photoemis- 
sion spectroscopy (UPS), and Auger electron spectroscopy 
(AES). Several natural type lib single-crystal semiconduct- 
ing, boron doped diamond (100) substrates (3.0X3.0X0.25 
mm) were used. Typical resistivities of these samples were 
104 O, cm. To remove nondiamond carbon and metal con- 
taminants, an electrochemical etch has been employed. De- 
tails of this method have been previously described.25 The 
wafers were blown dry with N2, mounted on a Mo holder 
and transferred into the UHV system (base pressure ~1 
Xl0"10Torr). Two different in vacuo cleaning processes 
were employed to study the effect of surface treatment on the 
characteristics of the metal-diamond interface. These pro- 
cesses consisted of an anneal to either 1150 or 500 °C both 
for 10 min. The pressure in the annealing chamber rose from 
1 X 10"10 to 7 X 10"9 and 8 X 10"10 Torr during the anneals, 
respectively. After the heat treatment, 2 Ä thick layers of Zr 
or Cu were deposited onto the diamond surface. The deposi- 
tion was facilitatied by an e-beam evaporator. And the dia- 
mond substrates were kept at room temperature during metal 
deposition. The pressure in the chamber rose to 2 
X 10~9 Torr during deposition. A quartz-crystal monitor was 
employed to determine the thickness of the metal films. Fol- 
lowing the annealing, and the growth steps, UPS and AES 
were employed to characterize the surface properties. 

The presence of Zr or Cu on the surface was confirmed by 
using AES. Atomic force microscopy (AFM) images of the 
diamond wafers clearly showed arrays of linear grooves par- 
allel to each other with a depth of —20 A. This surface 
structure is a result of the commercial polishing procedure 
used to smoothen the surfaces. Subsequent to depositing 2 Ä 
of metal, no island structures were observed in the AFM 
measurements. This is indicative of a uniform two- 
dimensional layer for both Zr and Cu. 

He I (21.21 eV) radiation from a discharge lamp was em- 
ployed to facilitate the photoemission. The emitted electrons 
were measured using a 50 mm hemispherical analyzer with 
an energy resolution of 0.15 eV. The sample was biased by 1 
V with respect to the analyzer. This was necessary so that the 
low-energy electrons from the NEA surfaces could be de- 
tected, despite the work function of the analyzer. The sharp 

Low Energy End 
of Spectrum 

High Energy End 
of Specfrum 

Evac for Positive Electron Affinity 

Evac for Negative Electron Affinity 

FIG. 1. Schematic diagram of photoemission spectra for a negative electron 
affinity surface (dotted line) and a positive electron affinity surface (solid 
line). 

NEA peak appears at the low-energy end of the photoemis- 
sion spectrum and corresponds to the energy position of the 
conduction-band minimum Ec (Fig. 1). Emission from Ec is 
positioned at EV+EG in the spectrum. Ev is the energy po- 
sition of the valence-band maximum and EG the energy of 
the band gap. In a corresponding manner, emission from 
Ev appears at Ev+hv in the UPS spectra. For semiconduc- 
tors, this corresponds to the high kinetic energy cutoff of the 
spectra. Then, the spectral width for NEA surfaces, or the 
distance between emission from the valence-band maximum 
and the conduction-band minimum is given by hv-EG. 
With the values for He I radiation hv=2\.2\ eV and the 
band gap of diamond £G = 5.47 eV, the width of the spec- 
trum is 15.7 eV. However, for a surface with a positive elec- 
tron affinity, the low-energy cutoff is determined by the 
vacuum level. Then, the spectral width will be smaller than 
for a NEA. In fact, the width will be reduced by the value of 
the positive electron affinity of the surface. 

Consider photoemission spectra of a thin metal film on a 
semiconductor. Spectra exhibiting features from both the 
metal and the semiconductor can be used to determine the 
Schottky barrier height <J>B (Fig. 2). For this to be the case, 
the thickness of the metal layer needs to be equal to or less 
than the electron mean-free path («5 A). The Schottky bar- 
rier height for a metal on a p-type semiconductor, like dia- 
mond, is defined by the difference between the position of 
the Fermi level of the metal, EF and the valence-band edge, 
Ev, of the semiconductor. It may, however, be difficult to 
detect the relatively weak onset of emission at Ev, even for 
metal layers thinner than the mean-free path. This is due to 
the fact that emission from the metal Fermi level may over- 
shadow this weak onset. Often times it is, therefore, neces- 
sary to use an independent method to determine the position 
of the valence-band minimum. In particular, Ev can be ref- 
erenced to some strong features in the diamond spectrum 
before metal deposition. Here, a peak positioned at 8.3 eV 
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Emission from 
the copper 

Electron energy 

FIG. 2. Schematic diagram of photoemission spectra for a metal (e.g., cop- 
per) deposited on diamond. The Schottky barrier height <S>B is determined 
from the difference between the position of the valence-band edge of dia- 
mond Ev and the metal Fermi-level EF . 

below Ev was chosen as a reference. In the case of a NEA 
surface, the sharp low-energy peak corresponding to Ec can 
be used to find Ev, too. Then the difference between Ec and 
Ev corresponds to hv—EG. 

III. RESULTS AND DISCUSSION 

First consider the diamond surfaces before metal deposi- 
tion. After loading the samples into the vacuum system, AES 
scans were obtained. Features indicative of the presence of 
oxygen on the surface were detected. Subsequent to a 500 °C 
anneal, the oxygen peak was only slightly reduced. After a 
1150 °C anneal, oxygen was no longer observed by means of 
AES. From UPS spectra, positive electron affinities of x= 1.4 
eV and of #=0.7 eV were found for the substrates heated to 
500 and 1150 °C, respectively. These numbers are consistent 

B 
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a) *B=0.7eV 
b) OB=0.9eV 

a)Ev v 

b)Ev, \| 

^ 
a) 
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-15 -10 -5 0 

Energy below Fermi Level (eV) 

FIG. 3. UV photoemission spectra of 2 Ä of Zr deposited on a diamond 
(100) surface annealed to (a) 1150 °C and (b) 500 °C. Metal induced NEAs 
are observed upon deposition of Zr for both (a) and (b). For (a), emission 
below Ec is detected. 

-15 -10 -5 0 

Energy below Fermi Level (eV) 

FIG. 4. UV photoemission spectra of 2 Ä of Cu grown on a diamond (100) 
surface following an anneal to (a) 1150 °C and (b) 500 °C. A metal induced 
NEA is observed for (a), whereas a positive electron affinity is detected for 
(b). 

with values reported previously.5'18 It is expected that chemi- 
sorbed oxygen on diamond results in a stronger surface di- 
pole than for the clean surface. This would also lead to a 
larger work function for the oxygen terminated surface. Our 
observations are in agreement with that. 

Following deposition of 2 Ä of Zr on clean diamond sur- 
faces, the width of the UPS spectrum increased consistently 
with the surface, exhibiting a NEA [Fig. 3(a)]. A Schottky 
barrier height of <J>B = 0.70 eV was measured. Emission be- 
low the conduction-band minimum Ec was observed. This 
phenomenon will be discussed further in another 
publication.26 Deposition of 2 A of Zr on oxygen terminated 
diamond surfaces also resulted in a NEA. A larger Schottky 
barrier height of <£ßs0.9 eV was measured [Fig. 3(b)]. And 
the spectrum shifted~0.3 eV toward lower energies. Subse- 
quent to depositing 2 Ä of Cu on clean diamond surfaces, a 
NEA and a Schottky barrier height of <J>5 = 0.70 eV were 
determined by means of UPS [Fig. 4(a)]. Also, the spectra 
shifted by 0.3 eV to lower energies. However, in the case of 
Cu on oxygen terminated surfaces, a positive electron affin- 
ity of x=0.75 eV and a larger Schottky barrier height of 
<&B= 1.60 eV were measured [Fig. 4(b)]. Also, a larger shift 
to lower energies of 0.6 eV was found. These results are 
summarized in Table I. Equation (1) is valid specifically for 
photoemission of thin metal layers (less than the electron 

TABLE I. Results of UV photoelectron emission spectroscopy to measure 
electron affinity x and Schottky barrier <S?B . PEA: positive electron affinity, 
NEA: negative electron affinity. 

Sample 
UPS 

oxygen Clean 

C( 100) PEA, x= 1 -40 eV PEA, *s0.70 eV 
Zr/C(100) NEA, *<0, *Bs0.90 eV NEA, *<0, $ss0.70 eV 
Cu/C(100)     PEA, *=0.75 eV, $Bs 1.60 eV    NEA, *<0, *s=0.70 eV 

J. Vac. Sei. Technol. B, Vol. 15, No. 4, Jul/Aug 1997 



1239 P. K. Baumann and R. J. Nemanich: Comparison of electron affinity and Schottky barrier height 1239 

Evac 

Vacuum 

Evac 

Vacuum 

Evac 

NegEA 

NegEA 

(Metal) 

FIG. 5. Band diagrams of the zirconium-diamond interface. For zirconium, 
on both the oxygen terminated (a) and the clean surface (b), the Schottky 
barrier height added to the metal work function is less than the diamond 
band gap. This corresponds to a NEA. 

mean-free path) on semiconductors: The electron affinity can 
be expressed in terms of the Schottky barrier formed with a 
p-type semiconductor.27 

X=(<S>M + <f>B)-EG- (1) 

Using the band gap of diamond £G = 5.47 eV, the work 
function of Zr (*M = 4.05 eV) and Cu ($M = 4.59 eV), and 
the measured Schottky barrier heights <f>B, the electron af- 
finities can be calculated. For Zr, we obtain x= -0.72 eV for 
the clean surface and #=-0.52 eV for the oxygen termi- 
nated surface. In the same way, ^=—0.18 eV and ^=0.72 
eV are obtained for Cu on the clean and oxygenated surfaces, 
respectively. These results are consistent with the NEA and 
positive electron affinity effects that were observed by em- 
ploying the UPS. Figures 5 and 6 show energy-band dia- 
grams of the Zr-diamond and the Cu-diamond interfaces. 
These schematics illustrate the correlation of the Schottky 
barrier height with the electron affinity. 

This simple work-function model has been used success- 
fully to explain NEA or positive electron affinity effects for 
systems like Ti or Ni layers on diamond (111) surfaces.16'17 

Other approaches may be used to interpret these results. The 
monolayer thick metal films could be considered as dipole 
layers. It has been found that Ni deposited on Ar-plasma 
cleaned diamond (111) substrates induces a NEA. An Ar 
plasma or a 950 °C anneal results in a (111) surface free of 
adsorbates.4 In comparison, a larger Schottky barrier and a 

Vacuum 

Evac 

Vacuum 

NegEA 

PosEA 

(Metal) 

FIG. 6. Band diagrams of the copper-diamond interface. For copper on the 
oxygen terminated surface (a), the sum of the Schottky barrier height and 
work function for metal on diamond is greater than the band gap of dia- 
mond, resulting in a positive electron affinity. For copper on the clean sur- 
face (b), the Schottky barrier height added to the metal work function is less 
than the diamond band gap. This corresponds to a NEA. 

positive electron affinity were measured for thin Ni films on 
hydrogen terminated (111) surfaces. In theoretical studies by 
Erwin and Pickett28"31 and Pickett, Pederson, and Erwin,32 it 
was reported that the most stable configuration for Ni on 
clean (111) and (100) surfaces resulted in a Schottky barrier 
height of less than 0.1 eV. Considering copper on diamond 
(111) surfaces, Lambrecht33 calculated a value for the 
Schottky barrier height of less than 0.1 eV for clean surfaces 
and greater than 1.0 eV for hydrogen terminated surfaces. 
According to these results, the interface termination appears 
to have a significant effect on the Schottky barrier height. 
For metals deposited on clean surfaces, lower values for the 
Schottky barrier height and a greater likelihood of inducing a 
NEA are expected than for metals on non-adsorbate-free sur- 
faces. The Schottky barrier heights reported in our study for 
Zr and Cu on diamond are consistent with this. 

Apparently, the Schottky barrier height for Zr on diamond 
does not depend on the surface termination of the diamond 
substrate as strongly as is the case for Cu. Both Zr on clean, 
as well as oxygen terminated diamond surfaces, tend to ex- 
hibit lower electron affinities than Cu on corresponding sur- 
faces. This could be due to the higher reactivity of Zr with 
both C and O than Cu. It has been reported that Ti, as well as 
titanium oxide on diamond, exhibit a NEA.22 Zr is next to Ti 
in the periodic table of elements and has properties similar to 
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Ti. In our experiments, Zr could have reacted with the oxy- 
gen from the oxygen terminated surface. This may be indica- 
tive that Zr, as well as zirconium oxide on diamond, could 
exhibit a NEA. Zr, like Ti, does react with C. But this reac- 
tion is not expected to occur at room temperature. Ti was 
annealed to >400 °C before reaction with C was observed.34 

Cu, on the other hand, does not react as readily with C or O. 
Thus, the Cu-diamond interface structure for Cu on the 
clean diamond surfaces is different than for Cu on the oxy- 
gen terminated surfaces. 

IV. CONCLUSIONS 

The effects of depositing thin metal films onto clean and 
oxygen terminated diamond (100) substrates has been stud- 
ied by UPS. It was found that Cu induced a NEA on clean 
surfaces but not on oxygen terminated surfaces. In compari- 
son, Zr induced a NEA on both clean and oxygen terminated 
surfaces. The Schottky barrier height of Zr on diamond was 
less dependent on the termination of the diamond surface 
than was the case for Cu. This is attributed to the fact that Zr 
exhibits a strong affinity to the oxygen of the oxygen termi- 
nated diamond surfaces. In comparison, Cu does not exhibit 
a significant tendency to form oxides. 
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Existence of -3-4 monolayers of Ga2Se3- and Ga2Te3-like interfacial layers are suggested by 
transmission electron microscopy of Se- and Te-exposed (or -reacted) ZnSe/GaAs interfaces, 
respectively. Densities of extrinsic Shockley- and intrinsic Frank-type stacking faults are of ~5 
X107/cm2 in samples grown on Se- or Te-exposed GaAs surfaces. Annealing on the Se- or 
Te-exposed GaAs generated a high density of vacancy loops (3= 1X 109/cm2) with an increase of the 
densities of both intrinsic and extrinsic-type stacking faults (^5Xl08/cm2) after growth of the 
films. Formation of the intrinsic stacking faults or vacancy loops and extrinsic stacking faults may 
be related to the presence of cation vacancies and interstitials, respectively, on the surface of the 
GaAs epilayer, due to the interaction between Se or Te and the GaAs epilayer with charge 
unbalanced Ga-Se or Ga-Te bondings. On the other hand, ~2 and 3-4 monolayers of Zn-As 
interfacial layers are recognized in samples grown on Zn-exposed GaAs-(2X4) and -c(4X4), 
respectively. A very low density of fault defects in the range of ~104/cm2 was obtained in samples 
with Zn treatment on an As-stabilized GaAs-(2X4). However, the density of As precipitates 
increases as the surface coverage of c(4X4) reconstruction increased on the Zn-exposed 
As-stabilized GaAs-(2X4) surface and this is associated with an increase of the density of 
extrinsic-type stacking faults bound by partial edge dislocations with a core structure terminated on 
additional cations. Clustering of excess As atoms and formation of Zn interstitials due to charge 
unbalance of Zn-As bondings on the GaAs surface may act as nucleation sites for the generation of 
the high densities of As precipitates and extrinsic-type stacking faults, respectively. These local 
stacking errors due to the interaction between Zn and GaAs-c(4X4) is reduced by thermal 
annealing. In this case, thickness of the Zn-As interfacial layer is decreased with increasing 
annealing temperature and a very low density of the fault defects is obtained. © 7997 American 
Vacuum Society. [S0734-211X(97)09304-9] 

I. INTRODUCTION 

The chemistry of heterointerface plays an important role 
on the generation of crystalline defects especially in near 
lattice matched semiconductor heterostructure. In 
GaAlAs/GaAs,1 InGaAsP/InP,2 and ZnSe-based/GaAs 
heterostructures,3"8 the grown-in crystalline defects such as 
stacking faults, precipitates, vacancy loops, and misfit dislo- 
cations are sources for the generation of degradation defects 
from the active region that make the device fail during op- 
eration. In relaxed semiconductor heterostructures such as 
GeSi/Si,9 ZnSe/GaAs,10'11 and ZnTe/GaSb,12 the fault de- 
fects including stacking faults, precipitates, and vacancy 
loops form below the critical thickness and act as low energy 
nucleation sites for the generation of misfit dislocations. In 
addition, these fault defects are blocking centers to prevent 

*No proof corrections received from author prior to publication. 
a)Electronic mail: kuo@jrcat.or.jp 

gliding of the threading arms of the misfit dislocations. 13~15 

Consequently, a high density of pre-existing fault defects in 
the heterostructures gives rise to a high density of threading 
dislocations and short segments of misfit dislocations after 
the strain relaxation. Therefore, it is important to understand 
the origins and control the formation of these pre-existing 
fault defects to improve the performance of the semiconduc- 
tor device. 

From previous studies in ZnSe-based/GaAs heterostruc- 
ture by molecular beam epitaxy (MBE)16"19 and organome- 
tallic vapor phase epitaxy,20 the factors of interface chemis- 
try on the generation of the grown-in fault defects include 
impurities, stoichiometries, and treatment on the surfaces of 
GaAs epilayers. In this fashion, growth of a GaAs epilayer 
on the GaAs substrate is essential to obtain a uniform inter- 
facial stoichiometry and reduce the interfacial impurities or 
roughness. On the other hand, local incorporation between 
Zn and Se atoms under varied beam flux ratios (or growing 
surface stoichiometries) also plays an important role in the 
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generation of fault defects in ZnSe/GaAs.19'21 In this case, 
generation of the stacking faults is attributed to the improper 
incorporation of growing species with a higher beam flux at 
the initial stages of growth.21 

Structurally, formation of the stacking fault in zinc-blende 
structure is in the same as it is in the face-center-cubic (fee) 
lattice. The zinc-blende structure can be described as an fee 
lattice with a basis of two atoms per lattice point. Therefore, 
extrinsic fault and intrinsic fault involves insertion and re- 
moval of a pair of {111} planes (cation and anion lattice 
planes) to preserve tetrahedral coordination.22 In addition, 
since compound semiconductors have a zinc-blende structure 
consisting of two interpenetrating fee sublattices (noncen- 
trosymmetric arrangement), there are two types of partial 
edge dislocations, depending on where the extra half plane of 
the stacking faults_lies.23 For instance, stacking faults lying 
on (111) and (111) planes are bound by partial edge dislo- 
cations with dislocation core structures terminated on cations 
and anions, respectively. 

In this article we show a systematic study on the chemical 
composition of ZnSe/GaAs interface and the distribution of 
the stacking faults in the ZnSe films grown on GaAs epilay- 
ers as a function of chemical (Zn, Se, and Te) and thermal 
preparation on the surfaces of the GaAs epilayers. Different 
chemical composition of the ZnSe/GaAs interfaces and a 
strong dependence of the type and density of the stacking 
faults on the surface preparation of the GaAs epilayers is 
recognized. 

II. EXPERIMENT 

Thin pseudomorphic ZnSe films (—50-130 nm) were 
grown on GaAs epilayers on GaAs (001) substrates at 250- 
260 °C by MBE with II-VI and III-V MBE chambers con- 
nected by transfer modules under ultrahigh vacuum. The 
GaAs epilayers were grown at 520-540 °C with a growth 
rate of ~ 0.4-0.5 fim/h and PAs/PGa flux ratio of -40. All 
the GaAs epilayers were grown under the same growth con- 
dition. The GaAs epilayers were grown and prepared by 
post-grown thermal treatments to obtain (2X4), c(4X4), a 
mixture of (2X4) and c(4X4), and (4X6) surface reconstruc- 
tions as evidenced by the observation of reflection high en- 
ergy electron diffraction (RHEED) patterns and reflectance 
difference spectroscopy (RDS).24 For the study of the defect 
generation related to the chemical preparation on the surfaces 
of the GaAs epilayers, the ZnSe films were grown at the 
same beam flux ratios (or growing surface stoichiometry) 
with a mixture of (2X1) and weak c(2X2) surface recon- 
struction. The surfaces of the As-rich GaAs-(2X4) and 
-c(4X4) epilayers are known to exist as single and double 
As-terminated layers, respectively.25 In addition, the (4X6) 
surface reconstruction is recognized as a Ga-rich GaAs 
surface.25 Three sets of samples were grown with different 
chemical preparations of the GaAs surfaces. One set of 
samples was grown to study the effect of Se contamination 
or interaction with the GaAs substrates on the defect genera- 
tion. Samples were grown with a 5 s Se exposure at 250 - 
260 °C of the As-stabilized GaAs-(2X4) surface and a 1 min 

Se exposure of the Ga-rich GaAs-(4X6) surface of the GaAs 
epilayers. In addition, thermal annealing at 520 °C was ap- 
plied to the Se-exposed Ga-rich GaAs-(4X6) to increase the 
interaction between the Se atoms and the GaAs surface prior 
to the growth of the thin ZnSe layer. In the case of the 
Se-treated or -reacted samples, a (2X1) Se-rich GaAs surface 
reconstruction was observed by RHEED pattern prior to the 
growth of the ZnSe films. In addition, spotty RHEED recon- 
structions were observed at the initial stages of ZnSe growth 
on this Se-exposed or -reacted GaAs surface. This indicates 
that the island growth mode of ZnSe films was taking place 
on the (2X1) Se-exposed GaAs surface. 

Another set of samples was grown to study the effect of 
Te exposure and thermal annealing on the generation of the 
grow-in fault defects. In these samples, surfaces of As- 
stabilized GaAs-(2X4) were exposed to Te at 300, 350, and 
400 °C for 1-2 min and cooled down to growth temperature 
at —260 °C prior to growth of the ZnSe films. For samples 
with a higher annealing temperature of —500 °C, Te treat- 
ments were done at 400 °C on GaAs-(2X4) for 1 min and 
annealed at 500 °C for 1 min. The surface reconstruction of 
the As-stabilized GaAs-(2X4) was changed to GaAs-(6xl) 
after the exposure of Te flux. In addition, one sample was 
grown on a GaAs surface with 1 min Zn and then Te treat- 
ments at 260 °C for comparison. In this case, the Zn treat- 
ments were applied on the GaAs-(2X4) surface prior to the 
Te exposure to prevent the interaction between Te atoms and 
the GaAs-(2X4) surface. Very streaky RHEED intensity os- 
cillations were observed during the growth of the ZnSe films 
on the Te-exposed or -reacted GaAs surfaces.26 This indi- 
cates that a layer-by-layer growth of the ZnSe films was 
achieved on the Te-exposed GaAs surfaces. 

A third set of samples had 1 min Zn exposure at —250- 
260 °C of (2X4), a mixture of (2X4) and c(4X4), and 
c(4X4) As-rich GaAs surfaces in order to study the effect of 
surface As coverage (or stoichiometry) on the generation of 
the grown-in fault defects. After 1 min of Zn exposure on an 
As-stabilized GaAs-(2X4) surface, a half order of streaks in 
[110] azimuth of RHEED pattern became weaker. On the 
other hand, the c(4X4) surface reconstruction disappeared 
and changed to (2X2)-like after 1 min of Zn exposure at 
260 °C. These results suggest that Zn indeed reacted or ad- 
hered with the As-stabilized GaAs-(2X4) and c(4X4) sur- 
faces. In addition, thermal annealing at 400 and 440 °C un- 
der Zn exposure was applied on the Zn-exposed As-rich 
GaAs-c(4X4) prior to the growth of the films. During the 
thermal annealing under Zn exposure, the surface reconstruc- 
tion of Zn-exposed As-rich GaAs-c(4X4) was changed to 
(2X3)-like at -320 °C and (2X4)-like at -420 °C by 
RHEED observation. The (2X3) surface reconstruction re- 
mained unchanged within 10 min thermal annealing under 
Zn exposure at 390-400 °C. However, the c(4X4) recon- 
struction is changed to (2X4) within 2-3 min thermal an- 
nealing at —400 °C without Zn exposure. Therefore, Zn ex- 
posure has an effect of hindering As desorption form the 
GaAs surface. In addition, the (2X4)-like surface reconstruc- 
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FIG. 1. TEM cross-sectional (a) 002, (b) 002, and (c) 004 dark field images 
from a sample with 1 min Se exposure of a Ga-rich GaAs-(4X6) epilayer 
prior to the growth of the ZnSe film. The Ga2Se3-like interfacial layer is 
marked by arrowheads. 

tion remained the same during 5-70 min annealing at 440 °C 
under Zn exposure. 

For transmission electron microscopy (TEM) studies, 
(110) and (TlO) cross-section specimens were prepared by 
mechanically thinning the samples using a tripod polisher 
followed by argon ion-milling at liquid nitrogen temperature. 
(001) plan-view specimens were prepared by etching the 
back side of the substrate using a 4:1 (H202 :NH4OH) solu- 
tion. A JEOL 2010 TEM operated at 200 kV was used to 
study the structure and density of the defects. The density of 
stacking faults was carefully checked at many areas of the 
TEM specimens with well tilted 220-type reflection vectors. 
In addition, many well prepared TEM plan-view specimens 
were carefully checked to confirm the value of the low defect 
density. Specific directions in the ZnSe/GaAs are recognized 
by the etch-pit features on the back side of the GaAs sub- 
strates. 

III. RESULTS AND DISCUSSION 

A. Chemical composition of ZnSe/GaAs interface 

1. Se-exposed or -reacted ZnSe/GaAs interfaces 

TEM 002- and 004-type reflections were used to study 
chemical composition of the ZnSe/GaAs interfacial layers. 
We have studied the chemical composition of the interfacial 
layers with ZnSe films grown on the Se-exposed Ga-rich 
GaAs-(4X6) surfaces with and without thermal annealing. In 
both cases, contrasts and thicknesses of the interfacial layers 
are roughly identical under 002- and 004-type reflections of 
the TEM dark field images as shown in Figs. 1(a), 1(b), and 
1(c). In Fig. 1, a smooth interfacial transition layer of ~4 
monolayers was observed along the ZnSe/GaAs interface. 
This indicates that the transition layer is not a completely 

FIG. 2. TEM cross-sectional (a) 002, (b) 002, (c) 004, and (d) 004 dark field 
images from a sample with 1 min Te exposure of the GaAs surface at 
400 °C prior to the growth of the ZnSe film. The Ga2Te3-like interfacial 
layer is marked by arrowheads. 

intermixed layer of Ga, As, Zn, and Se atoms. No misfit 
dislocation or other phase with different structure was ob- 
served in TEM plan-view images, indicating that the interfa- 
cial layer is pseudomorphic to ZnSe or GaAs. In addition, 
the structure of the interfacial layer is coherent to the ZnSe 
and GaAs lattice in high resolution TEM (HRTEM) images 
(not shown). Thus, a zinc-blende structure with a different 
structure factor of the interfacial layer is assumed. In Fig. 1, 
the contrast of the interfacial layer remains bright under 
TEM dark field 002-type reflections [see Figs. 1(a) and 1(b)] 
and changes to dark contrast under 004-type reflections [see 
Fig. 1(c)]. The TEM contrast study in Fig. 1 indicates that 
the values of 002- and 004-type structure factors of the in- 
terfacial layers are larger and smaller than those of ZnSe film 
and GaAs substrate, respectively. The structure factors of 
002- and 004-type reflections are given by a difference and 
an addition, respectively, of individual atomic scattering fac- 
tors in zinc-blende structure. Thus, this observation satisfies 
a transition structure containing vacancies in the interfacial 
layers. A Ga2Se3-like interfacial layer has been suggested 
with a ZnSe film grown on Se-reacted GaAs surface.27 For 
instance, there is no contribution to the atomic scattering at 
the lattice sites with Ga vacancies, therefore, a bright and 
dark contrast of the interfacial layer is obtained under 002- 
and 004-type reflections, respectively (see Fig. 1). However, 
we cannot determine the exact stoichiometric composition of 
the vacancy-contained interfacial layers. 

2. Te-exposed and -reacted ZnSe/GaAs interfaces 

Figure 2 shows the TEM 002- and 004-type dark field 
images obtained from a sample grown on Te-exposed GaAs- 
(2X4). In Figs. 2(a) and 2(b), the contrast of the Te-exposed 
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FIG. 3. TEM cross-sectional (a) 002, (b) 002, and (c) 004 dark field images 
from a sample with 1 min Zn exposure of an As-stabilized GaAs-(2X4) 
epilayer prior to the growth of the thin ZnSe layer. The Zn-As interfacial 
layer is marked by arrowheads. 
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FIG. 4. TEM cross-sectional (002)-type dark field images of ZnSe/GaAs 
with films grown on Zn-exposed GaAs-c(4X4) (a) without, (b) with 10 min 
at 400 °C, and (c) with 30 min at 440 °C of thermal annealing. 

interfacial layer (—3-4 monolayers) remains bright under 
002 and 002 reflection conditions. This indicates that the 
interfacial layer has a value of the 002-type structure factor 
larger than those of GaAs and ZnSe. On the other hand, the 
contrast of the interfacial layer reverses sign with the change 
in the sign of the 004-type relection vectors, indicating that 
the value of the 004 structure factor of the interfacial layer is 
between that of the ZnSe film and the GaAs substrate. In 
addition, the Te has a value of the atomic scattering factor 
almost as twice as large as those of the Ga, As, Zn, or Se 
atoms.28 Thus, an interfacial layer containing Te atoms and 
Ga vacancies satisfies the observation in Fig. 2 of the TEM 
dark field images. In this case, the difference between indi- 
vidual atomic scattering factor is increased due to either a 
high atomic scattering factor of Te atoms or no contribution 
in atomic scattering at the lattice sites with Ga vacancies. 
This gives rise to an increase on the 002 structure factor. 
Consequently, a bright contrast of the interfacial layer is ob- 
served under 002-type reflections as shown in Figs. 2(a) and 
2(b). On the other hand, the value of the 004 structure factor 
is increased by Te atoms and decreased by Ga vacancies, so 
that the value of the 004 structure factor of the interfacial 
layer is between that of GaAs and ZnSe as shown in Figs. 
2(c) and 2(d). Therefore, an interfacial layer of -3-4 mono- 
layers containing Ga2Te3-like chemical composition is sug- 
gested from Fig. 2. 

3. Interfacial layers in ZnSe/GaAs with Zn treatment 
on an As-stabilized GaAs-(2x4) surface 

Figure 3 shows TEM (a) 002, (b) 002, and (c) 004 dark 
field images for a sample with 1 min Zn treatment of an 
As-stabilized GaAs-(2X4). Under the 002-type reflections, a 
sharp interfacial transition layer of —2 monolayers was ob- 
served along the ZnSe/GaAs interface. In Figs. 3(a) and 3(b), 

the contrast of the interfacial layer reverses sign with the 
change in the sign of the 002-type reflection vectors, indicat- 
ing that the value of the 002 structure factor of the interfacial 
layer is between that of the ZnSe film and the GaAs sub- 
strate. In addition, under 004-type reflections of TEM dark 
field images, this interfacial layer remains in dark contrast 
indicating a smaller 004 structure factor of the interfacial 
layer than that of either ZnSe film or GaAs substrate [see 
Fig. 3(c)]. Therefore, the interfacial layer observed in Fig. 3 
has a 002 structure factor between that of ZnSe and GaAs 
and a smaller 004 structure factor than that of either ZnSe 
film or GaAs substrate. In this fashion, by comparing the 
atomic scattering factors among Ga, As, Zn, and Se, an in- 
terfacial layer containing a majority of Zn-As interfacial 
layer of -2 monolayers is suggested by the TEM observa- 
tion. In contrast to the samples grown on Se-exposed GaAs- 
(4X6) with 4 monolayers of Ga2Se3-like interfacial layers, 
there is no significant atomic interdiffusion in samples grown 
on Zn-exposed GaAs-(2X4). From a previous study of Zn 
preadsorption on GaAs-(2X4) at 290 °C,29 however, the Zn 
coverage on the order of 0.1 monolayer rather than a full Zn 
termination is suggested by x-ray photoemission spectros- 
copy. 

4. Interfacial layers in ZnSe/GaAs with Zn treatment 
on the As-rich GaAs-c(4x4) with and without 
thermal annealing 

Figure 4(a) shows a TEM 002 dark field image of ZnSe/ 
GaAs with 1 min Zn exposure on an As-rich GaAs-c(4X4) 
prior to the growth of the ZnSe film. The same bright and 
dark diffraction contrasts of the interfacial layer were ob- 
tained under 002- and 004-type reflections for samples 
grown on Zn-exposed GaAs-(2X4) and -c(4X4). However, a 
thicker Zn-As interfacial layer of —3-4 monolayers was 
obtained in samples grown on Zn-exposed GaAs-c(4X4) as 
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shown in Fig. 4(a). The surface of the As-stabilized GaAs- 
(2X4) and -c(4X4) epilayers are known to exist as single and 
double As-terminated layers, respectively.25 In addition, the 

C(4X4) surface reconstruction became (2X2)-like after 1 min 
of Zn exposure at 260 °C by RHEED observation. This in- 
dicates that Zn indeed reacted with the As-rich GaAs-c(4X4) 
and the ordered arrangement of the c(4X4) reconstruction 
had changed due to Zn exposure. This is consistent with the 
observation in Fig. 4(a) that Zn may interact with both top 
and bottom As layers on the surface of Zn-exposed GaAs- 

C(4X4) to form -3-4 monolayers of Zn-As interfacial 
layer. Figures 4(b) and 4(c) show TEM 002 and 002 dark 
field images obtained from ZnSe/GaAs samples with 10 min 
annealing at 400 °C and 30 min annealing at 440 °C on the 
Zn-exposed GaAs-c(4X4), respectively. In Fig. 4(b), a rough 
and diffusive contrast of the ZnSe/GaAs interfacial layer is 
obtained from a sample with 10 min of thermal annealing at 
400 °C on the Zn-exposed GaAs-c(4X4). Similar rough con- 
trast of the interfacial layer was obtained under 002- and 
004-type reflection conditions. The thickness of the Zn-As 
interfacial layer shown in Fig. 4(a) was reduced and became 
rough after 10 min thermal annealing at 400 °C. This sug- 
gests that the interaction between Zn and As atoms is re- 
duced; however, local clustering of the Zn-As interactive 
layers was taking place upon thermal annealing. 

On the other hand, very smooth and no clear contrast of 
the interfacial layer was obtained in a sample grown on a 
Zn-exposed GaAs-c(4X4) with 30 min of thermal annealing 
at 440 °C as shown in Fig. 4(c). The surface reconstruction 
of the GaAs surface after thermal annealing was (2X4) prior 
to the growth of the thin ZnSe film. In this case, a weaker 
contrast and much thinner thickness (—0-2 monolayers) of 
the interfacial layer is obtained than that of the interfacial 
layer obtained in samples grown on Zn-exposed GaAs-(2X4) 
and -c(4X4) without thermal annealing. This indicates that 
the chemical composition of the interfacial layer in Fig. 4(c) 
is a relatively intermixed layer containing Ga, As, Zn, and Se 
atoms. Similar diffraction contrasts were obtained in samples 
with different annealing times of —10-70 min at 440 °C. 

As shown in Fig. 4, the thicknesses of the Zn-As inter- 
active interfacial layers decreased due to thermal annealing 
on the Zn-exposed GaAs-c(4X4). The c(4X4) surface recon- 
struction of GaAs epilayer became (2X2)-like with 1 min of 
Zn exposure at 260 °C by RHEED observation. After ther- 
mal annealing, the surface reconstructions of GaAs-c(4X4) 
epilayers were changed to (2X3)- and then (2X4)-like under 
Zn exposure with annealing temperature at 400 and 440 °C, 
respectively. In this fashion, the (2X3)-like surface recon- 
struction is likely to be a transitional surface structure from 
the Zn-exposed As-rich GaAs-c(4X4) to GaAs-(2X4) during 
the desorption of surface excess As atoms by thermal anneal- 
ing. Therefore, the results in Figs. 4(a)-4(c) suggest that the 
interaction between Zn and the surface of GaAs-c(4X4) is 
decreased by thermal annealing, probably by decreasing the 
excess As coverage on the GaAs-c(4X4) surface. 
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FIG. 5. (a) Dependence of density of stacking faults on Se contamination or 
interaction with the GaAs surface, (b) TEM plan view 220 weak beam 
image of a sample with thermal annealing at 520 °C on a Se-exposed GaAs- 
(4X6). (c) A schematic diagram of the intrinsic- and extrinsic stacking 
faults. In (b) the vacancy loops are labeled V and the Shockley- and Frank- 
type stacking faults are labeled S and F, respectively. 

B. Distribution and structure of stacking faults in ZnSe 
grown on Se-exposed and -reacted GaAs 

1. Distribution of stacking faults 

Figure 5(a) shows a distribution of stacking faults in ZnSe 
films grown on Se-exposed GaAs surfaces with and without 
thermal annealing as indicated in the figure. In this figure, 
the horizontal axis represents different degrees of interaction 
between Se and GaAs surfaces. In Fig. 5(a), the densities of 
Shockley- and Frank-type stacking faults are of — 5X107 

/cm2 in samples with 1 min Se exposure of a Ga-rich GaAs- 
(4X6) surface. In addition, very high densities of Frank-type 
vacancy loops, Frank- and Shockley-type stacking faults of 
—5Xl08-lXl09/cm2 were generated as shown in Fig. 5(b) 
of a TEM plan-view image including the ZnSe/GaAs inter- 
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Glue 

FIG. 6. HR TEM image of a very thin ZnSe film (~ 5-9 monolayers) grown 
on Se-exposed GaAs-(4x6). In this figure, the island growth mode of the 
ZnSe film is clearly recognized. 

face. In this case, thermal annealing at 520 °C was applied to 
the Se-exposed Ga-rich GaAs-(4X6) surface to desorb As 
atoms near the GaAs surface and increase the degree of in- 
teraction between Se and GaAs surface. TEM 002- and 004- 
type reflections were used to study the chemical composition 
of the ZnSe/GaAs interfaces. No difference in contrast and 
thickness of the interfacial layer of ~ 2 monolayers from 
TEM observation was recognized in samples with 1 min Zn 
and 5 s Se exposure on the As-stabilized GaAs-(2X4) sur- 
faces (see Fig. 3). However, a Ga2Se3-like interfacial layer 
of ~4 monolayers was identified in samples grown on Se- 
exposed GaAs-(4X6) surfaces with and without thermal an- 
nealing (see Fig. 1). In contrast to the low defect density in 
samples grown on Zn-exposed As-stabilized GaAs-(2X4) 
surfaces, the densities of Shockley- and Frank-type stacking 
faults increase as the degree of interaction between Se and 
GaAs surface increases as shown in Fig. 5(a). In samples 
grown on the Se-exposed or reacted- GaAs-(2Xl), spotty 
RHEED reconstructions were observed at the initial stages of 
ZnSe growth. This indicates that island growth mode of 
ZnSe films was taking place on the (2X1) Se-terminated 
GaAs surfaces. The island growth mode of ZnSe films is 
clearly observed (as shown in Fig. 6) as a cross-sectional 
HRTEM image. In Fig. 6, ~ 5-9 monolayers of ZnSe film is 
grown on the Se-exposed GaAs-(4X6) at a growth stage 
upon island coalescence. However, no stacking faults or 
other defects is observed at the boundaries among the ZnSe 
growth islands. 

2. Structure of Frank- and Shockley-type stacking 
faults from ZnSe/GaAs interface 

The glissile Shockley partial dislocations have Burgers 
vector on the {lll}-type slip planes of zinc-blende lattice. 
Thus, the Shockley partial dislocations can glide easily and 
become curved [see Fig. 5(b)] on the faulted plane of the 
stacking faults probably due to the lattice strain in ZnSe/ 
GaAs. On the other hand, the sessile Frank partial has a 
Burgers vector perpendicular to the {lll}-type slip planes, 
thus, the Frank partials cannot glide on the {11 l}-type faulted 
planes. Therefore, the Frank-type stacking faults are bound 
by a straight dislocation line as shown in Fig. 5(b). In Fig. 
5(b), the stacking faults bound by Shockley partial disloca- 
tions are labeled S. The fault planes of the Shockley-type 
stacking faults extend to the film's surface intersecting it by 
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FIG. 7. (a), (b) HRTEM images of an extrinsic- (labeled E) and (c) an 
intrinsic-type (labeled I) stacking faults obtained from a sample with a film 
grown on a Se-reacted GaAs surface, (a) and (b) were observed with elec- 
tron beam along (110) and (c) was obtained along (110). 

lines parallel to (110) direction as recognized by the elon- 
gated direction of etch pits from the back side of the TEM 
specimen. The nature and structure of the Shockley-type 
stacking fault is studied in the lattice resolution using HR- 
TEM observed along the (110) irradiated direction of elec- 
tron beam as shown in Figs. 7(a) and 7(b). In Fig. 7(a), the 
Shockley-type stacking fault originates from the ZnSe/GaAs 
interface and extends throughout the ZnSe film. In Fig. 7(b) 
of an enlarged HRTEM image of the stacking fault E, the 
extrinsic nature of the_ fault is clearly recognized with an 
additional (111) or (11 l)Jattice plane inserted between other 
close-packed (111) or (11 1) lattice planes in the ZnSe film. 
Formation of an extrinsic-type stacking fault in the zinc- 
blende structure involves the creation of a pair of 1/2{111} 
lattice planes (cation and anion lattice planes). This is recog- 
nized as shown in Fig. 7_(b^of the extrinsic-type defects with 
a pair of additional 1/2(111) interference lattice fringe at the 
stacking faults E. 

Other kinds of stacking faults [labeled F in Fig. 5(b)] 
obtained in samples grown on Se-exposed or -reacted sur- 
faces of GaAs epilayers, were recognized as intrinsic Frank- 
type stacking faults lying on (111) or (ITT) planes by TEM 
bright field imaging of plan-view specimens and HRTEM 
observation. The fault planes of the Frank-type stacking 
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faults extend to the film's surface intersecting it by lines 
parallel to the (110) direction [see Fig. 5(b)]. Figure 7(c) is a 
(110) HRTEM image of the Frank-type stacking faults [la- 
beled F in Fig. 5(b)] observed along the (110) irradiated 
direction of the electron beam in TEM. In this figure, the 
stacking fault originates from the ZnSe/GaAs interface and 
the intrinsic nature of the Frank-type stacking fault is recog- 
nized with a slight decrease in spacing of the lattice fringe at 
the stacking fault I in Fig. 7(c). The density of Frank-type 
stacking faults is of~5Xl07/cm2 and 5=5Xl08/cm2 in 
samples grown on Se-exposed Ga-rich GaAs-(4X6) surfaces 
with and without thermal annealing, respectively. Thus, the 
intrinsic-type stacking fault_originates_ from the ZnSe/GaAs 
interface by removing a (111) or (111) plane containing Zn 
and Se atoms. 

Therefore, the Shockley-type stacking faults arejdentified 
as extrinsic-type defects lying on (111) and (111) planes. 
Since the zinc-blende structure is noncentrosymmetric, _the 
extrinsic-type stacking faults lying on (111) and (111) 
planes are bound by partial edge dislocations with a core 
structure terminated at additional cations. On the other hand, 
thejntrinsic Frank-type stacking faults lying on (111) or 
(TIT) are bound by partial edge dislocations with a core 
structure terminated on anions. A schematic diagram of the 
structures of the extrinsic- [labeled S in Fig. 5(b)] and 
intrinsic-type [labeled F in Fig. 5(b)] stacking faults bound 
by partial edge dislocations is proposed in Fig. 5(c).22 In this 
figure, the extrinsic-type Shockley partials have a core struc- 
ture with additional cations (such as cation interstitials), and 
the intrinsic Frank partials have a core structure with a lack 
of cations (such as cation vacancies). 

FIG. 8. (a) HRTEM image of a vacancy loop originating from the ZnSe/ 
GaAs interface, (b) A schematic diagram of the vacancy loop shown in (a). 
The intrinsic nature of the vacancy loop is shown by the double-head arrows 
in (a) and (b). 

3. Vacancy-loops generated due to thermal annealing 

Furthermore, a high density of tiny defects of s=109/cm2 

[labeled V in Fig. 5(b)] was generated in samples grown on 
Se-exposed Ga-rich GaAs-(4X6) surfaces with thermal an- 
nealing at 520 °C. However, no such kind of tiny defect was 
found in samples grown on Se-exposed GaAs-(4X6) without 
thermal annealing. In TEM dark field images (not shown), 
the diffraction vector points toward a bright lobe of these 
tiny defects, indicating the intrinsic characteristic of these 
tiny Frank-type loops.30 Figures 8(a) and 8(b) show a HR- 
TEM image and a schematic diagram of a vacancy loop ob- 
tained in a sample grown on a Se-reacted Ga-rich GaAs- 
(4X6) surface with thermal annealing at 520 °C. In Fig. 8(a), 
the tiny defect originates at an area near the ZnSe/GaAs in- 
terface and extends along {lll}-type planes with dimension 
of —10-12 nm within the ZnSe film. The intrinsic nature of 
the vacancy loops is recognized by the positions of horizon- 
tal (002) atomic lattice fringes in Fig. 8(a). In this figure, the 
(002) atomic lattice fringes between the fault planes of the 
vacancy loop have positions slightly below the positions of 
the (002) lattice fringes near the vacancy loop as indicated by 
the double-head arrows. A schematic diagram of the vacancy 
loop observed in Fig. 8(a) is shown in Fig. 8(b) with missing 
atoms on {111} planes. 

C. Distribution and structure of stacking faults in ZnSe 
grown on Zn-exposed As-terminated GaAs 

1. Distribution of stacking faults and precipitates 
from ZnSe/GaAs interface 

Figure 9(a) shows the distribution of stacking faults in 
ZnSe films as a function of surface stoichiometry of As- 
terminated GaAs surface. In this figure, a very low density of 
stacking faults in the range of ~104/cm2 was obtained in 
samples with 1 min Zn treatment on an As-stabilized GaAs- 
(2X4) surface. However, the densities of stacking faults and 
precipitates increase as the surface coverage of c(4X4) re- 
construction increased on the As-stabilized GaAs-(2X4) sur- 
face. Figure" 9(b) show a TEM plan-view image obtained 
from a sample with a ZnSe film grown on an As-rich GaAs- 
C(4X4) surface. In contrast to the low defect densities in 
samples with ZnSe films grown on As-stabilized GaAs- 
(2X4) epilayers, a very high density of tiny defects (12—15 
nm) of 3=5X 109/cm2 [labeled P in Fig. 9(b)] was obtained in 
samples grown on an As-rich GaAs-c(4X4) surface [see Fig. 
9(a)]. In addition, a high density of stacking faults bound by 
Shockley partials of ~ 1 X 109/cm2 [labeled S in Fig. 9(b)] 
was obtained in the samples grown on the As-rich GaAs- 
c(4X4) surfaces. 
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FIG. 9. (a) Dependence of the densities of As precipitates and Shockley-type 
stacking faults on the coverage of As-terminated GaAs surface. Zn passiva- 
tion was applied to the As-terminated GaAs surfaces prior to the growth of 
the films, (b) TEM 220 weak beam image and (c) a schematic diagram of 
the defects obtained from a sample with Zn exposure on a As-rich GaAs- 
c(4x4) surface. 

2. Structure of stacking faults and precipitates 

As the stacking faults are labeled S in Fig. 5(b) and E in 
Fig. 7(b), the Shockley-type stacking faults S in Fig. 9(b) are 
intrinsic defects and originate from the ZnSe/GaAs interface. 
Thus, these stacking faults are identified as extrinsic-type 
defects lying on (111) and (111) planes. On the other hand, 
a high density of tiny defects [labeled P in Fig. 9(b)] was 
generated in samples grown on Zn-exposed GaAs-c(4X4). In 
TEM 220-type plan-view images [see Fig. 9(b)], there is a 
line of zero contrast crossing these tiny defect with a direc- 
tion normal to the operated (220) or (220) two-beam. Thus, 
these tiny defects have a symmetrical strain field (or struc- 
ture) with respect to the (110) and (110) directions. A sehe- 
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FIG. 10. (a) HRTEM image of a precipitate originating from the ZnSe/GaAs 
interface. The precipitation is marked by arrowheads with an additional row 
of lattice fringes inserted between the 1/2{111} interference fringes, (b) A 
schematic diagram of the precipitate shown in (a). The extrinsic nature of 
the precipitate is shown by the double-head arrows in (a) and (b). 

matic diagram of the crystalline defects generated in samples 
with 1 min Zn exposure of an As-rich GaAs-(4X4) surface is 
proposed as shown in Fig. 9(c).22 

3. Atomic lattice resolution of the As precipitates 

Figures 10(a) and 10(b) show a HRTEM image and a 
schematic diagram of a tiny defect labeled P in Fig. 9(b). In 
Fig. 10(a), the atomic lattice fringes with half the period of 
the {111} planes are clearly resolved at and near the tiny 
defect. This additional intensity variation in the_lattice image 
is induced by the interference between the (ill) and (III) 
diffracted beams.31 The interference 1/2{111} lattice fringes 
may form due to a difference of extinction distances or strain 
field at areas around the tiny defect as shown in Fig. 10(a). 
These 1/2(111} lattice fringes allow for the possibility of 
resolving the defect structure with a space resolution corre- 
sponding to individual 1/2(111} cation and anion lattice 
planes. In Fig. 10(a) the tiny defect also originates from the 
ZnSe/GaAs interface with an additional row of 1/2(111} 
atomic lattice fringe inserted between different 1/2(111} 
planes, as indicated by the arrowheads shown in Fig. 10(a). 
This indicates the extrinsic nature of the tiny defect which is 
formed by inserting only an extra row of anions or cations, 
but not in both. A schematic diagram of the tiny defect is 
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shown in Fig. 10(b). Due to the additional atoms inserted 
along the {111}-type planes (precipitation), the horizontal 
(002) atomic lattice fringes between the fault planes of the 
tiny defect (precipitate) have positions slightly above the po- 
sitions of the (002) lattice fringes near the precipitate, as 
indicated by the double-head arrows shown in Fig. 10. 

The extrinsic tiny defects shown in Figs. 9(b) and 10 are 
likely to be As precipitates due to the local nonstoichiometric 
arrangement near the ZnSe/GaAs interface: 

(1) The precipitates are extrinsic Frank-type dislocation 
loops (see Fig. 10) with an additional 1/2{111} plane inserted 
in the film and located near the ZnSe/GaAs interface. Thus, 
they are formed due to clustering and interdiffusion of excess 
atoms from ZnSe/GaAs interface after the growth of the 
ZnSe films. 

(ii) These tiny defects were observed only in samples with 
1 min Zn exposure of a GaAs-c(4X4), but not a GaAs-(2 
X4), As-rich GaAs surface [see Fig. 9(a)]. In addition, the 
density of precipitates increases as the surface As coverage 
of c(4X4) reconstruction increases. The surfaces of the As- 
rich GaAs-(2X4) and -c(4X4) epilayers are known to exist 
as single and double As-stabilized layers, respectively.25 

(iii) The density of the precipitates decreased due to ther- 
mal annealing at 440 °C (described in Sec. Ill D). In this 
case, excess As atoms on GaAs-c(4X4) surface may be de- 
sorbed during thermal annealing (see Fig. 4). 

(iv) Furthermore, only extrinsic Shockley-type stacking 
faults, but not the precipitates, are observed in the films 
grown on Zn-exposed As-stabilized GaAs-(2X4) under Zn- 
and Se-rich growth conditions.17 This indicates that excess 
Zn and Se on the GaAs surface under Zn- and Se-rich growth 
conditions, respectively, may contribute to the formation of 
stacking faults extending throughout the films, but not the 
Frank-type dislocation loops (precipitates) buried near the 
ZnSe/GaAs interface. 

Therefore, it is likely that the tiny defects (Frank-type 
dislocation loops) near the ZnSe/GaAs interface, as shown in 
Figs. 9(b) and 10, are mainly As precipitates formed due to 
clustering and diffusion of excess As atoms from ZnSe/GaAs 
interface after the growth of the films on the Zn-exposed 
GaAs-c(4X4). The size of the As precipitates is of ~ 15 nm 
lying on {11 l}-type planes. If we assume that these As pre- 
cipitates with a zinc-blende stacking (see Fig. 10) have a 
lattice constant close to that of ZnSe, there are ~ 5 X 103 As 
atoms per precipitate. The density of the As precipitates is in 
the range of ^1010/cm2 in samples grown on Zn-exposed 
GaAs-c(4X4). Thus, there are S=5X1013 As atoms/cm2 dif- 
fusing from the interface after the growth of the ZnSe film on 
the Zn-exposed GaAs-c(4X4) epilayer. The atomic density 
on (001) ZnSe or GaAs surface is of ~5X 1014 atoms/cm2. 
There are approximately 3» 0.1 monolayer of As atoms 
which contribute to the formation of As precipitates. 

D. Dependence of defect density in ZnSe/GaAs on 
thermal annealing 
1. Effect of thermal annealing on defect generation in 
ZnSe grown on Te-exposed GaAs-(2x4) 

Figure 11 shows a distribution of defects obtained in 
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FIG. 11. Distribution (or densities) of stacking faults in samples grown on 
Te-exposed GaAs with thermal annealing at different temperature (260- 
500 °C). A low density of fault defects obtained in a sample grown on a 1 
min Zn- and then 1 min Te-exposed GaAs-(2x4) at 260 °C is added in this 
figure for comparison. 

samples grown on Te-exposed GaAs-(2X4) with and without 
thermal annealing. Very streaky RHEED intensity oscilla- 
tions were observed right after the growth of the ZnSe films 
on the Te-exposed GaAs.26 This indicates that relatively 
layer-by-layer growth of ZnSe film was taking place on the 
Te-exposed GaAs. However, both Frank- and Shockley-type 
stacking faults with defect densities of —5X107- 
1X 109/cm2 were observed in samples grown on Te-exposed 
GaAs surface with and without thermal annealing (see Fig. 
11). In Fig. 11, the density of the stacking faults in ZnSe/ 
GaAs increases as the temperature of thermal annealing on 
the Te-exposed GaAs increased. In addition, a high density 
of vacancy loops was generated in samples grown on 1-2 
min thermal annealing at 400 and 500 °C of the Te-exposed 
GaAs. In Fig. 11, the density of the defects increases as the 
interaction between Te atoms and GaAs surface increases by 
increasing the annealing temperature. However, the interac- 
tion between Te atoms and the GaAs surface was prevented 
by Zn treatment on the GaAs-(2X4) at 260 °C prior to the Te 
exposure as shown in Fig. 11. In this case, the density of 
stacking faults is in the range of «£ 106/cm2 with 1 min of 
Zn and then Te exposed on the GaAs-(2X4) prior to the 
growth of the ZnSe films. Therefore, the generation of the 
fault defect is greatly dependent on the interaction between 
group II (Se and Te) atoms and the GaAs surface as shown in 
Figs. 5(a) and 11. This interaction can be greatly prevented 
by Zn treatment on the GaAs-(2X4) prior to the growth of 
the films with a very low density of the fault defects [see 
Figs. 9(a) and 11]. 

2. Effect of surface thermal annealing on defect 
generation in ZnSe grown on Zn-exposed GaAs- 
c(4x4) 

Figure 12 shows a distribution of stacking faults in 
samples grown on Zn-exposed GaAs-c(4X4) without and 
with thermal annealing at 400 and 440 °C. The Zn shutter 
was opened during the thermal annealing to prevent possible 
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FIG. 12. Distribution (or densities) of stacking faults in samples grown on 
Zn-exposed GaAs-c(4x4) with 10 min of thermal annealing at 400 °C and 
5-70 min of thermal annealing at 440 °C. Also, the defect density in a 
sample grown on Zn-exposed GaAs-c(4X4) at 260 °C without any thermal 
annealing is added in the figure for comparison. 

contamination by Se atoms. In this figure, high densities of 
stacking faults (3=5X 108/cm2) and As precipitates 
(5s5X 109/cm2) were generated in samples grown on Zn- 
exposed GaAs-c(4X4) without thermal annealing. The den- 
sities of stacking faults and precipitates decreased in samples 
grown on Zn-exposed GaAs-c(4X4) with 10 min thermal 
annealing at 400 °C (see Fig. 12). Furthermore, the density 
of the stacking faults is greatly reduced in samples with 
5-70 min of thermal annealing under Zn exposure on the 
Zn-exposed GaAs-c(4X4) prior to the growth of the ZnSe 
films. In these samples, no precipitates or vacancies were 
found by TEM and the density of the As precipitates is very 
low. It is known that the desorption temperature of excess As 
on GaAs-c(4X4) surface is of ^400 °C.18 In our case, the 
densities of the stacking faults and precipitates were greatly 
reduced due to thermal annealing at 440 °C on the Zn- 
exposed As-rich GaAs-c(4X4). In addition, the results in 
Figs. 4(a)-4(c) suggest that the interaction between Zn and 
the surface of GaAs-c(4X4) and the thickness of the Zn-As 
interactive layer is decreased by thermal annealing at 440 
and 440 °C probably by decreasing the As coverage on the 
GaAs surface [see Figs. 4(a)-4(c)]. Therefore, these results 
suggest that the density of the crystalline defects is greatly 
dependent on the interaction between Zn and excess As at- 
oms on the GaAs surface. 

E. Interface chemistry vs defect generation 

1. Defect generation in ZnSe/GaAs due to Se or Te 
interaction with GaAs surface 

As shown in Figs. 5(a), both intrinsic- and extrinsic-type 
fault defects with densities of ~5Xl07/cm2 were generated 
from the ZnSe/GaAs interfaces in samples grown on Se- 
exposed Ga-rich GaAs-(4X6) surfaces. In addition, high 
densities of vacancy loops (2= 1 X 109/cm2), intrinsic Frank- 
type (~5Xl08/cm2), and extrinsic Shockley-type stacking 
faults (~lxl09/cm2) were generated in the samples with 

1-2 min of annealing at 520 °C of a Se-exposed Ga-rich 
GaAs-(4X6) [see Fig. 5(a)]. Therefore, thermal annealing at 
520 °C induced additional vacancies (vacancy loops and 
intrinsic-type stacking faults) and extrinsic-type stacking 
faults with cation-terminated dislocation cores (see Fig. 5). 
In these samples, an ~ 4 monolayers of Ga2Se3-like interfa- 
cial layer was obtained as shown in Fig. 1. At the initial 
stages of growth, an island growth mode of the ZnSe film 
took place on the Se-exposed or -reacted GaAs surface sug- 
gested by RHEED observation and HRTEM imaging of the 
ZnSe/GaAs as shown in Fig. 6. On the other hand, similar 
distribution and the same kind of fault defects were also 
obtained in samples grown on Te-exposed GaAs-(2X4) with 
and without thermal annealing (see Fig. 11). The densities of 
Frank- and Shockley-type stacking faults are of —5X107/ 
cm2 in both samples grown on Se- and Te-exposed GaAs 
surfaces at 260 °C and the densities of intrinsic- and 
extrinsic-type staking faults increase as a function of anneal- 
ing temperature. In both cases, 3-4 monolayers of Ga2Se3- 
and Ga2Te3-like interfacial layers are found in samples 
grown on Se- and Te-exposed GaAs surfaces, respectively 
(see Figs. 1 and 2). However, in contrast to the island growth 
mode of ZnSe grown on Se-exposed GaAs-(4X6) (see Fig. 
6), a layer-by-layer growth mode of the ZnSe films took 
place with films grown on Te-exposed GaAs surfaces. There- 
fore, these results suggest that the generation of the fault 
defect in ZnSe/GaAs is greatly dependent on the interaction 
between Se or Te atoms with the GaAs surface. In addition, 
the growth mode of ZnSe film may not have a direct corre- 
lation with the generation of fault defects in ZnSe/GaAs. 

In samples without thermal annealing, formation of 
Ga2Se3- or Ga2Te3-like interfacial layers may be associated 
with the replacement of As by Se or Te interdiffusion near 
GaAs surface to form 3-4 monolayers of Ga-Se or Ga-Te 
interfacial layers with Ga vacancies in the zinc-blende struc- 
ture (see Figs. 1 and 2). In both cases, the densities of 
intrinsic- and extrinsic-type defects increased due to thermal 
annealing (see Figs. 5 and 11). In annealed samples, the gen- 
eration of additional Ga vacancies may be associated with 
the formation of additional Ga interstitials on the GaAs sur- 
face. Unlike the As atoms on the GaAs surface, the surface 
Ga interstitials may not desorb easily from the GaAs surface 
even at the annealing temperature of ~ 520 °C. Stacking 
errors due to excess Ga interstitials on the GaAs surface may 
have provided the nucleation sites of extrinsic-type stacking 
faults after the growth of ZnSe film. Extrinsic and intrinsic 
stacking faults can be generated from interstitials and vacan- 
cies on GaAs surface, respectively, by repeating the same 
stacking errors on these point defects on different {111} 
planes during the growth of ZnSe films. Therefore, the gen- 
eration of extrinsic cation-terminated Shockley and intrinsic 
anion-terminated Frank partials may be related to the forma- 
tion of Ga interstitials and vacancies, respectively, due to the 
interaction between Se or Te atoms and the GaAs surface 
[see Figs. 5(a) and 11]. This speculation is supported by 
thermal annealing of the Se- and Te-exposed GaAs. The in- 
teraction between Ga and Se or Te (or replacement of As by 
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Se or Te atoms) and desorption of surface As atoms is en- 
hanced by thermal annealing. This induces an increase on the 
nucleation sites (cation vacancies and interstitials) for the 
generation of high densities of vacancy loops, intrinsic 
Frank-, and extrinsic Shockley-type stacking faults [see Fig. 
5(a) and 11]. 

2. Defect generation in ZnSe/GaAs due to Zn 
exposure on the GaAs-c(4x4) surface 

A majority of a Zn-As interfacial layer was obtained in 
samples with 1 min Zn exposure on both (2X4) and c(4X4) 
As-stabilized GaAs surfaces [see Figs. 3 and 4(a)]. However, 
~ 2 and 3-4 monolayers of Zn-As interfacial layers were 
obtained in samples grown on Zn-exposed GaAs-(2X4) and 
-C(4X4), respectively. In Fig. 9(a), the density of precipitates 
increases as the increase on surface As coverage of c(4X4) 
reconstruction on the As-stabilized GaAs-(2X4) surface and 
associates with an increase in the density of extrinsic-type 
stacking faults bound by partial edge dislocations with a core 
structure terminated on additional cations (such as Zn inter- 
stitials). In addition, the thickness of the Zn-As interfacial 
layers is decreased due to thermal annealing at 400 and 
440 °C on the Zn-exposed GaAs-c(4X4) (see Fig. 4). The 
densities of stacking faults and precipitates decreased as the 
thickness of this interactive layer decreased by thermal an- 
nealing [see Figs. 4 and 9(a)]. Therefore, it is likely that the 
density of stacking faults and As precipitates increased as the 
interaction between Zn and excess As atoms increased. 

Due to the different nature in structure between the Frank- 
type tiny precipitates and Shockley-type stacking faults, we 
believed that the origins of nucleating these defects are dif- 
ferent. The As precipitates were inclined to GaAs and buried 
in ZnSe as shown in Figs. 9(b) and 10, thus, we believed that 
they were introduced by interdiffusion of excess As along 
{111} planes from the ZnSe/GaAs interface during the 
growth of the ZnSe film. Therefore, it is likely that local 
clustering of As atoms and formation of Zn interstitials took 
place on a Zn-exposed As-excess GaAs-c(4X4) surface. 
These local nonstoichiometric arrangements on the GaAs 
surface may provide the nucleation sites of precipitates and 
extrinsic-type stacking faults. The interaction between Zn 
and excess As (clustering of As atoms and formation of Zn 
interstitials) is reduced by thermal annealing with a decrease 
in the amount of excess As on the GaAs-c(4X4) surface (see 
Figs. 4 and 12). In contrast to the high defect density in 
samples grown on annealed Se-exposed GaAs-(4X6), the 
density of stacking faults and precipitates is greatly reduced 
in samples grown on Zn-exposed GaAs-c(4X4) with thermal 
annealing at 440 °C. 

3. Origins of stacking faults from ZnSe/GaAs 
interface 

As shown in Figs. 1 and 2 obtained from samples grown 
on Se- and Te-exposed GaAs, 3-4 monolayers of Ga2Se3- 
and Ga2Te3-like interfacial layers formed due to the interac- 
tion between Se or Te and the GaAs surfaces. This interac- 
tion is enhanced by thermal annealing of the Se- or Te- 

exposed GaAs, so that the densities of defects increase (see 
Figs. 5(a) and 11). In addition, a high density of vacancy 
loops was generated due to thermal annealing in samples 
with Se- or Te-reacted interface. To form the 3-4 monolay- 
ers of Ga2Se3- or Ga2Te3-like interfacial layer, the formation 
of Ga vacancies may associate with the generation of Ga 
interstitials locally by a dissociative diffusion mechanism on 
the surfaces of the Se- or Te-exposed GaAs as is the case of 
heavily Se-doped GaAs.32 Since the lattice mismatch be- 
tween ZnSe and GaAs is relatively small (~ 0.27%), the 
heterovalancy of the ZnSe/GaAs interface may play a main 
driving force in the generation of the vacancies or intersti- 
tials. For instance, a Ga-Se or Ga-Te bonding may intro- 
duce 1/4 of an extra electron for the interaction between Se 
or Te atoms and the GaAs surface. Thus, formation of a 
Ga2Se3- or Ga2Te3-like interfacial layer is a relatively stable 
structure to balance the additional electrons due to Ga-Se or 
Ga-Te bondings. However, the interaction driven by the 
charge unbalance of Ga-Se or Ga-Te bondings may also 
associate with the formation of Ga vacancies and Ga inter- 
stitials due to the local misarrangement upon the formation 
of the Ga2Se3- or Ga2Te3-like interfacial layer. Conse- 
quently, intrinsic- and extrinsic-type stacking faults formed 
by following the same stacking sequence on these local 
stacking errors (see Fig. 5). 

On the other hand, existence of ~ 2 and 3-4 monolayers 
of Zn-As interfacial layers were obtained in samples grown 
on Zn-exposed GaAs-(2X4) and c(4X4), respectively [see 
Figs. 3 and 4(a)]. In Zn-exposed GaAs-c(4X4), the top As 
layer on the GaAs-c(4X4) surface is probably replaced (or 
clustering) due to Zn exposure in order to form the 3-4 
monolayers of Zn-As interfacial layer. In the case of 
samples grown on Zn-exposed As-terminated GaAs, the den- 
sity of stacking faults and As precipitates increases as the 
interaction between Zn and excess As increases [see Fig. 
9(a)]. During this interaction between Zn and excess As at- 
oms, the Zn-As bondings may form with kicking the top 
surface of As by Zn atoms with the formation of local As 
interstitials or clustering on the GaAs surface such as the 
kick-out diffusion mechanism of Zn diffusion in GaAs.33 

However, the formation of the Zn-As bondings with a lack 
of electrons may provide a driving force for the generation of 
cation interstitials (such as Zn interstitials) for the charge 
balance on the GaAs surface. Therefore, clustering of excess 
As and formation of Zn interstitials on the GaAs surface 
takes place due to Zn exposure on the GaAs-c(4X4). These 
local clustering and stacking errors on the GaAs surfaces 
may act as nucleation sites for the generation of As precipi- 
tates and extrinsic-type stacking faults, respectively, after the 
growth of the ZnSe films. The interaction between Zn and 
excess As was decreased by thermal annealing with the de- 
crease in As coverage on the GaAs surface and the thickness 
of the Zn-As interactive interfacial layers (see Fig. 4). In 
this case, a very low density of fault defects and a very 
smooth and very thin (close to intermixed) interfacial layer is 
obtained in samples grown on Zn-exposed GaAs-c(4X4) 
with 10-70 min thermal annealing at 440 °C [see Figs. 4(c) 
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and 12]. In this case, the interfacial layer has the chemical 
composition containing Ga, As, Zn, and Se, which may bal- 
ance the interface charge and result in a decrease in the de- 
fect density. Therefore, the local stacking errors due to the 
interaction (or the charge unbalance) between Zn and excess 
As is reduced by thermal annealing and a very low density of 
the fault defects is obtained (see Fig. 12). 

IV. CONCLUSIONS 

We have investigated the quality of ZnSe/GaAs as a func- 
tion of chemical and thermal preparation of GaAs surface to 
approach the origins for the generation of fault defects from 
the ZnSe/GaAs interface. Existence of 3-4 monolayers of 
Ga2Se3- and Ga2Te3-like interfacial layers is recognized un- 
der TEM 002- and 004-type reflection conditions in samples 
grown on Se- and Te-exposed GaAs surfaces with and with- 
out thermal annealing, respectively. Densities of extrinsic- 
and intrinsic-type stacking faults increased as the interaction 
between Se or Te atoms and GaAs surface increased by ther- 
mal annealing on the Se- or Te-exposed GaAs prior to the 
growth of the ZnSe films. In addition, a high density of va- 
cancy loops of 5ä5X108/cm2 was generated in samples 
grown on Se- or Te-exposed GaAs with an annealing tem- 
perature of 3= 400 °C. Formation of intrinsic stacking faults 
or vacancy loops and extrinsic stacking faults may be related 
to the presence of cation vacancies and interstitials, respec- 
tively, on the surface of the GaAs epilayer by repeating the 
same stacking errors on these point defects during growth of 
the films. The interaction between the Se or Te and GaAs 
surface is associated with the formation of Ga vacancies and 
Ga interstitials due to the local misarrangement driven by 
charge unbalanced Ga-Se or Ga-Te bondings upon the for- 
mation of the Ga2Se3- or Ga2Te3-like interfacial layer. This 
interaction is enhanced by thermal annealing with an in- 
crease of charge unbalanced Ga-Se or Ga-Te bondings on 
the GaAs surface. Consequently, this interaction induces an 
increase in the nucleation sites (cation vacancies and inter- 
stitials) on the Se-exposed GaAs surface for the generation 
of high densities of vacancy loops, intrinsic-, and extrinsic- 
type stacking faults. 

Existence of ~2 and 3-4 monolayers of Zn-As interfa- 
cial layers is suggested by TEM 002- and 004-type reflection 
images in samples grown on 1 min Zn exposure of As-rich 
GaAs-(2X4) and -c(4X4) surfaces, respectively. A very low 
density of stacking faults in the range of 104/cm2 was ob- 
tained in samples with Zn exposure on an As-stabilized 
GaAs-(2X4) surface. However, high densities of As precipi- 
tates and extrinsic-type stacking faults were generated from 
ZnSe/GaAs interface grown on As-rich GaAs-c(4X4) sur- 
faces. The density of As precipitates increases as the surface 
As coverage of c(4X4) reconstruction increased on the As- 
stabilized GaAs-(2X4) surface and is associated with an in- 
crease in the density of extrinsic-type stacking faults bound 
by partial edge dislocations with a core structure terminated 
on additional cations. The formation of the 3-4 monolayers 
of the Zn-As interfacial layer may be associated with the 

replacement or clustering of the top As due to Zn exposure 
on the GaAs-c(4X4). In this case, the formation of the 
Zn-As bondings with the lack of electrons may provide a 
driving force for the generation of cation interstitials (such as 
Zn interstitials) for the charge balance on the GaAs surface. 
Therefore, clustering of excess As atoms and formation of 
Zn interstitials on the GaAs surface may act as nucleation 
sites for the generation of the high densities of As precipi- 
tates and extrinsic-type stacking faults, respectively. The in- 
teraction between Zn and excess As on GaAs-c(4X4) is re- 
duced by thermal annealing with a decrease in the thickness 
of the Zn-As interactive interfacial layer and desorption of 
excess As atoms from the GaAs surface. The local stacking 
errors generated due to this charge unbalanced interaction is 
reduced by thermal annealing and a very low density of the 
fault defects is obtained. These results indicate the impor- 
tance on the desorption of excess As and prevention of Se 
contamination on an As-stabilized GaAs-(2X4) surface to 
obtain a high quality of ZnSe/GaAs. 
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We have studied growth mode and defect generation in heteroepitaxy of ZnSe on Te-terminated 
GaAs(OOl) surfaces. The high saturation coverage of Zn on Te-terminated GaAs enhances the 
layer-by-layer growth of ZnSe. However, high densities of faulted defects (~5X108/cm2) are 
generated in the ZnSe film. We have found that the generation of defects is not necessarily ascribed 
to an island growth mode, but is closely related to the formation of a vacancy-contained Ga-Te 
interface layer.   © 1997 American Vacuum Society. [S0734-211X(97)07604-X] 

I. INTRODUCTION 

Heterojunctions between different semiconductor materi- 
als hold significant potential for technological applications in 
devices. It is sufficiently understood that performance and 
reliability of a device strongly depend on the structural qual- 
ity of heterojunctions. A primary concern in obtaining high- 
quality heterojunctions is the growth mode of epitaxial lay- 
ers. Epitaxial growth has led to general classification into 
three growth modes; layer-by-layer (Frank-van der Merwe), 
islanding (Volmer-Wever), or layer-by-layer followed by is- 
landing (Stranski-Krastanov). Since the coalescence of is- 
lands is generally thought to lead to the generation of de- 
fects, the layer-by-layer growth mode has been desired. 

For heteroepitaxy of ZnSe on GaAs(OOl), there have been 
numerous studies showing that the density and type of de- 
fects in the film strongly depend on the initial growth 
mode.1"3 Among them, it is interesting to point out that Se 
and Te, both being the column VI elements, have the oppo- 
site effects on ZnSe growth. Island growth of ZnSe is caused 
by an initial exposure of the GaAs surface to a Se beam prior 
to the growth, giving rise to the generation of high densities 
of defects.1'2 On the other hand, Spann et al. recently re- 
ported that the termination of the GaAs surface with Te en- 
hances layer-by-layer growth of ZnSe, which, they claimed, 
improves the crystallinity of the ZnSe film.3 

The purpose of this article is (i) to study the growth mode 
of ZnSe on the Te-terminated GaAs surface, and (ii) to dis- 
cuss the correlation between the growth mode and defect 
generation in the ZnSe film. Layer-by-layer growth of ZnSe 
was confirmed by intensity oscillations in reflection high- 
energy electron diffraction (RHEED). We have clarified that 
the majority of Te atoms remain at the ZnSe/GaAs interface 
using high-resolution Rutherford backscattering spectros- 
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b'Also with National Institute for Advanced Interdisciplinary Research 
(NAIR), Tsukuba 305, Japan. 

c)Also with Institute for Materials Research, Tohoku University, Sendai 980, 
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copy (RBS) and reflectance difference spectroscopy (RDS). 
Transmission electron microscopy (TEM) observations have 
shown that high densities of faulted defects are generated in 
the ZnSe film grown on the Te-terminated surface, even 
when the growth proceeds in the layer-by-layer mode. 

II. EXPERIMENT 

The experiments were performed in a dual-chamber 
molecular-beam epitaxy (MBE) system equipped with in situ 
RDS, RHEED, x-ray photoelectron spectroscopy (XPS), and 
scanning tunneling microscopy apparatuses. A detailed de- 
scription of the experimental apparatuses used in this study 
has been given elsewhere.4'5 After growth of an undoped 
homoepitaxial layer (~0.5 /urn) on a thermally cleaned 
GaAs(OOl) substrate, the surface showed an As-stabilized 
(2X4) reconstruction, as confirmed by RHEED observations 
and RDS measurements.4 The sample was then transferred 
via ultrahigh vacuum transfer modules to another MBE 
chamber for a Te exposure followed by ZnSe growth. The 
sample was exposed to a Te beam with a beam-equivalent 
pressure (BEP) of 1.1 X 10"7 Torr for 60 s at 400 °C. The 
coverage of Te is estimated from the area of the Te 3p 1/2 and 
3p3/2 XPS peaks, after calibration using ex situ RBS mea- 
surements. Thin pseudomorphic ZnSe films (<1000 Ä) were 
grown on Te-terminated GaAs surfaces at 250 °C. The BEPs 
for Zn and Se were 4.0X 10"7 and 9.0X 10"7, respectively. 
The growth rate of ZnSe was 1.1 A/s under these conditions. 
For comparison, we performed ZnSe growth experiments on 
the Se-terminated surfaces prepared by exposure of Se on the 
GaAs surface for 60 s at 250 °C with and without subsequent 
thermal annealing at 520 °C. 

In RDS, the directly measured quantity is anisotropy in 
the complex reflectance AF/r=(F1f0-FI10)/F= Ar/r 
+ iA6, where F^Q and F110 are the near-normal-incidence 
complex reflectances for light linearly polarized along 
[110] and [110], respectively. Here, we present only the data 
in the form Ar/r = Re(AFF). RHEED patterns were taken 
along the (110) and (100) azimuth of GaAs(OOl) with an 
electron-beam energy of 10 keV. XPS measurements were 
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(A) before growth (A) before growth 

(B) 10 sec (B) 10 sec 

(C) 30 sec (C) 30 sec 

(a) Te-termination (b) Se-termination 

FIG. 1. A series of RHEED patterns taken along [110] azimuth of ZnSe 
films growing on the Te-terminated (a) and the Se-terminated (b) GaAs(OOl) 
surfaces, respectively. 

carried out by using monochromatic Al Ka radiation (1486.6 
eV). The samples were also characterized by TEM to assess 
the density and type of defects in ZnSe films and the inter- 
face layer of ZnSe/GaAs, and by high-resolution RBS to 
measure depth profiles of Te in ZnSe films. The high- 
resolution RBS measurements were performed with the sys- 
tem at Kyoto University.6 

III. RESULTS AND DISCUSSION 

A. Growth mode of ZnSe on Te-terminated GaAs 

When the GaAs(001)-(2X4) surface was exposed to the 
Te beam, the RHEED pattern changed to one exhibiting a 
(6X1) reconstruction [Fig. l(a)-A]. On the basis of XPS and 
RBS measurements, the Te coverage of the (6X1) surface is 
estimated to be -1.2 ML (1 ML=6.2X1014 atom/cm2), in 
agreement with previously reported results.7 

Figures 1(a) and 1(b) show a series of RHEED patterns 
taken along the [110] azimuth of the growing ZnSe films on 
the Te- and Se-terminated (without annealing) GaAs(OOl) 
surfaces, respectively. ZnSe grown on Te-terminated GaAs 
shows streaked RHEED patterns from the beginning of the 
growth [Fig. 1(a)], while those from ZnSe on Se-terminated 
GaAs consist of spots [Fig. 1 (b)]. Figure 2 shows a RHEED 
intensity oscillation profile observed while ZnSe is growing 
on Te-terminated GaAs. The glancing angle of the incident 
electron beam was approximately 1.6° (so-called off-Bragg 
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FIG. 2. RHEED intensity oscillations obtained along the [110] direction 
while ZnSe grows on Te-terminated GaAs. 

condition). Under such a condition, RHEED intensity is sen- 
sitive to surface roughness and growth modes. In Fig. 2, 
oscillations with a period corresponding to the bilayer 
growth of ZnSe(OOl) are observed. These results confirm 
that the Te- and Se-terminations of the initial surfaces result 
in a layer-by-layer growth mode and an island growth mode, 
respectively. 

Such an effect of the Te atoms on the growth mode of 
ZnSe reminds us what is known for so-called surfactant- 
mediated epitaxy. In surfactant-mediated epitaxy, an artifi- 
cially deposited surfactant material (e.g., As in Ge/Si) segre- 
gates to the growth front, promoting layer-by-layer growth.8 

In order to address the question as to whether Te segregates 
to the growth front to serve as a surfactant in this system, 
RBS measurements were performed. Figure 3 shows the 
high-resolution RB spectrum obtained for the ZnSe film 
(~90 Ä thick) grown on Te-terminated GaAs. The spectrum 
shows a well-defined peak at 315 keV, which corresponds to 
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FIG. 3. High-resolution RB spectrum obtained for the ZnSe film (90 Ä thick) 
grown on the Te-terminated GaAs(OOl) surface. 
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FIG. 4. The surface (a) and interface (b) contributions to the measured RD 
spectra. Also plotted in (a) and (b) are the results for growth on the Se- 
terminated surface (dotted curve). The spectra were obtained by using two 
RDS measurements at different film thicknesses, £,, and L2, labeled in the 
figure legend. Since the exposure of the Te-terminated surface to the Se 
beam alone can eliminate surface Te atoms (see the text), the RDS measure- 
ments were performed only under the Zn beam. 

the ions scattered from Te atoms remaining at the ZnSe/ 
GaAs interface. On the other hand, we could not obtain con- 
vincing evidence for the existence of Te at the ZnSe surface 
(~325 keV) and/or in the ZnSe film. The amount of Te at the 
interface is estimated to be —1.1 ML, which agrees with the 
Te coverage on the GaAs(001)-(6xl)-Te surface (-1.2 
ML). This means that the majority of Te atoms on the initial 
surface remain at the interface even after the ZnSe growth. 
Details of the RBS studies will be published elsewhere.9 

RDS measurements also confirmed that Te remains near 
the interface. Figures 4(a) and 4(b) show the RD spectra of 
the ZnSe surface and the ZnSe/GaAs interface, respectively, 
which were obtained by using the procedure developed by 
Yasuda et al.A In Figs. 4(a) and 4(b), the results for growth 
on Se-terminated GaAs (dotted curve) are also shown for 
comparison. The RD spectrum of the interface, Ar,-/r,- [Fig. 
4(b)] are significantly altered by Te, as indicated by arrows 
in Fig. 4(b). On the other hand, the surface RD spectrum, 
Ars/rs, [Fig. 4(a)] agrees well with that for Se termination. 
We have confirmed that the Te termination of the ZnSe(OOl) 
surface caused a dramatic change in the line shape of the 
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FIG. 5. (a) Te 3/?1/2 and 3/?3/2 photoemission spectra measured before (A) 
and after the Te-terminated GaAs(OOl) surface was exposed to the Se (B) 
and Zn (C) beams, (b) Zn 3py2 and 3p3/2 photoemission spectra measured 
after Zn exposure on the Te-terminated GaAs(OOl) (A) and GaAs(OOl)- 
(2X4) (B) surfaces. 

spectrum, as shown by the dashed-dotted curve in Fig. 4(a). 
Thus, the possibility of Te segregation at the ZnSe surface 
during the growth can be dismissed. From RBS and RDS 
results, we conclude that Te does not segregate to the growth 
front, but remains near the ZnSe/GaAs interface. 

B. Role of Te in the layer-by-layer growth of ZnSe 

Since Te does not segregate to the growth front, the role 
of Te in enhancing layer-by-layer growth is distinctly differ- 
ent from that for surfactant-mediated epitaxy; for example, 
InAs on Te-terminated GaAs(OOl) (Ref. 10) and Ge on Te- 
terminated Si(OOl).11 In order to clarify the role of Te at the 
initial stage of ZnSe growth, we performed ZnSe growth 
experiments after the Te-terminated surface was exposed to 
either the Se or the Zn beam at 250 °C. Figures 5(a)-A and 
5(a)-B show photoemission spectra measured before and af- 
ter the Se exposure on the Te-terminated GaAs surface, re- 
spectively. As is evident from Figs. 5(a)-A and 5(a)-B, in- 
tensities of the Te 3py2 and 3p3/2 peaks are decreased by Se 
exposure. This means that the majority of Te atoms are re- 
placed by Se. Indeed, our RBS measurements showed that 
—0.8 ML of Te was desorbed after Se exposure. This was 
also evidenced by the RDS measurement. Shown in a part of 
Fig. 6 is the RD spectrum for the Te-terminated surface 
(solid curve). Characteristic features for the Te-terminated 
surface disappeared upon Se exposure: the spectrum mea- 
sured after Se exposure (dashed-dotted curve) agrees well 
with that for the Se-terminated surface (dotted curve) in both 
line shape and intensity. In addition, the RHEED observation 
showed that the Se exposure transformed the surface recon- 
struction from the (6X1) to (2X1) characteristic of the Se- 
terminated GaAs(OOl) surface.4'12 These results are consis- 
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FIG. 6. RD spectra for the Te- and Se-terminated GaAs(OOl) surfaces. Also 
shown in the figure is the RD spectrum measured after the Te-terminated 
surface was exposed to the Se beam. 

tent with the result of first-principles pseudopotential 
calculations: Se is bonded stronger than Te to the GaAs 
surface.13 

As predicted from these results, our RHEED observations 
showed that the ZnSe growth initiated with Se exposure on 
Te-terminated GaAs proceeds in island formation, similar to 
the growth on Se-terminated GaAs [Fig. 1(b)]. In addition, 
our RBS measurements showed that only —0.3 ML of Te 
remains at the interface. These results stand in clear contrast 
to the result described in the preceding subsection, where the 
growth is initiated by simultaneous exposure of both Zn and 
Se beams: ZnSe grows in the layer-by-layer mode, and the 
majority of the Te atoms (—1.1 ML) remains at the interface. 
On the other hand, when the Te-terminated surface was ex- 
posed to the Zn beam, as shown in Fig. 5(a)-C, the Te 
3/71/2 and 3/73/2 intensities remained almost unchanged. Also, 
we have confirmed that the subsequent ZnSe growth pro- 
ceeds in the layer-by-layer mode, leaving —1.2 ML of Te at 
the interface. From these results, it appears likely that the 
layer-by-layer growth of ZnSe on the Te-terminated 
GaAs(OOl) surface begins with the adsorption of Zn. 

In addition, comparing carefully the Zn 3pm and 3/7 3/2 

intensities measured after Zn exposure on the Te-terminated 
GaAs surface [Fig. 5(b)-A] with those for the Zn-treated 
GaAs(001)-(2X4) surface [Fig. 5(b)-B], we found that the Te 
termination doubles the saturation coverage of Zn. On the 
other hand, our XPS measurements confirmed that Zn atoms 
are hardly adsorbed on the Se-terminated GaAs(001)-(2Xl) 
surface. Thus, we speculate that the high saturation coverage 
of Zn on Te-terminated GaAs increases the density of the 
two-dimensional nuclei of ZnSe, leading to layer-by-layer 
growth. 

C. Defect generation in ZnSe grown on Te-terminated 
GaAs 

Figure 7(a) shows a typical plan-view TEM image of the 
ZnSe film (—1000 A thick) grown on the Te-terminated 

•2<?8-.3 A , 

FIG. 7. (a) TEM plan-view 220 weak beam image of the ZnSe film grown on 
the Te-terminated GaAs(OOl) surface, (b) High-resolution TEM image of 
the ZnSe/GaAs interface formed on the Te-terminated GaAs surface. 

GaAs(OOl) surface. High densities of intrinsic Frank- and 
extrinsic Shockley-type partial dislocations [labeled F and S 
in Fig. 7(a), respectively] are observed. The densities of 
these defects are both —5 X 108/cm2. In addition, a very high 
density of Frank-type vacancy loops, marked by arrowheads 
in Fig. 7(a), is observed (> 1X 109/cm2). As shown in Table 
I, these densities are slightly higher than those in ZnSe films 
grown on the Se-terminated GaAs surface,14 and are much 
higher than those (< 1 X 104/cm2) obtained by the initial Zn 
exposure on the GaAs(001)-(2X4) surface.2'14'15 This means 
that the Te termination of the GaAs(OOl) surface is useless in 
suppressing the defect generation. 

The generation of high densities of defects in the ZnSe 
film grown on Te-terminated GaAs seems to disagree with 
the results of Spann et al.:3 they claimed that the Te termi- 
nation improves the crystalline quality of the ZnSe film on 
the basis of their high-resolution x-ray diffraction (XRD) 
measurements. However, they did not measure defect densi- 
ties. Although the degradation in crystallinity caused by an 
introduction of dislocations usually results in some peak 
broadening in the measured XRD profiles, XRD is less sen- 
sitive to the existence of microscopic defects, such as stack- 
ing faults. Considering that their XRD measurements were 
performed for pseuromorphic (dislocation-free) ZnSe films, 
it is possible that samples containing high densities of de- 
fects exhibit XRD profile with a narrow width. 

As mentioned in the introduction, islanding, which fre- 
quently occurs in heteroepitaxy, is often an undesirable 
growth mode, because it tends to degrade the crystalline 
quality of growing films. Thus, the ZnSe film grown in a 
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TABLE I. Density of faulted defects in ZnSe grown on the Te- and Se-terminated GaAs surfaces. 

1258 

Te Se termination Se termination 
termination (without annealing)" (with annealing)3 

Frank-type 5X108 5X107 1X108 

partial dislocations (/cm2) 
Shockley-type 5X108 5X107 5X108 

partial dislocations (/cm2) 
Frank-type >1X109 <5X104 1X109 

vacancy loops (/cm2) 

aSee Ref. 14. 

layer-by-layer mode on Te-terminated GaAs might be ex- 
pected to contain a low density of defects when compared to 
the case of Se termination (island growth). However, the 
present results clearly show that the generation of defects is 
not necessarily ascribed to the island growth mode. 

Shown in Fig. 7(b) is a high-resolution lattice image of 
the {110} cross-sectional sample, in which a layer with a 
width of about 4 ML is seen along the ZnSe/GaAs interface. 
Lattice fringes in Fig. 7(b) show a perfect coherency between 
the ZnSe and GaAs crystal lattices, indicating that a zinc- 
blende structure with a different structure factor is formed at 
the interface. Our scattering factor analysis on 002- and 004- 
type dark field images suggests that this layer is a Ga-Te 
compound containing cation vacancies.9 A known example 
of such a compound is Ga2Te3. 

From our TEM scattering factor analysis, no evidence of 
the existence of a Zn-Te interface layer can be suggested.9'16 

This seems reasonable by considering that the heat of the 
formation of Ga2Te3 and ZnTe are -65.7 kcal/mol (Ref. 17) 
and —24.9 kcal/mol,18 respectively. Here, it should be noted 
that our XPS results showed that ZnSe growth is initiated 
with the adsorption of Zn on the Te-terminated surface, as 
mentioned earlier. This means that the interface between 
ZnSe and Te-terminated GaAs is abrupt, namely, the uptake 
of Te in ZnSe is negligible. On the other hand, since the 
width of the Ga-Te layer is about 4 ML, it is likely that Te 
undergoes anion exchange down to a depth of ~4 ML into 
the GaAs substrate. This is in contrast to the work reported 
by Chambers and Sundaram,19 where the indiffusion of Te 
into subsurface layers of GaAs(OOl) was very limited. The 
reason for this discrepancy may be due to the different sur- 
face treatment: Chambers and Sundaram treated the GaAs 
surface with (C2H5)2Te by metal-organic chemical vapor 
deposition. 

It is known that a vacancy-contained Ga2Se3-like layer is 
formed at the interface on Se-terminated GaAs.20 Kuo and 
co-workers reported that such an interface layer is the source 
for the formation of stacking faults because it generates point 
defects such as vacancies, which locally form stacking errors 
at the interface.14'15 Cherns et al.2X recently reported that in 
the ZnTe/GaSb system vacancy-type defects arise owing to a 
supersaturation of vacancies generated in an interface 
Ga2Te3 phase. It is likely, therefore, that the generation of 
faulted defects in this system is closely associated with the 
formation of the vacancy-contained Ga-Te interface layer. 
In addition, we point out that the covalent radius of Te (1.32 

Ä) is larger than those of As (1.18 Ä) and Se (1.14 A).22 

Thus, the interface layers formed on GaAs would have larger 
stress for Te than Se, which may further induce the defect 
generation. 

IV. CONCLUSION 

We have systematically studied growth mode and defect 
generation in ZnSe heteroepitaxy on Te-terminated 
GaAs(OOl) surfaces. The ZnSe growth proceeds in the layer- 
by-layer mode, which is ascribed to the high saturation cov- 
erage of Zn on the Te-terminated GaAs surface. During the 
ZnSe growth, Te does not segregate to the growth front, but 
remains at the ZnSe/GaAs interface. The Te atoms at the 
interface form a vacancy-contained Ga-Te interface layer, 
which becomes the source for the generation of high densi- 
ties of faulted defects in the ZnSe film. 
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In situ photoemission and reflectance anisotropy spectroscopy studies 
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Structural and electronic properties of the clean InP(OOl) surface and the CdS/InP(001) interface 
were investigated by soft x-ray photoemission and reflectance anisotropy spectroscopy (RAS). 
Clean InP(OOl) (2X4) surfaces were prepared by desorption of a protective arsenic/phosphorus 
double capping layer, thereafter, CdS deposited by single source molecular beam epitaxy at a 
substrate temperature of 200 °C. Core-level and valence-band photoemission spectra, as well as the 
RAS data, were taken in situ. Core-level spectra show a disappearance of In 4d and P 2p surface 
core-level shifts and a chemical reaction between indium and sulphur upon CdS deposition. From 
valence-band spectra, a total valence-band offset of AEV = (0.75 ± 0.10) eV is derived, which 
corresponds to previous results of the CdS/InP(l 10) interface. After deposition of thin CdS layers, 
RAS spectra show strong features close to interband critical points of bulk InP due to surface 
roughening induced by the interface reaction. A feature around 5.3 eV, developing with higher 
coverage, indicates the formation of the metastable cubic phase of CdS as confirmed by additional 
Raman spectra.   © 1997 American Vacuum Society. [S0734-211X(97)11504-9] 

I. INTRODUCTION 

For technological applications of semiconductor hetero- 
structures, the knowledge of interface properties is of great 
importance. The combination of photoemission studies on 
the one hand and surface sensitive optical methods on the 
other hand is a very good tool to investigate the structural, 
chemical, and electronic properties of semiconductor hetero- 
junctions. The band discontinuities of heterojunctions are 
hereby key design parameters, since the valence- and 
conduction-band offsets, AEV and A£c, determine the 
transport and confinement properties at the interface. 

Recently, the CdS/InP(110) heterojunction has been well 
characterized. An interfacial reaction between indium and 
sulfur was observed by photoelectron spectroscopy and a 
valence-band offset of -0.77±0.1 eV was derived.1 CdS 
grows on the (110) surface of InP in the metastable cubic 
modification up to a layer thickness in the nanometer 
range.2'3 Investigations of the growth of CdS on the more 
technologically relevant clean InP(OOl) surface, however, are 
still missing. To understand the electronic properties of het- 
erostructures, it is of fundamental interest to determine the 
band offsets for different crystal orientations to investigate 
whether commutativity and transitivity rules for wide band- 
gap heterojunctions are valid.4 Comparison of (110) and 
(100) interfaces would yield information regarding the ef- 
fects of the orientation or interface reactions, which are ne- 
glected in these rules. 

*No proof corrections received from author prior to publication. 
"'Present address: TU Ilmenau, Inst. f. Physik, Pobox 100565, D-98684 

Ilmenau, Germany; Electronic mail: frosch@mail.physik.tu-berlin.dc 

II. EXPERIMENT 
The experiments were carried out with an angle-resolved 

photoelectron spectrometer (VG ADES 400) at the TGM 
2-beamline of the Berliner Elektronen-Speicherring- 
Gesellschaft für Synchrotronstrahlung storage ring in Berlin. 
All photoemission spectra were taken in normal emission 
with an overall resolution <0.2 eV at a photon energy of 55 
eV. A gold foil mounted in electrical contact with the sample 
was measured as an energy reference. In order to determine 
the energies of the core-level lines and the valence-band 
maximum with respect to the Fermi energy £,■, spectra were 
recorded from a gold foil mounted in electrical contact with 
the sample. The ultrahigh vacuum chamber (base pressure: 
1 X 10"8 Pa) was also equipped with a low-energy electron 
diffraction (LEED) optics and a strain-free window for the 
reflectance anisotropy spectroscopy (RAS) measurements. 
The setup of the RAS is described in detail elsewhere.5 

The InP(OOl) surfaces were prepared by thermal desorp- 
tion of a protective arsenic/phosphorus sandwich layer. This 
procedure was controlled by quadrupole mass spectroscopy 
and the pressure of the chamber. To avoid contaminations on 
the clean surface due to the annealing procedure, a molybde- 
num sample holder was used. First, the arsenic layer is des- 
orbed at a temperature of 550 K, at 590 K the phosphorous 
layer desorbs. CdS layers were deposited onto the clean 
InP(OOl) surface from CdS powder in a single Knudsen cell 
at a crucible temperature of 720 K. The sample temperature 
was 470 K. 

III. RESULTS AND DISCUSSION 

A. Growth of CdS on lnP(001) 

After desorption of the protective arsenic/phosphorous 
sandwich layer, the clean InP(OOl) surface forms a well- 
ordered (2X4) reconstruction as observed by LEED. The 
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FIG. 1. Photoelectron spectra of the P 2p level of the clean and CdS covered 
InP(OOl) surface, recorded with a photon energy of 170 eV. For both spec- 
tra, the residual is shown at the bottom. 
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FIG. 2. Photoelectron spectra of the In 4d level of the clean and CdS cov- 
ered InP(OOl) surface, recorded with a photon energy of 55.5 eV. 

RAS spectra show a typical line-shape characteristic for the 
(2X4) surface, as observed before.6 Photoemission spectra of 
the clean InP surface were taken for different photon ener- 
gies. Curve fitting using Voigt functions is used to decom- 
pose the spectra into their components. In the case of the P 
2p peak, we found a surface core-level emission shifted by 
0.36 eV towards lower binding energies with respect to the 
bulk emission line, as shown in Fig. 1. However, the Gauss- 
ian width of the spectrum is much larger than that of the P 
2p spectrum of the phosphorous cap after desorption of the 
arsenic layer. This shows the presence of a local work- 
function variation at the surface. In the case of In Ad (Fig. 2), 
three components are required to reproduce the spectra. 
Thus, we obtain two components besides the bulk emission 
line, one shifted to higher (+0.38 eV) and one shifted to 
lower (—0.43 eV) binding energies. The appearance of the In 
Ad surface component at higher binding energy (+0.38 eV) 
and of the P 2p component at lower energy (—0.36 eV) can 
most likely be explained by a charge transfer from indium to 
phosphorous, as expected for a III-V-surface structure satis- 
fying the electron counting rule.7'8 Accordingly, at the sur- 
face In atoms with one empty and P atoms with one doubly 
occupied dangling bond orbital should be present. The In 4 d 
component shifted to lower binding energies could be inter- 
preted as a second In Ad surface component, indicating the 
presence of other In bonding sites at the surface. Alterna- 
tively, this component could stem from small In metal clus- 
ters on the InP surface. 

After deposition of CdS on the surface, only the bulk 
component of the P 2p core level remains (Fig. 1). The lack 
of any other P 2p emission lines in the spectra shows that no 
chemical compound formation takes place between the sur- 
face P and the deposited CdS. In contrast, the In 4c? levels 
(Fig. 2) clearly evidence such a chemical reaction. Upon CdS 
deposition, the surface induced emission disappears and a 
new peak appears shifted by (0.45 ±0.05) eV towards higher 
binding energy. The chemical interface reaction continues 
during deposition of CdS up to a nominal coverage of ap- 
proximately 6 nm, as indicated by the increasing intensity of 
the "reacted" component with respect to the bulk emission 
line. The same kind of interface reaction was found by Wilke 
era/.1 for the CdS/lnP(110) interface. In analogy, the addi- 
tional component can be attributed to an indium-sulfur re- 
action. Thus, the CdS/InP(001) interface is not an example of 
an abrupt heterostructure. since an interfacial In^-Sy com- 
pound of several nm thickness is formed. S 2p or Cd Ad core 
levels have not been analyzed. The S 2p core level is out of 
the accessible energy range of the beam line. The Cd Ad 
peak, on the other hand, has a valence-band character, pre- 
venting a meaningful curve fitting analysis. 

The RAS spectra plotted in Fig. 3 show a completely 
different line shape after deposition of a small amount of 
CdS on the InP surface. New features appear at 3.2 and 4.6 
eV close to the energies of the £,. Ex + Al, and E'Q gaps 
of InP. That the bulk features are visible for even high CdS 
coverage, that the line shape remains essentially the same, 
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FIG. 4. Raman spectra of CdS/InP(001) in crossed and parallel configuration 
using the 488.0 nm (2.54 eV) emission line of an Ar+ ion laser. 

changes at the surface. Figure 6(a) shows the binding energy 
shifts of the In Ad bulk emission. The band bending saturates 
after about a 6 nm layer thickness, i.e., after completion of 
the In^-Sj, interface reaction. In order to determine the 
valence-band offset AEV, it is necessary to take the band 

and that the feature around E'Q is very broad, indicate that the 
CdS layer is not continuous, which is likely due to the inter- 
face reaction and a rough interface. From simulations, we 
can conclude that the line shape of the spectra are not simple 
but must have at least two contributions. After a few nm 
layer thickness, another weak feature appears around 5.3 eV, 
which is close to the energy of the Ex gap of cubic CdS, 
indicating a cubic growth of CdS on the InP(OOl) surface 
(hexagonal CdS has two features in this spectral range). To 
verify the zinc-blende modification of CdS, Raman spectra 
(Fig. 4) were taken of CdS grown on InP(OOl). The domi- 
nant peaks in the spectra are clearly at the longitudinal- 
optical (LO) and the 2LO frequency positions at 305 and 
610 cm-1 of CdS, respectively, as typical for cubic CdS.2 

These modes cannot be used to distinguish between the cubic 
and the wurtzite phase of CdS. However, for the naturally 
preferred wurtzite modification of CdS, additionally several 
strong modes in the range between 230 and 260 cm-1 are to 
be expected.9 

B. Band lineup at the CdS/lnP(001) interface 

The valence-band spectra of the clean InP(OOl) surface as 
well as for different overlayers of CdS taken at a photon 
energy of 55 eV are shown in Fig. 5. Observable is a shift of 
the valence-band maximum with increasing CdS coverage. 
After deposition of a small amount of CdS, the shift of the 
valence-band maximum is mainly due to band bending 
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FIG. 5. Valence band of the clean InP(OOl) surface and for different thick- 
nesses of CdS, recorded with a photon energy of 55.5 eV. 
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FIG. 7. Schematic band structure of the CdS/InP(001) heterojunction. 
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FIG. 6. Developement of the binding energy of the In 4d bulk component 
(a) and the valence-band offset (b) with increasing CdS coverage. 

bending into account by calibrating the valence-band maxi- 
mum with respect to the In 4 d bulk emission. The develop- 
ment of the valence-band offset in dependence on the CdS 
layer thickness is shown in Fig. 6(b). The final value for 
AEV is reached above a nominal layer thickness of approxi- 
mately 6 nm. This can be explained by the chemical reaction 
extending up to approximately 6 nm, which consumes most 
of the deposited S for the In^-Sj, compound formation. Fur- 
thermore, in agreement with the RAS data, due to the strong 
chemical reaction, most likely the CdS layer does not grow 
in a perfectly laminar mode, at least for small coverage in the 
nm range. After a nominal CdS coverage of more than 6 nm, 
the final value for the valence-band offset of (-0.75±0.1) 
eV is reached. The band alignment is of straddling type (Fig. 
7). 

The fundamental band gaps of InP [1.34 eV (Ref. 10)] 
and cubic CdS [2.36 eV (Ref. 11)] lead directly to a 
conduction-band discontinuity of AEC = 0.27 eV. To com- 
pare our results with previous experimental data, it is impor- 
tant to notice that all known data are based on a CdS/InP 
heterojunction with other substrate orientation. Our results 
are in very good agreement with photoemission and electron 
transport data of the CdS/InP(110) interface.1'12 Therefore, 
for the CdS/InP heterojunction, the band offsets seem not to 
depend on the crystal orientation of the interface, which may 
be a consequence of the strong interface reaction. More pre- 
vious C- V measurements by Shay et al.13 for CdS grown on 

the B (phosphorous) face of InP(lll) cleaned by chemical 
methods, yielded to a conduction band offset of 0.56 eV, 
according to a valence-band offset of 1.63 eV. However, in 
these experiments, the surface of the InP substrate was not 
controlled. Therefore, the disagreement of the latter in com- 
parison to the photoemission experiments for (100) and 
(110) interfaces can most likely be a consequence of the 
(111) surface preparation. 

IV. CONCLUSION 

The growth of CdS on InP(OOl) was analyzed in situ by 
soft x-ray photoemission spectroscopy and reflectance an- 
isotropy spectroscopy. A strong chemical reaction between 
indium and sulphur is observed at the CdS/InP(l 10) interface 
by analyzing the core-level spectra. In situ RAS spectra and 
separate Raman measurements reveal CdS in the metastable 
cubic modification. The valence-band offset is obtained with 
A£V = (0.75 ± 0.10) eV (straddling type). Similar results 
were previously obtained for the CdS/InP(110) interface, in- 
dicating that orientation specific effects seem to be negligible 
in the case of the CdS/InP heterostructure, probably due to 
the disruption of the interface by In^-S^ compound forma- 
tion. 
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Effect of growth conditions on surface roughening of relaxed 
InGaAs on GaAs 
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We report elastic light scattering measurements of the surface morphology of strained 
In^Ga^As on GaAs, grown by molecular beam epitaxy at different growth temperatures and In 
contents. During strain relaxation through formation of interfacial misfit dislocations, the surface of 
the film roughens in response to inhomogeneous surface strains produced by the interfacial misfit 
dislocations. The time dependence of this roughening is modeled by an Edwards-Wilkinson 
equation in which the deposition flux noise is neglected and the inhomogeneous surface stress is the 
only driving term.   © 1997 American Vacuum Society. [S0734-211X(97)09204-4] 

I. INTRODUCTION 

Interface roughness in semiconductor heterostructures is 
an important factor in the performance of various kinds of 
electronic and optoelectronic devices. It can limit the mobil- 
ity of electrons in field effect transistors, scatter light in op- 
tical waveguides, and broaden the gain spectrum of quantum 
well lasers.1 Control of the structure of semiconductor sur- 
faces on a submicron length scale during growth is needed in 
the fabrication of gratings for distributed feedback lasers and 
quantum wire and quantum dot structures. Surface and inter- 
face morphology in semiconductor heterostructures is de- 
rived from the surface structure of epitaxial thin films during 
growth and is affected by a variety of phenomena, including 
strain relaxation through formation of misfit dislocations and 
kinetic roughening due to the random flux of depositing 
atoms.2 

Elastic light scattering is one of the simplest methods for 
measuring surface morphology during film growth. It is rela- 
tively noninvasive and is highly sensitive to small changes in 
surface structure on in-plane length scales, on the order of an 
optical wavelength. Typical polished surfaces of substrates 
used in epitaxial growth are smooth on nearly the atomic 
scale. In this case, the background scattering from the start- 
ing surface is very small and it is possible to detect changes 
in the surface structure with a submonolayer amplitude by 
light scattering. The intensity of the diffusely scattered light 
from a rough surface is proportional to the power spectral 
density of the surface morphology, provided that the surface 
is not too rough. In this case, the light scattering measures 
the power spectral density of the surface roughness at a spa- 
tial frequency that is defined by the wavelength of the light, 
the angle of incidence, and the scattering angle, as explained 
elsewhere.3 

In this article, we describe the time evolution of the sur- 
face roughness of strained In^Ga^As films grown on (100) 

a)Present address: IBM T.J. Watson Research Center, Yorktown Heights, 
NY. 

b)Also with Dept. of Electrical and Computer Engineering; Electronic mail: 
tiedje@physics.ubc.ca 

GaAs by molecular beam epitaxy. The surface roughness is 
determined from in situ elastic light scattering measurements 
during growth. We compare the time dependence of the sur- 
face roughness with the predictions of an Edwards- 
Wilkinson type model in which the surface roughening is 
driven by the inhomogeneous surface strain generated by 
interfacial misfit dislocations. This model can reproduce the 
spatial frequency dependence and time evolution of the sur- 
face morphology for this materials system, as reported 
elsewhere.4 In this article, we use the model to interpret new 
measurements of the crystallographic anisotropy of the sur- 
face roughening, and to examine for the first time the effect 
of growth temperature and indium content on the morphol- 
ogy dynamics. 

II. EXPERIMENT 

The light scattering measurements were carried out in a 
VG V80H molecular beam epitaxy system as reported 
earlier.5,6 Two different angles of incidence were used for the 
488 nm light from an air-cooled Ar ion laser. In one case, the 
light was incident normal to the surface of the substrate 
through the pyrometer port, with silicon pin diode detectors 
at an effusion cell port or at a shutter port, in which case the 
scattered light intensity is sensitive to the spatial frequencies 
of 5.4 and 10.5 ^irT1 in the plane of the substrate. Alterna- 
tively, the light was incident through an effusion cell port 
with the scattered light detected at the pyrometer port or in a 
backscattering geometry from the shutter port next to the 
effusion cell port used for the incident light. In this case, the 
relevant spatial frequencies in the surface of the substrate are 
5.4 and 16 fim~l, respectively. The spot size of the laser on 
the surface of the wafer was about 2 mm in diameter. The 
location of the beam spot on the GaAs (100) nominally on- 
axis substrates (±0.5°), was selected to avoid visible sur- 
face defects but was not subsequently moved during film 
growth. In all the ports, optical access was obtained via mir- 
rors in the vacuum chamber so that there is no direct line of 
sight from the hot substrate to the window, in order to mini- 
mize window coating. The diffusely scattered light was col- 
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lected with a 60-mm-diam lens, passed through a laser line 
filter, and detected with a silicon pin diode and lock-in de- 
tection system. 

From the repeat growths of GaAs buffer layers under 
nominally the same growth conditions, we believe that the 
reproducibility of the intensity of the scattered light between 
runs is not better than a factor of about two, due to variations 
in optical throughput. The time dependence of the scattered 
light signal during growth, on the other hand, is found to be 
quite consistent between runs. Over a period of many 
growths, particularly for growths that involve high substrate 
temperatures at which significant Ga or In desorption takes 
place (e.g., 700 °C for GaAs or 600 °C for InGaAs), window 
and mirror coating is a problem, which is solved by periodi- 
cally removing and cleaning these optical elements. 

With light incident through the normal incidence pyrom- 
eter port, it is possible to simultaneously collect light scat- 
tered in two orthogonal planes containing the [110] and 
[110] directions in the substrate surface during growth. 
Above a critical thickness, strain relaxation takes place 
through formation of misfit dislocations. The surface of the 
InGaAs then develops the well-known cross-hatch surface 
morphology with two orthogonal one-dimensional arrays of 
randomly spaced ridges. The angular distribution of the scat- 
tered light can be thought of as the spatial Fourier transform 
of the morphology of the scattering surface. Therefore the 
light is scattered primarily in two orthogonal planes at right 
angles to the cross-hatch surface roughness. In order to de- 
tect this scattering, the sample has to be very carefully 
aligned before growth so that the two orthogonal detectors 
lie in planes containing the [110] and [110] directions of the 
sample. This is done using the cleaved edges of the quarter 
wafer substrates as direction references. 

The substrate temperature was measured by optical band 
gap fhermometry with an estimated absolute accuracy of 
about ±10 °C, and relative accuracy of about ±2 °C.7 The 
composition of the films was estimated initially from the 
relative fluxes of Ga and In, measured with a retractable ion 
gauge placed in the substrate position. X-ray diffraction and 
optical transmission measurements were then carried out on 
a number of samples to calibrate the In contents from the 
flux measurements. The In contents are believed to have an 
uncertainty of about 10%. The As2 flux as measured with an 
ion gauge, was maintained constant at a As2:Ga ratio of 
3.5:1, in all the runs. GaAs substrates were prepared in an 
ultrahigh vacuum (UHV) by thermal evaporation of the sur- 
face oxide followed by the growth of a 0.5 fim (typical) 
GaAs buffer layer to smooth the surface. 

In Fig. 1, we show the scattered light intensity as a func- 
tion of time during growth for light at normal incidence, for 
the two scattering planes containing the [110] and [110] di- 
rections. The figure shows that the surface roughening along 
[110] is significantly larger than along [HO]. Both directions 
show a threshold for the onset of surface roughening. This 
threshold is a critical thickness for the creation of misfit dis- 
locations at the InGaAs/GaAs interface. The threshold thick- 
ness for the [110] direction is slightly larger than for the 

Q  O 4 
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100 200 300 

InGaAs thickness (nm) 

400 

FIG. 1. Time dependence of the scattered light intensity at a spatial fre- 
quency of 10.5 yum"1 in planes parallel to the [110] and [HO] directions for 
an In018Ga082As film grown at 490 °C, at 1 /un/h. The two experimental 
curves where measured during the same growth and show the observed 
relative values of the scattered light intensities. The thin lines are the calcu- 
lated surface power spectral densities as a function of time during growth 
with p=0A7X 10~12 and 1.4X 10"12 cm2/s_and relaxation thickness of 60 
and 40 nm for scattering in the [110] and [110] directions, respectively. The 
magnitude of the constant A for the scattering along [110], has been reduced 
by a factor of 5.8 relative to the other scattering direction in order to match 
the data. 

[110] direction. This is consistent with atomic force micros- 
copy images which show that the dislocation lines start par- 
allel to [110] first.5 The weak oscillation in the scattered 
intensity at the beginning of the growth of the InGaAs, is 
believed to be a thin film interference oscillation due to the 
different index of refraction of the InGaAs as compared with 
the GaAs substrate. 

In Figs. 2 and 3, we show the time evolution of the scat- 
tered light intensity for two different growth temperatures, 
452 and 515 °C, at spatial frequencies of 16 and 5.4 /im"1, 
respectively. The critical thickness appears to decrease with 
increasing temperature. This result is to be expected if the 
misfit dislocation formation is kinetically limited; as the tem- 
perature is increased, the elastic strain and misfit density will 
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FIG. 2. Time dependence of the scattered light intensity along [110] during 
growth of InGaAs on GaAs at 515 and at 452 °C for a spatial frequency of 
16yU.irr' (heavy lines). The thin lines are the calculated surface power 
spectral densities at 16 /imH for i>=0.2xl0"12 and 0.008X 10~12 cm2/s 
for 515 and 452 °C, respectively. The relaxation thicknesses are 45 (515) 
and 100 nm (452 °C) for the model. Both the model and the data have been 
normalized to unity at the peaks. 
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FIG. 3. Time dependent light scattering data and model curves as in Fig. 2, 
except that the scattering geometry corresponds to a spatial frequency of 
5.4 /im-1. The model curves have been normalized to unity at their peak 
values, which is offscale in the case of the model for the 452 °C sample. The 
amplitude of the experimental data (heavy lines) has been scaled to match 
the model. 

be closer to the equilibrium values. Also we note that the 
high spatial frequency light scattering has a peak as a func- 
tion of time whereas the low spatial frequency data continues 
to increase over the entire range. In Fig. 4, we show a similar 
experiment for three different In concentrations. Notice that 
the thickness for the onset of roughening (i.e., the critical 
thickness), increases as the In content and lattice mismatch is 
reduced, as expected. 

All of the experimental data have been normalized to the 
background scattering intensity from the GaAs buffer layer. 
Then all of the experimental curves in Figs. 1 -4 are offset by 
one so that they start at zero on the vertical axis. The justi- 
fication for this procedure is as follows. In contrast to the 
intense one-dimensional scattering lines associated with the 
strain relaxation, the diffuse background scattering from the 
buffer layer is approximately isotropic and remains nearly 
constant throughout the subsequent InGaAs growth, as veri- 
fied by ex situ light scattering analysis of films grown to 
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FIG. 4. Time dependence of the scattered light intensity along [110] at q 
= 16 /im-1 during InGaAs growth with three different In concentrations as 
indicated. The growth temperature is 490 °C. The experimental data has 
been scaled to the background scattering from the buffer layer prior to the 
start of the growth of the InGaAs, but is not otherwise scaled. 

different thicknesses.6 During the in situ measurement, some 
of this diffuse background intensity is collected by the detec- 
tor lens along with the sharp scattering line from the surface 
cross hatch. The one-dimensional scattering of interest can 
be isolated by subtracting the diffuse background signal, as 
approximated by the signal intensity immediately following 
the buffer layer growth. 

III. MODEL 

In order to explain the observed time dependence of the 
scattered light intensity during growth, we use a model de- 
veloped earlier.4 We provide a brief outline of the model 
here for clarity. In this model, the surface roughening during 
the InGaAs growth is produced by surface migration in re- 
sponse to surface strain gradients, which result from the in- 
homogeneous strain produced by the misfit dislocations at 
the film-substrate interface. The surface roughening of inter- 
est has the form of one dimensional arrays of ridges parallel 
to the two orthogonal systems of misfit dislocations. Thus 
the roughening of interest is one dimensional, which makes 
the mathematical modelling of the roughening relatively 
simple. 

Atoms migrate on the surface of the InGaAs in response 
to elastic-stress-related chemical potential gradients. The 
contribution of the surface strain to the chemical potential 
fi(x,t) produced by the local surface strain field e(x,t) at 
position x and time t is equal to 

ß(x,t)-- 
YQ, 

£2(x,t), (1) 

where Y is the biaxial modulus and Q, is the volume of a unit 
cell. This expression can be linearized as follows 

YÜ, 
v(x,t)~—[-F2(t) + 2F(t)f+2F(t)Se(x,t)],       (2) 

in the case where the local deviation in the strain field, 
8e{x,t), at the surface due to the misfit dislocations is small 
compared to the average strain e[t) in the lattice-mismatched 
overlayer; / is the initial in-plane strain due to the lattice 
mismatch. The contribution of shear strain produced by the 
mixed screw/edge dislocations is of order (Se)

2 and can be 
neglected. The flux of material on the surface of the film in 
response to the chemical potential gradient is equal to 

]'- 
Dn 

~kT 
Vfi(x,t). (3) 

In this equation, D is the surface diffusion coefficient and 
n is the concentration of diffusing atoms on the surface. 

In order to determine the time dependence of the surface 
morphology during growth, we need an equation which de- 
scribes the dynamical behavior of the surface morphology. 
The simplest equation which has the required symmetry is 
the Edwards-Wilkinson equation.2 In this case, there is a 
surface-gradient-driven atom current equal to vVh(x,t) 
where h(x,t) is the surface height and v must be greater than 
zero for stable growth. The resulting equation for the surface 
morphology is 
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dh(x,t) 

Jt vV2h{x,t)'- 
n DnY 

kT 
F(t)V2[Se(x,t)]. (4) 

The microscopic physical mechanism behind the V2 term on 
the left hand side of Eq. (4) is not known for InGaAs sur- 
faces, however two candidate mechanisms are evaporation of 
atoms (indium?) from the surface and diffusion bias pro- 
duced by step-edge potential barriers (Schwoebl barriers). 
The contribution of the surface curvature to the chemical 
potential has been neglected. To include the effect of the 
curvature one would need to add a V4h term2 to Eq. (4). 

We assume that the misfit dislocations in the one- 
dimensional arrays are randomly spaced with average linear 
density p{t). In this case, the Fourier transform of Se(x,t) is 

8e(q,t)=yj2p(t)el(q,t), (5) 

where ex{q,t) in Eq. (5) is the Fourier transform of the sur- 
face strain distribution due to a single isolated misfit dislo- 
cation at the film-substrate interface and q is spatial fre- 
quency. The film thickness is z — gt, where g is the growth 
rate. An analytical expression is available for the strain field 
€\(x,z) at the surface due to misfit dislocations for the sys- 
tem of interest, namely InGaAs, deposited on (100) GaAs.8 

The dislocations are mixed screw-edge dislocations with a 
Burgers vector at 60° with respect to the line direction. For a 
dislocation of this type located at x = 0 and z = 0, with a 
Burgers vector of magnitude b, the strain at the surface is 
given by 

6j(x) = 
-bz (x2-V2xz)      b 

^riPTFF^r"^!-1 

+ iV2Z\q\), (6) 

where o denotes Fourier transform. This expression does 
not include the shear strain. 

Solving the Fourier transform of Eq. (4), we find: 

h(q,z)=Aq2e - vq2zlg 

Czlzr- 

Jo 
x I e

vrczrig^nm 

A = 
V2z,n2DnY 

gkf       ' 

epl'%[q,ZrU+l)]dS,    (7) 

(8) 

where g is the growth rate and zr is the thickness at which 
the film begins to relax. We have used a l/z dependence for 
the residual strain in the film for thicknesses greater than 
zr. This is equivalent to the Matfhews-Blakeslee model9 if a 
logarithmic term is neglected, and is consistent with recent in 
situ measurements of strain during growth of relaxed InGaAs 
on GaAs.10 The average dislocation density, p, at each thick- 
ness is taken to be linearly related to the relieved strain 
through the in-plane component of the Burgers vector: p 
[ = 2(f-e)/b. For z<Zn p = 0.] 

As pointed out above, the scattered light intensity is pro- 
portional to the power spectral density of the surface which 
in our case is equal to h2(q,t). This can be obtained numeri- 
cally by integration of Eq. (7). In the numerical simulations 

of the power spectral density, we use the experimental values 
for the growth rate (1 pm/h) and the spatial frequency, de- 
fined by the scattering geometry and the optical wavelength. 
The lattice mismatch is obtained from the In content of the 
films. This leaves three fitting parameters, namely the con- 
stant A, the parameter v from the Edwards-Wilkinson equa- 
tion, and the thickness zr for the onset of misfit dislocations. 

IV. DISCUSSION 

In Fig. 1, wejshow fits to the scattering along the orthogo- 
nal [110] and [110] directions, measured simultaneously dur- 
ing growth of an 18% In content film, and showing the ob- 
served relative scattering intensities. The experimental data 
is fit using v and zr as fitting parameters, with the amplitudes 
scaled to match the data. Although the model predicts the 
scattering along [110] to be larger than in the orthogonal 
direction, the ratio of the two calculated peak intensities is a 
factor of 5.8 larger than is observed in the experimental data. 
The fits also show that the critical thickness is larger for the 
dislocations perpendicular to [110] and that the parameter v, 
which describes how the surface smooths in response to a 
perturbation, is smaller in the [110] direction than in the 
[110] direction. As pointed out above, this difference in the 
onset of misfit dislocations has been observed in other ex- 
periments as well.5 The critical thicknesses in both directions 
are significantly larger than the equilibrium critical thickness 
as one would expect for measurements made during growth, 
due to the kinetic constraints on the formation of misfit dis- 
locations. This discrepancy with the equilibrium value is 
well known in the literature. The smaller value of v along 
[110] is consistent with the crystallographic asymmetry in 
(100) zincblende surfaces. We note that the high v direction 
([110]) coincides with the high diffusion coefficient direction 
on GaAs (elongated mounds in this direction). 

In Figs. 2 and 3, we show fits to the light scattering data at 
two different temperatures and spatial frequencies. In this 
case, we have scaled the peak values to unity. The high spa- 
tial frequency data (16 /wn"1) shows a peak for the film 
thickness range presented while in the case of the low spatial 
frequency data (5.4 p-m"1), the data increases monotoni- 
cally over the entire range. The peak in the high spatial fre- 
quency data shifts to smaller thicknesses at higher tempera- 
tures. The model can reproduce these effects if the relaxation 
thickness and v parameter are allowed to be temperature de- 
pendent. In order to fit the data, the v parameter must in- 
crease from 0.008X 10" n to 0.2X 10"12 cm2/s and the relax- 
ation thickness decreases from 100 to 45 nm as the 
temperature goes up from 452 to 515 °C. The decrease in the 
thickness at which dislocations start to form at high tempera- 
tures is reasonable given that the observed threshold thick- 
ness is large compared with the equilibrium value. We ex- 
pect kinetic bottlenecks to be reduced at high temperatures. 

Since the physical process that determines v is not known, 
it is difficult to make predictions about its temperature de- 
pendence. Assuming that the temperature dependence arises 
from a thermally activated process, we find an activation 
energy of 2.5 eV from the two values for v that we have 
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FIG. 5. Time dependence of the power spectral density calculated from the 
model discussed in the text for q= 16 /im"1 with three different values of 
the relaxation thickness as indicated, designed to match the data in Fig. 4, 
with v=0.6X10" 12cm12/s. 

obtained at 452 and 515 °C. This activation energy is large 
compared with what one might expect for surface diffusion 
processes. 

In Figs. 4 and 5, we show calculated and experimental 
roughness data during growth for three different In contents, 
all measured at the same temperature. In this case, we have 
retained the relative amplitude information, as the relative 
amplitudes of the experimental curves differ by more than 
the experimental uncertainty. All of the experimental data in 
Fig. 4 were first normalized to the background scattering 
from the buffer layer at the start of InGaAs growth and then 
the background scattering was subtracted. In the case of the 
6.3% In sample in Fig. 4, a background of slightly less than 
unity was subtracted. 

The model curves in Fig. 5 were calculated with v=0.6 
X 10" n cm2/s, which was selected to match the data for the 
sample with a 8.4% In content. The thickness for the onset of 
misfit dislocations was used as a fitting parameter. The dif- 
ference in the relaxation thicknesses for the 6.3% and 8.4% 
samples is large compared with what one would expect from 
the difference in the nominal In contents. Although the 
model can reproduce the general trend of lower scattering at 
lower In concentrations and larger critical thicknesses, the 
model predicts a much larger change in the intensity than is 

observed experimentally. This could be explained by a 
change in the prefactor A, (which depends on the surface 
diffusion) with In concentration, or by a change in v, or both. 

V. CONCLUSION 

In conclusion, we report light scattering measurements of 
surface roughening during relaxation of strained 
In^Ga^As on (100) GaAs. Surface roughness measure- 
ments are made for different temperatures and In concentra- 
tions during growth of In^Ga^As on GaAs (100). An 
Edwards-Wilkinson type model is able to account for the 
observed behavior of the surface morphology. In this model, 
strain gradients from misfit dislocations act as a driving term 
for surface diffusion. The parameter v in the Edwards- 
Wilkinson equation is found to increase with temperature 
and depend on crystal orientation. This work shows that light 
scattering can provide detailed information on the dynamical 
behavior of surface morphology during thin film growth. 
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Molecular beam epitaxy growth of lattice mismatched InAs/GaAs(001) system is studied by in situ 
scanning tunneling microscopy (STM) and reflection high energy electron diffraction. We found 
that deposition of submonolayer (—0.6 ML) In on the GaAs(OOl)-As-rich 2X4 surface could result 
in a new well-ordered 4X2 reconstruction, and that if the growing front maintains this 
reconstruction, the multilayer InAs will grow two-dimensionally and usually observed 3D islanding 
is completely suppressed. Atomic structures for the 4X2 reconstruction are discussed on the basis 
of voltage-dependent STM image. A "domain wall" structure, representing a new type of surface 
strain relief mechanism in the novel growth will also be discussed. © 7997 American Vacuum 
Society. [S0734-211X(97)09004-5] 

I. INTRODUCTION 

"Self-organization" in heteroepitaxially lattice-mis- 
matched systems, arising from strain-induced coherent 3D 
islanding has been of great importance for fabrication of 0D 
confined nanostructures.1"6 In traditional "quantum wells" 
structure where electrons are confined only in one direction, 
one expects that the Stranski-Krastanov (2D-3D) morphol- 
ogy transition can be delayed or suppressed, a more planar 
growth and thus both morphologically and compositionally 
abrupt interfaces can be achieved, which are crucial for op- 
timum performance of electronic and optoelectronic devices 
based on superlattice and heterojunction.7-14 For the InAs/ 
GaAs with a lattice mismatch of 7.2%, in order to reduce the 
accumulated epitaxial strain energy in the grown layer, the 
2D-3D transition occurs at approximately 2 MLs (the so- 
called critical thickness) under standard molecular beam ep- 
itaxy (MBE) growth conditions. 

MBE growth of any epitaxial film is inherently a nonequi- 
librium process, the morphology of the growing film and its 
evolution are governed by an interplay between kinetic and 
thermodynamic aspects of growth.11-14 This provides us an 
opportunity to control the growth mode by manipulating the 
growth conditions and kinetics. One of the examples is that 
by using extremely In-rich growth conditions, the usually 
observed 3D morphology roughening could be significantly 
suppressed.7"10 Schaffer et al. have reported a basically 2D 
growth even for an epilayer thickness of 1800 Ä under such 
conditions,7 which has resulted in superior interface quality 
and remarkably improved photoluminescence intensity.8 For 
the unusual growth, several questions are raised: (1) what 
does the surface morphology really look like? (2) what are 
surface structure/reconstructions? (3) what type of strain re- 
laxation mechanism works and how does it work? (4) is it 
due to limited kinetics or energetically favorable? In the 
present study, by using a high-performance in situ molecular 
beam epitaxy-scanning tunneling microscope (MBE-STM) 
system, we have investigated the evolution of the surface 

"Present address: Physics Department, North Carolina State 
University, Raleigh, North Carolina, 27695-8202; Electronic mail: 
xue@unity.ncsu.edu 

morphology and structure as a function of the III-V flux 
ratio and epilayer thickness in the 2D growth of InAs/ 
GaAs(OOl), aiming at understanding the growth at the atomic 
scale. 

II. EXPERIMENT 

The MBE-STM system used in the study and the prepa- 
ration of the GaAs(001)-2X4 substrates have been described 
elsewhere.15 The surface consists of characteristic As-dimer 
missing-dimer rows that are evenly separated by 16 Ä along 
the direction perpendicular to the dimer row. By dimeriza- 
tion and dimer-missing, all the surface dangling bonds of As 
are filled with two electrons and those of Ga empty, assuring 
a stable semiconducting surface of the 2X4. Two well- 
established atomic models are schematically shown in Fig. 
,16,17 -p^g most orcierecj ß pnase dictated in the upper panel 
of Fig. 1 was used as the substrate for InAs growth. The 
starting InAs wetting layer was prepared by depositing sub- 
monolayer (approximately 0.6 ML) In on the As-rich 2X4 
surface at a substrate temperature of 450 °C. After deposi- 
tion, the samples were allowed to maintain at 450 °C for 
about 5 min. The surfaces prepared in this way display a 
very sharp 4X2 reflection high-energy electron diffraction 
(RHEED) pattern.7 The subsequent multilayer InAs growth 
was carried out by using migration enhanced epitaxy (MEE) 
to eliminate the kinetic complications. Our "quench-and- 
look'' STM experiment reveals that the As/In flux ratio and 
shutter switching time in MEE are critical for the layer-by- 
layer mode and that a smooth surface cannot grow unless the 
resulting growth front reproduces the 4X2 symmetry in the 
wetting layer.18 These observations demonstrate the very 
special function of this surface serving as template for the 
planar growth. 

III. RESULTS AND DISCUSSION 

Shown in Fig. 2(a) are typical filled-states STM images of 
the 4X2 surface. Figure 2(a) was recorded at a sample bias 
of -2.2 V while Fig. 2(b) at —1.6 V. The cross-section 
profiles LI, L2, and L3 are shown in the lower panel of the 
figure. The STM image exhibits a high degree of perfection 
of this surface, without any kink defects. The surface con- 
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FIG. 1. Atomic models of the GaAs(OOl) As-rich 2X4 reconstruction, (a) 
Two dimer model for Ga-rich 2X4 by Farrell et al. (Ref. 16), (b) two dimer 
model for As-rich 2X4 by Chadi (Ref. 17). The black solid circles corre- 
spond to the As atoms,-while the open circles the Ga atoms. 

sists of straight line and evenly spaced humps along the 
[110] direction with a unit cell consisting of 16.0 ÄX8.0 
(±0.23)Ä [the 4X2 unit cell is highlighted by a rectangle in 
Fig. 2(b)]. The 4X along the [-110] direction and the 2X 
along the [110] direction translational symmetries are more 
clearly indicated by the cross-section profiles LI and L2, 
respectively. In these filled states images, we do not see 
much contrast change for the line and the hump. When the 
bias voltage becomes smaller, we observe a distinct 1X pe- 
riodicity along the line built up by smaller humps, as indi- 
cated by the cross section profile L3. If studying the Fig. 2(b) 
more carefully, it is found that the small humps forming the 
IX periodicity always straddle the larger 2X humps along 
the [110] direction, which are highlighted by the empty and 
solid circles, respectively, suggesting that the 2X and IX 
humps should tunnel from different species. All these basic 
features are quite different from what observed for the ho- 
moepitaxially grown InAs(OOl) In-rich 4X2 surface,19"21 

and also for the 2X4 substrate,15 therefore, they should have 
different structures. Because the 2X direction agrees with the 
In dimerization direction, we conclude that these 2X (larger) 
humps are due to tunneling from In dimers. 

We also obtained the empty states STM images (not 
shown here). All the basic hump-plus-line features are ex- 
actly the same as those in the filled states image, but the 2X 
humps become brighter than the lines. This contrast change 
corresponds to our identification that the 2X humps are due 
to tunneling from the In atoms.22 Based on these observa- 
tions, we assign the individual 2X humps to be tunneling 
from the first layer In dimer, the lines from the second layer 
As, and propose a tentative model for this new reconstruc- 

FIG. 2. Filled states STM images of the new In-terminated 4X2 surface, (a) 
Vs = -2.2 V; (b) Vs = -1.6 V. The small solid and open circles in (b) 
highlight the 2X and 1X humps, respectively, and their relative arrangement 
can be clearly seen in light of the superimposed unit cell. No thermal drift 
correction was made with the STM images, so the 4X2 unit cell looks like 
a parallelogram. The cross-section profiles LI, L2, and L3 are shown in the 
lower two panels of the figure. 

tion in Fig. 3(a). According to this model, the twofold peri- 
odicity is due to the dimerization of the newly deposited In 
adatoms in the [110] direction, and the regular In-dimer 
missing gives rise to the fourfold periodicity along the 
[-110] direction. The exposed As adatoms in the missing 
rows dimerize to their neighbors and their uniform arrange- 
ment explains the 1X periodicity along the line as shown in 
Fig. 2(b). The model abides with the electron counting model 
and assures that all arsenic dangling bonds fully filled with 
two electrons and all In dangling bonds empty leave no net 
charge at the surface, corresponding to a stable semiconduct- 
ing surface.23 The model gives a surface In coverage of 0.5 
ML, in good agreement with the experiment. The observed 
contrast differences between the filled- and empty-states im- 
ages are accounted for by the different energy levels of the 
As dangling bonds and In dimer antibonding orbitals.22'23 

Alternative models have been proposed previously for 
(001) III(Ga,In)-rich 4X2 surface which is also shown in 
Fig. 3. Figure 3(b) is the one-dimer model proposed by Oh- 
kouchi and Ikoma20 and supported by a very recent study.21 

At a glance, an agreement between the one-dimer model and 
the STM image seems more reasonable than that for our 
model. A serious problem with this model is that one should 
expect a contrast difference of 3 Ä (the bilayer step height of 
InAs) for the first and third layer In dimers, while the ob- 
served contrast is nearly absent in the image. There is no 
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FIG. 3. The ball-to-stick models proposed for In-rich 4X2 surface, (a) Two- 
dimer model in this work; (b) one-dimer model by Ohkouchi and N. Ikoma 
(Ref. 20), and (c) bilayer two-dimer model by Biegelsen et al. (Ref. 24). 
The black solid circles correspond to the As atoms, while the open circles 
the In(Ga) atoms. 

such problem with the so-called bilayer two-dimer model 
[see Fig. 3(c), Ref. 24], however, a symmetric and nodelike 
structure for the 1X spots should have appeared, similar to 
the case of Ga-rich 4X2 surface (Ref. 22). In addition, both 
models produce a surface In coverage of 0.75 ML. As a 
result, we have concluded our discussion with the two-dimer 
model although other possibilities may still exist. 

Once the substrate is wetted with the above 4X2 struc- 
ture, the progressive InAs multilayer can be grown two- 
dimensionally under a very simple and strict condition; the 
In/As4 flux ratio, substrate temperature, and deposition rate 
must be chosen so that the growing front could reproduce the 
4X2 symmetry. To demonstrate this, in Figs. 4(a) and 4(b), 
we show two STM images obtained from the surfaces depos- 
ited with 4 and 13 ML (they are much thicker than the criti- 
cal thickness of ~2 ML) of InAs, respectively. No 3D island 
is observed at this stage and the surface is basically flat at the 
atomic scale, indicating a novel layer-by-layer growth. 

As the use of MEE technique and extremely In-rich con- 

[110]    [110] 

FIG. 4. The surface morphologies after (a) 4 ML (the upper panel), (b) 13 
ML (the lower panel) InAs epilayer deposition on the GaAs(OOl) substrate 
under In-rich growth condition. It is evident that with increasing epilayer 
thickness, the formation of domain walls becomes more and more frequent. 

ditions assure enough adatom diffusion, the change in the 
growth mode is obviously not due to limited kinetics. If it is 
this case, one would expect an earlier 2D-3D transition. We 
therefore agree with Snyder et al. that the layer-by-layer 
growth mode observed presently is due to increasing surface 
tension;9 the In-rich reconstruction has a much higher sur- 
face tension than that of the As-rich one. In traditional 
Stranski-Krastanov growth of a strained layer, 3D islanding 
relieves the elastic energy, but increases the surface area and 
thereby costs surface energy. The relaxation of elastic energy 
is dominant and 2D-3D transition is favorable where the 
surface tension is small. With increasing surface tension, 
however, the driving force for such a picture diminishes. In 
order that the energy gain due to a strain reduction in the 
islands outweighs the surface energy increase, the 2D-3D 
transition must be delayed. The calculation of surface tension 
for the In-rich 4X2 and the critical thickness for the In-rich 
growth condition forms an interesting topic for future theo- 
retical investigation. 

Despite the smooth surface morphology, the STM images 
[Figs. 4(a) and 4(b)] do not show a perfect 4X2 ordering 
compared to Fig. 2, although the whole RHEED displays a 
4X2 symmetry. Now the surface mainly contains the 4X2 
domain but is modulated with characteristic dark lines run- 
ning from a step edge to another along the [110] direction, 
forming a unique domain wall structure with a characteristic 
wall separation of Na0 (a0 is the surface lattice constant). 
Statistically, N = 6 is dominant for both 4 and 13 ML cases. 
The domain wall structure appears at the same position in the 
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empty states image, indicating its geometric origin. These 
features are similar to the 2 X N structure on the strained 
Ge/Si interface and the vacancy defect bands induced by Ni 
on the Si(OOl) surface,25"28 which has been attributed to be a 
consequences of surface strain relief. We believe that these 
regularly distributed "walls" may represent a new type of 
strain relaxation mechanism, and will be important and po- 
tential sites for the nucleation of misfit dislocations. Since no 
screw and other misfit dislocations were observed by the 
STM, their relationship is still unclear at present. A corre- 
sponding TEM experiment will be helpful to understand the 
question. 

Recently, a similar study of the novel growth, called as 
virtual-surfactant mediated epitaxy, has been reported by Be- 
hrend, Wassermerier, and Ploog.29 The large scale STM im- 
ages also reveal atomically flat morphology. Based on the 
high resolution images, they proposed a ball-to-stick model 
for the 4X2 which is different from ours. The three-dimers 
model fails to explain the off-phase arrangement of the 2X 
and IX humps along the [-110] in our image [Fig. 2(b)]. 
This is probably due to different preparation conditions and 
different phases may exist. In spite of these, the stability of 
all models needs to be substantiated by, for example, total 
energy calculations. 
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InGaAs/InAlAs modulation-doped field-effect transistors (MODFETs) grown by molecular beam 
epitaxy on InP have been characterized using Hall and cross-sectional scanning tunneling 
microscopy (XSTM). Spacer layer to quantum well interface XSTM images will be presented 
showing cluster sizes ranging from 20 to 50 A for normal growth conditions. The extent of the 
clustering experimentally found is greater than that predicted by theory for phase separation due to 
kinetics or bulk thermodynamics. The extent of clustering was not found to be a function of growth 
temperature while the morphology and cluster orientation was a function of growth temperature. At 
normal growth temperatures, the clusters tended to self align into binary corridors. Control (and 
removal) of these binary corridors allowed the growth and fabrication of MODFETs with Schottky 
barrier heights greater than 1 eV.   © 1997 American Vacuum Society. [S0734-211X(97)11404-4] 

I. INTRODUCTION 

The InGaAs/InAlAs material system has demonstrated 
material parameters that allow for the fabrication of superior 
device structures such as MODFETs, However, in order to 
take advantage of these material properties, these devices 
have been fabricated with increasingly smaller dimensions 
and corresponding increasingly tighter control with regard to 
the individual layers and interfaces. With typical transistor 
gates, Schottky barriers, quantum wells, and spacer layer di- 
mensions on the order of 1000, 200, 100, and 40 Ä, respec- 
tively, the material layers must be analyzed and optimized at 
the subnanometer level. At these dimensions, the final 
atomic arrangement of molecular beam epitaxy (MBE) 
grown ternary alloys must be examined due to the various 
growth phenomena such as random deposition, phase sepa- 
ration or "clustering," and ordering. 

Clustering is the degree of phase separation found in the 
ternary In0 52A10 48As (InAlAs) that exceeds the quantity that 
would be present due to random fluctuations.1 For the 
InAlAs ternary, any composition must be constructed using 
the combinations of the primitive cells; InAs, In0 75A10 25As, 
In0 50A10 50As, In0 75A10 25As, AlAs allowed by the 
zincblende structure. Experimental studies have shown evi- 
dence that the phase separation which occurs in these terna- 
ries results in pure binary clusters of InAs and AlAs. When 
the cluster shape is approximated with a sphere, these binary 

*No proof corrections received from author prior to publication. 

clusters have been found to have diameters of less than 10 
nm. Chu et al.2 concluded that AlAs clusters were present at 
certain growth conditions from observations of Schottky bar- 
rier heights at 1.2 eV in InAlAs. Using cross-sectional trans- 
mission electron microscopy (XTEM), McDevitt et al.3 

found the average periodicity of the compositional fluctua- 
tions was on the order of 3-7 nm for a lattice matched ter- 
nary on indium phosphide (InP). Oh et al.4 modeled the re- 
sults from variable temperature Hall measurements on a 
single InAlAs layer. Their results indicated clusters with an 
equivalent spherical diameter of 7 nm and required a con- 
duction band offset of 0.6-0.7 eV within the InAlAs layer. 
Due to the effects of hydrostatic strain on the band gaps of 
various InAlAs compositions, complete phase separation of 
InAlAs into AlAs and InAs would be necessary to achieve 
this offset. Each of the previous experimental studies were 
performed on ternaries created using molecular beam epitaxy 
(MBE). 

The growth processes involved during MBE have been 
described as a "situation [that] is usually far from 
equilibrium."5 Determining if the phenomena involved dur- 
ing the MBE growth processes are best described using ki- 
netics or thermodynamics has been the goal of many experi- 
ments and papers. In agreement with Joyce et al.,6 either 
kinetic or thermodynamic relationships could be the correct 
formalisms to describe growth, depending on the growth 
conditions used during MBE. The group III atom surface 
lifetime relative to the time required to experience all the 
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TABLE I. Standard SD MODFET structure. TABLE II. Standard DD MODFET structure. 

Purpose Composition Thickness Purpose Composition Thickness 

Cap n-Ina53Gao.47As 100 Ä Cap n-Ino.53Gao.47As 100 A 
200 A Schottky layer In052Alo.48As 200 Ä Schottky barrier layer I%52Alo.48As 

Delta doping -Si- Upper delta doping -Si- 
40 A 
200 A 
40 A 

Spacer layer In0.52Ala48As 40 Ä Spacer layer I%52Al0.48As 

Quantum well In0.53Gao 47AS 300 A Quantum well Ino.53Gao.47As 

Buffer Ino.52Alo.4gAs 3000 A Spacer layer Ino.52Alo.48As 

Substrate Fe:InP Lower Delta Doping -Si- 
Barrier layer 
Buffer 

Ino.52Alo.48AS 
Ino.52Alo.48AS 

150 A 
2850 A 

Substrate Fe:InP 

available surface states determines which formalism is more 
accurate. If the surface lifetime is sufficiently small due to 
low substrate temperatures or high group V overpressures, 
the MBE growth should be a purely random deposition (ki- 
netically controlled). If the group III atom is sufficiently mo- 
bile, all the available surface microstates can be experienced 
allowing for local thermodynamic equilibrium. In order to 
provide controllable and reproducible MBE growth of terna- 
ries, it is necessary to determine if either kinetic or thermo- 
dynamic relationships would explain the experimentally de- 
termined binary clustering. Kinetic or random deposition 
should not result in clusters of AlAs or InAs primitive cells. 
These primitive cells should be dispersed throughout the ep- 
ilayer at a density given by a standard binomial distribution. 
Likewise, for thermodynamic models7 with growth condi- 
tions at temperatures above the miscibility gap temperature 
(rMG), the concentration of AlAs and InAs primitive cells 
approaches that of the random distribution as the temperature 
is increased. In addition, these InAs and AlAs primitive cells 
should be uniformly dispersed throughout the epilayer. 

Various authors have used XSTM to study MBE grown 
compound semiconductors systems. Johnson et al. have 
shown that bulk8 and atomic planar doped9 /?-type acceptors 
such as beryllium can be imaged and accurately counted in 
GaAs using XSTM images. Zheng et al.10 demonstrated that 
it was also possible to image silicon donors in GaAs. Finally, 
both groups have shown that alloys such as AlGaAs11 and 
InGaAs12 can result in a binary cluster when grown pseudo- 
morphically strained on GaAs. 

II. EXPERIMENT 

A Varian Gen II solid source molecular beam epitaxy 
(SSMBE) reactor was used to grow InAlAs/InGaAs 
MODFET structures on epiready 3 in. iron-doped indium 
phosphide substrates (Fe:InP). The substrates are 2 deg mis- 
cut off the 001 direction. The 3 in. Fe:InP substrates were 
mounted on indium free molybdenum blocks. The substrates 
were epiready and no chemical cleaning was used. The sub- 
strates were baked in high vacuum at approximately 200 °C 
for 30 min before growth. Reflection high energy electron 
diffraction (RHEED) was used before growth to verify that 
the oxides were removed by substrate heating. The tempera- 
ture during growth was controlled using optical pyrometry. 
The optical pyrometry was calibrated using a CI system's 
NTM1 noncontact temperature monitoring system. The ter- 
nary growth rates were approximately 2 A/s. During growth, 

the V/III ratio was greater than 100 and the wafer was ro- 
tated at approximately 1 rotation per monolayer. 

The standard structures for both single doped (SD) and 
double doped (DD) MODFET structures are given in Tables 
I and II, respectively. The compositions of the lattice 
matched and pseudomorphically strained layers were verified 
using a Philips HRXRD. Cross sectional scanning tunneling 
microscopy (XSTM) was done on thinned samples cleaved 
in vacuum. The XSTM images are of the (110) surfaces. The 
sample preparation and techniques have been previously 
described.13 A series of buffer layer experiments consisted of 
variations in the growth temperatures of the buffer layer in 
the standard SD MODFET. A series of Schottky barrier layer 
experiments consisted of altering the aluminum concentra- 
tion in the Schottky barrier and spacer layer of the standard 
SD MODFET. A series of power DD MODFET structures 
were designed14 using these results. The SD and DD 
MODFETs were fabricated into devices as previously 
described.15 

III. RESULTS AND DISCUSSIONS 

The XSTM images of the various growth temperature re- 
gions used during the buffer layer variation are shown in Fig. 
1. The phase separation can be clearly seen. The morphology 
and orientation of clusters is seen to be a function of growth 
temperature. Figure 2 contains a direct comparison of low 
versus high growth temperatures for the InAlAs. At the 
lower growth temperature, the clusters have an elongated 
appearance with the longer dimension perpendicular to the 
growth direction. At the higher growth temperature, the clus- 
ter shape is more spherical. In addition, the elongated clus- 
ters are distributed evenly across the growth front. However, 
the spherical clusters prefer to occur close to or directly 
along the growth direction from previous spherical clusters. 
Using the image histograms, the fractional area represented 
by intensities greater than and less than a fixed value were 
calculated. The fractional areas were approximately equal for 
various growth temperatures. The InAs and AlAs clusters 
ranged from 10% to 13% and 12% to 15%, respectively. As 
all the growth temperatures were greater than rMG, the 
maximum concentration of InAs and AlAs primitive cells 
should have been approximately 6%. However, this 6% rep- 
resents the total amount of binary primitive cells that should 
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400°C       450°C       500°C       550°C        600°C       625°C 650°C 

I  
240 A 

FIG. 1. Buffer layer of SD MODFET structure In052Al04SAs morphology vs thermocouple temperature. 

have been present. No clustering should have occurred. This 
result indicates that both random deposition (kinetic) and 
bulk thermodynamic growth models are not adequate to pre- 
dict the phase separation which occurs during MBE. Bernard 
et al.16 proposed a thermodynamic model which includes 
surface effects that may be more adequate in explaining the 
phase separation that is seen during growth. 

The correlated arrangement of clusters at higher growth 
temperatures can explain the variation in Schottky barrier 
height of InAlAs. At higher growth temperatures, the barrier 
height is independent of aluminum percentage and remains 
fixed at —0.6 eV. At lower growth temperatures, the barrier 
height increases linearly with the increase in aluminum per- 
centage. The binary clusters when aligned into a binary cor- 

Temp <500°C Growth Direction Temp > 600°C 

FIG. 2. Comparison of InAlAs structure due to growth temperature. 
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FIG. 3. Quantum well to donor spacing Si donors circled. 

ridor prevent the creation of a uniform barrier and the inter- 
face which results in the lowest barrier height being 
measured. The use of a lower temperature barrier layer al- 
lowed the fabrication of MODFETs with Schottky barrier 
heights greater than 1 eV. 

Figure 3 shows the InGaAs/InAlAs (quantum well/spacer) 
interface for the standard SD MODFET. In order to differ- 
entiate donors from adatoms, each image was taken multiple 
times. The resulting images when compared allowed the mo- 
bile adatoms to be distinguished. At approximately 50 A to 
the right of the interface (inside the InAlAs), is the location 
of the delta doped layer. There appears to be at least eight 
donors that can be seen forming a straight line at a spacing 
that is reasonable for the intended donor sheet density. The 
quantum well/spacer interface, however, appears very rough 
with up to 30 Ä variation in location. As can be seen by the 
flat growth front present during the creation of the delta 

doped layer, the interface roughness of 30 A is due to the 
common InAs binary cluster which is present in both the 
quantum well and the spacer layer. This allows for the cre- 
ation of more abrupt interfaces without requiring improve- 
ments in the MBE growth process. The device structures can 
be designed to terminate interfaces with the desired binaries 
that are components within each individual layer that will 
enhance the overall device performance. 

IV. CONCLUSIONS 

The correlated use of XSTM images with variations in the 
growth temperature used during MBE has allowed improved 
device performance by design. Phase separation into binary 
clusters was found in InAlAs and InGaAs layers grown by 
solid source MBE on InP substrates. The kinetic models 
which rely on random deposition do not predict the observed 
clustering. The thermodynamic models do not predict clus- 
ters at the growth temperatures. Neither random deposition 
(kinetic) nor bulk thermodynamic models were capable of 
predicting the observed clustering. The extent of the cluster- 
ing was not found to be a function of growth temperature in 
the range investigated. The morphology and orientation of 
the clusters formed in InAlAs was found to depend on the 
growth temperature. Realization of this control allowed the 
growth of DD MODFET structures with Schottky barrier 
layers with heights greater than 1 eV. In addition, the growth 
processes involved in current MBE techniques are seen to 
generate a smooth growth front from the nearly linear delta 
doped layer. The interface roughness which is due to the 
common binary of two adjacent ternaries can be eliminated 
by designing binary interface layers that will improve device 
performance. 

V. FUTURE WORK 

The correlated use of XSTM with variations in growth 
parameters has already demonstrated the ability to explain 
structure phenomena and improve device performance. How- 
ever, only variations of the growth temperature has currently 
been investigated. Growth parameters such as growth rates, 
V/III ratios, substrate orientation, etc. still need to be studied. 
To accurately predict the microstructure of MBE grown lay- 
ers, an alternate model needs to be developed, perhaps rely- 
ing on surface thermodynamics. 
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We have recently shown that in II-VI/III-V heterojunctions and related devices fabricated by 
molecular beam epitaxy, the II/VI flux ratio employed during the early stages of II-VI growth can 
be used to control the local interface composition and the band alignment. Here we demonstrate that 
the local interface composition in pseudomorphic, strained ZnSe/GaAs(001) heterostructures as well 
as lattice-matched ZnSe/In004Gao96As(001) heterostructures also have a dramatic effect on the 
nucleation of native stacking fault defects. Such extended defects have been associated with the 
early degradation of blue-green lasers. We found, in particular, that Se-rich interfaces consistently 
exhibited a density of Shockley stacking fault pairs below our detection limit and three to four 
orders of magnitude lower than those encountered at interfaces fabricated in Zn-rich conditions. 
© 1997 American Vacuum Society. [S0734-211X(97)09104-X] 

I. INTRODUCTION 

Although since 1991 substantial progress has been made 
in the implementation of blue-green solid-state laser diodes 
based on wide-gap II-VI semiconductor active layers fabri- 
cated by molecular beam epitaxy (MBE) on III-V 
substrates,1 the limited lifetime of such devices is still hin- 
dering the development of a viable technology. Recent 
progress in eliminating dislocations from the laser structure 
through the use of quaternary cladding and waveguiding lay- 
ers lattice matched to the III-V substrates has reduced but 
not eliminated the problem,1 so that attention has been fo- 
cused lately on other types of native defects which are pref- 
erentially located at the II-VI/III-V interface and may con- 
tribute to device degradation. 

In particular, degradation during cw operation of pseudo- 
morphic laser structures at room temperature has been asso- 
ciated in part2,3 with stacking faults at the ZnSe/GaAs or 
ZnSe^Sy/GaAs interface. Such defects would propagate 
through the structure during growth and generate dislocation 
sources within the strained Zn^^Cd^Se active layers.2'3 The 
existence of relatively high densities of native stacking faults 
at the ZnSe/GaAs interface has been known for some time4 

and tentatively explained by mechanisms as different as is- 
land coalescence during II-VI epilayer growth,5 doping,6 or 
substrate roughness.7 Both intrinsic and extrinsic stacking 
faults, which are formed by removing or inserting, respec- 

a)Present address: Philipps-Universität Marburg, Fachbereich Physik, Rent- 
hof 6, D-35032 Marburg, Germany. 

b)Also with Istituto ICMAT del CNR, Monterotondo, 1-00016 Rome, Italy. 
c)AIso with Dipartimento di Fisica, Universitä di Trieste, 1-34127 Trieste, 

Italy. 
d)Present address: Institut de Physique Experimentale, Departement de Phy- 

sique, Ecole Polytechnique Federale, CH-1015 Lausanne, Switzerland. 

tively, a portion of a closed-packed {111} plane have been 
reported,7 in pairs or as isolated defects, starting in all cases 
at or near the II-VI/III-V interface and propagating 
throughout the II-VI epilayer,2"8 bounded by Frank2"4,7 or 
Shockley7'8 partial dislocations. 

Several authors have attempted to reduce or eliminate the 
native stacking fault concentration by modifying the growth 
conditions during fabrication of the II-VI/III-V heterostruc- 
ture. Gaines et al.9 using migration-enhanced epitaxy for 
ZnSe/GaAs(001) reported a high density (108 cm"2) of 
stacking faults if the III-V surface was exposed initially to a 
flux of elemental Se at 500 °C prior to ZnSe growth, while 
exposure to a Zn flux prior to II-VI growth reportedly led to 
much lower stacking fault densities. Similar Zn- and Se- 
predosing techniques were employed by Kuo et al. for 
ZnSe^yS^/GaAs heterostructures grown by conventional 
MBE. Densities of Frank and Shockley dislocations at the 
108 cm"2 level were reported for growth on As-stabilized 
surfaces initially exposed to a Se flux, while densities below 
the experimental sensitivity (<5 X 104 cm"2) were observed 
in samples where Zn predosing was employed. Kuo et al. 
associated the higher density of defects with the nucleation 
of three-dimensional (3D) islands in the early stages of 
growth of the II-VI epilayer on Se-exposed surfaces, mostly 
based on the corresponding degraded quality of the reflection 
high energy electron diffraction (RHEED) pattern. Similar 
proposals were put forth by Gaines et al.9 and Guha et al. 
for ZnSe/GaAs. 

However, in a recent study of pseudomorphic ZnSe/ 
GaAs(OOl) heterostructures grown by metal organic chemi- 
cal vapor deposition (MOCVD), Bourret-Courchesne11 re- 
ported an increase in the stacking fault density for 
heterostructures fabricated after exposure to Zn of the As- 
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stabilized substrate, as well as for growth on surfaces on 
which excess As was present, and tentatively associated the 
increase with the formation of small clusters of zinc arsenide. 

We focus here on the apparent discrepancy between the 
MOCVD and MBE results and present evidence that the 
Zn/Se flux ratio employed during the early stages of ZnSe 
growth by MBE on GaAs(001)2X4 as well as 
In0 04Gao 96As(001)2X4 surfaces has a profound effect on the 
resulting density of native stacking faults. We found that the 
use of low Zn/Se beam pressure ratios (BPR), i.e., Se-rich 
growth conditions, during interface fabrication yields stack- 
ing fault densities dramatically lower than those obtained 
with high Zn/Se BPRs. Since we have shown earlier that the 
BPR  controls   the  interface   composition   and  the  band 
alignment. 12-14 the present results indicate that the local 
atomic configuration of the interface contributes to determine 
the probability of stacking fault nucleation. 

In a recent article, Kuo etal. performed a similar 
experiment.15 However, prior to the ZnSe growth with dif- 
ferent BPRs, they exposed the GaAs(001)2X4 surface to a 
flux of Zn. While for the Zn-rich growth conditions their 
results are in good agreement with our data, they obtained 
for BPR=0.1 a Shockley partial dislocation density of 5 
X 106 cm-2. This value is clearly higher than the value re- 
ported here, probably due to the Zn predosing of the GaAs 
substrate. 

II. EXPERIMENTAL DETAILS 

All heterostructures were fabricated by MBE following 
the methods described elsewhere.12'13 The substrates 
were GaAs(OOl) or In001Ga099As(001) wafers, on 
which 1-yum-thick GaAs(001)2X4 or 1.5- to 2-^m-thick 
In004Ga096As(001)2X4 buffer layers were grown at 580 and 
490 °C, respectively. ZnSe overlayers 100- and 300-nm- 
thick were deposited at 290 °C on the III-V buffers. In view 
of the 0.27% in-plane lattice mismatch for ZnSe-GaAs(OOl), 
the 100-nm-thick overlayer was pseudomorphic and the 300- 
nm-thick layers partially relaxed. ZnSe-In004Ga096As(001) 
heterostructures are expected to be lattice matched instead. 

During II-VI growth, we used BPRs in the 0.1-10 range, 
as determined from an ion gauge positioned at the sample 
location. The BPR is known to affect per se the optical and 
structural quality of the bulk II-VI epilayer. We therefore 
confined nonstoichiometric growth to a thin (2-nm-thick) 
composition-control interface layer (CIL), and grew the rest 
of the II-VI epilayer with a constant BPR= 1 in order to 
isolate the effect of the BPR on stacking fault nucleation at 
the II-VI/III-V interface.16 The local composition of the 
CILs was calibrated in situ using a monochromatic x-ray 
photoemission spectrometer (XPS) through the integrated in- 
tensity of the Zn 3d, Se 3d, Ga 3d, and As 3c? core doublets. 
We have shown earlier12"14 that large Zn overpressures (high 
BPRs) during the early stages of growth yield Zn-rich inter- 
face compositions, while large Se overpressures (low BPRs) 
correspond to Se-rich interface compositions. The XPS re- 
sults would be consistent with excess Zn (or Se) elemental 
concentrations at the monolayer level of the interface, below 

an essentially stoichiometric II-VI overlayer. The local in- 
terface composition was found to control, in turn, the band 
offsets and the electrical properties of the 
heterojunction.12"14 

The extended defect density for each sample was deter- 
mined using transmission electron microscopy (TEM). Plan 
views and cross sections were obtained by ion milling the 
sample at room temperature using 5 keV Ar+ ions at an 
angle of incidence of 4°. A Philips EM430ST TEM operated 
at 300 keV allowed us to sample the overall heterostructure 
in sections as thick as 2 /urn. The observation of thin regions 
of the plan-view thin foils allowed us to focus on the struc- 
tural quality of the II-VI epilayer alone, while thicker re- 
gions yielded information on the whole sequence of epilay- 
ers down to the III-V buffer/substrate interface. The 
detection limit for stacking faults in our experiment was 1 
X105 cm"2. A single image with a magnification of 
10 000X represents a sampled area of 8 X 10"7 cm2. A de- 
tection limit of 1 X 105 cm"2 means therefore that no stack- 
ing fault was observed in 13 images from different spots of 
the same sample. 

III. RESULTS AND DISCUSSION 

The dominant type of stacking faults observed in both 
ZnSe-GaAs(OOl) and ZnSe-In004Gao.96As(001) hetero- 
structures is exemplified in the plan-view, bright-field TEM 
images in Fig. 1. We show images obtained from a 100-nm- 
and 300-nm-thick ZnSe overlayer grown on 
In004Ga096As(001). The photographs in the left and right 
columns were obtained using (000)-(220) and (000)-(220) 
two-beam diffraction conditions, respectively, near the [001] 
zone axis. Within the 100-nm-thick overlayers, by far the 
most numerous defects are stacking fault pairs, which origi- 
nate at the II-VI/III-V interface^ that extend throughout the 
overlayer along the (111) and (111) planes, and intersect the 
growth surface along the [110] direction. Some isolated 
stacking faults are also visible, oriented perpendicular to the 
pairs, and exhibit well-defined contrast fringes. 

The stacking fault pairs and the isolated stacking faults in 
Fig. 1 can be identified as Shockley and Frank stacking 
faults, respectively, based on the characteristic contrast they 
exhibit in the different diffraction conditions.17'18 First, near 
the [001] axis for the (220) reflection, the partial dislocations 
bounding Frank stacking faults should become invisible, 
which is not the case for the dislocations bounding the stack- 
ing fault pairs in Fig. 1, but is instead verified for the isolated 
faults in Fig. 1. Second, for each stacking fault pair, images 
recorded near the [114] axis with the (131) and (311) reflec- 
tions (not shown), clearly depict the (111) fault of each pair 
while the (111) fault vanishes. Third, the two partial dislo- 
cations bounding the (111) fault of each pair and pointing in 
the [010] and [100] directions disappear in images recorded 
near the [114] axis with (131) and (3lT) reflections, respec- 
tively. The isolated Frank stacking faults are instead com- 
pletely unaffected. These results imply that the (111) and 
(111) faults of each pair are of the Shockley type, with par- 
tial dislocations exhibiting the Burgers vectors (l/6)[ 121] 
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g(220) g(220) 

FIG. 1. Plan-view, bright-field transmission electron microscopy (TEM) im- 
ages of typical Shockley- (top) and Frank- (bottom) type stacking faults 
observed in ZnSe-In004Ga096As(001) heterostructures. Images are shown 
for both 100-nm- and 300-nm-thick ZnSe overlayers, scaled to the same 
magnification and oriented with the [110] direction pointing to the top. The 
photographs in the left and right column were obtained using (000)-(220) 
and (000)-(220) two-beam diffraction conditions, respectively, near the 
[001] zone axis. The Shockley stacking faults always appeared in pairs and 
changed their shape with increasing layer thicknesses. The Frank stacking 
faults retained their shape and are oriented perpendicular to the Shockley 
pairs. 

and (1/6)[211] for the former, and (1/6)[211] and 
(1/6)[121] for the latter.17'18 

Other peculiar differences between Shockley and Frank 
stacking faults become evident with increasing overlayer 
thickness. For a ZnSe thickness of 300 nm, the Shockley 
pairs assume the elongated profile shown in the second row 
of Fig. 1, and already have been reported by a number of 
authors.7'8 While the stacking fault pairs maintain the char- 
acteristic contrast variations with varying diffraction condi- 
tions described in the previous paragraph, the change in their 
appearance may reflect an elongation and distortion of the 
lines of the partial dislocations bounding the faults. Shockley 
partial dislocations have Burgers vectors parallel to the glide 
plane, and are in principle comparatively mobile. The partial 
dislocations bounding the Frank stacking faults can instead 
only move by climbing and correspondingly the Frank stack- 
ing faults are seen to retain their characteristic appearance at 
all overlayer thicknesses. 

The Zn/Se BPR employed during the early stages of in- 
terface formation has a dramatic effect on the density of 
stacking faults. This is shown in Fig. 2 for pseudomorphic 
ZnSe/GaAs(001) heterostructures comprised of 100-nm- 
thick overlayers and incorporating different CILs. The TEM 
plan view, bright-field micrographs were recorded in the 
(000)-(220) two-beam diffraction condition, which empha- 

FIG. 2. TEM plan-view, bright-field micrographs of pseudomorphic ZnSe/ 
GaAs(OOl) heterostructures comprised of 100-nm-thick overlayers. (a) 
Sample incorporating a Zn-rich composition-control interface layer (CIL) 
grown with a Zn/Se beam pressure ratio (BPR) of 10. (b) Control sample 
grown with a BPR= 1 throughout, (c) Sample incorporating a Se-rich CIL 
grown with a BPR=0.1. The (000)-(220) two-beam diffraction condition 
emphasizes the Shockley partial dislocations that bound the stacking fault 
pairs. The areal density of Shockley stacking faults pairs varies from 
7 X 108 cm'2 in (a) to 1 X 105 cm"2 in (c). 

size the Shockley partial dislocations that bound the stacking 
fault pairs.17,18 Figure 2(a) depicts a heterostructure which 
incorporates a Zn-rich CIL (grown with a BPR= 10), and 
exhibits an areal density of Shockley stacking faults of 7 
X 108 cm-2. The control sample in Fig. 2(b) was grown with 
a BPR= 1 throughout, and shows a density of Shockley 
stacking faults 3 to 4 times lower, i.e., on the order of 2 
X 108 cm"2. The heterostructure depicted in Fig. 2(c) incor- 
porated a Se-rich CIL (grown with a BPR=0.1), and exhibits 
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FIG. 3. TEM plan-view, bright-field micrographs of ZnSe-In004Ga096As(001) heterostructures incorporating a Se-rich CIL grown with a BPR=0.1 [(a) and 
(b)] or a Zn-rich CIL grown with a BPR= 10 [(c) and (d)]. All In0^Gao96As buffers were fabricated on GaAs(OOl) wafers and included a 300-nm-thick II-VI 
overlayer. We show images obtained from thick [(b) and (d), ~2-/um-thick] and thin [(a) and (c), ~500-nm-thick] regions of the thin foil and recorded with 

g=(220) two-beam diffraction conditions. The misfit dislocation network at the In004Ga096As/GaAs interface [see (b) and (d)] has a negligible effect on the 
structural quality of the II-VI epilayers. The areal density of Shockley stacking fault pairs varies from 1.6X 108 cm"2 in (c) to <2X 105 cm"2 in (a). 

a much lower Shockley stacking fault density of 1 
X 105 cm"2. 

The main result in Fig. 2, i.e., that samples incorporating 
a Se-rich interface layer exhibit an areal density of Shockley 
stacking fault pairs lower by three to four orders of magni- 
tude as compared to the others, is more difficult to verify in 
ZnSe/GaAs(001) with a 300-nm-thick overlayers, because of 
the dominant contrast associated with the formation of the 
large density of misfit dislocations. 

ZnSe-In004Gao96As(001) heterostructures represent ideal 
systems to assess the role of strain and interface composition 
in determining the native stacking fault density in II-VI/ 
III-V heterostructures. Because of the ideal lattice match, 
higher overlayer thicknesses can be fabricated without giving 
rise to the formation of misfit dislocations, and the local 
interface composition can still be controlled via the CIL 
technique. In Fig. 3, we compare bright field, plan view mi- 
crographs of ZnSe-In004Gao96As(001) heterostructures in- 
corporating a 300-nm-thick II-VI overlayer and a Se- (left) 
or Zn-rich (right) CIL. Micrographs (a) and (c) were ob- 
tained from thin regions of the thin-foil sample and illustrate 
the structural quality of the II-VI epilayers. Micrographs (b) 
and (d) were obtained from thicker regions of the thin-foil 
sample, and emphasize the dislocation network present 
deeper in the heterostructure.19 

The misfit dislocation network—due to strain relaxation 
of the In0 04Gao 96As buffer on GaAs—is seen to have a neg- 

ligible effect on the structural quality of the II-VI epilayers. 
TEM cross-sectional results (not shown) confirm that the dis- 
location network is localized at the In0 04Gao 96As/GaAs in- 
terface and that there is a negligible penetration of threading 
dislocations from the III-V buffer into the II-VI overlayer 
within our experimental uncertainty.18 The only defects vis- 
ible in the II-VI overlayers are stacking faults in Fig. 3(c) 
which originate from the II-VI/III-V interface. The 
g=(220) two-beam diffraction conditions employed in Fig. 
3 emphasize the partial dislocations that bound the stacking 
fault pairs, which have the characteristically elongated shape 
already observed in Fig. 1 in this overlayer thickness range. 
While the heterostructure incorporating the Zn-rich CIL in 
Fig. 3(c) shows an areal density of Shockley stacking faults 
on the order of 1.5 X108 cm-2, the density of Shockley 
faults in the sample incorporating the Se-rich CIL in Fig. 
3(a) is below our TEM experimental sensitivity of 2 
X 105 cm"2. 

A more quantitative comparison of the results for ZnSe/ 
GaAs(OOl) and ZnSe/In004Gao96As(001) heterostructures is 
shown in Table I, where we list the areal density of Shockley 
stacking fault pairs (column 4), Frank stacking faults (col- 
umn 5), and threading dislocations (column 6), for the dif- 
ferent samples (columns 1-3). The data in Table I clearly 
indicates that the parameter that most strongly influences the 
concentration of native stacking faults is the composition of 
the interface region, as opposed to overlayer thickness or 
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TABLE I. Quantitative comparison of the areal density of Shockley stacking fault pairs (column 4), Frank 
stacking faults (column 5), and threading dislocations (column 6), for different ZnSe/GaAs(001) and 
ZnSe/In004Ga096As(001) heterostructures (column 1) with ZnSe overlayer thickness of 100 or 300 nm (column 
2), and incorporating a 2-nm-thick CIL grown with a Zn/Se beam pressure ratio (BPR) of 10 or 0.1, or 
fabricated with a BPR= 1 throughout (column 3). The data were obtained from series of TEM plan view, 
bright-field micrographs. The experimental sensitivity was 2X105 cm"2 unless noted otherwise. Different 
markers (*,+) in column 1 denote In004Gao96As buffers grown on GaAs(OOl) and In0oiGaoMAs(001) wafers, 
respectively. 

Threading 
ZnSe CIL Shockley Frank dislocations 

Sample (nm) (BPR) (cm"2) (cm"2) (cm"2) 

ZnSe/GaAs, No. 323 100 10 7.0X108 3.0X106 <2 X105 

ZnSe/GaAs, No. 499 100 10 5.6X108 2.3 X107 ~6 X107 

ZnSe/InGaAs*, No. 500 100 10 9.2X108 3.2X107 <2 X105 

ZnSe/InGaAs+, No. 510 100 10 7.0X108 1.8X106 <2 X105 

ZnSeAnGaAs*, No. 502 300 10 1.6X108 1.8X107 ~1 X107 

ZnSe/InGaAs+, No. 501 300 10 1.5X108 7.0X106 <2 X105 

ZnSe/GaAs No. 326 100 1 2.0X108 5.0X107 <2 X105 

ZnSe/GaAs No. 488 100 1 2.6 X106 7.5X105 ~2 X106 

ZnSe/InGaAs*, No. 511 100 1 6.8 X106 2.6 X106 <2 X105 

ZnSe/InGaAs*, No. 513 300 1 5.2X106 1.7X106 <2 X105 

ZnSe/InGaAs+, No. 514 300 1 1.0X107 2.6 X106 ~3 X106 

ZnSe/GaAs, No. 330 100 0.1 1   X105 2.0 X106 <2 X105 

ZnSe/GaAs No. 504 100 0.1 <5   X104 2.4X106 <5 X104 

ZnSe/InGaAs*, No. 506 100 0.1 <2   X105 6.1 X106 <2 X105 

ZnSe/InGaAs+, No. 505 100 0.1 <2   X105 <2   X105 <2 X105 

ZnSe/InGaAs*, No. 509 300 0.1 <2   X105 1.7X106 1.7X106 

ZnSe/InGaAs+, No. 508 300 0.1 <2   X105 2.2X106 <2 X105 

strain. The vast majority of the stacking faults are Shockley 
stacking fault pairs, but their number decreases by at least 
three to four orders of magnitude in going from Zn- to Se- 
rich interfaces. The minimum stacking fault densities ob- 
served in Table I compare favorably with the best results 
reported in the literature.4-12 

The density of single isolated Frank stacking faults is also 
affected by the interface composition, although to a lesser 
extent. A decrease in the density of Frank stacking faults by 
a factor of 5-10 is typically observed in Table I when com- 
paring heterostructures with Zn- and Se-rich interfaces. The 
implication is that the microscopic mechanism behind the 
formation of Shockley and Frank stacking faults at the II- 
VI/III-V interface might be qualitatively different, although 
both are influenced by the Zn/Se atomic flux ratio employed 
in the early stage of interface formation. 

Our results seem to be in sharp contrast with the reported 
effect of Zn and Se predosing during MBE fabrication, since 
Zn predosing has been associated with enhanced two- 
dimensional (2D) growth and lower stacking fault densities, 
and Se predosing with three-dimensional (3D) growth and 
higher stacking fault densities.7'910 We propose therefore 
that the mechanism through which the local interface com- 
position affects the stacking fault nucleation rate is qualita- 
tively different from that proposed in Refs. 7, 9, and 10 to 
explain the effect of Se or Zn predosing. This is qualitatively 
demonstrated by a comparison of the RHEED patterns ob- 
served during growth of Se- and Zn-rich CILs in Fig. 4. 
Sharp 2X1 and c(2X2) patterns are observed in the two 
cases, with no indication of 3D growth in the Se-rich case. 

Degraded and sporty RHEED patterns are instead observed 
during growth on Se-predosed surfaces.6'7 

We speculate that the apparent discrepancy might reflect 
the different Zn or Se-coverage obtained on the GaAs sur- 
face with the two methods. ZnSe deposition in Zn- or Se-rich 
conditions during CIL fabrication yields symmetric changes 

FIG. 4. Reflection high energy electron diffraction (RHEED) patterns ob- 
served during the fabrication of CILs with a BPR=0.1 (top) and a BPR 
= 10 (bottom). The sample azimuth was (110) in (a) and (b), and (100) in (c) 
and (d). The primary electron energy was 10 keV, the ZnSe film thickness 
for these photographs was 2 nm. Equally sharp 2X 1 and c(2X2) RHEED 
patterns are observed in the two cases, with no evidence of three- 
dimensional growth. 
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FIG. 5. Bright field cross-sectional images of ZnSe/In004Gao96As(001) het- 
erostructures incorporating a Zn- (a) or Se-rich (b) CIL, grown with a BPR 
of 10 or 0.1, respectively. Both interfaces are viewed along the [100] zone 
axis, but observations along the [110] zone axis yielded similar results. 

in the local interface composition on the monolayer scale, as 
demonstrated by our in situ core level photoemission 
studies.21 On the other hand, predosing at typical MBE tem- 
peratures for relatively short times20 may yield lower Zn and 
Se coverages. For example, only Zn saturation coverages 
well below one monolayer can be achieved during Zn 
predosing,21 so that while Zn surface impurities may still 
affect step and kink energetics, and adatom mobilities, they 
are unlikely to result in a substantial change in the interface 
composition. 

The trends in Table I clearly suggest that the local inter- 
face composition determines the probability of stacking fault 
nucleation. This might occur directly through the BPR- 
induced difference in the local atomic configuration of the 
surface/interface, or indirectly as a result of the different sta- 
bility or lateral homogeneity of the surface/interface. Hetero- 
structures fabricated in Se-rich conditions appear less stable 
than those obtained in Zn-rich conditions, since annealing at 
relatively low temperatures (300-350 °C) gives rise to a 
strong enhancement in the deep level emission from Zn va- 
cancies, or complex defect centers involving Zn vacancies 
and substitutional Ga atoms on Zn sites.22 This might imply 
that such interfaces rearrange themselves more readily dur- 
ing growth as compared to Zn-rich configurations. 

As far as the lateral homogeneity is concerned, TEM in- 
dicates important differences for Se- and Zn-rich interfaces. 
Figure   5   shows   bright  field   cross-sectional   images   of 

ZnSe/In004Ga096As(001) heterostructures incorporating a 
Zn- (a) and Se-rich (b) CIL. Both interfaces are viewed along 
the [100] zone axis, but observations along the [110] zone 
axis yielded similar results. The Zn-rich sample (a) shows a 
dark contrast forming a dotted line along the interface, with a 
dot width of —0.7 ±0.2 nm about the interface and a typical 
length along the interface of 2 nm. For the Se-rich sample 
(b), we observe a dark contrast giving rise to a continuous, 
~0.7±0.2-nm-wide layer at the interface. The contrast in 
Fig. 5 is not due to strain but presumably reflects atomic 
interdiffusion and/or the formation of some type of interface 
reaction product. Observations in high resolution did not of- 
fer further indications as to the origin of the contrast. 

Recent synchrotron radiation photoemission studies of 
ZnSe/GaAs(001) interfaces have revealed enhanced atomic 
interdiffusion across Se-rich interfaces as compared to Zn- 
rich interfaces.23 Earlier studies24 have associated interfacial 
contrasts in TEM images with the presence of an interfacial 
compound, Ga2Se3, under certain growth conditions (typi- 
cally Ga-rich substrate surfaces). Ga2Se3 has a sphalerite 
structure where a third of the Ga sites are vacant, thereby 
modifying the structure factor of the crystal as compared to 
ZnSe and GaAs and causing a strong contrast in TEM. The 
photoemission signature of Ga2Se3, however, is absent from 
interfaces fabricated on As-rich surfaces.23 Alternatively, 
other authors have recently proposed the formation of a 
ZnAs layer with a zincblende structure at the interface.25 

One could speculate that, whatever the character of the 
interface reaction product in Fig. 5 might be, the lateral in- 
homogeneities observed in the Zn-rich case may promote 
stacking fault formation. For example, the inhomogeneous 
interface reaction in the Zn-rich case may yield the nucle- 
ation of threading defects at the boundaries between bright 
and dark interface regions. These defects would form, in 
turn, stacking fault pairs. Shockley partial dislocations are 
formed by atomic displacements as a result of shear stress, 
and could therefore arise because of the strain and stacking 
errors resulting from the lateral inhomogeneities. On the 
other hand, Frank stacking faults are induced by stacking 
errors during the growth, and their density is therefore pre- 
sumably not strongly influenced by the BPR technique. 

IV. CONCLUSIONS 

We identified Shockley stacking faults pairs as the domi- 
nant type of stacking fault defects in ZnSe/GaAs(001) and 
ZnSe/In004Ga096As(001) heterostructures, and found that 
fabrication of Se-rich interfaces results in a decrease by three 
to four orders of magnitude in the density of such stacking 
faults as compared to Zn-rich interfaces. We observed quali- 
tatively similar 2D growth during fabrication of Se- and Zn- 
rich interfaces, so that the influence of the BPR on the stack- 
ing fault density must reflect a mechanism qualitatively 
different from that proposed earlier by other authors to ex- 
plain the effect of Zn and Se predosing of the III-V surface 
prior to II-VI growth. 

Since similar trends are observed for both strained 
pseudomorphic   ZnSe/GaAs   heterostructures   as   well   as 
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lattice-matched ZnSe/In004Gao96As(001) heterostructures, 
strain does not appear to play a major role in determining the 
stacking fault density. 

The different atomic termination, thermodynamic stabil- 
ity, and lateral homogeneity of Se- and Zn-rich interfaces 
might all, in principle, play a role in determining the widely 
different probability of stacking fault nucleation in these het- 
erojunctions. 
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Growth and characterization of Si and Ge clusters on ordered 
C60 overlayers 

D. Klyachkoa) and D. M. Chenb) 

The Rowland Institute for Science, Cambridge, Massachusetts 02142 

(Received 12 September 1996; accepted 31 March 1997) 

We use in situ fabricated ordered C60 overlayers on Si and Ge surfaces as templates to grow isolated 
Ge and Si clusters, respectively. The growth processes are monitored and characterized by scanning 
tunneling microscopy, Auger spectroscopy, and low energy electron diffraction. Si and Ge clusters 
nucleate in the interstices of the C60 layer, and reach a typical lateral size of -10Ä before 
coalescing. Auger spectra of small Si clusters show an enhanced contributions from states of s 
symmetry, reflecting nontetrahedral coordination of Si atoms in clusters. Room temperature 
tunneling spectroscopy of isolated clusters reveals an enlarged band gap consistent with the effect 
of quantum confinement, and a quantized conductance attributable to the Coulomb blockade 
phenomena in a tip/cluster/substrate double barrier junction. © 7997 American Vacuum Society. 
[S0734-211X(97)03904-8] 

I. INTRODUCTION 

The making of self-organized nanoscale structures on 
substrates with patterned nucleation sites such as miscut 
crystalline surfaces has been an active endeavor in current 
nanoscience research. Here we propose a novel concept us- 
ing highly corrugated surfaces of the crystalline overlayer of 
large molecules as templates for growing clusters or quan- 
tum dots. By virtue of the large lattice constant of molecular 
films and their high surface corrugation, self-organization of 
atomic species at the open interstices can be potentially re- 
alized. In addition, a semiconducting or a nonconducting 
molecular template could serve naturally as an electron en- 
ergy barrier, a condition required for charge confinement in 
quantum dots. 

The remarkable stability of C60 molecules and the high 
crystallinity and the wide band gap (2.5 eV) of a C60 solid1 

render C60 lattices an ideal choice for testing this concept. 
Despite being a van der Waals solid, the cohesive energy of 
a face-centered-cubic (fee) C60 crystal is —0.28 eV per 
C60-C60 bond,2 and gives rise to considerable crystal 
strength. C60 has a closed shell electronic configuration that 
contributes to its molecular stability as well as to the inert- 
ness of the C60 crystalline surface. The constituent carbon 
atoms of C60 are arranged on a spherical shell, hence the 
C60 crystal surface is highly corrugated. A close match in the 
bond angle and the bond length between the carbon atoms of 
C60 and the deposited species in order to form a wetting layer 
is difficult to achieve. Thus a C60 crystal surface is poten- 
tially an ideal substrate for growing zero dimensional nano- 
structures. 

A hypothetical scheme for growing Si clusters on a C60 

surface is illustrated in Fig. 1. The first step is to make an 
ordered C60 overlayer on a Ge(100) substrate, that in turn 

"'Current address: Dept. of Nuclear Medicine, University of Sherbrooke, 
Quebec J1H5N4, Canada. 

b)Author to whom correspondence should be addressed; Electronic mail: 
chen@risvax.rowland.org 

serves as a template for the growth of isolated Si clusters. 
The relatively deep interstices in the C60 layer should play 
the role of nucleation centers [Fig. 1(a)], just as the steps on 
an atomic surface do. As more atoms arrive on the surface, 
isolated Si clusters will start to grow from the seed atoms in 
the interstices [Fig. 1(b)]. Given the 10 Ä separation, a clus- 
ter can increases its size to —30 atoms before the nearby 
clusters coalesce into bigger clusters or islands [Fig. 1(c)]. 

Below we present our experimental verification of these 
ideas. Two cluster/substrate compositions were investigated 
using scanning tunneling microscopy (STM), Auger electron 
spectroscopy (AES), and low energy electron diffraction 
(LEED). The first is Si clusters on an ordered monolayer of 
C60 on Ge( 100)2 X 1, and the second is Ge clusters on C60 

crystallites grown on a Si(100) substrate. These sandwichlike 
arrangements allow us to carefully monitor the coverage, the 
growth dynamics, and possible contamination, as to be dis- 
cussed in detail later in the article. 

II. GROWTH PROCEDURES 

The experiments are carried out in an ultrahigh vacuum 
(UHV) system with a base pressure of 5 X 10" n Torr. For a 
typical specimen fabrication, we first prepare clean Si and Ge 
surfaces by ion sputtering followed by annealing to 1100 and 
760 °C, respectively. C60 is then deposited from a Knudsen 
cell held at 500 °C onto the clean Si substrate held at 100- 
150 °C, or onto the Ge at 80-100 °C. The long range order 
of the C60 overlayer on Ge(100) or the crystallites on Si(100) 
are then verified by LEED and STM. Once the C60 deposi- 
tion reaches the desired coverage, we switch to deposition of 
the semiconductor species. The Ge is deposited from a mo- 
lecular beam epitaxy (MBE) cell heated to 960 °C, whereas 
the silicon beam is produced from direct current heating of a 
thin Si strip positioned near the substrate. The typical depo- 
sition rate of the Si or Ge is —0.02 monolayers (ML)/min. 
The substrates are not heated during cluster growth, but a 
slight rise in the surface temperature might occur due to ther- 
mal radiation heating from the Si strip. 
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Si atoms 

FIG. 1. A schematic showing the concept of using ordered C60 overlayers as 
a template to grow isolated atomic clusters, (a) Nucleation at interstices; (b) 
forming isolated clusters; (c) coalecence. 

The growth and detailed structure of a monolayer C60 on 
Ge( 100)2 XI and of the C60 crystallites on Si have been 
studied well and are reported elsewhere.3-5 In the remainder 
of this article, we shall focus on the growth and character- 
ization of the clusters. 

III. AUGER CHARACTERIZATION 

In the previously discussed two step deposition processes, 
AES is used to monitor the coverage and to detect possible 
impurities. All the cluster samples used for subsequent STM 
studies were checked to ensure that they were free of con- 
tamination. Figure 2(a) is a typical differential AES spectrum 
of a relatively high coverage of Si on a C60/Ge(100) sub- 
strate. It revealed only the signals from Si, C, and Ge, indi- 
cating that a clean deposition process was achieved. 

During growth of Si clusters, we also recorded changes in 
the shape of the Si LVV Auger line as the cluster sizes in- 
crease with the deposition time. As an example, Fig. 2(b) 
shows the evolution of the Si LVV line shape, along with a 
reference spectrum taken on a clean Si(100) surface. The 
cluster spectra are obtained by subtracting a spectrum taken 
on a C60/Ge(100) substrate from the spectra for Si on 
C60/Ge(100). The resultant spectra were normalized to the 
amplitude of the Si LVV peak. The inelastic background 
under the peak was interpolated and removed. The shape of 
the Si LVV spectrum bears the features of the self- 
convolution of the density of states in the Si valence band.6 

The latter includes lower energy 5 states and higher energy 
p states. The three Auger peaks at 70, 82, and 89 eV in the Si 
LVV spectra [Fig. 2(b)] are associated with the LVSVS, 
LVsVp, and LVpVp transitions, respectively.6 In Fig. 2(b) 
the LVSVS and LVsVp contributions are most pronounced at 
lower coverage (i.e., for small clusters), both decrease slowly 

200   400   600   800 1000 1200 
Kinetic Energy (eV) 
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Si - LVV 

Si(100)2x1 

Si/C /Ge(100) 

60     70     80     90     100    110 
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FIG. 2. Auger spectra of Si clusters on C60 overlayers that are grown on the 
Ge( 100)2 X 1 substrate. The specimen is prepared by a two step molecular 
beam deposition process. 

as Si deposition progresses, and eventually they approach the 
level of amorphous Si. The decrease of LVSVS and LVsVp 

contributions to the Si LVV spectrum from a cluster to a bulk 
film can be attributed to the increase of the sp hybridization 
associated with the transition to tetrahedral bonding in the 
bulk Si.7 The s wave is located closer to the atomic core than 
the/? wave and this leads to a enhancement of the LVSVS and 
LVsVp transitions in the clusters. 

IV. SCANNING TUNNELING MICROSCOPY 
OF Si/Ge CLUSTERS 

A. Si clusters on C60/Ge(100) 

Figure 3 shows typical STM images of a monolayer C60 

on Ge(100) before and after Si deposition. The original C60 

lattice [Fig. 3(a)] is essentially free of defects except for a 
few C70 impurities (the brighter molecule). After the surface 
is exposed briefly to the Si beam, the STM images [Figs. 
3(b) and 3(c)] show many isolated protrusions with various 
sizes. Since AES spectra confirm that there is no contamina- 
tion in our sample and that the C60 layer clearly remains 
intact, we conclude that all the bright protrusions are either 
Si atoms or Si clusters. Figure 3(c) shows that the diffusion 

J. Vac. Sei. Technol. B, Vol. 15, No. 4, Jul/Aug 1997 



1297 D. Klyachko and D. M. Chen: Growth and characterization of Si and Ge 

>m (B) 

1297 

FIG. 3. (a) A 160 Ä X 160 Ä STM image of a rhombic C60 lattice on the Ge( 100)2 X 1; (b) and (c) a 200 Ä X 200 Ä 3D view and a 160 Ä X 160 A plane view, 
respectively, of the STM images taken after a monolayer C60 on Ge( 100)2 X 1 was exposed briefly to an atomic beam of Si. STM images were taken with a 

tip bias of -3 V and a current set at 40 pA. 

length of Si atoms on the C60 layers is quite small, and that 
nucleation takes place at either the bridge site (b-Si) or the 
triangular site (t-Si). We suppose that Si occupation in two 
adjacent bridge sites (bb-Si) or in a bridge and a triangular 
site is the natural pathway to the formation of the Si clusters 
(marked as 1 and 2). Note that cluster 3 in Fig. 3(b) appears 
to be the beginning of a merger of two isolated clusters sepa- 
rated by only ~ 10 A. 

B. Ge clusters on C60/Si(100) 

Ge clusters are grown on the (111) plane of C60 crystal- 
lites which in turn are supported by a Si(100) substrate. Fig- 
ure 4(a) shows a three-dimensional (3D) perspective view of 
a clean C60 crystallite. The top (111) facet, or growth plane, 
is a near perfect close-packed hexagonal lattice similar to 
that in Fig. 3(a). A 3D view of a crystallite after the deposi- 
tion of Ge is shown in Fig. 4(b) and part of its top view is 
shown in Fig. 4(c). Although the Ge coverage is much higher 
than in the preceding Si deposition, the bare region of the top 
C60 lattice and the side facets of the C60 crystallite remain 
unaffected. Judging by the absence of defects in the imme- 
diate surroundings of the clusters, we speculate that the C60 

lattice underneath the Ge clusters also remains intact. It 
should be noted that, because of the severe convolution ef- 
fect between the tip and clusters, STM images do not offer 
true dimensions or a detailed structure of the clusters. 

The most significant conclusion drawn from our STM re- 
sults is that, in spite of the van der Waals intermolecular 
bonding, the C60 lattice and the crystallite have sufficient 
stability to support the growth of Si and Ge clusters. 

V. TUNNELING SPECTROSCOPY OF INDIVIDUAL 
Ge CLUSTERS 

The size distribution is a common problem encountered in 
the characterization of the physical properties of nanoscale 
structures using nonlocal probing techniques such as optical 
florescence measurement. With a STM, this problem can be 
easily overcome because of the ability to select individual 
clusters in a well controlled experiment such as the one de- 
scribed above. We have performed extensive tunneling spec- 
troscopy (/- V measurements) on numerous isolated clusters. 

(C) 

FIG. 4. (a) A 3D rendition of a STM image showing a C60 crystallite 156 A 
high (18 layers) and —1800 A wide. The top surface is a close-packed 
hexagonal lattice with a lattice constant of ~ 10 A, i.e., a (111) plane of a 
fee C60 crystal; (b) a STM image of a similar C60 crystallite after Ge depo- 
sition. Its height is 147 A (17 layers) and its width is -800 A. (c) A 
150 A X 150 A STM image taken on top of crystallite (b). The images were 
acquired with a tip bias of - 5 V and a current set at 20 pA. 
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FIG. 5. /- V spectra of five isolated Ge clusters grown on the (111) surface 
of a C60 crystallite that is supported by a Si(100) substrate. The inset is a 
spectrum taken on a clean C60 overlayer. 

Figure 5 displays the /- V spectra taken on five different Ge 
clusters with sizes ranging from 30 to 50 Ä. Two character- 
istic features are quite visible on all the curves: (i) large band 
gaps [spectrum (a)] and (ii) steps in the tunnel current [spec- 
trum (b)]. 

The large band gap, 4-5.5 eV, is indicative of the quan- 
tum confinement in nanoscale structures. The actual size of a 
cluster is less than 50 A, so the measured gap is comparable 
to the mean field theory calculation.8 Nonetheless, two other 
effects need to be considered as well. First, the apex of the 
STM tip could adsorb a C60 molecule or a Ge cluster. If this 
is the case, the true gap should be roughly one-half that 
measured in the /- V spectrum. Although a great deal of care 
was exercised to avoid this situation while acquiring these 
I-V spectra, we cannot exclude this possibility absolutely. 
Second, a voltage drop across the Si-C60 interface or the 
C60 crystallite could also lead to inflated values for the gap 
(or the width of a Coulomb staircase; see below). Clearly, 
much more work is needed to elucidate the nature of the 
large values for the band gap measured. 

To address the stepped conductance at higher bias, in Fig. 
6 we expand spectrum (b) of Fig. 5 in the region of the 2-4 
V bias, and display the derivative of the whole (b) spectrum 
in the inset. The steps are nearly equidistant in both width 
(-300 mV) and height (~47 pA), reminiscent of the Cou- 
lomb staircase observed in single electron tunneling 
junctions.9 The step width and height of a Coulomb staircase 
is equal to elC and eIRC, respectively, where C is the 
dominating junction capacitance and R the resistance. Using 
the value from spectrum (b) we obtain C«=5 X 10~19 F, and 
R^6X 109 n. For a spherical conductor of 40 Ä diameter 
placed between two parallel plates 20 Ä apart, C«=3 
X 10~19 F. From this comparison, it is tempting to attribute 

2.5 3 3.5 

Sample Bias (volt) 

FIG. 6. An expanded view from the 2-4 V bias range of I-V spectrum (b) 
shown in Fig. 5. The inset displays the derivative of the whole (b) spectrum 
of Fig. 5. 

the observed steplike I-V spectrum to the phenomenon of 
Coulomb blockade. Room temperature single electron tun- 
neling junction involving a STM probe has been reported 
previously.10'11 A more adequate proof for such a conclusion, 
however, requires a series of /- V measurements on clusters 
(quantum dots) of variable sizes. We do not have sufficient 
statistics at the present time. Much more effort is needed in 
this direction. 

VI. CONCLUSIONS 

We have proposed a novel concept of using lattices of 
large molecules as a template for growing atomic clusters (or 
quantum dots). Our experiment shows that isolated Si and 
Ge clusters from a few atoms up to ~ 50 Ä in size can be 
grown successfully using this method. Tunneling spectros- 
copy performed on individual clusters reveals quantized con- 
ductance and an enlarged energy band gap, which are inter- 
preted by the effects of the Coulomb blockade and quantum 
confinement, respectively. Our preliminary experiments 
show that metallic dots can also be fabricated using this 
technique.12 It is obvious that this concept could be extended 
to include other types of molecules. Of particular interest are 
those that provide greater stability and hence permit higher 
cluster growth temperature. Despite our initial success in 
implementing this new concept, its practical value ultimately 
depends on the possibility of preparing clusters (quantum 
dots) that can be distributed uniformly and orderly on these 
templates, a challenge seemingly formidable, yet worth tak- 
ing on. 

ACKNOWLEDGMENTS 

The authors thank L. Ruan for providing supporting evi- 
dence for our conclusions and A. Bass for helpful discus- 
sions. This work was supported by the Rowland Institute for 
Science. 

J. Vac. Sei. Technol. B, Vol. 15, No. 4, Jul/Aug 1997 



1299         D. Klyachko and D. M. Chen: Growth and characterization of Si and Ge 1299 

'j. H. Weaver and D. M. Poirier, in Solid State Physics, edited by H. 6S. M. Durbin and T. Gog, Phys. Rev. Lett. 63, 1304 (1989). 
Ehrenreich and F. Spaepen (Academic, New York, 1994), Vol. 48, p. 1. 7W. L. Brown et al, Science 235, 860 (1987). 

2A. V. Hamza and M. Balooch, Chem. Phys. Lett. 186, 603 (1992). 8 T. Takagahara and K. Takeda, Phys. Rev. B 46, 15 578 (1992). 
3D. Klyachko and D. M. Chen, Phys. Rev. Lett. 75, 3693 (1995). 9NATO Advanced Study Institute on Single Charge Tunneling, edited by H. 
4D. M. Chen, in Recent Advances in the Chemistry and Physics of Grabert and M. H. Devoret (Plenum, New York, 1991). 
Fullerenes and Related Materials, edited by R. S. Ruoff and K. M. Kad- ,0P. Radojkovic et al, Surf. Sei. 361-362, 890 (1996). 
ish (The Electrochemical Society, Reno, NV, 1995), p. 1311. nR. P. Andres et al, Science 272, 1323 (1996). 

5X. D. Wang et al, Phys. Rev. B 47, 15 923 (1993). 12L. Ruan and D. M. Chen (unpublished data, 1996). 

JVST B - Microelectronics and Nanometer Structures 



Interaction of C60 with the (3x3) and (V3xV3) surfaces of 6H-SiC(0001): 
Adsorption, decomposition, and SiC growth 
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Scanning tunneling microscopy was used to study the interaction of C60 with the silicon rich (3X3) 
and carbon rich (ßXß) surfaces of 6//-SiC(0001). For both reconstructions, triangular or 
hexagonal islands commensurate with the substrate structure were observed at submonolayer 
coverages. The C60 exhibits island growth on these surfaces, with the second layer nucleating on the 
C60 islands before completion of the first layer. For coverages greater than one monoloyer, a 
closed-packed face-centered-cubic (111) structure was formed on the (3X3) surface. On the 
(^3X^/3) surface, a disordered layer was observed. A SiC film was also grown using C60 as the 
carbon source.   © 1997 American Vacuum Society. [S0734-211X(97)05404-8] 

I. INTRODUCTION 

Since it was first synthesized in 1984, the unique proper- 
ties of the C60 molecule has attracted great attention.1'2 

Fullerene research has emphasized the building of increas- 
ingly elaborate derivatives of the archetypal C60 molecule. A 
significant effort, however, has also been devoted to studies 
of the adsorption and film growth of the C60 molecule on 
various semiconductor surfaces using many techniques, in- 
cluding scanning tunneling microscopy (STM).3 An impor- 
tant aspect of the research is an understanding of the adsorp- 
tion geometry in the submonolayer regime and mechanisms 
of thin film growth in the multilayer regime, as well as the 
interaction between the C60 molecule and the substrate. In 
most of the cases studied, the structure of the monolayer and 
multilayer films consists of a hexagonal, close-packed (111) 
layer. One interesting exception that was reported is the for- 
mation of a highly strained (110) oriented C60 film on the 
GaAs(OOl) As-rich 2X4 surface.4 Several groups were inter- 
ested in the potential industrial applications of fullerene,5'6 

particularly with regard to the decomposition of C60 on Si 
surfaces in order to grow SiC films. Ion-beam deposition of 
hydrogen-free, hard amorphous carbon films from a fullerene 
discharge was also reported.7 

In this work, we present a STM study of the interaction of 
C60 with 6#-SiC(0001) (3X3) and (ßxß) surfaces. The 
6#-SiC(0001) surface exhibits various phases, such as (ß 
x,/3), (2X3), (2V3X6V3), and (3X3).8'9 Among them, the 
(V3X73) structure is carbon rich and has very low corruga- 
tion (0.2 A), while the (3X3) structure is Si rich and has 
large corrugation (2.5 Ä). Interesting adsorption behavior 
can be expected for these two surfaces. This is similar to the 
case of the GaAs(OOl) surface where C60 films grown on 

"'Present address: Chemical Engineering Dept., University of California, 
Los Angeles, CA 90095; Electronic mail: lian@seas.ucla.edu 

(2X6) and (2X4) surfaces showed different structures.4'10 

Furthermore, C60 is easily sublimated at around 550 °C, and 
has a vapor pressure of 2 X 10~3 Torr.n Thus C60 could be 
used as a clean and convenient source of carbon for the 
growth of SiC. It has several advantages over carbon pro- 
duced by decomposing hydrocarbon gases and vaporizing 
graphite. For example, it eliminates the incorporation of hy- 
drogen and hydrocarbon fragments into the film which oc- 
curs in gas source molecular beam epitaxy (MBE). It does 
not require an elaborate apparatus to vaporize as is necessary 
for solid source MBE. It also avoids chemical contamination 
during heating of the carbon source due to its low sublima- 
tion temperature. Therefore, it is of great technological inter- 
est to study the interaction of C60 with SiC surfaces and to 
understand the decomposition mechanism on SiC surfaces at 
elevated temperatures. 

II. EXPERIMENT 

Details of the STM instrumentation and cleaning proce- 
dure of the SiC sample have been reported elsewhere.9'12 

Briefly, our "FI-STM" is a combination of STM and a room 
temperature field ion microscope (FIM) which was used for 
precise characterization of the scanning tip. The (99.95% 
puity) C60 powder was put into a small Ta dispenser. Subli- 
mation of the C60 molecules was performed by directly heat- 
ing the C60 doser at 340 °C. The n-type 6/7-SiC(0001) 
single crystals were supplied by Cree Research. Clean SiC 
surfaces were obtained by annealing the sample at 900- 
1000 °C in a flux of Si, which was produced by resistively 
heating a small Si wafer. The STM imaging was performed 
at room temperature using the constant current mode with 
sample bias between -1.2 and -2.5 V, unless specified oth- 
erwise. 
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FIG. 1. STM images of the 6tf-SiC(0001) surface after deposition of vari- 
ous amounts of C60 at room temperature, (a) The (ßxß) surface with 0.02 
ML coverage. The image size is 80 ÄX80 Ä, and sample bias is +1.2 V. (b) 
The (3X3) surface (60 ÄX60 A) with 0.02 ML coverage, (c) The (ßxß) 
surface (300 ÄX300 Ä) with 0.4 ML coverage, (d) The (3X3) surface (320 
ÄX320 Ä) with 0.4 ML coverage, (e) The (ßxß) surface (320 ÄX320 Ä) 
with 1 ML coverage, (f) The internal structure of the C60 on the (ßxß) 
surface imaged by STM. The image size is 160 ÄX160 Ä. 

III. RESULTS AND DISCUSSION 

Before presenting the results of C60 adsorption on the (ß 
Xß) and (3X3) surfaces, we wish to briefly mention the 
atomic structure of the two surfaces. Details of the structure 
of these surfaces can be found elsewhere.8'9 The (ßXß) 
surface showed a honeycomb structure in the filled state and 
a hexagonal structure in the empty state. This surface thus 
exhibited height contrast reversal in the STM images. The 
corrugation of the surface is 0.2 Ä. In the case of the (3X3) 
surface, a hexagonal array of protrusions in both the filled 
and empty states with a corrugation of 2.5 Ä forms a (3X3) 
reconstruction. We now present the results of C60 adsorption 
on these two surfaces. The (^3X^3) and (3X3) surfaces fol- 
lowing an approximately 0.02 monolanger (ML) deposition 
of C60 are shown in Figs. 1(a) and 1(b), respectively. In Fig. 
1(a), the largest bright quasispherical protrusion corresponds 
to individual C60 molecules. There is a total of three visible, 
all located in the upper half of the image. Also note that there 
are several bright and dark spots in the image which are 
caused by defect sites commonly seen on these two 
surfaces.8'9 The height of the protrusions varies between 6 
and 8 Ä, depending on the bias voltage. For the (3X3) sur- 
face shown in Fig. 1(b), the C60 is adsorbed on top of the 
protrusions. Again, the C60 molecules are imaged as the larg- 
est bright spots, with a total of two being visible in this 
image. On both surfaces, large area scans indicated that there 
is no preferential adsorption of C60 molecules at the step 
edges or at defect sites. While most of the molecules are 
isolated on the surface, large area images showed that ap- 
proximately 5% of the C60 molecules formed dimers [see 
Fig. 1(a)]. However, after the molecules found the most fa- 
vorable adsorption site they were very stable and showed no 
sign of diffusion. Even after annealing the surfaces to 300- 
400 °C, the population of the C60 dimers did not change. 

(a)      <*v*>    v*-**-f    *>-»-*'>    *-' 

4    f^*v*-    sC*v^V   «^"v*"» 

«^"•«r^-TK    «*%^S>    •r*-*'*-»     «r" 

»      *****'*      *f*V^"*      «-*VS _ 
»^v*-»   «""V*-»   «-^Vs.   «-* w 

(b) • 

• 

[1010] 

t [1210] 

FIG. 2. Schematic diagram of the adsorption model for C60 on (ßXß) and 
(3X3) surfaces, (a) The C60 adsorbs at the center of the vacancy on the 
(ßXß) surface, and forms a dimer with the second nearest neighbor C60. 
The large and small balls are Si and C atoms, respectively, (b) The C60 

adsorbs at the top of the (3X3) spots, and forms a dimer with its nearest 
neighbor C60. 

When the C60 coverage was increased, the molecules 
nucleated into clusters of either triangular or hexagonal 
shape. This is seen in Figs. 1(c) and 1(d), where about 0.4 
ML of C60 has been deposited. Using a line-scan profile, it 
can easily be seen that the C60 clusters are commensurate 
with the substrate structure on both surfaces. In Fig. 1(d), the 
clean (3X3) domain, the first layer C60, and the second layer 
C60 are labeled (3X3), I, and II, respectively. One interesting 
observation at this coverage is that the second layer C60 mol- 
ecules grow on top of the first layer before completion of the 
first layer. 

The (ßXß) surface after 1 ML of C60 deposition is 
shown in Fig. 1(e). Again islandlike growth was observed, 
producing multilayer islands while at the same time leaving 
parts of the clean surface exposed. Similar behavior was ob- 
served on the (3X3) surface. Another interesting observation 
was that the C60 intramolecular structure could be imaged for 
C60 molecules in both the first and second layers. In Fig. 1(f), 
three parallel stripes are visible within the molecules. These 
indicate that the rotation of the C60 molecules was arrested 
by the surface. This intramolecular structure is very similar 
to that observed for C60 adsorption on Si surfaces in that 
three or four stripes were also seen in the first layer C60 

molecules. 
To elucidate the adsorption behavior of the C60 molecule 

on the 6ff-SiC(0001) (V3X^3) and (3X3) surfaces, we show 
in Fig. 2 a model of the C60 molecules' adsorption site and 
dimer formation on these two surfaces derived from the STM 
results. The C60 adsorbs at the center of the honeycomb (pro- 
trusion) of the (ß X ß) structure. But a satisfactory atomic 
model is not yet available for the (3X3) surface; thus only a 
schematic diagram of the (3X3) geometry is shown. Based 
on the adsorption model proposed, the formation of C60 

dimers on these two surfaces can be understood as follows. 
When an arriving C60 molecule approaches an existing C60 

molecule on the (ßXß) surface, the best bonding site for 
the molecule is the second nearest neighbor because of its 
large diameter (7.1 Ä). Thus a C60 dimer will have a separa- 
tion in the 2^3 lattice spacing of SiC(0001)-(lXl), i.e., of 
10.7 Ä. Similar to this, the ideal C60 dimer separation is 9.3 
Ä on the (3X3) surface. A previous theoretical study has 
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FIG. 3. (a) STM image of the multilayer fee (111) C60 film grown on the 
(3X3) surface (160 ÄX160 Ä). (b) STM image of the (3X3) surface (320 
ÄX320 Ä) after annealing the fee (111) C60 film at 400 °C, showing a 
structure with short range ordering. 

shown that the equilibrium bond length for a C60 dimer is 
9.84 A.13 Compared with the dimer separation in the pro- 
posed model, the intermolecular spacing is then about 9.1% 
larger on the (^3X^/3) surface, but about 5.5% smaller on the 
(3X3) surface. Therefore, C60 dimers are under tensile stress 
on the (ßxß) surface whereas they are under compressive 
stress on the (3X3) surface. 

It is of interest to compare our observation of the adsorp- 
tion behavior of C60 on the (ßXß) and (3X3) surfaces of 
6H-SiC(0001) with the previous reported results on Si(100)- 
(2X1), Ge(100)-(2X1), and GaAs(001)-(2X4) As 
surfaces.4'14 Substrate structures were found to play a critical 
role in determining C60 adsorption and film growth. The 
(2X1) reconstruction of the Si(100) and Ge(100) surfaces 
forms a trough in between the dimer rows, which confines 
the C60 molecules so that they are unable to adopt closed 
hexagonal packing. Instead, the C60 molecules form a 
c(4X3) structure at low coverages.14 Adsorption of C60 on 
the anisotropic and strongly corrugated GaAs(001)-(2X4) As 
surface results in a molecular chain consisting of C60 dimers. 
This is also confined to the troughs of the substrate at low 
C60 coverage. This pair-chain structure then serves as a tem- 
plate for the growth of a strained van der Waals C60 face- 
centered-cubic (fee) (110) overlay er.4 In the present case of 
(ßXß) and (3X3) surfaces of 6H-SiC(0001), it also dem- 
onstrates that the substrate structures and site-specific 
C60-substrate interaction play a leading role in adsorption 
and film growth. The constraints imposed by the substrate 
result in the formation of a stressed C60 dimer on both sur- 
faces. On the (V3X/3) surface, the C60 dimer lattice contracts 
with respect to the ideal bulk fee structure of C60, whereas it 
expands on the (3X3) surface. Thus, when more C60 mol- 
ecules are deposited, the resulting triangular or hexagonal 
C60 clusters are under even larger stress, so that a closed- 
packed structure cannot be formed at the monolayer cover- 
age regime. 

Film growth in the mulilayer regime, however, showed 
different behavior on the (^3X^3) and (3X3) surfaces. Upon 
further increasing of the coverage, the C60 molecules formed 
multiple-layer islands on top of the two completely filled 
C60 layers on the (3X3) surface, as shown in Fig. 3(a). The 
film structure shows fee (111) packing with the nearest dis- 

FIG. 4. (a) STM image of the (3X3) surface with 0.02 ML of C60 after 
annealing to 600 °C (80 ÄX80 Ä). (b) The (^3X^3) surface with 0.02 ML 
of C60 after annealing to 600 °C (170 ÄX170 Ä). (c) The SiC islands grown 
on the (3X3) surface (480 ÄX480 Ä) after annealing a single adsorbed 
C60 layer at 850 °C. (d) Growth of the SiC layer on the (3X3) surface (1000 
ÄX1000 A) after annealing the adsorbed C60 layer at 1000 °C. 

tance being 10.2 A. This observation indicates that film 
growth on the (3X3) surface is dominated by van der Waals 
interactions. This also suggests that C60-substrate interaction 
is limited to only the first two layers. Similar results were 
reported on Si(100) and Ge(100) (2X1) surfaces.4'14 Note 
that the change of contrast at the step edges of the C60 islands 
in Fig. 3(a) does not represent real physical features; it is the 
result of a high scan speed. On the other hand, we did not 
observe formation of a very ordered structure for multilayer 
coverages on the {ßxß) surface. This suggests that 
C60-substrate interaction still influences multilayer growth 
of C60 on the (ßxß) surface. Deposition of multilayer 
C60 molecules led to the growth of three-dimensional clus- 
ters. This eventually resulted in the nucleation of large C60 

islands. Annealing the C60 film on the (3X3) surface at 
400 °C resulted in the desorption of all the C60 molecules, 
except for the those in the first layer which showed short 
range ordering [see Fig. 3(b)]. 

In order to study the decomposition mechanism of the 
C60 molecule on SiC surfaces, a small amount of C60 was 
deposited on the surfaces. Then the surfaces were annealed 
to various temperatures. Annealing the (3X3) surface with 
0.02 ML of C60 coverage at temperatures below 600 °C did 
not change the C60 dimer population or the height of the 
C60 molecules in the STM images. For temperatures above 
600 °C, however, clusters with irregular shapes were formed 
[see Fig. 4(a)]. This indicates that decomposition of the C60 

molecule has occurred. It is also possible that formation of a 
C60-Si cluster has taken place since there is some depletion 
of Si immediately surrounding the C60. This observation is 
consistent with previous studies of the interaction of C60 with 
the Si(lll)-(7X7) surface.15 For the case of the (V3XN/3) 
surface, annealing the surface with 0.02 ML of C60 coverage 
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at temperatures up to 1000 °C showed no change of shape of 
the C60 molecules in the STM images [see_Fig. 4(b)]. The 
height did change, however, to around 3-4 Ä in comparison 
with the 6-8 A measured for the unannealed C60 molecules. 
This observation suggests that the C60 molecules did not de- 
compose on the carbon rich {ßXß) surface. But it is pos- 
sible that a different bonding configuration at the interface 
causes the reduction of the height of the C60 molecules in the 
STM images. 

After annealing the adsorbed C60 layer on the (3X3) sur- 
face [see Fig. 3(b)] at 850 °C, the C60 reacted with the Si on 
the surface to form SiC islands as shown in Fig. 4(c). Further 
annealing to 1000 °C reduced the surface roughness, and re- 
sulted in the growth of larger SiC clusters, shown in Fig. 
4(d). Atomically resolved images showed that the surface 
was (ßXß) reconstructed. In contrast to the behavior ob- 
served on the (3X3) surface, annealing a multilayer of C60 

adsorbed on the (ßXß) surface did not result in the forma- 
tion of any ordered structure. Furthermore, the C60 clusters 
could not be desorbed by annealing to temperatures as high 
as 1050 °C. Nevertheless, after annealing the surface in a Si 
flux at 1000 °C the C60 molecules reacted with the arriving 
Si to form SiC clusters, with the surface reconstruction being 
dependent upon the Si coverage. Therefore, growth of SiC 
can be achieved by alternately supplying Si atoms and C60 

molecules to the surface. In this way, growth can be limited 
to a single atomic layer. 

IV. CONCLUSIONS 

We have studied the interaction of the C60 molecule with 
6tf-SiC(0001) (3X3) and (ßXß) surfaces by STM. The 
C60 was found to reside at the center of the honeycomb of the 
C-rich (V3X^3) structure, while on the Si-rich (3X3) surface 
they resided on top of the bright protrusions. With increasing 
coverage, the C60 formed triangular or hexagonal clusters on 
both surfaces. The second layer C60 started to nucleate on the 
first layer before completion of the first layer, leaving an 
open space in the first layer. This is explained by the buildup 
of strain in the C60 clusters on both surfaces, which limited 

the growth of the size of the C60 clusters. On the (3X3) 
surface, starting from the third layer, a film of close-packed 
fee (111) with a close nearest neighboring distance of 10.2 A 
was observed. On the (ßXß) surface, the C60 continued to 
grow in three-dimensional clusters, which eventually led to 
large C60 islands. The internal structure of the C60 molecule 
consisted of three stripes. This was observed in the first and 
second layer C60 on both surfaces. The growth of SiC was 
achieved by using C60 molecules as the carbon source. 
Growth can be controlled at the atomic level by surface re- 
construction. 
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A novel C60-DDME complex thin film was prepared by a new modified vacuum deposition 
technique. Stable and reproducible electrical bistable properties are observed in the C60-DDME thin 
films. The structure and spectroscopy characteristics of the complex C60-DDME thin film are 
considerably different from those of both DDME and C60 thin films, as is revealed by high 
resolution scanning electron microscopy, x-ray diffraction, and ultraviolet-visible absorption 
spectra.   © 1997 American Vacuum Society. [S0734-211X(97)03704-9] 

I. INTRODUCTION 

Fullerene C60, which was discovered several years ago,1 

is a new allotrope of carbon. Success in the synthesis of 
macroscopic quantities of C60 (Ref. 2) has aroused intense 
interests in applications of C60. 

So far, electrical switching and memory devices made of 
inorganic, organic, and metalorganic compounds have been 
paid considerable attention because of their potential appli- 
cations in molecular electronic devices such as high speed 
switching and memory elements.3 Since Potember et al. re- 
ported stable and reproducible switching phenomena be- 
tween two resistant states induced by an applied electric field 
in the charge transfer complex thin films of Ag-TCNQ and 
Cu-TCNQ,4,5 in-depth studies of electronic and optical 
properties of such devices have been carried out 
extensively.6,7 For example, data writing and erasing in Ag- 
TCNQ and Cu-TCNQ thin films realized by scanning tunnel 
microscopy (STM) have been reported.8'9 This would create 
ultrahigh density information storage up to 1012 bits/cm2 

possible and greatly enrich this field of research.10 In addi- 
tion to C60's extraordinary properties such as superconduc- 
tivity or photoconductivity caused by alkali metal and other 
materials doping,11"14 applying C60 to the research field of 
information storage has also been implemented.15'16 

Recently, a new organic material, l,l-dicyano-2-(4- 
dimethylaminophenyl)ethene (DDME), was synthesized in 
our laboratory. The molecular structure of DDME is shown 
in Fig. 1. It is a polynitrile TT acceptor, and the donor- 
acceptor system of Ag-DDME complex thin films is proven 
to possess electrical bistable properties.17 Here, the structural 
characteristics and the reproducible bistable switching from a 
high- to a low-impedance state of a novel C60-DDME com- 
plex thin film are presented. 

II. EXPERIMENTS 

The C60-DDME complex thin films were prepared by 
following a modified vacuum deposition technique. A sche- 
matic diagram of the vacuum evaporation jig is shown in 

"Author to whom correspondence should be addressed. 

Fig. 2. The vacuum pumping system for preparing the thin 
films consisted of a rotary pump and a diffusion pump. There 
was a heated U tube placed vertically in the vacuum cham- 
ber. The inner diameter of the U tube was 1.5 cm, the U tube 
was 4.5 high, and the hand-to-hand distance was 2.5 cm. A 
sample holder was located at one end of the U tube. The 
distance between the sample holder and the end of the U tube 
was 1.5 cm. Two sources for simultaneous deposition of 
DDME and C60 were set just under the other end of the U 
tube. 

The following preparation steps were all made at a 
vacuum of 1.0X10"3 Pa. First, the Au thin film of about 
100 nm was evaporated onto a glass substrate as a bottom 
electrode. Then the Au film on the glass substrate was put 
onto the sample holder. The U tube was heated to 130 °C by 
a tungsten filament surrounding the U tube for about 15 min 
and was maintained at 130 °C during deposition. The aim of 
this procedure was to make the evaporating molecules attain 
thermal equilibrium with the heated wall of the U tube by 
random collisions, resulting in a uniform nucleation of the 
molecules on the substrate, and to prevent deposition from 
taking place on the wall of the U tube instead of on the 
substrate. Afterward, the crucibles, loaded with DDME pow- 
ders and C60 powders, respectively, were heated simulta- 
neously. In order to mix them homogeneously, it was impor- 
tant to control the deposition rate and the deposition time of 
both the DDME and the C60 properly. Once the 
C60-DDME complex had grown on the Au film to the de- 
sired thickness, a corresponding complex thin film was 
formed. Finally, we deposited another Au thin film of about 
100 nm as a top electrode. Thus, the sandwichlike system 
consisting of layers of Au/C60-DDME/Au was complete. 

The de I-V curves of the C60-DDME thin film were 
measured at room temperature in air with a 10 kil resistor as 
the series load. High resolution scanning electron micros- 
copy (HRSEM) photos were taken with an Amray 1910 field 
emission microscope. X-ray diffraction (XRD) measure- 
ments were made on a Rigaku D/max-3B diffractometer with 
a Cu Ka source. Ultraviolet-visible (UV-vis) absorption 
spectra of the films on the quartz substrates were measured 
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H3C \ /=\ ^ C=N 
H3C  Y_/ ^C—N 

FIG. 1. The molecular structure of DDME. 

on a Shimadzu 240 spectrophotometer, using blank quartz 
substrate as the reference. 

III. ANALYSIS OF THE RESULTS 

Figure 3 is the typical I-V curve of C60-DDME 
(~0.8 yam thick). The complex thin film is initially in a 
high-resistance state when applied voltage is lower than 3.38 
V (field strength -4.2X 104 V/cm), and the resistance is 
about 109 Ü. At a threshold voltage of 3.38 V the complex 
thin film switches abruptly from high resistance ("0" state) 
to low resistance ("1" state). The resistance of this conduc- 
tive state is about 380 11 The resistance difference between 
the 0 state and the 1 state is about seven orders (107). No 
preliminary forming such as a thermal treatment is required 
for the complex thin film to be able to switch. In the 1 state, 
the voltage can be increased or decreased to 0 V without 
switching to the 0 state. The memory time of the 1 state in 
this typical device is about 38 h. It is worth noting that the 
memory time of the C60-DDME complex thin films that we 
prepared is longer than that of similar devices such as 
C60-BDCP and C60-BDCB complex thin films.15'16 When 
heated in ambient atmosphere at 70 °C for 1.5 h, the complex 
thin film in the 1 state can switch back to the 0 state. Such an 
electrical bistable switching characteristic is stable and re- 
producible. 

The structural analyses of C60-DDME complex thin films 
demonstrate that C60-DDME is a new phase that is different 
from both pure C60 thin films and neutral DDME thin films. 
Figure 4 shows the HRSEM images of a pure C60 thin film, 
a DDME thin film, and a C60-DDME thin film (these thin 
films were all prepared by our new method mentioned 
above). From Fig. 4(c), one can see that there are small clus- 
ters with almost the same diameter (less than 20 nm) distrib- 
uted in the C60-DDME complex thin film, but Figs. 4(a) and 
4(b) show that the pure C60 thin film and the pure DDME 
thin film possess a smooth surface. The comparison of XRD 
patterns of C60 thin film, DDME thin film, and C60-DDME 
thin film in Fig. 5 also supports this conclusion. The XRD 
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FIG. 3. The typical I-V curve of C60-DDME. 
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FIG. 2. Schematic diagram of the vacuum evaporation jig. 

FIG. 4. HRSEM images of (a) a pure C60 thin film, (b) a pure DDME thin 
film, and (c) a C60-DDME complex thin film. 
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FIG. 5. XRD patterns of (a) a pure C60 thin film, (b) a pure DDME thin film, 
and (c) a C60-DDME complex thin film. 

pattern of the C60-DDME film shows significant differences 
from those of both the DDME and C60 films alone. There are 
diffraction peaks at 20=25.9°, 26.8°, 28.2°, and 38.3° in the 
DDME film and at 2 6= 20.8°, 25.6°, 26.0°, 27.9°, 28.2°, 
32.9°, 38.3°, 44.6°, 45.4°, and 67.9° in the C60 film. How- 
ever, in the C60-DDME these characteristic peaks of C60 and 
DDME thin films almost disappear and only a strong peak at 
26»=26.5° exists. 

The C60-DDME complex thin films show very different 
spectral features in comparison with the DDME thin films 
and the C60 thin films. There are five absorption peaks at 
227, 295, 363, 567, and 601 nm in the DDME thin films [see 
Fig. 6(b)], and in the C60 thin films [see Fig. 6(a)] there are 
absorption peaks at 221, 268, 348, 568, and 618 nm. The 
C60-DDME complexes [see Fig. 6(c)] exhibit a wide band 
centered at 445 nm and two weak peaks at 560 and 590 nm. 
Unfortunately, since the crystal structure of the 
C60-DDME complex thin film is not yet known exactly, it 
would be difficult to give a more exact interpretation of the 
UV-vis spectrum of the C60-DDME thin films. 

.£> 
O 

200   300    400    500    600    700   300 

Wavelength   (nm) 

FIG. 6. UV-vis absorption spectra of (a) a pure C60 thin film, (b) a pure 
DDME thin film, and (c) a C60-DDME complex thin film. 

Three mechanisms, the formation of conductive 
filaments,18 the charge transfer mechanism,4'5 and the 
changes in molecular or crystal structures,10 have been sug- 
gested to interpret these electrical switching phenomena. 
Nevertheless, the transition caused by the formation of con- 
ductive filaments is unstable and usually has appreciable 
physical damage on the surface. The electrical bistable prop- 
erty of the C60-DDME complex thin films are stable and 
reproducible, however, and no physical damage of the sur- 
face of C60-DDME films was observed under a microscope. 
Therefore the formation of conductive filaments in the 
present device may be ruled out. In addition, because the thin 
films of both pure DDME and C60 are highly insulating, the 
switching behavior of C60-DDME films cannot be ascribed 
to the charge transfer mechanism. So the switching phenom- 
enon of C60-DDME complex thin films that is observed is 
most probably due to the change in molecular or crystal 
structures, the same result as that in some previous work. 15,16 

IV. CONCLUSIONS 

A novel organic material, l,l-dicyano-2-(4-dimethyl- 
aminophenyl)ethene (DDME), was synthesized and 
C60-DDME complex thin films were prepared by the modi- 
fied vacuum deposition technique. A stable and reproducible 
electrical bistable property of C60-DDME complex thin 
films was found, and the structural and spectral characteris- 
tics of thin films were studied. Advanced research related to 
C60-DDME complex thin films, such as electrical informa- 
tion storage by STM and optical information storage, is now 
in progress. 
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Si- and C-rich structure of the 6H-SiC(0001) surface 
L. Li,a) Y. Hasegawa, and T. Sakurai 
Institute for Materials Research, Tohoku University, Sendai 980-77, Japan 

(Received 10 March 1997; accepted 10 March 1997) 

The reconstructions of the 6H-SiC(0001) surface under both Si-rich and C-rich conditions were 
studied using field ion-scanning tunneling microscopy (FI-STM). The sample was cleaned by in 
situ Si beam etching at 900-1000 °C. The as-cleaned surface showed a (ßxß) structure. The 
Si-rich phases were produced by annealing the sample in a Si flux. With increasing Si concentration, 
(2X2), (2^3X6^3), (3X3), and (7X7) reconstructions were observed. Reaction of the Si-rich phases 
with C2H2 molecules at 1050 °C resulted in the formation of a C-rich surface, which exhibited a 
(2X2)/(6X6) reconstruction. A structure model for (ßXß) reconstruction is proposed, and 
possible applications of using the surface reconstruction to selectively grow SiC polytype is 
discussed.   © 1997 American Vacuum Society. [S0734-211X(97)01304-8] 

I. INTRODUCTION 

Silicon carbide (SiC) is a wide band gap semiconductor 
with potential applications for short wavelength optoelec- 
tronic, high temperature, radiation resistant, and high-power 
electronic devices. SiC crystallizes in either a cubic or a 
hexagonal form, and exhibits polytypism, which is derived 
from different stacking sequences of Si/C bilayers along the 
closest packed direction. If the stacking sequence is 
ABC ABC..., one obtains a single SiC polytype, which is 
referred to as 3C or /?-SiC. If the stacking sequence is 
AB AB..., then a variety of hexagonal poly types is obtained. 
The most common hexagonal polytypes are 6H and AH, 
where the 6 and 4 refer to the number of planes in the peri- 
odic stacking sequence. Combination of both stacking se- 
quences yields a wide range of ordered, larger period hex- 
agonal or rhombohedral structures. These are referred to as 
a-SiC. Despite identical stoichiometry SiC polytypes differ 
in their electronic energy band gap by as much as 1 eV. This 
opens up interesting perspectives for development of 
multilayer structures of different polytypes, creating new 
materials with novel properties.1 Thus, understanding the 
mechanism of controlling the SiC polytype growth is of 
practical and theoretical interest.2 Molecular beam epitaxy 
(MBE) has been used to grow SiC at about 1000 °C.3'4 It was 
found that the surface structure of the substrate plays a criti- 
cal role in controlling the growth kinetics. A recent study 
suggested that atomic layer epitaxy (ALE) is a likely way to 
achieve the growth of definite SiC polytypes.5 Therefore, 
detailed analysis of the atomic structure of the 6H- SiC sur- 
face is needed to clarify the conditions necessary to obtain a 
specific polytype of SiC. 

II. EXPERIMENT 

The experiments were carried out in an ultrahigh vacuum 
(UHV) chamber containing a scanning tunneling microscope 
(STM) equipped with a low energy electron diffraction 
(LEED) and a field ion microscope (FIM) which was used to 

monitor and fabricate the STM tip. Details of the FI-STM 
experimental setup have been discussed elsewhere.6 The 
samples were n type (n = 2Xl018 cnT3) 6#-SiC(0001) 
single crystals supplied by Cree Research. The surface was 
cleaned in situ by Si molecule beam etching at 900-1000 °C. 
Temperature was measured using an optical pyrometer with 
an emissivity setting of 0.53. The Si beam was produced by 
heating a small Si slab to 1100-1150 °C positioned 10 cm 
away from sample. The Si flux was estimated to be in the 
range of 1014-1015 cm"2 s"1. The carbon source was acety- 
lene (C2H2), which was introduced into the chamber through 
a leaking valve. All STM images were taken with sample 
bias of -2.0 V, unless specified otherwise. 

III. RESULTS AND DISCUSSION 

After exposing the SiC(0001) surface to the Si flux at 
950 °C for 5 min, the surface was clean and exhibited large 
terraces of up to 500 A. The majority of steps had a height of 
about 7 Ä, which is close to three Si/C bilayer high (7.6 Ä). 
On the terraces, high resolution dual bias images (Fig. 1) 
showed a honeycomb structure in filled state (a) and a hex- 
agonal structure in empty state (b) with height contrast re- 
versal. The measured unit cell spacing was 5.4 ± 0.2 A, in 
good agreement with the expected value of 5.3 Ä for a 
(V3X,/3) reconstruction, and corrugation of the surface was 
typically 0.2 Ä. This structure has been reported in previous 
studies,7"9 and a model with an Si adatom at the T4 site has 

"'Present address: Chemical Engineering Department, University of Califor- 
nia, Los Angeles, CA 90095; Electronic mail: lian@seas.ucla.edu 

FIG. 1. (a) Filled state (-1.2 V) and (b) empty state (+1.2 V) image of the 
(ßXß) reconstruction (70 ÄX70 Ä). 
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FIG. 2. (a) Top view of the surface vacancy model. Large and small balls are the Si and C atoms of the Si/C bilayer, respectively. Dark balls are the C atoms 
at the surface, (b) Top view of the Si-C alloy model. Top layer Si is shown by dark balls. The substitution C atoms are shown in circles. 

been suggested. Recent first-principles total-energy calcula- 
tions also support the Si-T4 adatom model. The calculated 
electronic structure shows a metallic and half-filled surface 
state, which suggests that the STM images should be similar 
for tunneling in and out of the surface.10 However, our STM 
result shown in Fig. 1 is inconsistent with the Si-r4 adatom 
model since the STM images in the filled state and empty 
state show a height contrast reversal. This Si-r4 model is 
also inconsistent with a recent photoemission study which 
showed a surface state with semiconducting occupation for 
the (ßXß) reconstruction.11 

Based on our previous STM results, a surface vacancy 
model for the (^3X^3) structure was proposed.12 Figure 2 
shows the surface vacancy model and another possible sur- 
face Si-C alloy model for the (ßXß) reconstruction. In the 
surface vacancy model, a layer of carbon with one-third of 
its atoms missing on top of the Si-C bilayer creates a pattern 
of vacancies which has the (ßXß) geometry. The C ada- 
toms reside on the atop sites, and the dangling bond of the Si 
atom at the center of the vacancy is unsaturated. In the sur- 
face Si-C alloy model, 2/3 of the surface Si atoms are sub- 
stituted by C atoms in a manner that creates the (ßXß) 
geometry. In both models, we assume 2/3 of ML of carbon 
on the surface although the crystallographic orientation for 
the surface is Si-terminated. The fact that this (^3X^3) is 
formed at about 1000 °C suggests that Si depletion on the 
surface is likely. Previous x-ray photoemission spectroscopy 
(XPS) and Auger electron spectroscopy (AES) studies have 
indicated that carbon segregation can occur at temperature as 
low as 900 K.13 Simple electronegativity considerations in- 
dicate that charge transfer is mainly from Si to C. As a result 
of the charge transfer, it can be expected that C atoms are 
likely to be revealed in filled state STM images and Si atoms 
to be revealed in empty state STM images. However, we 
should note that the relationship between STM images and 
surface geometric structure is complicated. In our proposed 
models, hybridization of the dangling bonds of the surface Si 
and C atoms can be expected. Due to a lack of calculations 
of the energy levels of the Si and C dangling bonds, com- 
parison of them to the conduction band minimum and va- 
lence band maximum of 6//-SiC is impossible. The pro- 
posed models for the (ßXß) structure are therefore 
tentative, and further studies are needed. 

When the (^3X^3) surface was exposed to the Si beam, 
four more distinct surface phases have been found as shown 
in Fig. 3. The first phase formed is shown in Fig. 3(a), after 

deposition of Si on the (^3X^3) surface at 850°C for about 1 
min. The surface showed local (2X2) ordering. Figure 3(b) 
shows the surface after further deposition of Si on the (2X2) 
surface, and the structure was determined to be (2^/3X6^3) 
reconstruction. The atomic arrangement of the (2/3X6N/3) 
structure can be seen to form two types of rows, one type 
containing four maxima and the other containing two 
maxima. Deposition of more Si on the (2^3X6^/3) produced 
a hexagonal array of protrusions in both filled and empty 
state image with corrugation of 2.5 Ä that formed a (3X3) 
reconstruction [Fig. 3(c)]. It is apparent that our STM images 
of the (3X3) reconstruction are once again inconsistent with 
a model proposed based on the Si(lll)-(7X7) dimer- 
adatom-stacking fault (DAS) model in the previous LEED 
and energy loss spectroscopy (ELS) studies,7 since the very 
prominent corner holes of the DAS (3X3) structure are ab- 
sent in both filled state and empty state STM images. Even- 
tually, the DAS (7X7) structure was produced by deposition 
of Si on the (3X3) surface as shown in Fig. 3(d). Accompa- 
nying the (7X7) reconstruction, the step structure also 
changed from relatively straight when the surface was (y3 
X ß) reconstructed to triangular shaped. The step edges were 

FIG. 3. Sequence of STM images of the 6//-SiC(0001) surface, showing the 
Si-rich structures in the order of increasing Si concentration: (a) The (2X2) 
reconstruction (120 ÄX120 Ä); (b) the (2v/3x6%/3) reconstruction (118 
ÄX118 Ä); (c) the (3X3) reconstruction (160 ÄX160 Ä); (d) the (7X7) 
reconstruction (1200 ÄX1200 Ä). The insert shows an empty state image 
(+2 V) of the (7X7) structure. 
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FIG. 4. STM images of the C-rich structure formed after interaction of the 
Si-rich phases with C2H2 molecule at 1050 °C. (a) The (2X2) structure after 
30 L of C2H2 exposure to the (3X3) surface (90 ÄX90 Ä).=The sample bias 
is +2.0 V. The image size for the inset is 1200 ÄX1200 Ä. (b) The empty 
state image (+1.6 V) of the (6X6) structure (170 ÄX170 Ä). The inset 
shows a large scale image of the surface (1200 AX 1200 A). 

oriented along (1120) directions. The change of surface mor- 
phology likely resulted from the large lattice mismatch be- 
tween Si and SiC (20% for Si and /3-SiC). Annealing the 
surface at about 1000 °C resulted in Si desorption, which led 
to successive transformation among these Si-rich phases. 
The order of phase transformation is from (7X7) to (3X3) to 
(2^3X6^3) to (2X2). The surface Si concentration decreases 
in the same order. 

The carbon-rich phases were prepared by exposing the 
Si-rich phases to C2H2 at 1000-1050 °C. Carbon clusters 
were formed on the surface after exposing the (3X3) surface 
to 30 L of C2H2 at 1050 °C as shown in Fig. 4(a). Atomically 
resolved STM images showed local (2X2) ordering. At satu- 
rated coverage (100 L), about 1 ML of carbon was deposited 
on the surface [Fig. 4(b)], and the surface showed a (6X6) 
structure. Similar structures were observed after reaction of 
the C2H2 molecule with other Si-rich phases. The Si-rich 
phases can be produced by exposing the (2X2) and (6X6) 
surface to the Si flux. Therefore, epitaxial growth of SiC has 
been achieved by alternate supply of Si and C2H2 molecules 
to the surface. However, it is difficult to determine the poly- 
type by imaging the surface structure only. 

Figure 5 shows the phase diagram summarizing the ob- 
served reconstructions of the 6//-SiC(0001) surface as a 
function of the surface Si and C composition. 

IV. CONCLUSIONS 

We have shown that in situ Si beam etching is very effec- 
tive to remove the oxide of the 6H-SiC(0001) surface. The 
6//-SiC(0001) surface exhibits a variety of reconstructions, 
which can be used to regulate the growth process at an 
atomic level. Furthermore, since the reconstructed surface 
has fewer dangling bonds, and the symmetry of the recon- 
structed surface is different from the (1X1) surface, the 
growth energetics and kinetics are expected to be different. 

Si rich 

(<= Increasing Si concentration) 

(7x7) <=> (3x3) <=> (2V3x6V3) <=> (2x2) 

(Decreasing Si concentration) 

Crich 

(Increasing C concentration =>) 

(V3xV3) => (2x2) => (6x6) 

FIG. 5. Phase diagram of the 6//-SiC(0001) surface as a function of surface 
Si and C composition. 

As in the case of the (2/3X6/3) surface [see Fig. 2(b)], the 
rows will provide an easier diffusion path for adatoms com- 
pared with diffusion across the rows. Indeed, study has 
shown that SiC films grown on the 6/7-SiC(0001)-(3X3) 
surface resulted in the step flow, and subsequently the SiC 
films were 6H polytype. While films grown on the (1X1) 
surface resulted in 2D nucleation, the SiC films were /3-SiC 
polytype.4 The present study provides detailed structural in- 
formation of the 6H-SiC(0001) surface as a function of sur- 
face Si and C composition. The results will help us under- 
stand the surface chemistry and mechanism of SiC polytype 
growth by MBE. 
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Adsorption geometries of 1,9-decadiene on Si(111) 7x7 studied 
by scanning tunneling microscopy 
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The scanning tunneling microscope has been used to characterize the adsorption sites of 
1,9-decadiene on Si(lll) 7X7. The molecule which reacts with each of its two ends, appears as 
pairs of reacted adatoms on the atomically resolved surface. The size of the molecule permits 
adsorption with the two ends of the molecule situated either at the same half of the unit cell or in 
a bridging geometry with one end situated in the faulted half and the other in the unfaulted half. 
Three types of bridging pairs are found. The results found are compared with that of two other 
dienes: 1,7-octadiene and 1,13-tetradecadiene. © 1997 American Vacuum Society. 
[S0734-211X(97)04504-6] 

I. INTRODUCTION 

Understanding the chemistry of adsorbates on surfaces 
has been a subject for numerous studies using various 
surface-sensitive techniques. The scanning tunneling micro- 
scope (STM) has proven to be a good tool in studying the 
chemistry of small molecules on the atomic level.1"6 In these 
systems, the only factor affecting the reactivity is the relative 
affinity between the molecules reacting group and the differ- 
ent available sites. In a previous article,7 we have taken a 
step towards understanding more complex systems, bifunc- 
tional molecules. For these molecules, the adsorption de- 
pends both on the nature of the reacting groups and the steric 
matching between these reacting groups and the available 
surface sites. Three diene molecules, differing by the chain 
length separating the two double bonds at each end of the 
molecules, were imaged on a Si(lll) 7X7. This surface is 
interesting because of the richness and diversity of its avail- 
able sites, the dangling bonds. The unit cell can be divided 
into two subunits, the faulted and the unfaulted halves. Their 
different reactivity, proven by experiment and theory,4'8'9 is 
attributed to a higher density of states in the faulted half. In 
each half, the available sites are the rest atoms and the center 
and corner adatoms. 

The binding of each end of a diene molecule can be un- 
derstood on the basis of the chemistry of ethylene. The mol- 
ecule adsorbs nondissociatively at room temperature. High 
resolution electron energy loss spectroscopy (EELS) studies 
showed that the molecule is bi-cr bonded: the double bond 
breaks to form two Si-C bonds.10 Piancastelli et al. using 
tunneling spectroscopy proposed that ethylene is bonded to a 
pair of adjacent Si adatom rest atoms.4 The aliphatic chain, a 
saturated hydrocarbon, is not expected to react with the sur- 
face. Since STM images at a sample bias of +2 V reveal 
only the adatoms, a diene molecule is expected to appear as 
a pair of reacted adatoms separated by a typical length re- 
lated to the molecule size. 

In the previous study,7 we have shown the feasibility of 
imaging diene molecules. For 1,6-heptadiene and 1,7- 
octadiene, the adsorption was to sites restricted to one half of 
the unit cell. The molecules appeared as reacted pairs of 

either center-center adatoms or center-corner adatoms. The 
faulted half was found to be more reactive. The size of a 
longer molecule, 1,13-tetradecadiene, imposes reaction with 
one end of the molecule situated in the faulted half and the 
other end in the unfaulted half. These pairs will be referred 
as bridging pairs. In this article, we report an intermediate 
case, the adsorption of 1,9-decadiene. The molecule was 
chosen because its size permits adsorption either to sites lo- 
cated at one half or to sites in neighboring halves. The goal 
of this study is to characterize the adsorption geometries of 
the molecule. 

II. EXPERIMENT 

The experiments were carried out under UHV (base pres- 
sure 2X10"10 Torr). The «-type Si(lll) wafer was out- 
gassed overnight and flashed to 1000 °C in order to remove 
the oxide layer. After a few cycles of freezing and pumping, 
the molecule 1,9-decadiene (Fluka 97%) was dosed through 
a leak valve from a gas manifold. During the dosing, the gas 
manifold was differentially pumped to maintain the ratio be- 
tween the molecule vapor pressure and the background pres- 
sure as large as possible. Typically, imaging began 3 h after 
the flash. The images shown were taken at a sample bias of 
+2 V and tunneling current of 1 nA. 

III. RESULTS AND DISCUSSION 

Regions of a surface exposed to 1,9-decadiene are seen in 
Fig. 1. The surface exhibits dark protrusions grouped into 
pairs. The pairs are either situated in the same half or bridged 
between neighboring halves. Images of 1,7-octadiene and 
1,13-tetradecadiene are presented in Fig. 2 for comparison. 
The center-center and center-corner adatoms pair found for 
1,7-octadiene are also the dominant pairs found for 1,9- 
decadiene. The new characteristic found is the bridging 
pairs. They constitute about a quarter of the pairs found (153 
out of 573) while for 1,7-octadiene, their number was too 
small for evaluation. Three types of bridging pairs are found. 
They are either composed of nearest neighbor center-center 
adatoms (molecule 1 in Fig. 1) or nearest neighbor center- 
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FIG. 1. (a)-(c) Adsorbed molecules of 1,9-decadiene on Si(lll) 7X7. Lines 
intersecting the unit cells are drawn for clarity. The different combinations 
of pairs are outlined: The bridging pairs composed of center-center adatoms 
(1), center faulted-corner unfaulted adatoms (2), corner faulted-center un- 
faulted adatoms (3), and pairs restricted to a single half: center-center ada- 
toms (4) and center-corner adatoms (5). 

comer adatoms (molecules 2 and 3 in Fig. 1). Since the 
two halves are not equivalent, a center-corner bridging pair 
can be either center-faulted corner unfaulted (molecule 2), 
or corner-faulted center unfaulted (molecule 3). One can 
see that the bridging pairs found for 1,13-tetradecadiene 
[Fig. 2(b)], composed of next nearest neighbor center ada- 

FIG. 2. (a) Adsorbed molecules of 1,7-octadiene on Si(lll) 7X7. (b) Ad- 
sorbed molecules of 1,13-tetradecadiene on Si(l 11)7X7. 

FIG. 3. The possible sites on the surface giving rise to adsorption of 1,9- 
decadiene for a center-corner bridging pair (a) and (b) and a center-center 
bridging pair (c) and (d). The adatoms (large circles) and rest atoms (small 
circles) that react are solid filled. A molecule is schematically placed on the 
unit cell. Both are shown on the same scale, (e) A molecule placed with its 
ends above two corner adatoms. 

toms pair, reflect a larger distance between the molecule ends 
as expected. As a routine, we also imaged the filled states of 
the surface, to determine the position of the faulted and un- 
faulted halves. At a negative bias, the reacted sites also ap- 
pear as dark protrusions. This is consistent with the contrast 
found for ethylene by Piancastelli et al.4 

Although the images reveal only the reacted adatoms, it is 
assumed that each double bond reacts with a pair of neigh- 
boring adatom rest atoms. The possible adsorption geom- 
etries for the bridging pairs are sketched in Fig. 3. The pres- 
ence of two rest atoms next to each center adatom gives rise 
to two possible geometries [(a) and (b), (c) and (d) in Fig. 3] 
for each center-corner and center-center pair, respectively. 
These geometries are indistinguishable from the images. An 
intriguing fact is the absence of a pair composed of two 
reacted corner adatoms, both for the bridging geometry and 
for molecules situated in the same half. Inspecting the com- 
bination of sites for adsorption within a single half, one can 
see that the combination of two corner adatoms fits best the 
molecular length as shown in Fig. 3(e). Two factors may 
explain these observations. First, an electrostatic repulsion 
between the dangling bonds situated between the two corner 
adatoms and the aliphatic chain may disfavor this geometry. 
Another possibility is the existence of a precursor state for 
adsorption associated only with the center adatom and not 
with the corner adatom. Piancastelli et al.4 have suggested 
that ethylene adsorbs to Si(l 11)7X7 via a mobile precursor 
state. For the diene molecules studied however, the precursor 
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state may be immobile due to the size of the molecules and 
the presence of two reacting groups. In such a case, not all 
the combinations of sites are available in particular the 
corner-corner adatom pair. 

IV. SUMMARY 

The study of 1,9-decadiene adsorption reflects another as- 
pect of the role of the chain length on the reactivity of bi- 
functional molecules. The matching between the length of 
the molecule and the surface sites offers two routes for reac- 
tion: adsorption with the two ends in one half or adsorption 
in a bridging geometry to both halves. Each of these routes 
was demonstrated in a previous study: the size of 1,6- 
heptadiene and 1,7-octadiene restricts the molecules to ad- 
sorb via the first route while the size of 1,13-tetradecadiene 
forces reaction via a bridging geometry. In the future, we 
plan to investigate whether the competition between these 
different channels can be controlled for example by heating 
the surface or photoinjecting carriers to change the distribu- 
tion between the two halves. 
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The scanning tunneling microscope has been employed to study the morphology, atomic surface 
structures, and grain interface of hydrogenated nanocrystalline silicon (nc-Si:H) before and after 
hydrofluoric acid (HF) etching. It was found: (1) The nc-Si:H films were composed of many 
different sizes of grains and these grains were composed of many finer grains. (2) There were line 
structures on the surface of the fine grains and loop structures at the grain boundaries without HF 
treatment. After etching, two more structures were observed: loop structures on the surface of fine 
grains and spider bonding structures besides the interface of fine grains. (3) The loop structures 
found at the grain boundaries was larger and more irregular than those on the grain surfaces. Line 
structures were similar to crystal silicon, but the distance between lines was enlarged. Considering 
the experimental results, a discussion was made about the formation mechanism of these atomic 
structures.   © 1997 American Vacuum Society. [S0734-211X(97)12904-3] 

I. INTRODUCTION 

In the last decade, hydrogenated nanocrystalline silicon 
(nc-Si:H) films were widely used in microelectronic devices, 
such as thin-film transistors.1 Recently, some researchers re- 
ported the photoluminescence of wc-Si:H at room 
temperature.2'3 This may bring about some new applications 
of nc-Si:H. The morphology, grain size, and grain boundary 
of «c-Si:H are important characteristics for the applications 
of «c-Si:H thin films in microelectronics. The properties of 
nc-Si:H, such as electrical conductivity, are strongly influ- 
enced by the grain size and grain boundary,4-6 so the re- 
search of the microstructures of «c-Si:H is essential for its 
applications. In the past, most research work of «c-Si:H was 
done by transmission electron microscopy, scanning electron 
microscopy (SEM), x-ray diffraction, and Raman spectros- 
copy. Recently, scanning tunneling microscopy (STM) has 
been used in the studies of nc-Si:H.4'7 The high resolution of 
STM made it possible to observe surface structures from 
micron to atomic resolution in real space and various 
environments.8 However, these air-exposed surfaces are dif- 
ficult to observe because of a native oxide layer. Such an 
oxide layer can be removed by chemical etching in hydrof- 
luoric acid (HF). Nakagawa et al. have reported the observ- 
ing of Si(100) and Si(lll) atomic images in air after HF 
treated.9 Niwa, Iwasaki, and Hasegawa also have reported 
the observation of quite clear STM images for HF-dipped 
surfaces of Si(100).10 However, what will happen on the sur- 
face and interface of «c-Si:H after HF etching has not been 
investigated. 

In this article, STM was used to study the morphology, 
grain size, and grain boundary before and after HF etching, 

especially to observe the atomic structures of the surface and 
grain boundary. 

II. EXPERIMENT 

The nc-Si:H films were deposited on a glass substrate in a 
capacitance system of a conventional plasma-enhanced 
chemical vapor deposition with hydrogen (H2) diluted silane 
(SiH4) as the reactants activated by rf and dc double power 
sources. During the deposition process, the substrate tem- 
perature was at 300 °C, the rf power was 0.44 w/cm2, and 
the total pressure of the reactive gases was 1.3-1.5 Torr. The 
details of the experimental parameters have been described 
elsewhere.11 

The STM used in the experiment is a home-made CSTM- 
9000 operated in air at room temperature. The tip was from a 
mechanically sharpened platinum-iridium alloy wire. The 
STM images were taken in the constant current mode. To 
remove the oxidized layer, the samples were dipped into 
10% HF solution for about 20 s. With the prolongation of 
scanning, the STM images degraded, this was due to some 
surface reaction caused by the tunneling current.7'9 When the 
scanning area was larger than 25 nmX25 nm, the bias volt- 
age was about 2 V and the constant tunneling current was set 
to about 0.5 nA. To study the atomic structure of the surface, 
the bias voltage and the constant tunneling current were set 
to 1.5 V and 1.5 nA, respectively. 

III. RESULTS AND DISCUSSION 

Figure 1 is a STM image of the »c-Si:H film. The scan- 
ning area is 50 nmX50 nm. There is a larger grain among 
several grains with different sizes in the image. The grain 
sizes measured by STM varied from 10 to 100 nm. There are 

1313     J. Vac. Sei. Technol. B 15(4), Jul/Aug 1997       0734-211X/97/15(4)/1313/4/$10.00       ©1997 American Vacuum Society     1313 



1314 Gao ef a/.: Study on surface and interface structure 1314 

FIG. 1. STM image of «c-Si:H. The scale is 50 nmX50 nm. 

lots of fine grains on the surface of the larger grain, and the 
size of the fine grain is about several nanometers. Figure 2 
shows the fine grains on a larger grain. The scanning area is 
25 nmX25 nm. The existence of fine grains increases the 
area of interfaces, so the hydrogen content increases due to 
the existence of a lot of Si-H bonds on the surfaces of the 
grains. This result can explain the high content of hydrogen 
in nc-Si:H in our previous study.6 The existence of Si-H 
bonds prevented the surface from being oxidized heavily and 
made it possible to observe the surface and interface without 
HF etching. 

Figures 3, 4, and 5 show the atomic structures of fine 
grains and their interfaces obtained after HF etching. The 

FIG. 2. STM image of fine grains. The scale is 25 nmX25 nm. 

FIG. 3. (a) Two kinds of loop structures after HF etching. The scale is 
4.22nmX3.14nm. (b) Cross section of (a). A: loop structure in the inter- 
face, and B: loop structure on the surface of the fine grain. 

scanning area of Fig. 3(a) is 4.22 nmX3.14 nm. In Fig. 3 we 
can find two kinds of loop structures marked A and B, re- 
spectively (A: loop structure on the interface; B: loop struc- 
ture on the surface). A line was drawn to cross these two 
kinds of loop structures and Fig. 3(b) shows the cross section 
along the line. Considering the morphology and the cross 
section, we find that A is larger and more irregular than B. 
Figure 4 shows another kind of atomic structure: a line struc- 
ture (marked C). The scanning area was 2.61 nmX2.25 nm. 
The distance between two lines is about 0.45 nm, which is 
different from that of the crystal faces of crystal silicon. Fig- 
ure 5 shows a common and interesting structure: a spider 
bonding structure. Also, this structure can be considered as a 
loop structure and many line structures instead of a new one. 
There is a center in the spider bonding structure, which is 
made up of an atom, a vacancy, or a cluster. The other atoms 
surrounding the center arrange themselves as a spider web. 

J. Vac. Sei. Technol. B, Vol. 15, No. 4, Jul/Aug 1997 



1315 Gao ef a/.: Study on surface and interface structure 1315 

FIG.   4.   Line  structure   (marked  C)   after  HF  etching.   The   scale  is 
2.61 nmX2.25 nm. 

Etching may play a very important role in the formation 
of all these atomic structures. Figures 6 and 7 show STM 
images without HF treatment. In Fig. 6, we can find the line 
structure (marked D). Figure 7 shows a loop structure. Con- 
sidering these different orientations around the loop, we may 
draw the conclusion that this loop structure is on the inter- 
face of the fine grains. Contrasted with the atomic structure 
after HF etching, loop structure B and the spider bonding 
structure are not found. This result is consistent with our 
previous work.611 Furthermore, before HF etching, it is dif- 

FlG. 5. Spider bonding structure beside the interface of fine grains after HF 
etching, 2.31 nmX2.31 nm. 

FIG. 6. Line structure in the surface without HF treatment. The scale is 
1.96 nmX 1.82 nm. 

ficult to tell apart the single atoms from that after the HF 
treatment, correspondingly, even if they are a similar dis- 
tance between the rows. The degradation of resolution may 
be caused by oxidization. On the other hand, the loop struc- 
ture is very similar to loop structure A, which is obtained 
after HF etching. 

It is well known that an air-exposed nc-Si:H surface al- 
ways has a native oxide layer. This layer can restrict the 
resolution of the images to a nanometer level.9 While remov- 
ing the oxide layer on the surface by HF etching, the bond of 
the silicon and the oxygen was broken. Then, dangling bonds 
of the silicon were produced. At the same time, many ions of 
hydrogen exist in the solution. In the process of the combi- 
nation of atoms, the silicon atoms can combine with each 
other or with the hydrogen ion. On the surface of the fine 
grains, due to the various distances between rows of the crys- 
tal lattice, two kinds of structures, line structure and loop 
structure, can be formed, respectively. When the distance 
between the rows is close enough, to reduce the dangling 
bond, silicon atoms in one row would combine with the near- 
est atoms in the same row and those in the nearest rows. This 
situation would form the loop structures on the grain. To the 
contrary, when the distance between the rows is large, silicon 
atoms between the rows cannot combine. Therefore, they 
will combine with the hydrogen ion in the solution. So, we 
can find line structures on the surface. If the distance is nei- 
ther too large to form the line structure nor too small to form 
the loop structure independently, then the loop structure and 
line structure will exist disordered and nonsystematic. This 
random collocation can be find elsewhere, i.e., in Fig. 3. In 
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FIG. 7. Loop structure in the interface of fine grains before HF etching. The 
scale is 2.19 nmX2.11 nm. 

comparison with the line structure, the spider bonding struc- 
ture is formed near the interface. While the center atoms 
combine together, the other atoms have combined with the 
hydrogen ion as a result of the distance being enlarged. This 
is why the spider bonding structure can be considered as 
loop and line structures. Yet, we must verify that spider 
bonding structures are formed only beside the interface of 
the fine grains. 

At the site of the interface, where several finer grains 
meet together, the loop structure on the interface can be 
formed. This is not because of the HF etching but because of 
the procedure of deposition. At the beginning of the film 
formation, many atoms were located and diffused on the sur- 
face of the substrate randomly. When some atoms met to- 
gether, they formed a small cluster. Then the cluster as a 
whole grew and formed a fine grain in the end. While several 
fine grains met together, the larger loop structures were 

formed. These structures are similar to the interface model 
proposed by Gleiter.5 While in etching by HF, this kind of 
loop structure may keep its initial form because the atoms 
will combine with the hydrogen ion only. 

IV. CONCLUSION 
The surface structures of rac-Si:H were studied by STM. 

It was found that the films were composed of many different 
sized grains and the grains were composed of many fine 
grains. Atomic images of the fine grains and their boundaries 
were successfully observed before and after HF etching. 
Three kinds of atomic structures were investigated: (1) Loop 
structures: After HF etching, this kind of structure was ob- 
served both on the surface of the grain and at the grain 
boundaries. The loop structures found at the grain boundaries 
were larger and more irregular than those on the surface of 
the grain. Consistent with Fig. 6 without HF treatment, only 
the loop structures on the interface can be found. We thought 
that the loop structures on the interface were caused by the 
congregation of fine grains and the loop structures on the 
surface were caused by HF etching. (2) Line structures: This 
kind of structure was similar to crystal silicon, but the dis- 
tance between the lines was different. (3) Spider bonding 
structures: This kind of structure can only be formed beside 
the grain boundaries after HF etching. So, we can draw a 
conclusion that the etching may play a very important role in 
the formation process of all these atomic structures. 
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Ostwald ripening or coarsening is a term which describes the growth of large domains at the 
expanse of small ones in the final stages of any phase separation process. Several theories were 
developed in order to explain this process. All of them are based on the Lifshitz, Slyozov, and 
Wagner (LSW) model which predicts an increase in the average radius of domains 7{t) <* tm and a 
reduction of the number density of domains as a function of time N(t) <* t~l. The LSW model 
assumes static and circular domains, which are distributed at random. These assumptions were 
found to be incorrect by many experiments. And more advanced theories were necessary to explain 
these observations. In our work, we study the coarsening of voids formed in a Si(l 11)7X7 surface 
covered by 0.8 bilayers (BL). Besides the expected increase in the diameter of voids and the 
decrease in the number density, very strong attractions and rapid motion of voids towards each other 
were clearly observed. The result of the attraction between the voids is coagulation of voids and an 
increase in the spatial correlations between voids, as the coarsening process progresses, as we 
indeed observed. This is contradictory to the "ideal gas" picture which is the basis of the LSW 
model. Basically, this can be explained by a concentration gradient which develops between two 
voids of different size and the growth of voids in the direction of the larger concentration. However, 
this model cannot explain the large diffusional motions observed in our experiments. It is proposed 
that an amplification mechanism exists, whereby the arrival of a diffusing vacancy to the boundary 
of the void causes the release of several adatoms from the boundary. This process causes a much 
larger motion than expected by a single vacancy absorption. This picture, which is consistent with 
the structure of the steps, demonstrates how the microscopic details might have a significant affect 
on the global coarsening process.   © 1997 American Vacuum Society. [S0734-211X(97)04203-0] 

I. INTRODUCTION 

A phase separation process begins with nucleation and is 
followed by growth of small droplets of one phase dispersed 
in the second one. At later stages, the process is usually 
diffusion controlled and is characterized by the growth of 
large domains at the expanse of small ones. This process is 
known as Ostwald ripening1 or coarsening. It is dominated 
by the diffusion of material from smaller domains to larger 
ones. The driving force for the growth is the size dependent 
stability of the domains. 

Such coarsening processes had been observed in many 
different systems. Examples for it in three dimensions are the 
aging of a binary alloy2 and the phase separation of a solid- 
liquid mixture, formed by heating a solid alloy above the 
solidus temperature;3 Another example is the coarsening of 
diblock copolymers.4'5 A diblock copolymer is a linear chain 
molecule consisting of two subchains labeled a and b. A 
repulsion between a and b will lead to a partial phase sepa- 
ration and to the formation of microdomains. Another case, 
which is relevant to this work is the process of sintering.6'7 

After the formation of the porous solid, most of the pores are 
gradually diminishing and finally disappear or migrate to the 
surface. The driving force here, also, is the tendency of the 
solid to minimize the curvature of the surface of the pore. 

A porous solid is usually characterized by a small amount 
of pores in the solid. In this case, the minority phases are the 
pores and the diffusion is a diffusion of vacancies (rather 
than atoms or molecules). This picture, also relevant in our 

case, is entirely valid in describing coarsening of a porous 
solid. 

Two dimensional coarsening is also observed in an ex- 
tremely large number of systems. A typical example is the 
coarsening of solid domains surrounded by a metal in a thin 
film,8 coarsening of a monomolecular film made from a mix- 
ture of two immiscible liquid phases of two amphiphiic 
molecules,9 and the ordering of an adsorbed layer on a me- 
tallic surface.10 Several scanning probe microscopy studies 
which are related to coarsening were performed.11"14 

The basic theory of Ostwald ripening was developed by 
Lifshitz, Slyozov,15 and Wagner16 (LSW). According to this 
theory, there is a time dependent critical domain size 
r*{t), which is the boundary between shrinking and growing 
domains. Domains smaller than r*(t) will shrink and do- 
mains larger than r*(t) will grow. According to this theory, 
r*(f) = r\t), where Fis the average domain radius. The av- 
erage radius grows in time as F^ ta, where a=0.33. Namely, 
the average domain volume increases linearly with time. 
Since the total fraction of the material in the minority phase 
is constant, the number of minority phase domains decreases 
according to N(t) = f"1 (in three dimensions). 

The LSW theory is a mean field theory dependent on a 
single parameter cm which is the (mean field) concentration 
of the diffusing atom or molecule (or vacancies, in the case 
of pores). The small domains have a larger concentration 
ylr (where y is the surface tension) than cm at their interface. 
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As a result, atoms diffuse away from smaller domains into 
the large ones. Smaller domains will disappear while larger 
ones will grow. Over the course of time, cm will diminish 
and 7 will grow. Though the LSW theory captures the es- 
sential ingredients of the coarsening dynamics, it has ques- 
tionable assumptions and thus might be regarded as a good 
starting mean field theory for other, more realistic theories. 
First, it is clear that the mean field assumptions will break 
very rapidly when the fraction of the minority phase is not 
negligible. It is obvious that a small domain which is a sup- 
ply of diffusing atoms to the neighboring ones, will make 
them larger, since the local concentration is larger than cm. 
The opposite is also true: A large domain will help in making 
its neighbors smaller. Thus the growth of a domain cannot be 
determined only by the global average cm, but rather by the 
local concentration, which is dependent on the local arrange- 
ment of the domains. A larger than the average domain may 
diminish if surrounded by other large ones. A smaller than 
average domain may grow if surrounded by other small ones. 

This leads to an expected size anticorrelation which is 
contradictory to one of the basic LSW assumptions, namely 
that the domains are distributed randomly. Many theoretical 
works were performed in order to take this anticorrelation 
effect into account, both in three and two dimensions.17-20 

These improved theories show that the tm power law for the 
increase of the average (and critical) radius of the domain is 
still valid, both in three and two dimensions. However, the 
distribution function is modified. While the LSW distribution 
is not symmetric, the distributions observed from these theo- 
ries are broader and more symmetric. 

Two other questionable assumptions of the LSW theory is 
that the domain positions are fixed in space, and that they 
have a perfect circular shape. Experiments, and also a more 
advanced theory, show that this is not necessarily true.3'21 In 
the systems studied,21 nonspherical shapes of the domains 
were observed though the interfacial energy is completely 
isotropic. This is a result of diffusional interactions between 
the domains. A simulation which allows the domains to 
change shape as a result of a nonuniform concentration of the 
interface showed that deviations from a spherical shape are 
possible. When this deviation is strong, there will be a strong 
tendency to return to a circular shape. Thus there is a strong 
size affect here since the driving force for reaction is propor- 
tional to ylr. So a large domain will stay at a nonspherical 
shape for a longer time than smaller domains, which will 
have a larger tendency to remain circular. 

An even larger deviation from the basic LSW assump- 
tions was observed for the assumption of a fixed, time inde- 
pendent position of the domains. It was found that the strong 
diffusional interactions can induce significant motion of the 
center of masses of the domains. The reduced interdomain 
distances will cause the development of time dependent 
correlations.21 

The origin of this motion, also observed at a relatively 
small fraction of the minority phase is, bluntly, the growth of 
the domain at one side, and the shrinking at the other side, as 
a result of nonuniform diffusion fluxes due to the presence of 

neighboring domains. The motion is induced by diffusional 
interactions. These interactions between the coarsening par- 
ticles are long range, due to the slow decay in the diffusion 
field of a single domain. 

A final assumption in the LSW theory (which is also en- 
tirely incorrect in our case) is the assumption that the only 
way of transporting particles between domains is by interdo- 
main particle diffusion. However, in many cases, where there 
is a finite fraction of the minority phase, a significant prob- 
ability for collision and coagulation of the domains is ob- 
served. Phenomenological theories that include effects of co- 
agulation (not in the LSW case) were developed,22 leading, 
again, to a symmetrization and broadening of the distribution 
function of the radii of the domains. 

At this point, it is important to emphasize that the ripen- 
ing process is not always diffusion controlled. In cases where 
attachment or detachment into the domain is a rate determin- 
ing process, a power law of tm is expected for the average 
domain radius rather than tm (Ref. 23). In this case, all the 
diffusion related processes that are mentioned above will not 
affect the ripening dynamics. 

In this article, a scanning tunnel microscope (STM) study 
of two dimensional coarsening of voids on a Si(l 11)7X7 
surface is described. The process is initiated on a surface 
with a large number of randomly distributed small voids 
which is prepared by the crystallization of a submonolayer 
amorphous silicon.24,25 Vacancy diffusion generates a two 
dimensional realization of a sintering process. In the experi- 
ment, the sample is heated consecutively to accelerate the 
vacancy migration. At room temperature, the diffusion of 
vacancies is negligible and the process is frozen, so we can 
use the relatively slow STM technique to observe images 
which represent the process at the end of each heating pe- 
riod. 

Thus we can get detailed information of the two dimen- 
sional coarsening process of the voids. This enables us to 
observe how many of the assumptions of the naive mean 
field coarsening theory fail in this system. We observe void 
movement, coagulation, and correlations between clusters 
and nonspherical void shapes. We suggest microscopic and 
global mechanisms which are probably responsible for those 
effects. 

II. EXPERIMENT 

The experiments were performed with a custom built 
STM with a manual lever demagnifier, and custom built 
electronics and computer software. The Si(l 11)7X7 sample 
was degreased by rinsing in trichloroethylene, with subse- 
quent rinsing in acetone, methanol, and deionized water. Af- 
ter overnight degassing, the samples were cleaned by few 
short annealings to 1100 °C. The duration of the annealing 
was about 10 s, to keep the pressure in the 10~10 Torr range. 
Annealing to 900 °C for 5 min was followed by a slow cool- 
ing (1-2 °C/s) and low-energy electron diffraction (LEED) 
inspection to verify the quality of the 7X7 reconstruction. 
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FIG. 1. A STM image of a Si(lll) substrate after deposition of 0.8 BL of 
silicon followed by annealing to 460 °C for 10 min. Note that there is a step 
in the lower right side of the image. The darker voids there, are in a lower 
terrace. Area: 60X60 nm2. 

A thin amorphous silicon film was deposited on the 
Si(l 11)7X7 surface from an electron beam evaporator. The 
film thickness in the experiments reported here was 0.8 BL 
(1.6 ML). The thickness and the deposition rate (about 0.1 
BL/s) were controlled by a quartz crystal monitor. After each 
period of heating (usually to 600°), the STM was used to 
image the surface. The temperature was measured with an 
infrared pyrometer which was calibrated in situ with a ther- 
mocouple. The thermocouple, mounted on a small linear 
feedthrough in the STM chamber, was pressed on the sample 
during the temperature measurement. The accuracy of the 
temperature measurement is estimated to be 50 °C. All im- 
ages were obtained with a 2 V sample bias and a tunneling 
current of 1 nA. The STM measurements were performed at 
room temperature. Waiting one hour after each heating pe- 
riod was necessary to let the sample and the sample holder 
cool enough, such that no thermal drift was observed during 
scanning. 

III. RESULTS 

After deposition of 0.8 BL of silicon on a Si(l 11) surface, 
STM imaging revealed a structureless surface without any 
sign of the 7X7 reconstruction. After further annealing the 
sample to 480 °C, a surface covered with small islands con- 
nected into a continuous network was observed. Numerous 
voids of very irregular shape are visible in the layer. Figure 1 
shows a crystallized layer with many types of surface recon- 
structions: The (3X3), (5X5), (7X7), (9X9), (2X2), and 
(V3 X ^)R30 reconstructions were all observed in the im- 
ages. Also, the atomic structure of the uncovered part of the 
surface was converted from the 7X7 reconstruction to the 
mixed structure characteristic to the crystallized layer. 

FIG. 2. A STM image of a Si(l 11)7X7 substrate after deposition of 0.8 BL 
of silicon at room temperature, followed by annealing to 600 °C for 8 min. 
Area: 56X56 nm2. 

This is an example of the starting configuration of the 
surface from which the coarsening process begins. The two 
phases (the voids and the upper bilayer) are still not sepa- 
rated, and are mixed to a large extent. The voids have a very 
irregular shape which has a large circumference to area ratio, 
and therefore, have also a large (2D) surface tension. The 
surfaces, both the covered parts and the uncovered ones, 
have many vacancies, thus, the initial concentration of these 
diffusing elements is high. The surface structure consists of 
many different reconstructions, distributed at random. There- 
fore, in the initial stages of the experiments, the diffusion 
constant of vacancies is isotropic. As will be shown later, 
since the coarsening process occurs parallel with ordering of 
the surface, at later stages, some anisotropy is introduced in 
the diffusion process. 

After annealing of this sample to 600 °C for 8 min, the 
structure of an observed surface looks completely different 
(Fig. 2). First, the voids have an almost circular shape, and 
have a small circumference to area ratio. In regions where 
the voids are not circular, a straight boundary along the cor- 
ner holes is observed. Second the surface looks much more 
ordered and a much smaller amount of vacancies are seen in 
the image. The surface reconstruction is largely a 7X7 su- 
perlattice, and only a small part of it, near the void, has a 
5X5 structure. This means, that now the diffusion constant is 
no longer isotropic, and the diffusion is preferred in direc- 
tions parallel to the 7X7 corner holes. A grain boundary 
(marked by the white arrow) is seen in the image to connect 
between the void and a nearby step. A grain boundary net- 
work that connects between the different voids was found in 
many images. It should be recalled that this process is a two 
dimensional realization of the process of sintering. In sinter- 
ing, the (3D) grain boundaries were shown to play a signifi- 
cant role in the process as diffusion sinks and diffusion 
pipes.7 This is so, since the bulk solid, the diffusion constant 
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is much larger along the grain boundary then anywhere else. 
In the surface, this effect is probably less dominant, but 

the fact that grain boundaries are, indeed, visible between 
many voids, shows that they have some role in the observed 
anisotropy which will be discussed later. 

An additional important fact is the existence of steps. 
Their presence complicates the analysis of the results. In 
order to observe meaningful data, it is necessary to minimize 
the number of steps as much as possible by using a surface as 
close as possible to the ideal (111) plane. In addition, it is 
necessary to ignore the voids that are too close to the step. It 
was shown in a previous publication25 on a more vicinal 
surface that the initial step edge is completely straight, while 
as the coarsening process progresses, the step edge loses its 
straight shape, and starts to coarsen during the process. The 
structure around the step also provides some important infor- 
mation regarding the mechanism of diffusion on the surface. 

There are two basic atomic mechanisms of transport in 
this system. One possibility, which was mentioned already is 
the diffusion of vacancies between the voids. The second 
possibility is the diffusion of adatoms: These adatoms are 
released first from the step and diffuse on the surface— 
between the voids. In contrast to the diffusion of adatoms, 
diffusion of vacancies between neighboring sites requires 
overcoming the barriers to diffusion that exist due to the 
presence of neighboring atoms in the same adlayer. There- 
fore, the activation energy for surface diffusion of adatoms is 
lower than for vacancy migration. So one would expect this 
mechanism to be dominant near a step. 

The observed images at the steps show that the second 
transport mechanism is dominant near the steps. In all the 
step edges, there is an asymmetric distribution of voids. Four 
examples are shown in Fig. 3. In all the steps seen in the 
figure, the upper terrace has several voids, while a compa- 
rable area in the lower terrace has no voids. This is a result of 
the dominance of the adatom release from the steps. The 
adatoms which are released from the step move into the 
voids near the step and cause their disappearance. 

One should note that the basic mechanism in this process 
is a random walk of the adatoms on the surface. Since the 
probability to return to the step and to be absorbed on it 
again is large, a strong density gradient will be created near 
the steps so the coarsening process far away from the edge 
will not be affected. 

We note that this adatom emission and adsorption is a 
main mechanism for the roughening of the step during the 
process. A more detailed description will be given else- 
where. One should note that a release of an adatom from the 
boundaries of the void to the surface is a process with a 
much higher energy threshold than a simple release from a 
step. The main transport mechanism in the void coarsening is 
either vacancy diffusion or adatom jumps. Both processes 
are much slower than the release from the step. 

In one case, a set of six experiments was performed on the 
same sample. An amorphous layer of a thickness of 0.8 BL 
was deposited on a Si(l 11)7X7 surface. The surface was 
annealed to 550 °C for 1 min to create an initial distribution 

60 nm 

FIG. 3. Four STM images of steps, reflecting the asymmetry of voids distri- 
bution in the upper and the lower terrace. 

of voids. Then a set of annealings to 600 °C was performed. 
STM imaging was performed after annealing for f=0, 1, 5, 
15, 30, and 60 min. Following each STM measurement, the 
sample was annealed further. Two things are prominently 
visible in the observed images. The first is that the voids 
move and the second is that they attract each other and co- 
agulate. Figure 4 displays 12 voids which are just before 
coagulation (a, d, and 1) or immediately after coagulation (c, 
e, and f). In addition, we observe several voids which are 
clearly a result of coagulation of several small voids together 
(i, j, and k). These and other multiple voids seen in the im- 
ages can be formed only as a result of a coagulation of sev- 
eral moving voids which are attracted to each other. The 
order of the voids (a, b, ...) increases with annealing times. 
The first three voids are observed after annealing for 1 min, 
and the last four voids after annealing for 1 h. The increase 
in size, associated with the coarsening process, is also seen in 
these multiple voids. 

The void radii distributions are shown in Fig. 5. Each 
distribution contains information about 200 voids. The void 
radii for the distribution was estimated in the following way: 
The contrast of the image was enhanced such that the void 
appears black, and the upper layer appears white. Counting 
the total number of black pixels gives the area. From this, the 
average void diameter was estimated, assuming a circular 
shape. As was mentioned previously, voids close to the steps 
were not taken into account. Despite the fluctuations, it is 
possible to see that the average void diameter increases with 
time, the width of the distribution is increased also, and that 
the skewness of the distribution is exactly opposite to that of 
the ideal LSW distribution (namely, it is negative). There are 
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FIG. 4. Twelve STM images of voids in a Si(lll) 7X7 surface. Each image 
is 80X80 nm2. 

more voids smaller than the mean than larger than the mean. 
This is due to the coagulation phenomenon. Two large voids 
may coagulate and create an even larger one. This is a 
mechanism used to reduce the number of voids larger than 
the mean, which does not exist in the ideal case. This is also 
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FIG. 5. Time evolution of the void size distribution in a 0.8 BL silicon layer 
at annealing to 600 °C. The annealing times were 0, 1,5, 15, 30, and 60 min 
for the distribution functions from the top to the bottom, respectively. 
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FIG. 6. (a) The increase in the average void radius taken from the distribu- 
tion functions in Fig. 5 as a function of time fitted to t033. (b) The sum of the 
distribution functions in Fig. 5 after scaling each distribution according to its 
average value (solid line). For comparison, the theoretical LSW distribution 
function (taken from Ref. 27) is also shown (dashed line), (c) The number of 
density of voids as a function of time. 

the source of the huge voids found in the images, as can be 
seen in the tail of the later distributions. 

To provide a somewhat clearer picture, we compared the 
observed results with the power law known to govern the 
coarsening process. In Fig. 6(a), the average void size is 
plotted against t033. Though the data is consistent with a 
power law behavior of t033, the dynamical range is too small, 
and the accuracy of the determination of the average radius is 
not enough to give an accurate estimate of the power law 
(a=0.3±0.1). The small dynamic range and the fluctuations 
in the determination of the average void size are insufficient 
even to rule out a tm growth law expected for a ripening 
process where attachment and a detachment from the void 
edges is the rate limiting process. However assuming a dif- 
fusion controlled process, we can get better information on 
the distribution function. In order to do so, it is necessary to 
add the information observed from the distribution function 
shown in Fig. 5. The theory predicts that the distribution 
function obeys a scaling law. Namely that if the average 
radius grows with some power law F(t) = aXta, then, the 
value of the distribution function at an arbitrary r is 
P(r,t2) 

= P(aX-t%). Thus, the distribution at later times, 
may be observed from an earlier distribution function just by 
stretching the x axis by an amount determined by the power 
law. 

By scaling the six distribution functions in Fig. 5 with 
respect to their average, it is possible to observe them in one 
scale, and to add them together. The summed scaled normal- 
ized distribution function is shown in Fig. 6(b). 

The asymmetric characteristics of the distribution with the 
long tail discussed earlier, is clearly distinguishable. It 
should be emphasized that here the small dynamic range is 
an advantage. Changing the scaling exponent does not sig- 
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distance distance distance 

FIG. 7. (a) The pair correlation functions g(r),g,(r), andg2('') of the centers of the voids before the 600 °C annealing (left column), after annealing to 600 °C 
for 5 min (middle column), and for 30 min (right column). Each function represents correlations between =200 voids. The distances are given in units of 
rIT. 

nificantly change the width of the distribution or its shape. 
The sum of relative errors [the difference between the real 
distribution functions (Fig. 5) scaled to the average, and the 
distribution function shown in Fig. 6(b)] does not change 
much when a is changed. We conclude, therefore, that this 
function is a reasonable approximation for the distribution 
function of the radii of the voids in our experiment. How- 
ever, one must be aware of the fact that the distribution func- 
tions might not be in their steady state scaling forms, as 
discussed later. 

The increase of the average void radii, is approximately 
50% during the experiments. Therefore, the average area of 
the void should increase by a factor of (1.5) 2=2.25. In order 
to keep the total area of the void constant, the number of 
voids (per unit area) must be reduced by the same factor. 
Figure 6(c) shows, that this is indeed the case, and the aver- 
age number of voids (per 180 nm2-the area of most of the 
images) was reduced from —21 to ~9. This confirms a 
priory, that our ignorance of voids close to the step was 
sufficient. Otherwise the number of voids per area would 
have been decreased by more than 2.25. The observations 
reported here, are due to the coarsening process of the voids, 
alone. 

In principle, coagulation may occur, if voids in a non- 
negligible fraction diffuse independently without interaction 
(random walk),13'14 just because of collisions. However, due 
to the large number of coagulated and nonspherical voids in 
the images, we got the impression that some attraction forces 

exist between the voids. To check whether this impression is 
correct, we have calculated the pair correlation function of 
the voids: 

g(r) = 
1 

2irrdrp0 
(n(r)), 

where p0 is the average number density of voids and 
(n(r)) is the average of the number of pairs of voids, to be 
found within a distance between r and r + dr. The results are 
shown in Fig. 7. The first, second, and third functions are 
related to annealing periods of 0, 5, and 30 min, respectively. 
In order to eliminate the effect of the increase of the average 
void radius on the pair correlation functions, all distances are 
taken relative to the average void radius. The first pair cor- 
relation function and to a lesser extent the second one, re- 
veals no spatial correlation between the voids (and they are 
randomly distributed in the surface, like a gas). The third 
function reveals a correlation which was developed between 
the voids. The attraction forces between the voids caused an 
increase in the number of voids which are close to each 
other. It should be recalled, that close voids may coagulate 
(Fig. 4) The coagulated voids were counted as one void. The 
pair correlation function in Fig. 7 represents only those pairs 
that did not coagulate yet. To conclude, these functions 
prove that indeed, significant attraction forces exist between 
the voids and the voids, in response, migrate towards each 
other. The correlations do not reach a steady state! 
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Another piece of valuable information about the coarsen- 
ing is the directional correlations which exist between the 
voids. This can inform us about the relative weight of the 
different diffusion mechanisms which might exist between 
the voids. On one hand, the diffusion constant is not isotro- 
pic on the Si(l 11)7X7 surface. However, the cross section 
for isotropic diffusion is larger, since all directions are avail- 
able. On the other hand, the diffusion along the corner holes 
(or the grain boundaries) is faster, but the number of avail- 
able channels for diffusion is far smaller. 

To calculate the directional correlations, we have calcu- 
lated the function 

g(r,ey- 
l 

2Trrdrd6p( 
■(n(r,6)), 

where g(r,6) is the probability of finding two voids in be- 
tween r and r + dr and 6 and 6+dO. In order to get the 
clearest picture from g(r,6), we applied the following inte- 
gration: g\{r) = jg(r, 0)cos2 3(0— 0{), where 0y is the di- 
rection of the 7X7 unit vectors. This gives enhanced weigh- 
ing to pairs of voids whose centers are connected by a vector 
in the direction of the corner holes in the 7X7 surface. In 
addition, we calculatedg2(r) = Jg(r, 6)cos2 3(0- 02), where 
62 — #i + 30° is in between the directions of the 7X7 super- 
lattice. g1 and g2 are shown in the second and third rows in 
Fig. 7, respectively. 

Several things are distinguishable by comparing gx and 
g2. Some correlations do exist already after annealing for 5 
min. However, hardly any difference is distinguishable be- 
tween g1 and g2. Namely at this stage, the diffusion is still 
isotropic. This makes sense, due to the fact that the smaller 
fraction of the surface is in the 7X7 reconstruction. In later 
stages of the process, as the surface is converted into the 
7X7 structure, the anisotropy becomes clearer, and after 30 
min, gl shows a much larger correlation than g2. This indi- 
cates that indeed, in this stage, the coarsening process occurs 
partly along the directions of the corner holes, either on the 
surface or in grain boundaries. 

Although a t112 ripening process could not be ruled out by 
our measurements of the average void size, it is more prob- 
able due to the developing spatial correlations, and their an- 
isotropy, that the ripening process is controlled by diffusion. 

IV. THEORETICAL CONSIDERATIONS 

It was suggested21 that one characteristic of the diffusion 
dominated theory of movement, is attraction (or repulsion) 
between neighboring domains. It was shown that the two 3D 
domains attract each other, in the physical scenario. In two 
dimensions, the situation is a little more complicated, since 
unlike the 3D case, one cannot adjust arbitrary boundary 
conditions in infinity. However, one can clearly observe that 
in two dimensions, the interaction is much stronger. To do 
this, we now present a corresponding calculation in two di- 
mensions. 

We calculate the interaction between two circular do- 
mains with radii of rx and r2 and a distance of 2d between 

FIG. 8. The bipolar coordinates system used for the description of the 2D 
coarsening problem. 

the centers. To solve the problem, one has to solve the static 
diffusion problem for the scalar diffusion field <f> with the 
boundary conditions: 

7 7 
<t>r=—,       <f>r2- — > 

1      r\ l     r2 

where y is the surface tension. One can calculate the veloci- 
ties on the interface: v„ = nV</>, where n is the normal unit 
vector to the interface. To know the total attraction, one has 
to integrate this velocity in the domain boundary. 

It is convenient to use a bipolar coordinate system" 
where 

26 

a sinh(?7) 

cosh(?7) — cos(£) 
and y- 

a cosh(£) 

cosh( 7j) — cos( £)' 

In this coordinate system, rjr=const are curves along circular 
trajectories with radius r (see Fig. 8). It is easy to show that 

a = yjd2 — r2    and exp(2^r) = 
d+Jd1 

d-4d2-r2' 

The equation V2<£ = 0 is separable in the bipolar coordi- 
nates. The problem becomes a problem of two lines rjr and 
rjr  with potentials cf>l and <f>2. The obvious solution is 

, (fa-fa), , + =to+——iv-Vri). 

We note that infinity in (x,y) maps into the point (0,7r) in 
the bipolar coordinate frame. The only possible solution with 
no flow to infinity, which is the physical condition, is our 
result. To resolve other possibilities, one needs to fix bound- 
ary conditions properly which we cannot do in this case. 

The gradient on the rjr plane becomes 

Vri<£= 
fa--fa 

cosh 77^-cos £ Vr~Vr 
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To find the total velocity, one has to integrate V(/> over 
the domain boundaries. We perform the integration only for 
d>r. In this case, £ becomes the same as 6 (the integral 
angle) and 

v~ 
2-nr 

4>\ ~<t>2 f 

Vr-VrJ 

cos 6 

cosh T]r —cos 6 
dd. 

Using the equations for a and exp(2?7r), we get the aver- 
age velocities: 

y(l/r,-l/r2) r, 

2T7[log(r,/d) + log(r2/d)] d 

The velocities are in the same directions, i.e., the large 
cluster moves toward the smaller one and a smaller one away 
from the larger one. Thus indeed, as expected, domains 
move in the direction of the larger concentration of vacancies 
because this gradient generates a difference in the growth 
rates in the two sides. Though we find that the velocity of the 
larger one is higher, this calculation does not explain the 
phenomena observed in our experiment. To see why, we 
refer to the equation for the gradient of the field. The veloci- 
ties on the edges are either all positive or all negative. This 
indicates that though a movement of the center of mass is 
possible, the cluster will never cut its original boundaries. 
This can be clearly observed in the two dimensional simula- 
tions of this type of process.21 Furthermore, since the total 
mass that can be transferred to r2 from the smaller cluster 
r1 is 7jr2. The cluster can move at most rx which is a very 
short distance, and does not seem to match our experimental 
observation. 

To give an explanation to the strong domain migration, 
we first remind the reader that aside from diffusion between 
the clusters there is an additional process with a much lower 
threshold which is the release of adatoms from a step. This 
process is more dominant in larger voids, since the interface 
is mostly flat. This process is quite fast without surface ten- 
sion as observed before at the step. 

Though we do not know what the main transport mecha- 
nism between the voids, adatoms, or vacancies is, we assume 
for the sake of our argument that it is the second possibility. 

Consider a large void and suppose that a vacancy was to 
reach the void. The result will be a creation of a missing 
atom on the void boundary. The atoms near this point have a 
much higher probability of emission into the void. So, a 
single vacancy entrance into the void will destabilize a whole 
region. The adatom emitted from this region will be ad- 
sorbed on less strained parts of the void boundary. This is a 
mechanism that enhances very strongly the response to a 
single vacancy entrance. 

If this mechanism is true, it explains the large movement 
and the strong distortions observed during the process. A 

similar type of arguments might be also made in relation to 
adatom jump mechanism. 

In summary, we observed a coarsening process of voids. 
We observe that unlike simple diffusion dominated pro- 
cesses, usually described by LSW type of models, a strong 
domain mobility and attraction is observed in the experi- 
ment. 

We reason that a possible mechanism for the strong void 
mobility and attraction is boundary destabilization by va- 
cancy migration. 

This picture is consistent with our experimental observa- 
tion. It is an interesting example for the importance of mi- 
croscopic details in the global dynamics of coarsening. 
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Liquid-phase adsorption process of /?-picoline on stilbite (010) observed 
by atomic force microscopy 

Masaharu Komiyamaa) and Minming Gub) 

Department of Chemistry, Yamanashi University, Takeda, Kofu 400, Japan 

(Received 8 September 1996; accepted 1 April 1997) 

Liquid-phase adsorption process of /3-picoline molecules on a (010) surface of a natural zeolite 
stilbite was observed by atomic force microscopy (AFM). Initially, the surface was covered with 
excess multilayer /3-picoline molecules. Removal of this excess layer by AFM scanning exposed a 
possible random-adsorbed monolayer phase. A well-ordered two-dimensional quasihexagonal phase 
developed slowly, with an estimated rate of ~6 nm/min. The 2D unit cell dimension of the latter 
ordered phase was 0.55 ±0.04 nm. The ordered phase is incommensurate with the substrate surface, 
although one of the 2D lattice unit vectors of the adsorbed phase makes an angle of —50° and 
~ 100° with respect to the a and c axes of the substrate (010) plane, respectively. From the position 
of the methyl group in the /3-picoline molecule it is estimated that the molecules are adsorbed on the 
surface with their C-N bond parallel to the surface. © 7997 American Vacuum Society. 
[S0734-211X(97)02904-1] 

I. INTRODUCTION 

Molecular adsorption on solid surfaces has been the target 
of extensive studies in the field of surface science and cataly- 
sis. The packing structures and molecular orientations of the 
adsorbed molecules have been established in many 
adsorbate-substrate systems. The vast majority of this work, 
however, has been limited to metal or semiconductor sub- 
strates under high or ultrahigh vacuum conditions, mainly 
due to the requirements by the techniques employed to ob- 
tain such information. Furthermore, the adsorption processes 
under these conditions are quite fast, and the dynamics of the 
adsorption process are not commonly observable. 

The advent of scanning probe microscopy (SPM) re- 
moved some of these requirements: scanning tunneling mi- 
croscopy (STM) extended the examination of adsorption 
from high vacuum to higher pressures and even under liquid 
phase conditions,1"4 and atomic force microscopy (AFM) en- 
abled the examination of adsorption onto insulating substrate 
systems.5-8 

As part of our investigations on the liquid-phase adsorp- 
tion of pyridine base molecule on zeolite surfaces, we report 
here the examination of the adsorption of /3-picoline on a 
cleaved stilbite (010) surface by AFM. In our previous 
work,7'8 we examined pyridine adsorption on two natural 
zeolite surfaces, heulandite (010) and stilbite (010). In the 
work the formation of well-ordered hexagonal or quasihex- 
agonal pyridine adlayers on these surfaces were observed. 
While we were able to determine the array structures and to 
estimate the molecular orientations within the pyridine ad- 
layers, a relatively fast rate of the ordered layer formation 
prevented us from examining the detailed process of the de- 
velopment of the adlayers. We were only able to note that it 
takes some time for the ordered layer to develop, and before 

a)Electronic mail: komiyama@chem.ksb.yamanashi.ac.jp 
b)Present address: Physics Department, Centre for the Physics of Materials, 

McGill University, Montreal, Quebec H3A 2T8, Canada. 

that we observed some intermediate phase between the clean 
substrate surface and the ordered adlayer phase.7,8 

The present work found that the rate of the ordered 
/3-picoline adlayer formation on stilbite (010) is very slow, 
and a possible intermediate adsorption phase exists on the 
surface, likely to be a randomly adsorbed one, before the 
emergence of a highly ordered one. The development rate of 
the latter phase was determined, as well as its array structure 
and registry with respect to the substrate surface structure. 

II. EXPERIMENT 

Stilbite, from Bear Brook, Nova Scotia, Canada, was used 
as a zeolite substrate. Its nominal composition is 
Na4Ca8[Al2oSi520144]-56H20, with the unit cell lattice pa- 
rameters a=1.36nm, fr=1.82nm, c=1.13nm, and ß 
= 128°. Micropores consisting of ten-membered rings run 
along the [100] direction, viz., parallel to the (010) (i.e., 
ac) plane that constitutes the fault plane which is exposed by 
cleaving. Along the b axis two of such fault planes exist, 
giving a step height half the b unit length when cleaved. 

The sample was cleaved with a razor blade along its (010) 
[or (020)] fault plane under ambient conditions and placed in 
a sealed AFM liquid cell which is then filled with deionized 
and membrane-filtered water. The AFM examinations were 
performed using a Nanoscope II contact-mode AFM (Digital 
Instruments) in the repulsive force range with a tip load of 
~5 nN unless noted otherwise. Type NP cantilevers (Digital 
Instruments) were employed, which have Si3N4 tips and 
force constant equal to 0.38 kN/m. All the recorded images 
are presented without filtering. 

III. RESULTS AND DISCUSSION 

The cleaved stilbite surface gives extremely flat terraces 
extending more than a few hundred nanometers,7 each sepa- 
rated by an ~ 1 nm step, a height corresponding to the stil- 
bite (020) lattice spacing that is 0.91 nm (cf. Fig. 2). Figure 

1325     J. Vac. Sei. Technol. B 15(4), Jul/Aug 1997       0734-211X/97/15(4)/1325/5/$10.00       ©1997 American Vacuum Society     1325 



1326 M. Komiyama and M. Gu: Liquid-phase adsorption process of /?-picoline 1326 

FIG. 1. A narrow-area AFM image of a cleaved stilbite (010) surface ob- 
tained under water. The grey scale is 0.5 nm full scale. A surface unit cell 
expected for the bulk-terminated (010) face is inset. Open circles in the unit 
cell indicate the positions of top-layer oxygen atoms. 

1 shows an 8nmX8nm, narrow-area scan of the cleaved 
stilbite (010) surface obtained under water. Superposed on 
the image is the surface unit cell expected for a bulk- 
terminated (010) stilbite surface, with open circles indicating 
the topmost oxygen atoms. On the a axis two oxygen atoms 
per unit cell are present with unequal spacing, 0.83 nm for 
the longer pitch and 0.53 nm for the shorter. While the po- 
sition of each oxygen atom is not clear in the observed AFM 

image, observed surface translational symmetry (particularly 
in the c direction) corresponds quite well with the unit cell of 
the bulk terminated (010) surface. 

After images under water were taken, the liquid content in 
the cell is substituted with 1 vol % aqueous /3-picoline solu- 
tion. Figure 2 shows 970nmX970nm, wide-area images of 
the surface observed under /3-picoline solution. In Fig. 2(a) 
fuzzy "clouds" are observed on the surface. At the center of 
the image there exists a region devoid of the clouds. This 
region corresponds to the area of preceding narrow-area 
scanning. In fact two more scans on this area removed the 
clouds entirely as may be found in Fig. 2(b), exposing a 
terraced surface that is macroscopically no different from 
images obtained under pure water. The substance of the 
clouds is attributed to the large and excess quantity of 
/3-picoline molecules, precipitated on the surface. 

Detailed AFM examination of this cloud-removed surface 
gives images somewhat different from that of the clean sur- 
face obtained under pure water. An example is shown in Fig. 
3, which was taken 1 h after the image shown in Fig. 2 was 
taken. This AFM image still holds the translational symme- 
try of the stilbite (010) surface as indicated by the super- 
posed (010) unit cell, but shows other structures that are not 
attributable to atomic arrangements expected for the clean 
surface. Although it is difficult to discriminate artifacts due 
to tip apex changes from actual surface structure changes, we 
attribute this as a new surface structure, emerged by the ran- 
domly chemisorbed /3-picoline molecules. In the image, 
there are structures that might be attributable to individual 
picoline rings, but their images are not clear enough to iden- 
tify them as individual adsorbed molecules. The height varia- 
tion in AFM images expected for a flatly laying picoline 
molecule is very small. For a similar molecule, pyridine, 
adsorbed on heulandite we observed with AFM less than a 

FIG. 2. Wide-area AFM images of a cleaved stilbite (010) [or (020)] surface obtained under /3-picoline solution. First scan gives a "cloud"-covered surface 
image (a), whereas the cloud is swept away with two more scans on the surface, leaving a smooth surface (b). The exposed surface is extremely flat, with 
terraces over a few hundred nanometers wide, separated by steps whose height of ~ 1 nm corresponds to half of the b axis unit cell length of 1.82 nm. The 
grey scale is 10 nm full scale. 
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FIG. 3. A narrow-area AFM image of a stilbite (010) observed under aque- 
ous /3-picoline solution taken 1 h after the images shown in Fig. 2 were 
taken. The image shows different surface structure from that taken under 
pure water (Fig. 1) but still shows translational symmetry of the stilbite 
(010) surface as may be found by the inset of the (010) unit cell. The grey 
scale is 0.5 nm full scale. 

0.1 nm height variation when the molecules are overlapping 
each other.8 In STM, surface corrugations are often depen- 
dent on bias voltages, but Ohtani et al.9 report benzene cor- 
rugation between 0.05 and 0.2 nm at vacuum-Rh (111) inter- 
face, and Weiss and Eigler10 between 0.06 and 0.09 at a 
vacuum-Pt {111} interface. Yau, Kim, and Itaya report a 
STM value of 0.07 nm for benzene molecules adsorbed on 
liquid-Pt(lll) or Rh(lll) interfaces.4 Thus it was not pos- 
sible to identify the present picoline molecules by the height 

analysis of the image shown in Fig. 3. Very small height 
modulation on the image, on the other hand, and the fact that 
we can still see the translational symmetry of the substrate 
surface in the image, indicate that the molecules are adsorbed 
as a monolayer and no multilayer adsorption exist under the 
present AFM observation conditions. 

Three hours after the image in Fig. 3 was taken, an image 
with a different structure was obtained as shown in Fig. 4. At 
the upper-left corner of Fig. 4(a) the structure identical to the 
one observed in Fig. 3 may be seen, as indicated by the inset 
of the (010) unit cell, whereas at the lower-right quarter a 
different structure is being developed. As may be found in 
the next scan taken after 40 s, shown in Fig. 4(b), this new 
phase has an ordered quasi-hexagonal structure. This (quasi-) 
hexagonal structure is also characteristic of pyridine mol- 
ecules adsorbed on zeolite(OlO) surfaces.7'8 

Comparison of the sequential images shown in Figs. 4(a) 
and 4(b) indicates that the ordered phase expanded itself 
within the 40 s time interval. In Fig. 4(a) the ordered phase is 
confined to the lower-right quarter, whereas in Fig. 4(b) the 
ordered area has expanded itself to leave only the upper-left 
quarter for the disordered phase. Further scanning found that 
the imaged area is completely filled with this ordered phase. 
From these images it is possible to estimate the development 
rate of the ordered phase to be ~6nm/min. This rate of 
ordered layer development is about two orders of magnitude 
slower than that of porphyrin on iodine-modified Ag(lll) 
observed by STM.2 

The above observation may indicate that the ordering pro- 
cess is a transition from the disordered to the ordered phase, 
which may be initiated at some nucleation sites. The identity 
and the nature of these nucleation sites, however, are not 
apparent at this moment. Further examination toward this 
point may be necessary. 

A close examination of the AFM images presented in Fig. 
4 also allows us to determine the registry of the ordered 

FIG. 4. Sequential AFM images of a /3-picoline-adsorbed stilbite (010) surface taken 3 h after image shown in Fig. 3 was taken, showing the development of 
the ordered phase. Time interval between the images (a) and (b) was 40 s. In the randomly adsorbed area the (010) unit cell is overlaid, and in the ordered 
area a unit cell for the hexagonal array is inset. The grey scale is 0.4 nm full scale. 
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FIG. 5. Narrow-area images of the ordered phase. Image (a) was taken with 
overlaid on one ring image. The grey scale is 0.50 nm full scale. 

-5 nN tip load, and (b) with —50 nN. A ball-and-stick model of ß-picoline was 

adlayer with respect to the substrate surface, which was not 
possible for pyridine adsorption.7'8 The a and c axes of the 
substrate, as determined following the case of Fig. 3, and the 
rhombic unit cell of the ordered adlayer, are inset in Fig. 4. 
Comparison of the two unit cells indicates that one of the 
adlayer lattice vectors makes angles of —50° and —100° 
with respect to the a and c axes of the stiibite(OlO) plane, 
respectively. It is also noted that height analysis in Fig. 4 
indicates that the picoline adlayer consists most likely of a 
single molecular layer. There exist no appreciable height dif- 
ferences (within 0.1 nm) between the ordered and the ran- 
dom regions. 

As in the case of pyridine on stilbite(OlO) and on heulan- 
dite(010), the ordered structure of the /3-picoline adlayer 
does not have strong correlation with the periodicity of the 
stilbite surface unit cell. For pyridine adlayers we concluded 
that the adlayer is incommensurate with both the stil- 
bite(010) and heulandite(OlO) surface lattices,7'8 and this ap- 
pears to be true for the case of /3-picoline on stilbite(010). 
Thus, for /3-picoline we also assume molecular self-assembly 
as the driving force for the formation of the ordered adlayer. 
The ordered layer, which may be considered as a 2D solid,7 

then interacts with the zeolite surface collectively. While 
there exist a number of reports on the structure of pyridine 
adlayers on single-crystal metal surfaces (see literature cited 
in Ref. 8), no reports on the structure of picoline adlayer on 
metal surfaces, either under vacuum or aqueous conditions, 
are known to the authors. 

When scanning was confined to this ordered region, im- 
ages shown in Fig. 5 are obtained. Figure 5(a) was taken 
with the tip load of ~5 nN, and Fig. 5(b) with ~50 nN. The 
surface appears to be covered with a well-ordered array of 
rings similar to the pyridine adsorption on zeolite surfaces.7'8 

A ball-and-stick model of a /3-picoline molecule is overlaid 
on one ring structure. Here the picoline plane is placed par- 
allel to the surface, although tilting it to some degree, 47° to 
the surface for instance (see later), does not affect the fol- 

lowing observations. The size of the observed ring appears to 
be well-matched with the molecular model of /3-picoline, 
supporting the notion that the observed image is that of the 
adsorbed picoline molecules. As may be seen from the im- 
ages, the array structure shows almost hexagonal symmetry. 
From the AFM images presented and not presented in this 
article, the unit cell dimension was determined to be 0.55 
±0.04 nm and the angle between the two lattice vectors to 
be 60° ±5°. 

The molecules found in Fig. 5 appear to take a tilted 
position similar to the case of pyridine molecules.7'8 This is 
apparent in Fig. 5(a), where the molecular images show only 
half of the rings. This is interpreted as due to the fact that the 
molecule is taking a tilted position with respect to the sur- 
face, and only the upper part of the ring is probed by the 
AFM tip. If we consider, to the first approximation as in the 
case of pyridine on heulandite(OlO),8 that the density of the 
adsorbed phase equals that of a /3-picoline solid,11 the tilt 
angle is calculated to be 47° to the surface. This value is very 
close to the similarly estimated tilt angle of pyridine on heu- 
landite(OlO) which is 43°.8 

It is also noted in Fig. 5 that imaging of the molecular 
inner structure seems to be dependent on the tip load. With a 
low (~5 nN) tip load the molecules appear as simple rings, 
with their lower halves not being visible [Fig. 5(a)]. With a 
high (~ 50 nN) tip load the entire ring for each molecule is 
apparent [Fig. 5(b)]. Furthermore, in this high load image 
there exists a protrusion attached to each ring image. We 
consider that this part represents the methyl group of each 
picoline molecule, as indicated by the skeleton model inset. 
From this image we were able to estimate the configuration 
of the picoline molecules with respect to the substrate sur- 
face. Judging from the position of the methyl group, two 
configurations are possible: one with a C-N bond parallel to 
the surface, and the other with the bond between No. 5 and 6 
carbon atoms of the aromatic ring being parallel to the sur- 
face. 
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Scanning tunneling microscopy and spectroscopy (STM/STS) were applied to study the 
nanostructural and nanoelectronic properties of ultrathin magnetic films, from individual adatoms 
and clusters (zero-dimensional systems) to three-dimensional bulklike islands. Complementary 
investigations of the nanomagnetic structure of ultrathin films were performed by magnetic force 
microscopy (MFM). Quantum magnetic structures were prepared by electron-beam lithography and 
nanosphere lithography and analyzed by STM/STS as well as by MFM. Magnetization switching of 
single-domain Co dots induced by the MFM tip is demonstrated, and its potential application for 
quantum magnetic storage is shown. Finally, tunneling spectroscopy performed with magnetic 
probe tips yields new information about the spin-resolved nanoelectronic properties of magnetic 
nanostructures.   © 1997 American Vacuum Society. [S0734-211X(97)05704-1] 

I. INTRODUCTION 

Magnetic nanostructures have become of considerable in- 
terest because of recent developments in magnetic sensor 
technology and quantum magnetic storage. Vertical magnetic 
nanostructures such as thin films and multilayer systems 
were first the focus of research and they have led to new 
discoveries such as giant magnetoresistance.1 More recently, 
lateral magnetic nanostructures have been fabricated by sev- 
eral different methods, such as electron beam lithography2 or 
nanoimprint lithography.3 Scanning probe microscopy and 
spectroscopy is ideally suited to address questions related to 
the relationship between topographic, electronic, and mag- 
netic properties of magnetic nanostructures which are of par- 
ticular interest in order to tailor their magnetic behavior for 
various applications. In the present work, we have applied 
scanning tunneling microscopy (STM) and spectroscopy 
(STS) to investigate structural and electronic properties of 
magnetic nanostructures, from individual adsorbates to three- 
dimensional (3D) bulklike islands. The magnetic properties 
of magnetic nanostructures fabricated by electron-beam li- 
thography and nanosphere lithography were studied by mag- 
netic force microscopy (MFM). Finally, we have addressed 
the relationship between electronic and magnetic properties 
by performing comparative tunneling spectroscopy studies 
with nonmagnetic and magnetic probe tips. 

II. EXPERIMENT 

The STM/STS measurements were performed with a 
modified commercial instrument4 in ultrahigh vacuum 
(UHV) with a base pressure in the low-10~n mbar range. 
The UHV chamber was additionally equipped with sample 
preparation (heating stage, thin film evaporator) and surface 

analysis (low energy electron diffraction, Auger electron 
spectroscopy) facilities. MFM measurements were per- 
formed either under ambient conditions with a commercial 
instrument5 or under UHV conditions with a recently devel- 
oped UHV-MFM6 based on a modified commercial 
instrument.7 For ambient MFM studies we used single crys- 
tal silicon cantilevers with integrated probe tips8 coated un- 
der high vacuum with a thin layer (20-30 nm) of Fe and a 
protective coating of Au. For UHV-MFM studies as well as 
for magnetic-sensitive tunneling spectroscopy studies we 
have coated our probe tips (single crystal silicon and electro- 
chemically etched tungsten tips) in situ by an Fe overlayer. 
In this case, a protective coating was not necessary because 
the magnetically coated tips were subsequently transferred in 
situ onto the microscope stage without breaking the UHV 
conditions. For each set of measurements, several different 
probe tips were prepared to confirm that the experimental 
results presented below are independent of microscopic de- 
tails of the tip structure. 

III. STM/STS STUDIES OF ZERO-THREE 
DIMENSIONAL MAGNETIC NANOSTRUCTURES 

To investigate the structural and electronic properties of 
magnetic nanostructures from individual zero-dimensional 
(0D) adatoms up to 3D bulklike islands we have performed a 
complementary STM/STS study of Fe on W(l 10) at different 
coverages. Individual Fe adsorbates were observed upon 
evaporation of a small amount of iron [< 0.001 monolayers 
(ML)] onto a (15X3)-reconstructed W(110) single crystal 
substrate. On nonreconstructed W(110) substrates, we were 
never able to observe individual iron adatoms. This can be 
explained by a relatively low barrier for surface diffusion of 
Fe atoms on W( 110)-( 1 X 1) compared with the thermal en- 
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(a) (b) (c) 

FIG. 1. (a) Single iron nanocluster on the W(110)/C- (15X3) substrate at 300 K. (Apparent height: 0.23 nm, FWHM: 1.39 nm). (b) Topographic STM image 
(60 nmX60 nm) of 2D iron islands on terraces of a stepped W(l 10) substrate, (c) Topographic STM image (500 nmX500 nm) of 3D iron islands on a stepped 
W(110) substrate. The islands are about 40 ML high. Between them, a single iron monolayer covers the bare W(110) substrate. 

ergy at 300 K. Consequently, low temperatures are required 
to image individual atoms on nonreconstructed metal sur- 
faces, as demonstrated, e.g., for Fe on Pt(lll) (Ref. 9) or Fe 
on Cu(lll).10 Alternatively, surface reconstructions induced, 
e.g., by small amounts of carbon usually enhance the surface 
potential corrugation, thereby preventing the adsorbed atoms 
from diffusing on the substrate surface at 300 K. They can 
thereby be imaged by STM. The individual Fe adatoms ap- 
pear with a height of 0.15 nm and a full width at half- 
maximum (FWHM) of 0.9 nm in constant-current scans at 
300 K. This is in reasonable agreement with low temperature 
data9 that take small thermal broadening effects into account. 
We have also observed nanometer-scale iron adclusters as 
shown in Fig. 1(a). In Fig. 2(a) we present local tunneling 
spectra (dl/dU-U characteristics) measured above the 
W(110)/C-(15X3) substrate (A), above an individual iron 
adsorbate (B), and above a nonmetallic adsorbate (C). A 
pronounced peak at a sample bias voltage of + 0.5 V is ob- 
served in the spectrum measured above the iron adsorbate, 

corresponding to an unoccupied electronic state 0.5 eV 
above the Fermi energy EF. This empty-state feature ap- 
pears to be characteristic of individual iron adatoms and ad- 
clusters and was discovered earlier in low temperature STM 
studies of Fe on Pt(lll).9 It is interesting that the observed 
peak in the tunneling spectrum 0.5 eV above EF for Fe ad- 
sorbates seems to be independent of the chosen substrate 
(and of the chosen tip), indicating that this peak can provide 
a spectroscopic fingerprint for the identification of iron 
adsorbates.11 

Quasi-two-dimensional (2D) islands of iron were pre- 
pared by evaporating a submonolayer onto a clean W(110) 
substrate held at room temperature. Figure 1(b) shows a to- 
pographic STM image of the 2D iron islands with a height of 
1 ML. Upon positioning the probe tip above an iron island, 
the local tunneling spectrum (B) of Fig. 2(b) was obtained. 
Again, a pronounced peak at a sample bias voltage of 
U—+0.2Y can be observed, similar to that of individual 
iron adsorbates [Fig. 2(a)], but slightly shifted towards lower 
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FIG. 2. (a) Local tunneling spectra (dlldU vs U) obtained for three different positions of the probe tip: (A) above the W(110)/C-(15x3) substrate, (B) 
above an iron adsorbate, (C) above a nonmetallic adsorbate. A pronounced empty-state peak at C/=+0.5 V appears in spectrum (B). (b) Local tunneling 
spectra measured above the W(110) substrate (A) and above the 2D iron islands (B). A pronounced empty-state peak at U— +0.2 V appears in spectrum (B). 
(c) Local tunneling spectra obtained above the single iron monolayer (A) and above the 3D iron islands (B). A pronounced filled-state appears at U= 
-0.5 V in spectrum (B), whereas the empty-state peak characteristic of a single monolayer [spectrum (A) and Fig. 2(b)] is totally absent in (B). 
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FIG. 3. MFM image (2 fimX2 /xm) of a Co dot array on a GaAs substrate 
fabricated by electron-beam lithography. Applying an external field of 
Hcxt= 3000 Oe led to a uniform magnetized state of the single domain par- 
ticles. 

energy. For comparison, the local tunneling spectrum mea- 
sured above the bare W(l 10) substrate [curve A in Fig. 2(b)] 
is shown. The minimum in the local dl/dU-U characteristic 
around zero bias for the W(110) substrate is due to a low 
density of states close to EF and is well known for this 
particular surface. The pronounced difference between the 
spectroscopic curves for the iron islands and the W(l 10) sub- 
strate provides ideal conditions for element-specific imaging 
by STS.12 

Upon evaporation of nominally 8 ML of iron on W(110) 
at room temperature, a relatively rough surface topography 
of the iron thin film was observed. By annealing the film at 
about 800 K, the iron piles up and forms 3D islands with 
atomically well defined (110) facets on top and with quite 
regular spacing between the islands [Fig. 1(c)]. The underly- 
ing self-organization process might become useful for the 
fabrication of arrays of nanometer-scale magnets. Between 
the 3D islands, there is still a monolayer of iron left on the 
W(110) substrate as is well known from complementary sur- 
face analysis studies. In Fig. 2(c) we compare the local tun- 
neling spectra as measured above the 3D iron islands and 
above the iron monolayer in between. While the iron mono- 
layer exhibits a spectrum similar to that of 2D iron islands 
[Fig. 2(b)] with an empty-state feature at C/=+0.2 V, the 
spectrum as measured above the 3D iron islands is markedly 
different: There is no empty-state feature visible at positive 
sample bias polarity. In contrast, a peak at £/=—0.5 V 
shows up, corresponding to an occupied electronic state that 
is well known from photoelectron spectroscopy measure- 
ments. Obviously, the local electronic structure changes 
drastically as can be seen in the comparison of 2D and 3D 
iron islands. 

FIG. 4. Series of MFM images of a single Co dot on a GaAs substrate. Scan 
size: 0.5 AimX0.5 itm. (a) Single Co dot without applied magnetic field, (b) 
An additional in situ magnetic field (100 Oe) was applied in-plane of the 
sample (x direction), (c) The Co dot without field (after switching off the 
magnetic field). 

IV. MFM STUDIES OF MAGNETIC 
NANOSTRUCTURES 

The possibility of producing large arrays of very small 
ferromagnetic particles by nanolithographic techniques initi- 
ated research activities that focused on their interesting mag- 
netic properties and their possible applications as data stor- 
age media. We have fabricated Co dot arrays by electron- 
beam lithography and lift-off techniques on GaAs substrates 
with a 3 nm Cr layer to improve adhesion. In order to obtain 
information about the stray magnetic field of the periodically 
arranged Co dots, which had a thickness of 4-20 nm and a 
diameter of 200-250 nm, MFM studies were performed. We 
used a MFM instrument capable of applying a homogeneous 
external magnetic field during the measurements to examine 
the micromagnetic properties of the Co dot arrays.13 Mag- 
netic force gradients were measured by detecting phase shifts 
in the cantilever oscillation caused by attractive or repulsive 
forces acting on the ferromagnetically coated tip. Figure 3 
shows a MFM image of a Co dot array with a dot thickness 
of 17 nm and a dot diameter of 200 nm. The sample was 
magnetized in an external magnetic field (77=3000 Oe) ap- 
plied along the x direction in-plane of the sample prior to the 
measurement. The MFM image shows a uniform remanent 
magnetization state of the Co dot array. The individual Co 
dots were found to be in a single domain state with north and 
south poles (dark and bright regions in the MFM image) at 
opposite edges of the particles. Figure 4 presents a series of 
high magnification MFM images of a single Co dot with a 
thickness of 7 nm. This Co dot was first scanned several 
times without applying any additional external magnetic field 
[Fig. 4(a)]. The strength of the stray field of the magnetic 
probe tip proved to be insufficient to affect the magnetization 

FIG. 5. (a) Topographic image (1 iimX 1 /xm) of an hexagonal array of Co 
dots (100 nm diameter) fabricated by nanosphere lithography, (b) MFM 
image (570nmX570nm) of the Co dots showing a uniform magnetized 
state of the single domain nanoparticles. (c) MFM image of the same Co 
dots as in (b) upon reversal of the magnetization direction. 
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FIG. 6. (a) Atomically resolved STM image of a clean W(110) surface. Scan size: 2.1 nmX2.1 nm. (b) Tunneling spectrum obtained with an electrochemically 
etched W tip on the clean W(110) surface, (c) Tunneling spectrum obtained with an in situ Fe-coated W tip on the clean W(110) surface. 

state of the Co particle. In order to induce a switching of the 
magnetization of the Co dot, an external magnetic bias field 
was applied in-plane of the sample. The superposition of a 
bias field of H= 100 Oe and the stray field of the probe tip 
were found to lead to magnetization switching as shown in 
Fig. 4(b). Figure 4(c) presents the MFM image of the Co dot 
after switching off the external bias field. The observed mag- 
netization direction of the Co particle is not changed with 
respect to that of Fig. 4(b). We found that the switching field 
required for changing the magnetization state of the Co dots 
is strongly influenced by anisotropies of the sample caused 
by the shape and the morphology of the micromagnetic par- 
ticles. This allows optimization of the switching field that is 
required for local modification of the magnetic state of the 
individual Co dots. 

Alternatively, hexagonal arrays of Co dots were fabri- 
cated by nanosphere lithography14'15 on mica substrates. Fig- 
ure 5(a) shows the topography of an array of Co dots with a 
thickness of 17 nm and a diameter of about 100 nm. In Fig. 
5(b) a MFM image in which the Co dots are again in a single 
domain state is shown. Upon magnetizing the Co dots in the 
opposite direction in a field of 400 Oe the MFM contrast 

reverses as expected [Fig. 5(c)]. The switching field was 
found to be considerably lower for the smaller Co dots which 
makes it difficult to image their micromagnetic structure 
nondestructively by MFM. 

V. STM AND TUNNELING SPECTROSCOPY 
STUDIES WITH MAGNETIC PROBE TIPS 

As the size of magnetic nanostructures is reduced to 10 
nm or even below, it becomes impossible to characterize 
their magnetic properties by MFM due to the limited spatial 
resolution and sensitivity of this technique. In contrast, STM/ 
STS studies with magnetic probe tips can yield information 
about spin-resolved electronic and magnetic properties of 
surfaces down to the atomic level.16-19 In the present work, 
we have performed a comparative spectroscopic study of 
magnetic nanostructures by using nonmagnetic tungsten tips 
and ferromagnetic (Fe-coated) probe tips. To exclude spec- 
troscopic differences of nonmagnetic origin between differ- 
ent tips we first performed measurements on a nonmagnetic 
W(110) substrate [Fig. 6(a)]. Figures 6(b) and 6(c) show two 
spectra obtained with an electrochemically etched W tip and 

U      [V] gap 

FIG. 7. (a) STM image showing 2-ML-high Fe islands on an Fe-covered W(110) surface. Scan size: 335 nmX335 nm. (b) Tunneling spectrum obtained with 
an electrochemically etched W tip on a 2-ML-high Fe island, (c) Tunneling spectrum obtained with an Fe-coated W tip on a 2-ML-high Fe island. 
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an in situ Fe-coated tip, respectively. It is remarkable how 
similar these spectra are despite the fact that the microstruc- 
ture of the tips might be completely different. Similar results 
were obtained with other tips as well. Subsequently, we per- 
formed a comparative spectroscopic study of 2-ML-high Fe 
islands [Fig. 7(a)]. Figure 7(b) shows the typical tunneling 
spectrum obtained by using a tungsten tip whereas Fig. 7(c) 
shows the corresponding spectrum obtained with Fe-coated 
probe tips. It is apparent, that there are dramatic differences 
in the two spectra. These differences might be explained by 
the magnetic exchange interaction across the tunneling bar- 
rier in the case of two ferromagnetic electrodes. Theoretical 
work to explain these experimental observations is in 
progress. 

VI. CONCLUSIONS 

Magnetic-sensitive scanning probe methods were applied 
to study structural, electronic, and magnetic properties of 
magnetic nanostructures prepared by thin film deposition un- 
der UHV conditions, by electron-beam lithography, as well 
as by nanosphere lithography. It was shown that drastic 
changes in the electronic structure occur during the transition 
from OD adsorbates to 3D bulklike islands. Micromagnetic 
properties including domain structure and switching fields 
for submicron-scale Co particles were studied by MFM. The 
first STM spectroscopic studies of magnetic nanostructures 
performed with in situ Fe-coated tips revealed drastic differ- 
ences compared to spectra obtained with nonmagnetic tung- 
sten tips. These spectroscopic differences may prove useful 
for magnetic imaging of nanostructures down to the atomic 
scale. 
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We present a theoretical investigation of the magnetotransport in finite antidot lattices. We have 
calculated the magnetoconductance, which shows slow and rapid oscillations. To interpret the rapid 
oscillations, we have studied the magnetoconductance correlation function and the level-spacing 
distribution of the systems. The results allow us to interpret the rapid oscillations as an effect of the 
interference of electrons traveling along chaotic trajectories in the antidot lattices. The slow 
oscillations can be understood in terms of pinned electron orbits around groups of antidots. 
© 1997 American Vacuum Society. [S0734-211X(97)13004-9] 

I. INTRODUCTION 

Recently, considerable effort has been directed towards 
the investigation of electron transport in lateral superlattices 
defined by periodic modulation potentials on the plane of a 
two-dimensional electron gas (2DEG). Various interesting 
phenomena have been observed in these systems. At a weak 
modulation, the magnetoresistance exhibits oscillations at 
low magnetic-fields B.1 These oscillations are periodic in 
MB and have been attributed to the oscillatory property of 
the Landau bandwidth as a function of B.1 A periodically 
modulated 2DEG is called an antidot lattice when the modu- 
lation potential is strongly repulsive. The quenching of the 
Hall effect, localized magnetoresistance peaks, and regular 
fine oscillations around the localized peaks were observed at 
low magnetic fields in this system.2 These phenomena have 
been understood in terms of classical or semiclassical theory. 
Irregular but reproducible magnetoresistance oscillations 
were also observed in a phase-coherent antidot system. 
These oscillations may have to be understood in terms of 
quantum-mechanical calculations. 

In this work, we report on a full quantum-mechanical 
study of magnetotransport in phase-coherent antidot systems 
based on a scattering-matrix formalism. A rich structure is 
predicted for the mesoscopic systems. In agreement with the 
experimental observation of Ref. 3, we find that electron 
transport at low magnetic fields is characterized by slow and 
rapid magnetoconductance oscillations. We calculate the 
conductance correlation function and the correlation field 
Bc. We find that Bc-A~hle, where A is the total area of the 
antidot lattices. This result implies that the rapid oscillations 
result from coherent interference over entire antidot lattices. 
In order to gain further insight to the quantum effect, we also 
calculate the magnetoelectric energy-band structure for the 
corresponding infinite antidot lattices. We find a complex 
structure of the energy band in the energy range of interests 
to the experiments. We evaluate the nearest-neighbor band- 
spacing distribution function and find that the distribution 
function obeys the universal prediction for quantum chaos 

a)Part of this work was carried out while the author was a visiting scientist at 
the Laboratory of Semiconductor Materials Sciences, Institute of Semicon- 
ductors, Chinese Academy of Sciences, China. 

b)Electronic mail: Hongqi.Xu@ftf.lth.se 

derived from the theory of random matrices. This result is in 
consistence with the above interpretation for rapid magneto- 
conductance oscillations. 

II. THEORETICAL METHOD 

We consider an NxXNy square antidot lattice implanted 
with a period a in a wide ballistic channel of width w. The 
antidot lattice is connected to the two reservoirs modeled by 
two semi-infinitely long leads with the same width as the 
ballistic channel. We assume that the phase-breaking pro- 
cesses occur only inside the two reservoirs. Thus, an electron 
injected from, say, the left reservoir into the antidot lattice 
can only be elastically scattered by the antidots and the 
boundaries of the ballistic channel. In order to avoid artificial 
effects, we describe the potential of the antidot lattice by a 
realistic model of the form 

V(x,y)=y0{cos[77x/a]cos[7r()' + v0)/a]}2^, (1) 

where y0 determines the position of the antidot lattice in the 
channel, while V0 and integral ß control the strength and 
steepness of the antidot potential. With this potential, the 
Schrodinger equation, in general, cannot be solved analyti- 
cally. In this work, we solve it numerically using the 
scattering-matrix technique as described in Ref. 4. This is 
done by dividing the antidot lattice along the transport direc- 
tion (x direction) into transverse strips. We make the number 
of the strips, N, sufficiently large so that all the strips are thin 
enough to allow us to approximate the potential in each strip 
i by an x -independent function of the form 

Vi(y) = V0{cos[irxi/a]cos[Tr(y+y0)/a]}2ß, (2) 

where i= 1,2,...,7V and xt may be chosen to be the x coor- 
dinate at the center of the strip. Thus, the Schrodinger equa- 
tion of motion of an electron with energy e in a uniform 
magnetic field B= (0,0,5) may be solved for each strip i by 
the separation of variables of the form 

P(x,y) = e'kx<pi(y), (3) 

where <p'(y) satisfies the reduced one-dimensional Schro- 
dinger equation 
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h2 

2m* dy1 

= e<p'(y). 

;2n'\2 Kiy-lBk'r+V^ + Viiy)   cp'(y) 

(4) 

Here, wc=eB/m* is the cyclotron frequency, lB 

= (h/eB)m is the magnetic length, and Vc(y) represents the 
confining potential of the wide quantum channel. For elec- 
tron transport calculations, Eq. (4) is solved at a given elec- 
tron energy e for eigenwave numbers {k'J and eigenwave 
functions {<p'a(y)}. Since the corresponding operator in the 
eigenvalue equation for {k'J is not Hermitian, k'a can be 
real, imaginary, or complex. In the calculations, we choose 
to normalize our eigenwave functions <p'a(y) so that 

Wa(y)Wa{y))=h (5) 

and to define a velocity matrix y' = {v'aJ by 

h     f    .      I   .      .     2v\    . 

(6) 

where v'a is a short notation for v'aa and is known as the 
quantum mean velocity when it is real. 

The eigensolutions {tp'a{x,y)} in strip region i are ob- 
tained by inserting the eigenwave numbers {k'J and the 
eigenwave functions {<p'a(y)} into Eq. (3). The transport 
property of these eigensolutions is determined by their wave 
numbers {k'J. Only those eigensolutions whose wave num- 
bers are real represent propagating modes, while the others 
correspond to evanescent or exploding modes. In order to 
overcome the difficulty in numerical calculations due to the 
presence of the exploding modes, we divide our eigensolu- 
tions into two groups and adopt the scattering-matrix formal- 
ism. The first group, in which the eigensolutions are denoted 
by {<A'a+(*oO}> consists of those modes that are propagating 
forwards or evanescent, while the second group, in which the 
eigensolutions are denoted by Wj{x,y)}, consists of all the 
rest, i.e., those modes that are propagating backwards or ex- 
ploding. 

In terms of these notations, the wave function ty'(x, v) of 
an electron with energy e in strip region i can be written as 

^W)=X K+C+(*-4OO+<"^~(*-4>J)L a 

(7) 

where x'0 is the reference coordinate along the x direction for 
the strip region i. 

The wave function in strip regions i and / +1 can be 
connected via a transfer matrix M(i,/+ 1), 

A'+\ /A'+
+1 

AiJ=M(i,i+l) A,+i (8) 

where A'+ and AL are coefficient vectors containing {a'J} 
and {a'J}, respectively. The derivation of M(i,i+ 1) is el- 
ementary and can be found in Ref. 4. The wave function in 
the left and right leads, VL(x,y) and tyR(x,y), are con- 
nected via 

AL 
AÄ 

= M(L,R)\AZ (9) 

where A+ and AL are the coefficient vectors containing 
{a^+} and {aL

a~}, A+ and A* are the coefficient vectors 
containing {aR

a
+} and {aRJJ, and M(L,R) is the total trans- 

fer matrix of the system given by M(L,i?) = M(L,l) 
■M(l,2)---M(N-l,N)-M(N,R). 

It is well known that in the calculations for the total trans- 
fer matrix M(L,R), one often suffers a numerical instability 
due to the presence of both exponentially growing and expo- 
nentially decaying terms in the formulation. This problem 
may be removed by rewriting Eq. (9) as 

A*+ l)=S(L,R)\ J  , ^ 
(10) 

where S(L,R) is known as the scattering matrix of the sys- 
tem and can be obtained iteratively with the help of the trans- 
fer matrix M(i,/+ 1). For details of this procedure, we refer 
to our earlier works in Ref. 4. 

In the calculations for electron transport, the boundary 
condition imposed on the wave function of the electron is 
A+ = Iy and A^ = 0, where Iy is a unit vector with elements 
given by (ly)a=8ay. The wave-function coefficients A* 
and AL are simply obtained by inserting this boundary con- 
dition into Eq. (10). The magnetoconductance of the system 
is then calculated in the linear-response regime using 

„2 (R)   I        (R)      L- 
2— V 

h    ^ i+2 ^ 

2JL 22 
.R + 

.L + 
TÄ+|2 

(ID 

where (R) indicates that the summations are taken over those 
values of y and a for which i>y

+ , vL
a~ , and vR

a 
+ are real. 

For further details of the calculations, we refer to Ref. 4. 

III. RESULTS AND DISCUSSION 

Figure 1 shows the magnetoconductance calculated for 
two antidot lattices with period a= 100 nm, V0= 1 eV, and 
/3=10. The two antidot lattices have 20 periods along the 
transport x direction. Along the transverse y direction, they 
have three and four periods, respectively. In the calculations, 
we have assumed an electron effective mass m* = 0.067rae 

and the Fermi energy EF=14 meV. The calculated magne- 
toconductance shows a generic structure similar to the ex- 
perimental observation of Ref. 3: G(B) exhibits slow and 
rapid oscillations. The slow oscillations were interpreted as 
an effect originating from pinned classical electron orbits 
around groups of antidots.3 Slow and rapid oscillations have 
also been obtained in the conductance calculated as a func- 
tion of the Fermi energy at zero magnetic field.5 The slow 
oscillations in the zero-5 case were interpreted in terms of 
the Bragg reflection of the electron waves by the periodic 
potential.5 
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a = 100 nm, Nx= 20 

Vo=leV,ß=10 

Ep = 14 meV 

FIG. 1. Calculated magnetoconductance at EF= 14 meV for antidot lattices 
with a = 100nm, ^=20, V0=leV, and ß= 10. Curve (a) is for w 
= 300nm (Ny = 3), while curve (b) is for w = 400nm (Ny = 4). 

The rapid magnetoconductance oscillations cannot be 
simply interpreted in terms of classical mechanics. Their ori- 
gin is purely quantum mechanical. To understand these os- 
cillations, we calculate the magnetoconductance correlation 
function defined by 

F(AB) = <[G(B)-<G(B)>] 

X[G(B + AB)-(G(B + AB))]). (12) 

The correlation field Aßc is defined as F(ABc) = F(0)/2. 
Figure 2 shows the calculated magnetoconductance correla- 
tion function for the 20X4 antidot lattice from the magneto- 
conductance curve as shown in Fig. 1(b). The determined 
correlation field Aßc is about 0.009 T. If the total area of the 
antidot lattice A = 8 X 105 nm2 is used, we obtained ABCA 
~h/e. This result implies that the rapid oscillations have 
originated from the coherent interference of electron waves 
traveling over the entire antidot lattice. 

FIG. 2. Normalized correlation function of the magnetoconductance oscilla- 
tions of the 20X4 antidot lattice, as shown in curve (b) of Fig. 1. The 
determined corresponding correlation field Aßc is indicated by a vertical 
arrow. 

FIG. 3. Energy-band-spacing distribution function of the quasi-two- 
dimensional antidot crystal with Nx=<*> and Ny=5 (w = 500nm). Other 
parameters were taken to be the same as in Fig. 1. The statistical average 
was taken over 300 magnetoelectric energy bands and 40 magnetic-field 
values in the range of 0.1-0.3 T. 

The understanding of the magnetotransport property 
in finite antidot lattices can also be obtained from the 
study of the energy spectra of the systems. Since the 
quantum systems are difficult to solve, we instead study 
the magnetoelectric energy-band structure for the 
corresponding antidot lattices that are infinite along the x 
direction. We find an extremely complex band structure 
that reminds us about quantum chaos. We calculate the 
band-spacing distribution function P(s) and find that P(s) 
is close to the Gaussian orthogonal ensemble (GOE) 
distribution derived from the theory of random matrices. 
This result, as shown in Fig. 3, is a clear evidence for the 
presence of chaos in the antidot systems. The rapid oscilla- 
tions can, therefore, be interpreted as due to the interference 
of electrons traveling along chaotic trajectories in the antidot 
lattices. 
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The magnetic nature of a NiO shell and a Ni core were separately investigated in the temperature 
dependence of the magnetization curve of the samples with the average sizes of 1.6, 2.0, 2.2, 2.5, 
2.8, 3.0 and 3.2 nm. The superparamagnetism of the NiO shell and Ni core were observed in specific 
temperature ranges. The increase of the magnetic moment per atom in the metallic free cluster with 
decreasing size were not observed in the small Ni core with the NiO shell though the proper 
saturation magnetization of Ni core was estimated. © 1997 American Vacuum Society. 
[S0734-211X(97)05104-4] 

I. INTRODUCTION 

In systems with interactions among atoms, there exist dif- 
ferences in the physical properties of atoms on the surface 
and atoms in a particle because of the difference of coordi- 
nation number. In the magnetic properties of a transition 
metal cluster or ultrafine particle, the characteristic nature of 
the surface atoms is expected to dominate1"4 because the 
ratio of the surface to volume is large. In cluster beam 
experiments,5'6 the important fact that the magnetic moment 
per atom increases as the size of a particle decreases was 
confirmed. Also in magnetic compounds, the magnetic mo- 
ment per atom on the surface should be different from that of 
inner atoms at temperatures lower than the Neel temperature 
or Curie temperature because the spin ordering is due to the 
interatomic exchange interaction. Therefore, a magnetic 
nature7'8 different from that of the bulk naturally should ap- 
pear in the cluster or ultrafine particle of a magnetic com- 
pound. 

We previously reported the particle size dependence of 
the Neel temperature and other magnetic properties of ul- 
trafine particles of the magnetic oxides MnO (Ref. 9) and 
CoO (Ref. 10). In this article, as a part of a study of transi- 
tion metal oxides, we report experimental results on the NiO 
ultrafine particle with crystal structure and magnetic nature 
analogous to the previous oxides. A stable, small metallic 
core in a NiO particle remained in air, as was true in the case 
of the CoO particle. The size of the core was estimated from 
x-ray photoelectron spectroscopy (ESCA) measurement. As 
a result, we could estimate the saturation magnetization of 
the core Ni, but we could not obtain the increase of magnetic 
moment per atom with decreasing size. Furthermore, we 
found that the exchange anisotropy through the interface in 
the case of Ni particle is small in comparison with the cases 
of Co and Fe particles. 

II. EXPERIMENT AND RESULTS 

Ultrafine particles were produced using the initial island 
structure resulting from vacuum evaporation." Five layers of 
Ni particles were evaporated on a 25-yum-fhick Mylar film by 
alternative evaporation with LiF (20 nm) which was used as 
the matrix substance. Those sandwiched Ni particles oxi- 
dized in air. After oxidation for several hours a stable small 
Ni core remained in a NiO particle. That was confirmed by 
the observation of a change of the electron diffraction pattern 
with time. The average size (diameter) of particles was con- 
trolled by the deposition controller (Inficon, IC6000). We 
produced seven samples with the average sizes of 1.6, 2.0, 
2.2, 2.5, 2.8, 3.0, and 3.2 nm. Examples of a transmission 
electron microscopy (TEM) micrograph and an electron dif- 

a)Electronic mail: sako@edu.mie-u.ac.jp 
FIG. 1. The micrograph of NiO ultrafine particles with the average size of 
2.8 nm. 
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FIG. 2. The electron diffraction pattern of NiO ultrafine particles with the Ni 
core. The average size is 2.8 nm. Weak lines of Ni(lll) and Ni(200) of fee 
structure are recognized in the strong NiO lines. 

fraction pattern of NiO particles are shown in Figs. 1 and 2, 
respectively, in the sample with the average size of 2.8 nm. 
The crystal structures of Ni and NiO in a particle were the 
same face centered cubic (fee) and rhombohedral structures 
as those in the bulk state. We utilized x-ray photoelectron 
spectroscopy in order to estimate the quantity of the stable 
Ni core. An example of the ESCA spectra is shown in Fig. 3 
for the sample with the average size of 2.8 nm. The spectral 
intensities of the Ni 2pm level in the NiO shell and Ni core 
were compared. The ratio, a, of the number of Ni atoms in 
Ni core to those in NiO shell is shown in Table I. These 
values nearly agreed with the estimate from the line intensi- 
ties of Ni and NiO in the electron diffraction patterns. 

The magnetization curves were measured to investigate 
the magnetic nature of the NiO ultrafine particles using a 
high sensitivity Faraday-type magnetic balance. Measure- 
ments were made over the magnetic field range of -50 to 50 
kOe in the temperature range from 2 to 250 K. Examples of 
the magnetization curves are shown in Figs. 4(a) and 4(b) for 
the sample with the size of 2.0 and 2.8 nm, respectively. 

150 

P3      140 

£     130 - 

TABLE I. a is the ratio of the number of Ni atoms in Ni core to those in NiO 
shell for samples with various average size. 

o 
ü 

120 

110 L 

850 860 870 

Binding Energy [eV] 

880 890 

Size of sample Size of core 

(nm) a (nm) 

3.2 0.25 ±0.07 1.73±0.20 
3.0 0.20+0.06 1.61+0.08 
2.8 0.17+0.05 1.34+0.10 
2.5 0.12±0.03 1.06±0.08 
2.2 0.07±0.01 0.81+0.05 

(b) H [kOe] 

FIG. 3. The ESCA spectrum of a NiO ultrafine particle with a Ni core. The 
average size is 2.8 nm. 

FIG. 4. The magnetization curve at various temperatures for samples with 
average size of (a) 2.0 nm and (b) 2.8 nm. 
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FIG. 5. The rearrangement of Fig. 4(a). (a) The magnetization curves plotted 
against HIT. (b) The magnetization curves near zero field in (a) are en- 
larged, (c) The magnetization curves at 2, 4, and 10 K in (b) are deleted. 
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FIG. 6. The rearrangement of Fig. 4(b). (a) The magnetization curves plotted 
against HIT. (b) The magnetization curves near zero field in (a) are en- 
larged, (c) The magnetization curves at 2, 4, and 10 K in (b) are deleted. 

When the unit of the horizontal axis is converted to H/T, Fig. 
4(a) changes into Fig. 5(a). Figure 5(b) is the extension of 
the neighborhood of zero field in Fig. 5(a). When the curves 
at 2, 4, and 10 K where the large residual magnetization 
appears were excluded from Fig. 5(b), Fig. 5(c) is obtained. 
Then, remaining curves at any temperature overlap well. The 
relation between Fig. 4(b) and Fig. 6 is also the same. This 
means that those curves obey the Langevin function. In Fig. 
6, we can distinguish two components; one is the part with a 
large change near zero field and the other is the part with a 
constant gradient. The Curie temperature of the ferromag- 
netic bulk Ni is about 630 K and the Neel temperature of the 
antiferromagnetic bulk NiO is about 520 K. Such magnetic 
transition temperatures are expected to decrease in a small 
particle, but in the lower temperature range of our measure- 
ment, magnetic ordering will take place. Accordingly, we 
considered that above two paramagnetic components are at- 
tributed to the superparamagnetism of the Ni core and that of 
the NiO shell.12'13 The former corresponds to the part which 
showed the large change near zero field and the latter corre- 
sponds to the part which showed the constant gradient on the 
higher field because the former became stronger as the aver- 
age particle size increased. 

The magnetic susceptibility of the superparamagnetism of 
the NiO shell, which was obtained from the gradient of the 

higher magnetic field, is shown in Fig. 7 for samples with 
various average sizes. It increases as the average size de- 
creases similar to other NiO particle experiments.13'14 Ac- 
cording to Neel,12 the antiferromagnetic small particle has 
the magnetic moment Nm/m per particle due to the statistical 
fluctuation, where N and fi are the number of Ni atoms in the 
sublattice and the magnetic moment per Ni atom, respec- 
tively. Therefore, as a group, the antiferromagnetic particles 
show the superparamagnetism described as \ = nNfi2/3kT, 
where n is the number of particles per unit mass. Then, \ 
should be size independent and differ from the experimental 
results shown in Fig. 7 because \ln and N are both propor- 
tional to the volume of a particle. The disorder of spins near 
surface (canting effect) had been observed15^17 in experi- 
ments of the Mössbauer effect. The canting effect increases 
as the size decreases. This may be due to the size dependence 
in Fig. 7. 

From the extrapolation of the high field gradient of the 
magnetization in Fig. 4 to zero field, we can obtain the satu- 
ration magnetization Ms of the Ni core. The Ms, calibrated 
by the mass of Ni core estimated from Table I, is shown in 
Fig. 8 for samples with various sizes. In the low temperature 
range, Ms increased as the size decreased and the relation 
was reversed in higher temperature range. That is to say, the 
magnetic moment per atom increases as the size decreases, in 
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FIG. 7. The temperature dependence of the magnetic susceptibility of the 
NiO shell in samples with various sizes. 

the low temperature range. The change of Ms with decreas- 
ing temperature is larger as the size is smaller. We think that 
such a large change of Ms in small particles is due to the 
ferrimagnetism in a nickel oxide other than NiO which is not 
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FIG. 8. The temperature dependences of the saturation magnetization Ms of 
the Ni core in samples with various sizes. 
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FIG. 9. The temperature dependence of coercive force in samples with vari- 
ous sizes. 

observed by the electron diffraction, in the same manner as 
the case of Co particles.18 Ms at the highest temperature in 
Fig. 8 where NiO shows the paramagnetism is close to the 
intrinsic Ms of Ni core. Ms, that is, the magnetic moment 
per atom at this temperature decreases with decreasing size 
in contrast to the case of a free cluster. However, the size 
difference does not seem to be meaningful because it is com- 
parable with error bar. 

The temperature dependence of the coercive force ob- 
tained from the hysteresis loop is shown for samples with 
various average sizes in Fig. 9. The coercive force has the 
tendency to increase with size reflecting the difference of 
bound energy KV, where K and V are the anisotropy energy 
and the particle volume, respectively. The size dependence 
of the blocking temperature where Hc becomes zero can be 
explained by the same reasoning. In the case of Co (Ref. 18) 
and Fe (Ref. 19) particles, the size dependence of the coer- 
cive force was reversed in the low temperature range for the 
relatively stronger exchange anisotropy due to the larger ra- 
tio of oxide to core metal in smaller particles. In the case of 
Ni, such a reverse did not take place. It may suggest that the 
exchange anisotropy in the case of Ni is weaker than those in 
the case Co and Fe. 

III. CONCLUSIONS 

In conclusion, we investigated separately the magnetic na- 
ture of the NiO shell and the Ni core in a particle based on 
the large difference of magnetic moment. We found that NiO 
shells and Ni cores both showed superparamagnetism, and 
that the superparamagnetism was affected by the slight fer- 
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rimagnetic oxide or canting effect. A weak exchange anisot- 
ropy in comparison with the case of Co and Fe was expected 
from coercive data. We tried to estimate the intrinsic mag- 
netic moment per atom in Ni core using the mass of only Ni 
core, but in our case of a metal surrounded by oxide we 
could not reproduce the tendency found by the free cluster 
beam experiment. 
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Magnetic force microscope images of magnetic domains 
in magnetic garnet 
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Magnetic domains in (YGdBi)3(GaFe)5012 magnetic garnet have been studied using magnetic force 
microscopy (MFM). MFM results have demonstrated that the undisturbed magnetic domain 
structure in the garnet could be obtained with a soft magnetic tip. It is further observed that the stray 
field emanating from a hard tip could magnetize the low-coercivity garnet and alter the widths of the 
domain region. In addition, when an external magnetic field is applied to the garnet, a sequence of 
variations of the magnetic domain configuration in the garnet is clearly identified. The discussions 
on the effect of magnetic tip of MFM on magnetic domains and the external field on magnetic tips 
will also be presented.   © 1997 American Vacuum Society. [S0734-211X(97)04104-8] 

I. INTRODUCTION 

The domain structure in garnets were usually studied us- 
ing ferrofluid decoration methods and the magneto-optic Far- 
aday effect, which have led to great advances in this field. As 
research activities proceed, the demands for higher resolution 
is becoming increasingly strong. Soon after magnetic force 
microscopy (MFM) was available, it was quickly proven to 
be a powerful technique in imaging a wide range of magnetic 
materials1-8 and applied to investigate garnet with much 
success.9'10 Due to the low coercivity in garnet and the in- 
evitable magnetostatic coupling between tip and sample, re- 
search efforts have seen difficulties in studying the fringing 
field in magnetic garnets which is essential to understand the 
magnetic structure of the material. Therefore, the impor- 
tances of the interaction between tip and sample is increas- 
ing. So far, using MFM in the presence of an external mag- 
netic field, the approach for the studies of the switching of 
the magnetization of individual isolated particles,11'12 the 
measuring of the coercivity of recording media,13 and the 
imaging of the magnetic structures in recording media under- 
going dc erasure,14 are also reported, which is deemed more 
practical for the application of MFM. 

In this work, we have demonstrated that the undisturbed 
magnetic domain structure could be obtained using MFM 
with a soft magnetic tip. It is further observed that the stray 
field emanating from a hard tip could magnetize the garnet 
and alter the widths of the domain region. By choosing ap- 
propriate tip-sample separation, we could minimize the tip 
effect. We also report the observation of the static changes of 
the domain configuration in (YGdBi)3(GaFe)5012 garnet 
within an external magnetic field. Sequential variations of 
the magnetic domain configuration in the garnet are observed 
and could be associated with the strength of the applied field. 
In this article, the effects of the magnetic tip are presented 
first for the purpose of assisting to bring out the effects at- 
tributed to the external field. We have also demonstrated that 
the details of the magnetic configuration could be analyzed 
semiquantitatively. 

II. EXPERIMENT 

The samples under study were epitaxially grown 
(YGdBi)3(GaFe)5012 garnet films on Gd3Ga5012 

substrates.15 The magnetic garnet film has a measured satu- 
ration magnetization 4Mj=185G, film thickness /i=5.0 
yam, stripe width of 5.55 ^m, and a collapse field of 87 Oe. 
The magnetic domains of garnet were imaged by Nanoscope 
III Dimension™ 3000 scanning probe microscope, manufac- 
tured by Digital Instruments, Inc. The cantilever was a Nano- 
Probe magnetically coated tip with a 225 /urn length and a 
resonant frequency of approximately 70 kHz. The tip was 
magnetized along the tip direction, which was perpendicular 
to the imaging surface of the sample. The topographical and 
magnetic images were obtained simultaneously using tap- 
ping and lift modes, respectively. 

III. RESULTS AND DISCUSSION 

During MFM experiments, the magnetic tip is scanned 
over the surface of a sample and detects the stray field from 
the sample, H(r), which can be calculated, according to 

3w[»Xm2(r2)]-m2(r2) 
r3 

/ sample ' 
H(r) 

■/. 

■dV, 

where r is the observer point outside of the sample. m2(r2) 
is the magnetization of the volume element dV in the 
sample, and n = rl\r\. The force acting on the tip in the di- 
rection of the z axis can be given as 

\ dV"\ 
J tip       J t sample 

dV'fz(ri-r2), 

where fz(r) is the interaction force between two magnetic 
dipoles, mx{rx) and m2{r2), at a distance r=rx-r2: 

fz(r) = 
d  /m,(r1){3n[nXm2(r2)]-w2(r2)} 

dz 

a)Author to whom all correspondence should be addressed. 

where mx{r{) is the magnetization of the volume element 
dV" in the tip. One simple but particularly instructive ap- 
proximation is to assume that the tip consists of a point di- 
pole, m{ = M2 Thus, Fz = M(d/dz)H(r). 
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FIG. 1. (a) AFM topography of epitaxially grown (YGdBi)3(GaFe)5012 mag- 
netic garnet, (b) Corresponding MFM image of the garnet taken simulta- 
neously with a soft magnetic tip. The tip-sample distance was 200 nm. Plot 
of the cross-sectional profile was taken as marked in the Fig. 1(b). 

Figure 1(a) shows an atomic force microscope (AFM) to- 
pography of (YGdBi)3(GaFe)5012 garnet. And Fig. 1(b) is 
the corresponding MFM image of the garnet taken simulta- 
neously using a soft magnetic tip magnetized normal to the 
sample surface. In this figure, the bright and dark stripes 
represent magnetic domains with opposite magnetization as 
explained in the following paragraph. The cross-section pro- 
file, which was taken across the stripes as marked in Fig. 
1(b), agreed with the numerical simulations using the above 
formalism (calculated results are not shown). It is apparent 
that the measured widths of the stripe domains are approxi- 
mately equal and the contrast of the domain regions is nearly 
symmetric. 

If the magnetization directions of magnetic tip and do- 
mains in the sample are antiparallel, the interaction between 
them is repulsive, giving a bright contrast in the MFM im- 
age. While in the case of parallel magnetization, the interac- 
tion is attractive, appearing as a dark contrast in image. The 
periodicity of the MFM image contrast in Fig. 1(b) was mea- 
sured to be approximately 10.8 /u,m, which is twice the stripe 
width. This is consistent with the domain widths measured 
employing the magneto-optic Faraday effect. This suggests 
that the magnetic domains observed with the soft tip is in- 
deed an undisturbed one. 

MFM images with a hard magnetic tip are also obtained. 
In Fig. 2, the cross-section profile changes appreciably com- 
pared with Fig. 1(b). The widths of the bright and dark 
stripes are unequal. The widths of the dark domains are 
wider than that of the bright domains. Moreover, the inter- 
action of the bright domains with the hard tip is far stronger 
than that of the dark domains as evidenced by the apparent 
asymmetry of the line shape. This suggests that the stray 
field emanating from a hard tip could magnetize the garnet 
locally (enlarging the parallel region and reducing the anti- 
parallel region) and should not be negligible. Figure 3 shows 
the magnified image of Fig. 2. In Fig. 3(b), the little domains 
along the bright stripe suggest that we have observed the 
domain wall. 

FIG. 2. The AFM (a) and MFM (b) images of (YGdBi)3(GaFe)5012 mag- 
netic garnet recorded with a hard magnetic tip. The tip-sample distance was 
150 nm. The cross-sectional profile was taken as marked in the figure. 

The measured widths of stripe domains versus tip-sample 
distance demonstrates that, with the tip-sample separation 
increasing, the widths of bright domains gradually increase 
and that of the dark decrease. However, the image contrast 
period is nearly unchanged. The reason could be that, with 
the tip-sample separation increasing, the stray field from 
magnetic tip gradually decreases. So the effect of a hard tip 
on the widths of domains is expected to be gradually re- 
duced. In addition, the observed domain configuration of the 
garnet remains mostly unchanged. When the tip was posi- 
tioned higher than 1500 nm from the sample surface, the 
widths of the bright stripes returned to 5.34 /an, which is 
close to the original width of the undisturbed domains in the 
garnet. The fact that the periodicity does not alter substan- 
tially suggests that the stray field from the hard tip is very 
small.16 

When an external magnetic field (//ext) was applied to the 
garnet, we observed sequential changes in the magnetic do- 
mains in the garnet using a hard tip. We prefer this combi- 
nation since hard tips have the advantage of most likely pre- 
serving their magnetization throughout experiments.17 As 

FIG. 3. The magnified AFM(a) and MFM(b) images of 
(YGdBi)3(GaFe)50I2 magnetic garnet shown in Fig. 2. The tip-sample dis- 
tance was 80 nm. 
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FIG. 4. The MFM image of the garnet using a hard tip with an external 
magnetic field. The tip-sample distance was 200 nm. The imaged region is 
80 fj.mX80 ßm. The external field is antiparallel to the magnetization of 
magnetic tip. (a) //cxt=0 G, (b) ffMt=21 G, (c) HcM=43 G, (d) 
//ext=61 G, and (e) the MFM image of the garnet after Hea is removed. 

shown in the series of images in Fig. 4, it is evident that the 
observed domain configuration has been strongly affected by 
applied field. Figure 5 shows the changes of the measured 
widths of the stripe domains versus the external magnetic 
field. With the increasing #ext, the widths of the bright do- 
main increase gradually and the widths of the dark domains 
decrease slightly, while the domain configuration also 
changes appreciably [Figs. 4(c) and 4(d)]. When Z/ext is 

0 20 40 60 

external magnetic field(Gs) 

FIG. 5. The relationship of the widths of the domains with the external 
magnetic field. -♦- bright domain, -■- dark domain, -A- image contrast 
periodicity. 

raised to 75 G (image not shown), there is no discernable 
image contrast in the MFM image, which indicates that the 
whole garnet has been saturated completely. 

Because the magnetization direction of hard tip in this 
case is antiparallel to //ext, the effects they have on magne- 
tizing the garnet is in the cancellation of each other. The 
effective external field should be, Heff=Hext-Hüp. Since the 
tip-sample separation is kept constant during MFM scanning, 
the impact of the hard tip on the garnet is fixed and tends to 
reduce the widths of the bright domains. During our static 
magnetization process, the width of the bright domains is 
always becoming wider with Hex( increasing, indicating that 
Hext is dominating. On the other hand, the magnetization 
density of the hard tip could be reduced, which only affects 
the overall image contrast. 

In Fig. 5, the fact that the periodicity of the image contrast 
changes greatly with increasing Hext suggests that the 
changes of the domain configuration in Fig. 4 are mainly 
induced by the external magnetic field.12 The external field 
magnetizes the garnet so as to enlarge the widths of the 
bright domain whose magnetization direction is the same as 
the external field. Therefore, it also induces changes of the 
domain configuration. 

After the external field is removed, the MFM image of the 
garnet is shown in Fig. 4(e). Comparing with Fig. 4(a), the 
domain configuration has not recovered to its original one. 
This indicates that there are irreversible processes in the 
course of static magnetization of the garnet. 

IV. CONCLUSION 

In summary, we have used MFM to observe the process 
of the variation of magnetic domains in garnet within an 
external field. The process is observed to undergo the move- 
ment of domain walls and the variation of the domain con- 
figuration. We have demonstrated that, after removing the 
external field, the garnet usually does not restore to its origi- 
nal domain configuration, suggesting the existence of irre- 
versible processes in the course of magnetization. We have 
also studied the effect of magnetic tip on magnetic domains, 
and illustrated that the effects could be minimized by using a 
soft magnetic tip and choosing appropriate hard tip-sample 
distance. The study suggests that the detailed magnetic na- 
ture of the tip could serve to further review the insight of the 
dynamic magnetic processes. 
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Field induced antiferromagnetic ordering in NiS cluster confined 
in zeolite Y 
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An interesting field induced antiferromagnetic ordering in NiS clusters confined in Y molecular 
sieve was observed. The NiS cluster-zeolite Y composite exhibits an unusual antiferromagnetic 
ordering state under a magnetic field of 0.724-1.164 T and paramagnetic behavior out of this field 
region. The antiferromagnetic ordering can be stable up to 180 K. The phenomenon may be 
understood by the concept of energy level crossing due to intracluster interaction at a certain 
magnetic field.   © 1997 American Vacuum Society. [S0734-211X(97)04404-1] 

I. INTRODUCTION 

Recently, much attention has been given to new kinds of 
materials made by filling the pore space of zeolite with other 
solid materials, e.g., metals, semiconductors, or polymers.1' 
The size quantization effects observed in small clusters in 
zeolite are currently of great interest for potential nonlinear 
optic applications. This kind of nanometer structure, metal, 
or semiconductor constructed in zeolite crystalline, has a lot 
of researchers excited about zeolites' applications. ~ Al- 
ready under development are very sensitive chemical sensors 
and light sensitive materials such as optical memory.6 A 
patent to Ozin and co-workers disclosed a variety of qualita- 
tive optical responses including baro-, hydro-, and photo-, 
and thermochromism for the sodalite family 
(AlSi04)3Na4_„AgnX (with Ag„X cluster in the pores of 
sodalite), and reversible read-write cycles with thermal erase 
were also carried out.7 Nozue et al. have reported the strong 
ferromagnetic property exhibited by sodium metal in A-type 
zeolite.8 Additionally, the package of clusters in zeolite crys- 
talline into nanocomposite bulk materials, defining the con- 
finement surface states and environment, intercluster interac- 
tions and the quantum-confinement geometry, are also 
interesting.9 Here we report the magnetic field induced anti- 
ferromagnetic ordering in NiS cluster confined in Y zeolite. 
It would be of interest, for understanding various properties 
of this kind of composite material and some novel applica- 
tions. 

II. EXPERIMENT 

The assembly of clusters in zeolite, e.g., II-VI group 
semiconductor, was usually made by an ion exchange fol- 
lowed by treatment with dry H2S or H2Se. It has been ob- 
served that moisture has great influence on these 
samples.10'11 However, Barnakov and co-workers have re- 
cently reported that the (CdS)-X and (CdS)-A composite ma- 
terial obtained by treating the Cd2+ exchanged single crystal 
X- and A-type molecular sieve with 1 M Na2S aqueous so- 
lution have high stability in air.12 In consideration of practi- 
cal utility, our (NiS)-Y sample was prepared by treating the 
NiY with Na2S aqueous solution. The NiY samples were 
prepared by a standard ion-exchange procedure. The starting 

material NaY (2g) was slurried into 100 ml of distilled wa- 
ter. The pH was adjusted to 5, and an appropriate amount of 
nickel nitrate to yield stoichiometries as listed below as 
added. The slurry was stirred overnight at room temperature, 
filtered, and washed. The dried sample was heated at a rate 
of 2 K/min to 573 K for 3 h in air (denoted as NiYl). The 
color of the NiYl sample is pale green. The NiYl was 
treated in 200 ml 0.5 M Na2S aqueous solution at 50 °C for 
2 h, then the sample was washed, and dried at 50 °C (de- 
noted as NiSYl). After sulfidation, the color of the sample 
from green (NiYl) turns to gray (NiSYl). Chemical analysis 
(the Material Center of Nanjing University) reveals the fol- 
lowing composition of the unit cell: starting NaY 
Na(52)Al(52)Si(140); NiYl Ni(4.6)Na(42)Al(52)Si(140); 
NiSYl Ni(3.8)S(3.2)Na(50.9)Al(52)Si(140). 

III. RESULTS AND DISCUSSION 

The x-ray diffraction patterns showed that the crystallinity 
of these samples was comparable to that of the parent NaY. 
The magnetic properties of the samples were measured using 
a vibrating sample magnetometer (VSM). The powder 
sample was cooled in zero field down to 77 K and the mag- 
netization was measured as a function of increasing field 
strength up to 1.5 T. The field was again set to zero and the 
sample was warmed to a higher temperature. In this manner, 
measurements were taken as a function of field for a number 
of temperatures between 77 K and room temperature. Mag- 
netization versus temperature curves were obtained at a fixed 
magnetic field with temperature programmed to increase. 
The x-ray photoelectron spectroscopy measurements were 
performed by using ESCALAB MKII with Mg Ka radiation 
as x-ray source, and the residual carbon C Is = 284.6 eV was 
set as reference of binding energy. 

The change in the Ni 2p binding energy spectra before 
and after sulfidation, as shown in Fig. 1, shows that the sul- 
fidation gives rise to the formation of nickel sulfidelike 
compound.13'14 

Moller, Herron, and co-workers have made careful studies 
on cadmium sulfide and selenide clusters stabilized in zeolite 
Y by means of EXAFS and high-resolution synchroton ra- 
diation XRD. They found the geometric arrangements of 
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FIG. 1. Ni 2p binding energy spectra before and after sulfidation. 

cadmium sulfide in a sodalite subunit of the zeolite frame- 
work. The structures can be explained as zeolite stabilized 
cubelike (CdS)4 with the extra coordination of Cd atoms 
with the framework oxygen atoms of the six-ring windows. 
Quantum well tunneling through the aluminaoxilicate cage 
wall is also suggested to be responsible for the interaction 
between clusters.10'15"17 Considering the similarity between 
the chemical property of CdS and NiS, it seems reasonable to 
speculate that the structure of NiS clusters in Y zeolite is 
analogous to that of CdS confined in zeolite Y. 

Figure 2 gives the variation of magnetization of NiYl 
with magnetic field under different temperatures. That the 
magnetization of NiYl changes linearly with magnetic field 
up to 1.5 T shows the paramagnetic behavior of NiYl. It is 
of great interest to note that, after sulfidation, a dip appears 
in the M-H curve of NiSYl (Fig. 3), indicating certain an- 
tiferromagnetic ordering induced by a magnetic field. The 
antiferromagnetic interaction begins at 0.724 T (denoted as 
Hj), reaches its maximum at 0.936 T (H0), and vanishes at 
about 1.164 T (H2). The samples are stable in air for several 
weeks and these results are found to be reversible. Beyond 
the magnetic field region of Hj-I^, the NiSYl displays 
paramagnetic behavior. With the temperature increase, the 
dip weakened and disappeared completely at 200 K. The 
analysis is further supported by the M-T curve measure- 

0.0       0.3       0.6       0.9        1.2        1.5    0.0       0.3       0.6        0.9        1.2        1.5 

Magnetic Field (T) Magentic Field (T) 

FIG. 3. M-H curve of NiSYl at different temperature. 

ment performed at different magnetic field. As shown in Fig. 
4, the variation of magnetization of NiSYl with temperature 
has paramagnetic characteristics at a magnetic field of 0.724 
(Hj) and 1.164 T (H2), respectively. However, NiSYl 
sample has antiferromagnetic characteristic at a magnetic 
field of 0.936 T. The Neel temperature of the antiferromag- 
netic structure is around 180 K judged by the turning point of 
M-T curve under 0.936 T magnetic field. It is known that 
the hexagonal NiS undergoes a first-order metal-nonmetal 
transition at 7^—260 K:18 the high-temperature phase is a 
Pauli paramagnetic metal and the low-temperature phase is 
an antiferromagnetic semiconductor or semimetal. This tran- 
sition has previously been explained in terms of electron 
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FIG. 2. M-H curve of NiYl at different temperatures. 
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FIG. 5. The phase boundary of NiS clusters confined in zeolite Y determined 
from M-H curve measurements at different temperatures. 

correlation within the Ni 3d band. Namely, the transition has 
been attributed to the opening of a Mott-Hubbard gap in the 
nonmetallic phase. Obviously, the experimental facts ob- 
served cannot be expounded using that theory. Tsuneto 
et al.19 have pointed out, through a theoretical analysis, that 
a magnetic system consisting of ions with spin 5=1, which 
have a large uniaxial anisotropy energy D and interact with 
neighbors by means of an exchange interaction J much 
smaller than D, shows an interesting spin ordering in an 
external magnetic field /nBH~D. Ni2+ ion (3ds, 5=l)is 
one of the non-Krammers ions, which has the large magnetic 
anisotropy energy in a crystal field. Wada et al. have re- 
ported an observation of field induced spin ordering in a 
weakly coupled-pair system: single crystal Ni(N03)2-6H20 
between 39 (H,) and 49 kOe (H2) and below 0.1 K.20 By a 
simple calculation performed on a pair model, i.e., two kinds 
of Ni2+ ions, respectively, form a spin pair with an antifer- 
romagnetic interaction intrapair, they found the ground two 
levels cross with each other due to intrapair interaction at 
E^ and H2, respectively. Between the two magnetic fields, 
the intrapair antiferromagnetic interaction originates the an- 
tiferromagnetic ordering. It seems that, qualitatively, a simi- 
lar concept can be developed to explain the behavior of NiS 
clusters positioned in the pore of Y zeolite, whereas the NiS 
clusters confined in Y molecular sieve forms a strong- 
coupled system considering the antiferromagnetic stability of 
180 K. An intracluster antiferromagnetic interaction, like that 
in bulk NiS, leads to levels crossing under the magnetic field. 
The magnetic phase boundary of the NiSYl sample may be 
roughly depicted in Fig. 5. 

It has been recognized that the CdS clusters fabricated in 
zeolite Y forms supercluster by ' 'percolation effect'' at high 
CdS content. The percolation threshold for CdS in Y mo- 

lecular sieve is 4±1 wt%. As this 3D interconnection pro- 
ceeds, the corresponding changes in optical properties 
occur.17 According to the above concept, the NiSYl sample 
undergoes two magnetic transitions at H^ and H2, respec- 
tively, and shows paramagnetic property at a magnetic field 
less than Hj or more than H2. It should be interesting to 
know what happens with increasing the NiS cluster amount 
confined in Y molecular sieve. Further work is needed. 

In conclusion, we have found an interesting field induced 
magnetic phase transition in NiS clusters confined in Y mo- 
lecular sieve. To our knowledge, the present system is the 
first example of strong-coupled, magnetic field induced anti- 
ferromagnetic ordering, which indicates again that zeolite- 
cluster composite can provide a wealth of new materials for 
which unusual physical properties might be expected. Fur- 
ther studies of the interaction between the clusters confined 
in the pores of molecular sieve in frame of magnetism should 
increase our understanding of various properties of this kind 
of composite material and could offer some novel applica- 
tions, such as optical, electric, or magnetic devices. 
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Study of the complex of the Schiff-base polymer with sulfate iron 
by magnetic force microscopy* 
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The micromagnetic distribution of the clusters of the PPH-FeS04 complex (Schiff-base polymer 
with sulfate iron) was investigated by magnetic force microscopy (MFM). MFM results exhibited 
that magnetites (Fe304) were irregularly included in PPH-FeS04 complexes. Some nanocrystalline 
Fe304 magnetites aggregated and formed magnetic clusters of 50-140 nm length. The 
ferromagnetic properties of the PPH-FeS04 complex were associated with the existence of Fe304 

magnetites. Moreover, the influence of the distance between tip and sample surface on the MFM 
images was also discussed. The observation suggested that MFM was a very useful tool for studying 
the micromagnetic structure of organic ferromagnets. © 1997 American Vacuum Society. 
[S0734-211X(97)13104-3] 

I. INTRODUCTION 

Magnetic force microscopy (MFM) is a new and useful 
analytical tool for directly imaging the fine magnetic struc- 
ture of samples with the advantages of high resolution and 
no special requirement for sample preparation. Recently, 
MFM has been extensively applied to study magnetic record- 
ing media, magnetic thin films, and some magnetic phenom- 
ena in magnetism.1'2 However, little study of organic ferro- 
magnets with MFM has been reported.3 Although electron 
spin resonance (ESR) and superconducting quantum interfer- 
ence device (SQUID) methods have been used to study the 
macroscopic magnetic properties of organic ferromagnets; 
these techniques are not sufficient to measure the local mag- 
netic behaviors of the surface of materials. 

The complexes of the Schiff-base polymer with sulfate 
iron (II) PPH-FeS04 {[Fe(Ci3H17N3)S04.6H20]„} have 
been synthesized and analyzed at our institute.4'5 The PPH 
polymer itself does not exhibit ferromagnetic properties. 
However, PPH-FeS04 displays ferromagnetic properties at 
room temperature. The coercive force (He) and residual 
magnetization (Mr) for PPH-FeS04 complexes at room tem- 
perature are 200 Oe and 1.48 emu/g, respectively. The stud- 
ies by Fourier transform infrared (FTIR), x-ray photoelectron 
spectroscopy (XPS), x-ray diffraction, Mössbauer, and mag- 
netic measurements confirmed that there exist Fe304 magne- 
tites in PPH-FeS04 complexes.6 It is therefore interesting to 
investigate the fine micromagnetic structures of the 
PPH-FeS04 complex and the distribution of Fe304 magne- 
tites in the PPH-FeS04 complex. In this work, we used 
MFM to examine the distribution of Fe304 magnetites in 
PPH-FeS04 complexes directly. Fe304 magnetites were ob- 
served to be embodied in PPH-FeS04 complexes and some 
of them aggregated and formed submicron magnetic clusters. 
The presence of Fe304 magnetites resulted in the ferromag- 
netic behaviors of PPH-FeS04 complexes. 

*No proof corrections received from author prior to publication. 

II. EXPERIMENT 

The PPH-FeS04 complexes were synthesized by a 
method described in Ref. 4. In the PPH-FeS04 complex, the 
ratio of Fe304 to PPH polymer was 2.714, the iron content 
was 9.8% and Fe(III) was 4.9% as determined by inductively 
coupled plasma (ICP) spectra.6 IR spectra, XPS, and x-ray 
diffraction were used for characterization of the structure of 
the complex.6 The elemental analysis suggested that two 
units of PPH combine with one iron atom to form an octa- 
hedral complex. Small amounts of PPH and PPH-FeS04 

complex powder were dispersed in acetone solution and ul- 
trasonated about 30 min. Later, 20 fil of the mentioned so- 
lutions were dropped onto newly cleaved mica. They were 
then used in the MFM experiment after acetone volatilized 
completely. 

The principle of MFM is quite similar to that of atomic 
force microscopy (AFM). In MFM, a nonmagnetic Si tip 
coated with a thin ferromagnetic film was used. With MFM 
working in its raster scan mode, the tip was brought into 
contact with the sample surface and performed one scan line 
first. During this process, the force sensor detected the short- 
range atomic repulsive force between tip and sample. At the 
completion of this scan line, the tip was scanned again along 
a path parallel to the previously stored scan line at a prede- 
termined height from the sample surface. During this second 
scan the tip-sample separation was nominally constant. At 
this time, the force sensor detected the long-range magnetic 
force felt by the magnetic tip owing to stray field of the 
sample. Therefore, the topography and the magnetic force 
images of the sample of the same area were obtained as a 
function of position simultaneously. 

If the magnetic interaction between tip and the stray field 
emanating from the sample was attractive, the MFM image 
will show reduced contrast, while in the case of repelling 
interaction, bright contrast appears. 

MFM experiments of PPH-FeS04 complexes were per- 
formed by using a NanoScope III a Dimension™ 3000 scan- 
ning probe microscope, manufactured by Digital Instruments 
Inc. The cantilever was a commercial NanoProbe magneti- 
cally coated tip with a length of 225 /zm and had a resonant 
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FIG. 1. (a) AFM topography of the PPH polymer, (b) Corresponding image 
of the polymer taken simultaneously with the AFM topography using a 
magnetic tip. The tip-sample separation was 200 nm. Scan sizes 6.0 /mi 
X6.0 yttm. 

FIG. 3. Magnified (a) AFM and (b) MFM images of PPH-FeS04 com- 
plexes. The tip-sample separation 30 nm, scan size 2.37 fimX231 /xm. The 
cross-sectional profile was taken across the clusters of PPH-FeS04 com- 
plexes as shown in the figure. 

frequency of approximately 70 KHz. The tip was magnetized 
in a magnetizer along the tip direction, which was perpen- 
dicular to the imaging surface of the sample. The topographi- 
cal and magnetic images were obtained simultaneously using 
tapping and lift modes, respectively. 

III. RESULTS AND DISCUSSION 

Figure 1(a) shows an AFM topography of PPH polymer 
particles. Figure 1(b) is the corresponding image of the PPH 
polymer taken with tip-sample separation of 200 nm using a 
magnetized tip. It is evident that in Fig. 1 (b) the regions with 
bright contrast closely resemble the shapes of the PPH par- 
ticles in AFM topography. Figure 2(a) gives an AFM topog- 
raphy of the clusters of PPH-FeS04 complexes. Figures 
2(b)-2(d) are the corresponding MFM magnetic force im- 
ages of PPH-FeS04 complexes. The tip-sample separations 
for Figs. 2(b)-2(e) are 200, 100, 50, and 30 nm, respectively. 
In Fig. 2(a) the ultrasonated PPH-FeS04 complex clusters 
are about 400-800 nm in length and 60-140 nm in height. It 
is interesting to notice that in Figs. 2(b)-2(e) there are many 
dark regions whose positions are inside PPH-FeS04 com- 
plex clusters corresponding to Fig. 2(a). Previously, studies 

FIG. 2. (a) AFM topography of the clusters of PPH-FeS04 complexes. 
(b)-(e) Corresponding MFM images of PPH-FeS04 complexes. The tip- 
sample separation was (b) 200 nm, (c) 100 nm, (d) 50 nm, (e) 30 nm. The 
imaged regions were 6.0 ,^1X6.0 /xm. 

have demonstrated that the PPH polymer itself does not ex- 
hibit ferromagnetic property, but, the PPH-FeS04 complex 
displays ferromagnetic properties at room temperature.4 The 
dark regions in Figs. 2(b)-2(e) should be associated with 
Fe304 magnetites and some of the bright regions in Fig. 1(b) 
could be the topographical characteristics. Moreover, in Fig. 
1(b), it is clear that the bright regions of the large particles 
appear at a tip-sample separation as large as 200 nm, while 
small particles are not. This suggests that the large particles 
tend to give rise to a topographic feature. 

On imaging particles with MFM, the cause for the sample 
topographical feature appearing in MFM images could be 
attributed to the presence of nonmagnetic force. As the mag- 
netic tip scans the sample surface, the long-range nonmag- 
netic interaction force, such as van der Waals force, is added 
to magnetic force. Therefore, the MFM images are jointly 
affected by competing force (magnetic and nonmagnetic 
forces). Since their dependence on separation is very differ- 
ent, it is possible to have a suitable working distance for 
MFM operations. If the magnetic tip is very close to the 
sample surface, the magnetic force could be less dominating 
and the presence of nonmagnetic force makes the character- 
istics of sample topography more pronounced in MFM im- 
age. Comparing Figs. 2(b)-2(e), as the tip-sample distance 
decreased, the resolution and contrast of dark magnetic re- 
gions of magnetite Fe304 in MFM image enhance. One large 
blurred area becomes a few small dark magnetic areas. 
Meanwhile, the topographical feature corresponding to some 
bright regions around dark regions gradually appear. The 
reason is that, as tip-sample distance increased, the magnetic 
force becomes dominating and the influence of nonmagnetic 
force is minimized. However, the increasing of separation 
between tip and sample causes the reduction of the magni- 
tude of magnetic force between them, resulting in the re- 
duced contrast in MFM images. 

Figure 3 is a small scan of the PPH-FeS04 complex. 
Comparing AFM image [Fig. 3(a)] with MFM image [Fig. 
3(b)], one finds that Fe304 magnetites are irregularly embed- 
ded in PPH-FeS04 complex clusters, and larger 
PPH-FeS04 complex clusters tend to contain more Fe304 

magnetites while less or no Fe304 magnetites exist in small 
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PPH-FeS04 complex clusters. As a result, these Fe304 mag- 
netites form dark magnetic clusters which are about 50-140 
nm in length. The dimension is relatively large compared 
with the previously reported result5 in which the size of 
nanocrystalline Fe304 magnetites was reported to be 15-20 
nm in diameter. Taking into account the resolution of MFM 
and the influence of tip geometry, we propose that some 
nanocrystalline of Fe304 magnetites in the clusters of the 
PPH-FeS04 complex might aggregate and form small mag- 
netic clusters, and the tip might not discern individual par- 
ticles from each other in this study. 

It should be noted that different orientation of magnetiza- 
tion may result in drastic difference in MFM image contrast.7 

Therefore, some of the bright regions in MFM images of 
PPH-FeS04 complexes may be caused by aggregated Fe304 

magnetites, too. By comparing the height variations, one 
could reasonably identify the possible locations of magne- 
tites. As an example, positions marked as A, B, C, D in the 
cross-sectional profile of [Fig. 3(a)] display different contrast 
in the corresponding MFM image [Fig. 3(b)]. Therefore, po- 
sition A is believed to be associated with Fe304 magnetite 
while position D is only a topographic feature. 

IV. CONCLUSION 

The fine distribution of Fe304 magnetites in the clusters of 
PPH-FeS04 complexes have been studied by using MFM. 
The Fe304 magnetites are observed to be irregularly included 
in PPH-FeS04 complexes and nanocrystalline Fe304 mag- 
netites tend to an aggregate and form magnetic clusters of 
50-140 nm length in dimension. 

During MFM experiments, it is very important and nec- 
essary to have good understanding and control of reasonable 
tip-sample operation distances in order to minimize non- 
magnetic contributions to the tip-sample interaction and 
make a correct interpretation to MFM experimental data. In 
any case, MFM is proven to be a very useful tool to study the 
micromagnetic structure and the distribution of magnetites in 
organoferromagnets. If we can verify the nature of the mag- 
netic tip, the magnetic field from PPH-FeS04 complexes 
could be quantitatively studied. The observation of this letter 
serves to lay a ground for further investigation of the mag- 
netic nature of organoferromagnets. 
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Imaging, polymerization, and reconstruction of polystyrene films 
with a scanning tunneling microscope 
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Polystyrene microparticles can be investigated by using a scanning tunneling microscope. The 
observed images show the hydrogen atoms on the phenyl groups and the extended polymer chains 
without entanglement. After a sustained tip scanning, some of the polystyrene surfaces develop a 
highly ordered structure. Furthermore, the polymerization of styrene monomers can be initiated by 
the tip field, to form nanometer-scale polystyrene films on graphite substrates, in air at room 
temperature. The yield was verified by time-of-flight secondary ion-mass spectroscopy. © 7997 
American Vacuum Society. [S0734-211X(97)01504-7] 

I. INTRODUCTION 

A scanning tunneling microscope (STM)1 can give atomic 
resolution imaging of solid surfaces which have, in principle, 
sufficient electrical conductivity. Otherwise an atomic force 
microscope (AFM)2 is preferable. However, in recent years, 
it has been found that some very thin polymer films, e.g., 
polyethylene,3'4 poly(l-butene),5 polybutadiene,6 polyethyl- 
ene oxide),7 and single-molecule, single crystal of isotactic 
polystyrene8 can be imaged by STM. For poly(methyl meth- 
acrylate), polydiphenyl-siloxane, and conventional 
polystyrene,9 surface morphology can be shown without mo- 
lecular details. There is still a lack of clear understanding of 
the mechanism, however, in the case of polystyrene, the im- 
age resolution apparently depends upon physical and chemi- 
cal states of the polymers. This article reports our studies on 
surfaces of polystyrene microparticles (PM). Their structures 
can be imaged with high resolution and reconstructed under 
sustained operation of a STM. 

Besides the imaging function, the electric field of the 
STM tip under normal operating conditions has drawn our 
attention. The tip-sample distance is only on the order of 0.1 
nm, therefore, even though the voltage applied between them 
is very low (<1 V), the electrostatic field produced is ex- 
tremely high. This field has already induced the tunneling 
current for STM imaging,10 and proved to be a good means 
for submicron processing and/or atom manipulation.11 This 
article examines some additional effects, e.g., surface poly- 
merization and surface reconstruction. It is remarkable that a 
high-resolution, real-time observation is possible during the 
evolution of a surface. This is unique and thus makes the 
STM a multifunctional tool. 

II. IMAGING OF POLYSTYRENE MICROPARTICLE 
SURFACES 

The conventional atactic polystyrene with entangled poly- 
mer chains has never been seen by atom-resolved STM, yet 
the single molecule, single crystal of isotactic polystyrene 
can give a rough STM image. Very recently we have applied 

a'Author to whom correspondence should be addressed. 

STM to the investigation of surfaces of PM prepared by mi- 
croemulsion free-radical polymerization,12 where each par- 
ticle contains only one or a few high molecular weight poly- 
mer chains which are strictly constrained in a very limited 
space (about 20 nm in diameter). The PM has been found to 
have different properties from ordinary atactic 
polystyrene.13-15 In our case, the molecular weight of the PM 
is about 1 X 106.15 

Highly oriented pyrolytic graphite (HOPG) was selected 
as the substrate because it is clean, inert, conductive, and 
defect-free in a relatively large area. Moreover, since the 
surface structure of HOPG is universally known, the STM 
image obtained cannot be confused with the substrate. After 
mixing PM with de-ionized water by ultrasonic stirring, a 
drop of the aqueous suspension was deposited on a substrate 
of freshly cleaved HOPG, then dried naturally at room tem- 
perature for a week. A film of PM was formed on HOPG. 
Scanning electron microscopy (SEM) showed that film sur- 
faces, although rugged, were fully covered with PM. 

Our STM is a combination of hardware CSTM-9000 
made by the Institute of Chemistry, CAS, and a software 
written by ourselves. The software has the ability to permit 
fast data acquisition, fast image processing, and allows four 
different images to be displayed simultaneously for an effec- 
tive comparison of surface structural changes. The STM tips 
were made of Pt-Ir. All images were obtained in air under 
ambient conditions. Experimental results can be summarized 
as follows. 

(1) The PM surface had different modes of coagulation. 
In most regions of the surface, the tip current was not stable 
and the background noise level was very high, hence no 
STM image could be obtained. However, at least in some 
regions, the surface could be imaged clearly. Figures 1(a) 
and 1(b) were two images obtained from a region with dif- 
ferent magnification. The STM images sometimes varied 
from region to region, however, no entangled polymer chains 
were ever observed. 

(2) In high-resolution STM images, generally there are 
two or three bright spots assembled together to construct 
groups of spots [Fig. 2(a)]. In a typical group of two spots, 
the measured distance between them is about 2.5 A. In a 
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group of three spots, usually the middle spot is the brightest 
one, and the maximal distance between two terminal spots 
can reach 4.3 A. We proposed that these bright spots might 
be the STM images of hydrogen atoms on the upward rim of 
phenyl groups. The phenyls are sitting vertically on the poly- 
styrene surface, hence the hydrogen atoms are higher than 
other atoms and thus give brighter spots.16'17 This statement 
was further substantiated as follows. Assuming that the 
structure of a phenyl group is nearly identical to that of a 
benzene molecule,18 where the C-C distance is 1.395 A and 
C-H distance is 1.08 Ä, we can calculate the horizontal dis- 
tances between the upward H atoms for three different 
modes of phenyl groups sitting vertically on the surface, as 
shown in Fig. 2(b). The computed results, dA, the maximal 
distance between two terminal spots of a three-spot group, 
and dc, the distance between two bright spots of a two-spot 
group, are 4.30 and 2.48 Ä, respectively. When the phenyl 
group is not sitting symmetrically to the normal of the sur- 
face, the distance dB should be shorter than dA but longer 
than dc. In this case usually one spot is very faint. There- 
fore, we only measured dA and dc as the criterion of H sites. 
The results are 4.3 and 2.5 A, respectively, which is in good 
agreement with the computed values. 

(3) Since the phenyl groups are sitting vertically, we can- 
not see their cyclic structures directly. However, the align- 
ment of the spot groups gives a definite orientation, from 
which the projection of the phenyl groups on the surface, and 

then the orientation of the phenyl plane, can be decided. The 
ability to determine the orientation of phenyl plane promises 
great importance in studying the interaction between the phe- 
nyl groups. 

III. STACKING OF PHENYL GROUPS 

Noncovalent interaction between aromatic units plays a 
major role in determining the properties and the behavior of 
molecules. Mitchel and Windle19 suggested the existence of 
the phenyl stacks in polystyrene glasses according to the 
measurement of the wide-angle X-ray scattering, yet it has 
never been seen. Here a direct observation of the stacking 
has been realized for the first time. 

Figure 3(a) shows that on the PM surface many large, 
elongated spots are arranged in well defined chains. As men- 
tioned previously, these large spots which consist of two or 
three smaller ones correspond to phenyl groups that are ver- 
tically sitting in parallel. This arrangement can be compared 
to a stack of coins standing on their rims and leaning against 
one another, in which each coin represents a phenyl group. 
We believe we have seen the stacking of phenyl groups.19 It 
is noticeable that the phenyls stacked with a direction paral- 
lel to the axis of the polymer chains; however, this direction 
is not perpendicular to the phenyl plane but at an angle of 
about 65°, as shown in Fig. 3(b). This is similar to the pro- 
posed "most stable" parallel-displaced (PD) structure20'21 

for benzene dimers by ab initio calculations. In the case of 
stacking, since more than two phenyls are involved, the 
stacks appear as the multiple PD structure. Because each 

I STM tip      scanning dire ction 

V- r—dßH Mc 
(b) 

FIG. 1. STM images of a polystyrene surface, (a) 10.5 nmX 10.5 nm; (b) 4.0 
nmX4.0 nm. 

FIG. 2. (a) High resolution STM image of polystyrene surface, 3.7 nmX3.7 
nm. (b) The models for explanation of three typical images of hydrogen 
atom groups. In this schematic drawing, a bigger spot means brighter. 
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65° 

(a) (b) 

FIG. 3. (a) An STM image of phenyl stacks, 3.7 nmX3.7 nm. (b) A model of 
the multiple PD structure for the stacking of phenyls. 

phenyl group participates in two PD structures and the phe- 
nyls are bound on the polymer chain, the distance between 
two neighboring phenyls (4.2 A) is slightly larger than that in 
a benzene dimer (3.9 A).21 This kind of stacking may greatly 
affect the conformation and properties of the polymer. 

IV. WAGGING MOTION OF POLYMER CHAINS AND 
RECONSTRUCTION 

In our STM, the information obtained from two directions 
of tip scanning, i.e., from left to right (L-R) and from right to 
left (R-L), can be separately collected, and two images may 
be plotted. In the case of PM, it is found that the STM im- 
ages on the same surface area dramatically depend on differ- 
ent tip scanning directions, L-R and R-L, as shown in Figs. 
4(a) and 4(b), respectively. It implies that the segments of 
polymer chains can be dragged by the STM tip at the scan- 
ning direction, and squeezed to the end terminal of every 
scan. Obviously they are essentially symmetrical but not 
identical because the chains are not inherently perpendicular 
to the scanning direction of the STM tip. 

The dragging effect has been ignored when metals, alloys, 
and oxides are imaged, because the STM tip cannot drag 
these atoms or molecules under ordinary operating condi- 
tions of a STM. For instance, when a bare HOPG is imaged, 
no dragging effect can be seen. The dragging effect for poly- 
mers is not surprising. The effect of drag of the AFM tip has 
been reported and even molecules can be pulled out by the 
atomic force.22 Since STM has a very intense electric field, 
we proposed that the effect may be more dramatic. In the 
case of polymers like polystyrene, the polymer chains, espe- 
cially the phenyl groups, are highly polarizable and thus can 
be easily polarized under the tip field. Consequently, an elec- 
trostatic attractive force should exist between the STM tip 
and the chains. While the tip is moving to-and-fro, the poly- 
mer chains are dragged accordingly to cause a wagging mo- 
tion. 

As a direct result of the wagging, under some circum- 
stances the scanning electric field can induce the ordering 

surface reconstruction. Figure 5 showed that the surface 
structure can be varied with time under a sustained tip scan- 
ning. At the very beginning [Fig. 5(a)], on the first received 
STM image, only small spots can be seen. After scanning 2 
min, the image [Fig. 5(b)] showed that instead of small ones, 
numerous larger and longer bright spots were observed. As 
mentioned previously, these might represent the phenyl 
groups. To continue the scan makes the images clearer and 
more orderly. Finally, after 30-40 min, a stable recon- 
structed surface was available, as shown in Fig. 5(c). The 
created surface has a closely packed structure. The crystal- 
like surface suggests the existence of phenyl stacking. It im- 
plies that the phenyl groups are not only on the same poly- 
mer chain but also on the neighboring chains stack. The 
arrangements of phenyls in the stacks tends to interlock 
neighboring chains and accordingly results in the crystal-like 
structure. 

Generally speaking, the successive wagging motion of 
chains caused by the to-and-fro scanning field gives an op- 
portunity for every phenyl group to arrange according to 
minimum potential energy requirements, hence it gives the 
periodic structure. This result also implies that an intense 
scanning electric field can be used for surface modification. 

V. THE INLAYLIKE SELF-ASSEMBLY OF 
POLYMER CHAINS 

We have also investigated the PM swelled with a small 
amount of benzene. The solution that contained nonsoluble 

FIG. 4. STM images from the same region of polystyrene surface but with 
different scanning directions, 5.3 nmX5.3 nm: (a) L-R; (b) R-L. 
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(b) 

FIG. 5. STM images of the surface reconstruction, 5.3 nmX5.3 nm: (a) the 
first received; (b) 2 min later, (c) the final, 0.5 h later. An HOPG surface 
structure (d) of the same size under the same operating conditions, is used 
for comparison. 

FIG. 6. STM images of swelled polystyrene surface: (a) 19.3 nmX19.3 nm, 
(b) 7.5 nmX7.5 nm, (c) 5.3 nmX5.3 nm. 

particles was deposited on a HOPG surface. After drying, the 
STM images also revealed different modes of surface coagu- 
lation. An image with a relatively larger scale is presented in 
Fig. 6(a). The bright spots arranged as a chainlike structure 
might be the extended polymer chains. Further decreasing 
the scanning area for a better resolution, the fine structure 
can be seen, as shown in Fig. 6(b), where the polymer chains 
self-assembled as an inlaylike form. The image with the best 
resolution is shown in Fig. 6(c), where the inlaylike self- 
assembly seems more distinct. But, since the chains are 
dragged by the STM tip and squeezed onto one side of the 
image, only two chains can be seen in this scanned area. 

From Figs. 6(b) and 6(c), we can see that the shape of 
polymer chains is similar to helixes. The measured pitch of 
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FIG. 7.  STM image of the region which was directly under the intense 
electric field, 10.5 nmX10.5 nm. 

the helix is about 0.6 nm, which is in good agreement with 
the measured value for c axis in a crystalline cell of isotactic 
polystyrene by x-ray diffraction.23 This is interesting, but no 
satisfactory explanation is available now. 

VI. FIELD-INITIATED POLYMERIZATION OF 
STYRENE 

Considering that the STM tip can provide an extremely 
intense electrostatic field (109-1010 V/m), it may be used 
for some other purposes. Under optimal conditions, no mat- 
ter how strong this field, the energy of tunneling electrons is 
relatively low (0.1-1 eV), by which no effect of electron 
bombardment should be considered. All the effects which 
happened, if any, should be due to the field itself. Therefore, 
this is a very good condition to verify pure field effects, and 
STM itself might be the unique instrument to provide micro- 
scopic inspection of these effects. The purpose of this work 
is to investigate whether any reaction will happen to some 
monomers under such a field. 

A thin film was deposited by one drop of distilled styrene 
(liquid) on an HOPG substrate. The styrene began to evapo- 
rate instantaneously, then a very thin film was formed on 
HOPG. The sample was put into the STM sample chamber in 
air at room temperature. No initiator or catalyst was added. 
With a bias of +0.1 to +1.0 V, a Pt/Ir tip was arranged to be 
close to the sample for operation with conventional constant- 
current mode. At the very beginning, the tip current was 
unstable, and the background noise level was very high. 
Nothing could be observed. But after a couple of minutes, 
the tunneling current became stable. The STM gradually pre- 
sented a rugged topographical image, as shown in Fig. 7. 
When the STM tip was moved to a new neighboring region, 
the first received STM image showed some flat and uniform 
surfaces with slightly ordered structures, as shown in Fig. 
8(a). When the tip was continuously scanning, the figure 
became more and more orderly, and finally the surface pre- 
sented a crystal-like structure, as shown in Fig. 8(b). It im- 
plies that the scanned area behaves as a "crystal seed," and 
the crystalline structure can be automatically self-extended 
under suitable conditions. 

FIG. 8. STM images of a reconstructing polystyrene film, 5.3 nmX5.3 nm: 
(a) initial image, (b) final image (after sustained scanning for 6 min). 

We further discovered that the initiation of polymeriza- 
tion was not dependent on scanning at all. If the tip stayed at 
any fixed point for 2-5 min with an applied bias voltage, the 
result was just the same. For confirmation of the product, it 
was analyzed by a time-of-flight type secondary-ion mass 
spectrometer (TOF-SIMS). The instrument used in our in- 
vestigation is a TFS-2000 MPI produced by Charles-Evans 
and Associates Co. A gallium liquid metal ion source deliv- 
ers a Ga+ ion current of 60 pA at 15 keV. Compared with the 
existing data of static SIMS,24 we found that our product 
shows all the known characteristic fragments of polystyrene, 
i.e., negative ion peaks with mass number 37 (C3H~), 49 
(C4HT), 62 (C5H~), 73 (C6H

_); positive-ion peaks of 51 
(C4H3

+), 63 (C5H3
+), 77 (C6H5

+), 91 (C7H7
+), and relatively 

weak but important signals of 107, 115, 128, 152, 165, 178, 
193, 207, 221, and 281. After analysis the sample was kept 
in vacuum environment under room temperature for 23 h, 
and then re-analyzed by TOF-SIMS. The resulting mass 
peaks were very reproducible. 

VII. CONCLUSION 

Structures of PM prepared by the microemulsion method 
differ from conventional atactic polystyrene. The surfaces of 
PM can be imaged by STM with high resolution. The STM 
images revealed the existence of the orderly stacked phenyls 
and polymer chains which is impossible for ordinary poly- 
styrene. The extended polymer chains can be dragged by the 
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STM tip. Furthermore, the intense scanning field can induce 
the ordered surface reconstruction. The hydrogen atoms on 
the phenyl groups are distinguished by atomic resolution im- 
aging, and accordingly the orientation of the phenyl plane 
can be determined. In some cases, the phenyl groups are 
found to be stacking as the parallel-displaced (PD) 
structure.20'21 This experimental observation supports the re- 
sults of ab initio calculations for benzene dimers. The inlay- 
like self-assembly of polystyrene chains is of value in study- 
ing the aggregation of polymers. Together with other 
experimental results, our observation may provide a deeper 
insight into the PM microstructures. 

It was proved that styrene monomers can be directly po- 
lymerized to form a thin polystyrene film under an intense 
electric field, in air at room temperature. Disregarding tip 
scanning, the active center can be an area or simply a point. 
However, only after a sustained scanning of field will the 
polystyrene film on a single-crystal surface have a highly 
ordered reconstructed structure. This process can be regarded 
as the growth of epitaxial polymer film on a crystalline 
substrate.25'26 Our experiments show that STM can be a 
unique versatile instrument to initiate polymerization, pro- 
vide microscopic imaging, and induce surface reconstruc- 
tion. 
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The amplitudes of one-dimensional periodic profiles were analyzed as functions of annealing 
temperatures to determine surface diffusion constants and activation energies with high lateral 
resolution. The temperature dependence of the surface self-diffusion constant was derived for 
temperatures between 573 and 1073 K by Fourier analysis of the profiles. A temperature-dependent 
study of the surface of nanocrystalline Au revealed an increase in grain size with rising temperature 
and the ratio of free energy on the surface and at grain boundaries. © 1997 American Vacuum 
Society. [S0734-211X(97) 13204-8] 

I. INTRODUCTION 

In the past few years, scanning probe microscopy has 
achieved crucial importance in materials science in the quan- 
titative determination of surface properties, such as rough- 
ness, friction, adhesion, surface diffusion, and grain bound- 
ary structure. In addition, surface modification, e.g., 
structuring and materials deposition, has become an impor- 
tant tool in basic micro- and nanotechnology research.1 

In this study, scanning force microscopy (SFM) is shown 
to be a versatile tool for modifying metal surfaces in the 
nanometer range, and for analyzing the thermal stability of 
nanostructures. A scanning force microscope equipped with 
a cantilever with a high spring constant has been used in 
structuring surfaces of bulk nano-, poly-, and single- 
crystalline gold as well as of ultrathin gold films deposited 
on various substrates. This report only deals with structuring 
the surface of polycrystalline gold. The subsequent analysis 
was performed in the contact mode with a cantilever with a 
low spring constant. Local measurement of surface self- 
diffusion constants requires scratches or one-dimensional pe- 
riodic grids to be produced and their decay by thermally 
activated diffusion processes to be analyzed. Both proce- 
dures can be performed very accurately by means of a scan- 
ning force microscope.2'3 

The dependence on time and temperature of "single- 
scratch" surface profiles was studied before at a polycrystal- 
line gold surface.2 The data were analyzed on the basis of the 
theory developed by Muffins.4 It is obvious, from that theory, 
that one-dimensional periodic grids with a small lattice con- 
stant lend themselves much better to surface diffusion stud- 
ies than single scratches, as the profile decay velocity is 
higher, and the average profile can be determined by Fourier 
analysis. SFM has been used not only to generate and ana- 
lyze nanostructures, but also to measure grain sizes on the 
surface of nanocrystalline gold, and the ratio of free energy 
on the surface and at grain boundaries by determining the 
grain boundary surface angle.4 

''Electronic mail: peter.blanckenhagen@imf.fzk.de 

II. EXPERIMENTAL DETAILS 

A commercial SFM was used in this study (Nanoscope 
III). Stiff Si cantilevers (spring constant Cc = 22-79N/m) 
were used for structuring, and the analysis was performed 
with soft Si3N4 cantilevers (Cc«0.06 N/m) in the contact 
mode. 

Surface structuring in the nanometer range was performed 
by two different methods: When the sample was scanned 
under high pressure, a linear periodic profile was produced 
by microploughing.3 When the sample was moved in a pro- 
grammed way by using lithography software scratches were 
produced. 

In these temperature-dependent studies the samples were 
annealed in a furnace the inner surface of which was lined 
with A1203. SFM analyses of the surface profiles were per- 
formed under ambient conditions. The nanoscale gold pow- 
der was prepared by the inert gas condensation5'6 and the 
nanocrystalline sample, by compressing the powder at a 
pressure of 1 GPa in a He atmosphere.7 

Before structuring or analyzing the samples by SFM, the 
surfaces were cleaned by Xe ion sputtering, and the clean- 
ness was analyzed by Auger electron spectroscopy (AES). 
After SFM analysis in air and annealing of the samples, no 
significant surface contamination was detected by AES. Ad- 
sorbates present during the SFM experiments in air, such as 
a water film, did not disturb the measurements in any noti- 
cable degree! On the other hand, a sample with a grid pro- 
duced by lithography showed a pronounced carbon contami- 
nation and a greatly reduced surface diffusion. 

III. BACKGROUND 

The thermal stability of nanostructures is determined 
mainly by surface diffusion and grain boundary diffusion 
and is influenced also by structural phase transitions such as 
roughening and surface melting.8,9 Also, external impacts, 
such as stress and electromigration must be considered. In 
this study, the temperature dependence of the surface struc- 
ture of poly- and nanocrystalline gold was analyzed, by way 
of example, for local measurement of the temperature depen- 
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FIG. 1. SFM images and averaged profiles of a grid produced on the surface of polycrystalline gold by microploughing. (left) Immediately after production, 
(right) after annealing (for 6 h at 773 K). 

dence of surface self-diffusion constants, of grain sizes and 
shapes, and of the ratio of the free energy on the surface and 
at the grain boundaries, respectively. 

Surfaces diffusion studies analyzing micrometer-scale 
one-dimensional periodic profiles were performed in the past 
by laser beam interferometry.10 The application of SFM of- 
fers several advantages over that technique: 

(1) The analysis can be performed in sample areas in the 
nanometer range. 

(2) The analysis is much more sensitive and, hence, allows 
much lower diffusion constants to be measured, e.g., at 
low temperatures. 

The decrease of the amplitude of a one-dimensional peri- 
odic profile as a function of temperature is furnished by the 
theory of Mullins et al.,4 and the references in that paper. 
When volume diffusion is negligible, it is given by the equa- 
tions 

a(t) = a0 exp(-c4k4t) 

with 
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FIG. 2. Temperature dependence of the self-diffusion constant on the surface 
of polycrystalline gold. The square point results from a grain grooving 
analysis. The continuous line corresponds to a least-square fit according to 
Eq. (3). 
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' kRT r^2, (2) 

where k is the wave vector of the periodic profile; Ds, the 
surface self-diffusion constant; c0, the number of atoms per 
unit area; Cl, the atomic volume; ys, the surface free energy. 
For calculating the surface self-diffusion constants for poly- 
crystalline Au below, the surface free energy was taken from 
the literature as y= 1.363 J/m2.11 The y data for metal sur- 
faces in Ref. 11 are semiempirical estimates for 7=0 aver- 
aged over various surface orientations. No experimental 
temperature-dependent data for y are available. Compared to 
the strong variation of Ds with the temperature, y may be 
assumed to be constant.12 It is obvious from Eq. (1) that the 
measurement effect can be strongly enhanced by increasing 
k. The activation energy, AE, for the diffusion processes can 
be derived from temperature-dependent data by applying 
Arrhenius' law: 

D = Dne o£ -\ElkBT (3) 

According to the theory of Watkins et al.,4'13 the surface 
grain boundary angle, <fr, is related directly to the ratio of the 
free energies of the grain boundary, yGB, and of the surface 

Js by 

sin <£ = 
7GB 

27s' 
(4) 

Measuring $ with a SFM and using a known value for 
yGB furnishes the ys needed for calculating the diffusion 
constant by Eq. (1) and Eq. (2), or vice versa. 

IV. RESULTS AND DISCUSSION 

A. Measuring the self-diffusion constant on the 
surface of polycrystalline gold 

A detail of the periodic profile produced with the SFM 
and used for diffusion analysis is shown in Fig. 1. It should 
be noted that no grain boundary is seen in this area. After 
thermal treatment (annealing for 6 h at 773 K), the profile 
amplitude is greatly reduced due to surface diffusion. The 
wavelength, \, of the original profile was 430 nm, and the 
maximum amplitude was 34 nm. After annealing, \ 
— 404 nm is measured, the difference to the original value 
indicating that the profiles were not ideal. However, the 
maximum amplitude is reduced to 5 nm by surface self- 
diffusion. Ds was derived from the time and temperature 
dependence of amplitudes applying Eqs. (1) and (2). 

The temperature dependence of Ds (Fig. 2) was derived 
from such data producing the mean activation energy of 
A£^ = 0.94 eV. This value must be compared with the acti- 
vation energy given in the literature14 for the volume diffu- 
sion of AEV= 1.96 eV. The diminished interatomic interac- 
tion on the surface makes äEs smaller than AEV. 

x,y    100 nm/div 
z       250 nm/div 

nm 

FIG. 3. Topography of the surface of nanocrystalline Au after storage for 13 months in air at room temperature. 
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FIG. 4. Average grain size as measured with the SFM as a function of annealing temperature. Annealing time: 1 h at each temperature. The continuous line 
represents a fit with an assumed exponential growth law. 

These results indicate the potential of diffusion studies by 
SFM. For other samples, and for more general application, 
measurements should be performed in UHV in order to pre- 
vent surface contamination, which may be non-negligible for 
materials other than gold, from affecting the results. 

B. Temperature-dependent analysis of the surface 
structure of nanocrystalline gold 

This explorative study proves the usefulness of SFM in 
temperature-dependent investigations of the surface of nano- 
structured material. Grain sizes, scratch broadening, surface 
grain boundary angles, and shapes of grains can be derived. 
The grain structure of a sample, which had not been treated 
thermally is shown in Fig. 3 by way of example. Besides 
small nanoscale grains, a superstructure with grains of ap- 
proximately 80-200 nm diameter and with clear-cut bound- 
aries were detected. The coarse-grained structure was studied 
as a function of temperature: the resultant mean grain diam- 
eter is shown in Fig. 4 as a function of temperature. Above 
some 400 °C a steep increase in grain size is observed, which 
is indicative of the transition from metastable to a stable 
grain structure. The observed temperature dependence of 
grain size rises exponentially; however, no theory describing 
this behavior has as yet been proposed. 

When neighboring grains are in an equilibrium, the 
boundary is formed by two intersecting planes, and the angle 
<E> between the planes is given by Eq. (4). The results of a 
corresponding SFM analysis are shown in Fig. 5 with per- 
pendicular sections through a grain boundary measured after 
annealing at 200 °C. The predicted grain boundary shape can 
be recognized, and the derived value of <J> corresponds to 
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FIG. 5. SFM images of grain boundaries on the surface of nanocrystalline 
Au and height profile perpendicular to a boundary between two grains (after 
2 h of annealing at 200 °C). 
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yGB/ys~0.3. A similar analysis of poly crystalline gold at 
room temperature produced 0.1 for this ratio. For nanocrys- 
talline Au, neither the surface free energy nor the grain 
boundary free energy is known. With the ys value for poly- 
crystalline Au as given above yGB would be 0.2 X ys. 

We have not yet been able to observe the grain boundary 
grooving effect4 on the nanocrystalline Au surface by SFM 
analysis, nor have we succeeded in structuring individual 
grains for measurement the surface diffusion constants. 

Scratch broadening, on the other hand, was observed with 
rising annealing temperature, as previously also for polycrys- 
talline gold surfaces.2 In this case, however, many grain 
boundaries cross the scratch and there is as yet no theory by 
which the diffusion parameters could be extracted from the 
scratch broadening data.4'15 Consequently, small scratches on 
single grains need to be studied to determine the surface 
diffusion constant for this case. 

V. CONCLUSION 

Applications of the SFM for quantitative analysis of sur- 
face diffusion on Au-surfaces and related phenomena, such 
as grain growth on the surface of nanocrystalline Au, have 
been presented. 

Structuring as well as subsequent temperature-dependent 
analysis were performed with the SFM. This technique al- 
lowed studies to be performed with high lateral resolution 

and, in the case of diffusion analysis, high sensitivity not 
previously attained by conventional methods. 
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Scanning tunneling microscopy modification of Ag thin films on Si(100): 
Local rearrangement of the Si substrate by Ag/Si eutectic phase 
formation 
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The melting, eutectic alloy formation, and evaporation, induced locally by a scanning tunneling 
microscope, was studied for 20 nm Ag films, deposited on hydrogen-terminated Si(100) surfaces. 
The Ag thin film can be locally rearranged or evaporated with a lateral resolution of 100-150 nm. 
For long interaction durations 50-70 nm wide and 30 nm deep, grooves could also be cut into the 
Si substrate. The modification mechanism can be explained by a model involving local melting, 
alloy formation, and evaporation.   © 1997 American Vacuum Society. [S0734-211X(97)02204-X] 

I. INTRODUCTION 

The high lateral resolution of scanning tunneling micro- 
scopes (STMs) has also stimulated interest in the utilization 
of these instruments for controlled modifications of surfaces 
and thin films at an atomic scale1'2 as well as at a mesoscopic 
scale.3 In order to investigate the ability of the STM to be 
used as a modification tool in the processing of metallization 
layers in nanoelectronic devices, we have recently started a 
systematic study of the local melting and evaporation of Ag 
thin films on Si(100) for various film thicknesses, grain ori- 
entations, and grain sizes. The aim of this study is to deter- 
mine if it is possible to modify not just the topmost layer of 
a sample, but whether or not metallic thin films can be modi- 
fied over their entire film thickness as it would be needed for, 
e.g., the cutting of a metallic contact line in the STM-based 
production of nanometer-scale devices. In the first experi- 
ment performed on 20-nm-thick oriented Ag(lll) films on 
Si(100) (2X1) substrates, it was found that it is possible to 
locally melt the Ag grains below the tip.4 The molten mate- 
rial is drawn towards the tip and, upon moving the tip later- 
ally over the surface during the modification, continuous 
lines of molten and subsequently shock-freezed material can 
be written into the film. The evaporation of Ag was found to 
be slow such that no cutting through the film appeared to be 
possible. In the present article we report on modification ex- 
periments which were performed on 20-nm-thick polycrys- 
talline Ag films, deposited on hydrogen-terminated Si(100) 
surfaces. For these films the sizes of the individual grains are 
significantly smaller. The data now show that significant lo- 
cal Ag evaporation can be achieved, which enables STM 
cutting through the entire thin film. The process can even 
result in a significant rearrangement of the Si substrate sur- 
faces on a scale reaching down to —50 nm. 

II. EXPERIMENT 

The experiments were performed in an ultrahigh vacuum 
(UHV) STM/scanning electron microscope (SEM) system 

a)Also at: Institute of Experimental Physics, University of Saarbrücken, 
D-66041 Saarbrücken, Germany. 

described previously.5 Si(100) samples were cleaned in ac- 
etone and methanol in an ultrasonic bath and were subse- 
quently etched in 50% HF for 30 s. This etch removes the 
native oxide layer without attacking the Si substrate and 
leaves the surface in a hydrogen passivated state which re- 
mains resistant against oxidation for weeks, even under at- 
mospheric conditions.6'7 The samples were transferred into 
UHV and used as substrates for Ag growth without any fur- 
ther treatment. Ag was evaporated from a Knudsen cell onto 
the substrates held at 300 K such that a growth rate of 0.33 
nm/min was achieved and that a 1 h growth period resulted 
in a 20 nm film. Auger electron spectra from such films 
showed mainly Ag lines, but the persistence of the Si line 
points to quite an incomplete covering of the substrate by the 
film. Low energy electron diffraction displayed a largely dif- 
fuse distribution. These observations point to a growth of 
polycrystalline Ag grains in either a Vollmer-Weber or 
Stranski-Krastanov mode. STM imaging of the as-grown 
films displays a rather homogeneous distribution of Ag 
grains with a lateral extent of —45 nm. The grains in general 
show a variety of different crystal facets implying that they 
are already the result of a coalescence of smaller differently 
oriented nanocrystalline grains. This observation is sustained 
by a STM investigation of the film morphology for various 
film thicknesses between 5 and 70 nm. 

Before starting a modification the tip was withdrawn from 
the surface, which was achieved by adding a high signal to 
the output of the tunnel-current preamplifier. This causes the 
feedback loop to contract the scanner completely and remove 
the tip from the surface by typically 1 /nm. In this situation 
the tip-sample bias was changed to 5 V and the current set 
point of the feedback electronics was adjusted to 50 nA. In 
addition, the feedback time constant of our electronics was 
decreased to a value which would result in feedback oscilla- 
tions for ordinary tunneling conditions. To induce modifica- 
tion the added current signal was removed. This provokes 
the feedback electronics to dilate the scanner until a suffi- 
cient tip-sample current is detected. For point modifications 
the tip-surface distance was then feedback-controlled at a 
constant location for durations between a few seconds and 
several minutes. To write lines the tip was moved across the 
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FIG. 1. STM images taken after modification of 20 nm Ag films on Si(100)-H surfaces. Modifications were performed at a junction voltage of 5 V and a 
current of 50 nA. (a) 500 nmX500 nm image showing the result of a 5 s point modification, (b) 500 nmX500 nm image showing the result of a 300 s point 
modification, (c) 1.4 /xmX1.4 /aa image of a 800-nm-long line, written with a speed of 750 nm/min. (d) 1.4 /anX 1.4 fim image of a 800-nm-long line, written 
with a speed of 75 nm/min. (e) Zoom (450 nmX450 nm) into the lower part of the area displayed in (c). (f) Zoom (450 nmX450 nm) into the lower part of 
the area displayed in (d). 

surface after an approach at 750 and 75 nm/min along a 
distance of 800 nm. In order to end the modification process 
the signal was again added to the preamplifier output and, as 
a consequence, the tip was retracted by the feedback elec- 
tronics. Images of the modifications were subsequently taken 
in a constant current mode, using tunneling voltages between 
0.5 and 1 V and tunneling currents between 50 and 100 pA. 
The data are displayed in top view representation with a 
linear gray scale covering a height range of 65 nm for all 
images presented here. 

III. EXPERIMENTAL RESULTS 

During the modification process, strong tip-sample oscil- 
lations with amplitudes around 100 nm were detected. This 
is caused by a local production of a liquid metal phase un- 
derneath the tip, which frequently leads to the creation of a 
liquid metal neck between the tip and the sample, also ac- 
companied by an ohmic contact. The oscillations occur be- 
cause such a ohmic contact always causes the tip to retract 
until the neck breaks, followed by repeated tip-sample ap- 
proaches, neck formations, and retractions.4 The conse- 
quence of inducing a local modification over a period of 5 s 
at a given spot is visible in the image (500 nm X 500 nm) 
displayed in Fig. 1(a). Most of the image shows the grainy 
structure of the polycrystalline Ag film. However, in the cen- 
ter where the tip has approached during modification 
(marked by a 1 in the image) an ~60-nm-high hillock with a 
base diameter around 100 nm is visible. This protrusion is 

surrounded by a 150-200-nm-diam area, where the Ag is 
removed and the Si substrate is exposed. This result exhibits 
clear similarities to the structures which have been created 
by STM modification processes on oriented Ag(lll) films, 
for modification of Au surfaces8 or also on surfaces of me- 
tallic glasses,9 and can be understood in terms of a local 
melting of the Ag film underneath the tip, followed by an 
attraction of the liquid metal to the tip. The exposed substrate 
surface shows a quite low roughness with only a few islands 
of less than 1-2 nm height which are probably remaining 
droplets of Ag. After such modifications we found quite of- 
ten that the tip (electrochemically etched W wire) had 
changed its imaging capabilities, indicating that some 
amount of material may have been transferred between the 
tip and the surface. Since the modification process some- 
times resulted in very sharp and sometimes very blunt tips, 
one has to assume that occasionally Ag from the film has 
been transferred to the tip or that Ag, being present at the 
apex of the tip from a previous experiment, has been trans- 
ferred to the film. Upon comparing the results of several 
experiments performed under identical conditions, we never 
found indications that this may have caused the transport of 
volumes of material being significant in comparison with 
those volumes of modified material in the film. In the present 
case a rough comparison of the volume of the protrusion 
with the substituted film volume in the modified area indi- 
cates that only insignificant amounts of Ag have been lost or 
gained during the modification process. 
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In order to investigate the effect of longer durations on the 
modification process and to check the possibility of inducing 
significant Ag evaporation, we performed a similar experi- 
ment with the substantially extended modification duration 
of 300 s. The resulting topography (500 nm X 500 nm) is 
displayed in Fig. 1(b). Similar to the image shown in Fig. 
1(a), the outer parts of the imaged area display the grainy 
structure of the unmodified film and the location where the 
tip had approached the surface (indicated by 1 in the image) 
exhibits a protrusion. However, apart from these similarities, 
the resulting topography is quite different from the topogra- 
phy found before. The central protrusion is not as high as the 
former one, reaching only up to —40 nm above the substrate 
level. The total area within which the Ag film was affected 
has increased by a factor of 2.1 and at the upper left of the 
protrusion the substrate has been significantly affected as 
well. The resulting hole extends 40 nm down into the Si 
substrate. Most of the exposed substrate area displays a 
roughness of up to 5 nm in amplitude, being the result of a 
high density of —10-20 nm wide and 5 nm high islands. 
Only a rather remote area, marked by 2 in the image, shows 
a lower density of islands, similar to what was also visible in 
Fig. 1(a). In addition, for the extended modification time, the 
amount of material present in both the central protrusion and 
the small islands on the substrate is much lower than the 
amount of material which must have been present in the 
substrate and the film before modification. One finds that the 
remaining material is just sufficient to account for the vol- 
ume of material being removed from the hole in the Si sub- 
strate, while the entire volume of material, which formerly 
constituted the Ag film, appears to be missing. The clear 
implication is that during elongated modifications not only 
the film and the substrate is affected, but also a significant 
loss of material takes place. 

The process of tip-induced local melting and evaporation 
can also be used to write lines or other, more complicated, 
patterns into the film. The image (1.4 /umXIA /urn), dis- 
played in Fig. 1(c), was taken at a position where a line was 
written, employing a writing speed of 750 nm/min. The tip 
was approached in the lower part of the imaged area at the 
position marked by 1 and was then moved upwards along a 
distance of 800 nm until being withdrawn at the position 
marked by 2. Surrounded by the grain structure of the un- 
modified Ag film, a solid line is visible, connecting the 
points of approach and withdrawal. Similar to what already 
was found for the oriented Ag grains on Si(100) (2X l),4 this 
continuous line results from locally melting Ag underneath 
the tip. The liquid is attracted by the tip and left on the 
surface during the tip motion. The height of the central line 
measured from the substrate level exceeds at several posi- 
tions the original film thickness of 20 nm. It appears like a 
viscous liquid spread out over the substrate. Its surface is 
quite smooth and has a rounded appearance. Crystal facets, 
as resolved on the Ag grains of the film and which would be 
a hint for the presence of a recrystallization process during 
cool down, are not visible on its surface. From this it is 
concluded that the very fast cooling process after/during 

writing has left the material in an amorphous state. Similar to 
the point modification experiment, the central line is sur- 
rounded by a depletion zone. A rough comparison of the 
total amount of material in the central line with the total 
amount of material, which was present in the entire modified 
area before modification, clarifying that evaporation of Ag 
did again not play a significant role. 

Similar to the effect of extended modification periods dur- 
ing the point modification experiments, significant evapora- 
tion is also found in the line writing experiments when mov- 
ing the tip across the surface at a speed of 75 nm/min (i.e., 
reduction by a factor of 10). The result of such an experiment 
is displayed in Fig. 1(d) (1.4 /jmXlA /mi). Again, the sur- 
face was approached at the position marked by 1 and the tip 
was withdrawn at the position marked by 2. One now finds 
that the central feature is a groove, reaching down to 30 nm 
into the substrate. Only at the location of withdrawal did we 
find a protrusion, extending only —30 nm above the sub- 
strate level. The width of the modified area varies between 
150 and 250 nm and the width of the central notch is as 
narrow at 50-70 nm. 

The characteristic features of the resulting topography be- 
come clearer in images (450 nmX450 nm) taken after zoom- 
ing into the lower part of the modified areas. Figure 1(e) 
displays an area from the lower part of Fig. 1(c) (750 nm/ 
min) and Fig. 1 (f) shows the lower part of the area displayed 
in Fig. 1(d) (75 nm/min). In both cases, the point of initial tip 
approach is again marked by a 1. The most interesting com- 
parison between these two images concerns the roughness of 
the areas from which the Ag was removed. While the sub- 
strate, exposed during the fast writing process, shows a low 
roughness with only a few 1 -2-nm-high islands, in the case 
of the slow modification the entire modified area is covered 
by a dense distribution of up to 5-nm-high and 10-20-nm- 
wide islands, which at closer inspection also extend down to 
the bottom of the groove. For this and similar images we 
found that only at the outermost parts of the modified area 
does the density of these islands appear to decrease slightly, 
similar to what was already also visible for the long-duration 
point modification experiment [Fig. 1(b)]. 

IV. DISCUSSION 

The experimental data clearly show that it is possible to 
use the tip of a STM to locally melt and even evaporate 20 
nm Ag films on a Si substrate. For the local melting process 
we found that we were able to achieve a width of the solid 
line of 100-150 nm. A more interesting observation is that 
for extended writing periods or low writing speed we were 
not only able to locally melt and evaporate the Ag film, but 
that even a significant cutting into the Si substrate was 
achievable. This observation seems quite puzzling, since the 
bulk melting temperatures of Ag and Si differ significantly 
(1234 K for Ag and 1685 K for Si) and also the vapor pres- 
sures of both materials are quite different in the entire regime 
of interesting temperatures with the Ag vapor pressure ex- 
ceeding the Si vapor pressure by typically four to five orders 
of magnitude. 
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The fact that the Ag film was locally molten below the tip 
could point to local temperature above 1200 K being reached 
at least for some portions of the total modification period. 
However, due to an interdiffusion of Si into Ag the tempera- 
ture of liquid phase formation may even be lowered, since 
this would result in the creation of an eutectic alloy with a 
liquidus of 1125 K.10 In addition, the melting temperature of 
a thin film or of such small particles as the Ag grains in the 
film can be substantially lowered as compared to a bulk 
material.11'12 From our data, the achieved temperatures ap- 
pear to be just sufficient to result in Ag evaporation for the 
slower speed, respectively for the longer modification period 
[compare Figs. 1(b), 1(d), and 1(f)]. Already for the faster 
speed or the shorter modification duration no significant Ag 
evaporation was observed [compare Figs. 1(a), 1(c), and 
1(e)]. Taking the significant difference in vapor pressure and 
melting point for Ag and Si into account, one finds that local 
temperatures, being just sufficient to evaporate Ag, would 
not be enough to melt or even evaporate clean Si. A control 
experiment, performed on a hydrogen-terminated Si surface 
without the presence of a Ag film, also clarified that no simi- 
lar modifications could be introduced to the bare substrate. 
This is also in good agreement with previously published 
experiments on the tip-induced modifications of hydrogen- 
terminated Si surfaces, which resulted only in hydrogen de- 
sorption without mesoscopic-scale rearrangements of the Si, 
although the junction voltages were quite similar to the pa- 
rameters used here.13'14 

The experiments, however, show that for a longer dura- 
tion or a lower writing speed the substrate is significantly 
affected in the present case of Ag thin films on Si. It is even 
possible to cut deep grooves in the Si substrate. It should 
therefore be assumed that the modification of the Si substrate 
is mediated by the presence of Ag on the surface via the 
formation of an eutectic alloy. However, although this can 
account for a liquefaction of Si at rather low temperatures, it 
cannot result in Si evaporation with sufficiently high rates. 
The activity coefficients in a liquid Ag/Si mixture do not 
differ more than 20% from unity,10 i.e., the vapor pressure of 
Si above an Ag/Si solution does not significantly deviate 
from Raoult's law. Therefore the Si vapor pressure will not 
be increased due to the eutectic phase production. Instead, it 
will even be lower above the liquid mixture than it would be 
above clean Si, since the Si content in the solution is less 
than 100%. 

From these considerations it becomes clear that a qualita- 
tive model explaining our experimental observations has to 
take into account significant Ag evaporation for longer modi- 
fication durations on one hand and should, on the other hand, 
explain the significant rearrangement of the substrate without 
assuming evaporation of Si. Figure 2 displays schematic 
sketches illustrating the processes we propose will take place 
during the modification. A temperature around 1100-1200 K 
is reached during modification and the Ag film is molten. In 
the center, where the temperatures are the highest, the Si 
substrate is also affected and an Ag/Si solution is formed 
leading to an intermixing of both materials within the entire 

FIG. 2. Schematic illustration of the modification process: (a) Local heating 
and intermixing of Ag and Si by the STM tip. (b) Evaporation of Ag and 
redeposition of Si. (c) Final structure where the Ag was removed and the Si 
was rearranged. 

liquid volume. This situation, which is depicted schemati- 
cally in Fig. 2(a), is frozen in when the tip is withdrawn 
again after quite short times or when it is moved over the 
surface at high speed. The molten and subsequently frozen 
material then gives the visual impression of a viscous liquid 
in the images (compare Fig. 1). Upon extending the interac- 
tion duration at each location, Ag desorption becomes effec- 
tive. The evaporation of Ag will lead with time to an increas- 
ing enrichment of Si in the liquid solution, which then 
gradually results in the redeposition of Si at all those loca- 
tions on the substrate which are covered by the liquid solu- 
tion. This situation is depicted in Fig. 2(b). Finally, after 
evaporation of all Ag, the modified area will remain in a 
state as it is found in the images displayed in Figs. 1(d) and 
1(f) and as it is sketched schematically in Fig. 2(c). Now the 
Ag is removed completely from the modified area and some 
Si is moved from the center, where the temperatures had 
previously reached the highest values, to the entire area on 
which the interface of the liquid solution and the substrate 
existed previously. This creates a notch in the center, al- 
though no substrate material has been evaporated. The grains 
created during this Si redeposition are clearly visible as the 
spatially restricted grainy structure in Figs. 1(b) and 1(f) and 
extend in height up to 5 nm above the former substrate level. 
Only in the outer parts of the modified area, from which Ag 
has been drawn into the center and which were not wet by 
the liquid, does the bare substrate with a much lower density 
of islands remain exposed. Such a situation is visible at the 
location, marked by 2 in Fig. 1(b). 
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V. CONCLUSION 

Operating a STM at a rather high junction voltage of 5 V 
permits the modification of Ag thin films on Si(100) surfaces 
by local heating underneath the tip. The heating is sufficient 
to melt the Ag film and to locally create a liquid Ag/Si so- 
lution. For short interaction times, the liquid solution re- 
mains on the surface and continuous lines with a width 
around 100 nm can be written into the grainy film. For rela- 
tively long interaction times, the Ag can be removed com- 
pletely from the surface and even the Si substrate can be 
significantly rearranged due to the creation of an eutectic 
phase and the formation of a liquid Ag/Si solution, followed 
by a redeposition of Si during evaporation of the Ag. Using 
this method, 50-70-nm-wide and 30-nm-deep grooves can 
be cut into the Si substrate. 
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A novel model is presented for the operation of field emission sources in air. Under this condition 
the cathode-anode distance is less than the mean free path for the particles emitted in air. Such 
conditions are encountered in scanning tunneling microscope lithography in air and in novel 
integrated microtriode tube devices designed to operate in air. In air, the presence of a high electric 
field gradient, produced at the tip, will cause the polar water molecules coating the surface to align 
with the field and move to the high field region. As a result, a Taylor cone of water, like that as it 
is observed with liquid metal ion sources, will form. The high electric field gradient at the Taylor 
cone, enhanced by the high dielectric constant, will produce a very finely focused beam of ions. We 
examine the case of water ion formation. With a positive tip bias, hydronium ions will form at 
electric fields of 1 V/nm. This is a factor of 4 smaller than that required to produce the field emission 
with electrons. The electric field distribution and the hydronium ion trajectories from a metal tip 
with a high permittivity material cone are calculated. The spot size of the ion beam on the substrate 
was 2.9 nm. A model for lithography, based on water ions, is presented. The model is applied to the 
design of a microtriode device for signal processing. The three-dimensional fabrication of such a 
device by e-beam induced chemical vapor deposition is demonstrated. © 1997 American Vacuum 
Society. [S0734-211X(97)03804-3] 

I. INTRODUCTION 

Scanning tunneling microscope (STM) lithography is per- 
formed with a tip-sample bias > 3-4 V. In this mode the tip 
operates in the field emission mode, rather than in the tun- 
neling mode. There have been several reports on STM li- 
thography performed in air. It was found that the humidity 
and the tip material strongly affect the lithographic perfor- 
mance of the proximal probe.1 Both oxidation of the sub- 
strate and oxidation of the tip have been observed.1-3 In air 
the tungsten tip-sample current decreases to zero if a posi- 
tive tip-sample bias is applied. Tungsten tips also function 
well with a negative tip-sample bias however.1'2 In air both 
imaging and lithography can be performed with a positive tip 
bias if noble metal tips are employed. Oxidation of hydrogen 
passivated silicon was observed in STM lithography using a 
positively biased Pt/Ir tip.4 Diffusion limited anodic oxida- 
tion of a silicon substrate induced by an atomic force micro- 
scope (AFM) with a negatively biased conductive tip has 
also been reported.3 The field induced oxide growth was 
found to terminate with a thickness of 8 nm at 8 V tip- 
sample bias. The authors of Ref. 3 propose that the oxidation 
process terminated when the thickness became too large to 
support a 1 V/nm electric field across the oxide. Such a field 
is required to generate OH" ions and drive the ion migration 
necessary for the oxide growth. 

In this article an alternative model for the oxidation pro- 
cess is presented. We know that in air all hydrophylic sur- 

a)Present address: Carsonweg 80, D-64289 Darmstadt, Germany. 

faces are coated with several molecular layers of water. The 
effect of the high electric field gradient on the water layer 
and its implications are considered. We propose that a Taylor 
cone of water is formed at the tip by the balanced forces that 
consists of the electric field acting on the permanent dipole 
moments of the molecules and the surface tension of the 
water.5'6 In a balanced state of internal pressure, surface ten- 
sion, and tip electric field, a cone of water is formed. The 
highest electric field inhomogeneity is at the tip of the cone. 
The high field at the tip ionizes the water molecules and a 
beam of ionized material is emitted. An equilibrium is estab- 
lished between material forced to the tip by the field and 
ionized material emitted from the tip. Taylor-cone formation 
has been extensively observed in liquid metal ion sources. It 
produces a very fine beam of ion current, even if the tip is 
blunt.6 

From field ionization mass spectroscopy, water has been 
reported to ionize to hydronium ions H30

+ at a field of 1 
V/nm.7 In the case of a negative tip bias a similar cone must 
also be generated, which then would emit OH" or H302" 
ions. In either case a current of oxygen containing ions is 
directed to the sample. Employing hydroxyl and hydronium 
ions the chemical reactions with hydrogen passivated silicon 
and with metals can be formulated in a convincing way. We 
propose further that the deficient ion species shifts the pH 
value of the water at the tip, which can lead to chemical 
reactions with the tip material. A positive tip is oxidized by 
the hydroxyl ions, whereas a negative tip is passivated by the 
surplus of protons. 
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Because water is a high dielectric material, it expels the 
electric field. Hence an even higher electric field gradient 
will form on a water Taylor cone than on a comparable ra- 
dius conducting tip. The emitted ions are accelerated by a 
few eV energy by the tip-sample bias. In STM applications 
emission current ranges from pA to several nA. This process 
requires less power than electron field emission, where 3-4 
V/nm are required. 

In the arguments presented below, we propose that lithog- 
raphy and the operation of microtriode tubes in air are per- 
formed by water based ions. The model is used to provide 
alternative explanations to reported experimental results. Fu- 
ture experiments to test the model are outlined. 

II. SIMULATION OF THE CHARGED PARTICLE 
OPTICS IN A STM WITH A WATER TAYLOR CONE 

The potential distribution in a STM tip with a water Tay- 
lor cone was determined by a numerical simulation. The 
simulation was performed for a 13-nm-diam tip coated with 
a 1 nm layer of water, with a water cone with permittivity of 
81 on top. For our exploratory work, a full cone angle of 
105 ° was used, the same as reported for liquid metal 
sources. Due to its complexity, a computation of the balance 
forces to form a water Taylor cone is left to future work. 
However, for the argument and principles discussed here, the 
exact Taylor-cone angle is not critical. A tip with a 20 V bias 
was placed 20 nm from a conducting wafer that is coated 
with 5 nm of resist having a permittivity of 3. The resist is 
also coated with a 1 nm water layer. Numerical solution of 
the problem was obtained using Munro's electron-optic 
three-dimensional (EO-3D) software with an computational 
accuracy of 10"9 for the error. The simulation required 9 h 
on a 50 MHz 486 PC to iterate the solution on 243 000 
nodes. The calculated potential distribution is shown in Fig. 
1. Figure 1(a) shows the potential distribution over the entire 
simulated geometry. Figure 1(b) gives a magnified view of 
the potential distribution about the tip. The field is small in 
the resist and 1 V/nm at the resist surface. In Fig. 1(b) a large 
gradient of the axial electric field is clearly visible inside and 
outside the dielectric of the Taylor cone at the tip. Here the 
axial electric field rises to 4 V/nm. This forces the water 
molecules to the tip, where they are field ionized and emitted 
as ions. 

In this simulation, the paths of emitted hydronium ions 
that may be used in the lithography mode were computed. 
The Taylor cone enhances the focusing of the emitted ions 
and confines the area of the emission current, as shown in 
Fig. 2. Traces of hydronium-ion rays as emitted from a Tay- 
lor cone with a tangential energy width of 27 meV corre- 
sponding to the thermal energy of water at room temperature 
are presented. The modeled geometry gives an ion beam of 
2.9 nm spot size at the sample. 

III. STM LITHOGRAPHY WITH WATER LAYERS 

A STM with a fine tip, positively biased at 100 mV, op- 
erating in air, can produce a tip-sample current of several 
nA.  This mode of operation allows STM imaging of con- 

STM Cathode 13 nm, Water 1 nm, Resist 5 nm 
Taylor-cone 2 nm, angle 105 degree 

(a) 

(AU= 0.25V) 

FIG. 1. (a) Potential distribution in STM with 20 nm tip-wafer distance and 
20 V tip voltage. A Taylor cone of water with a permittivity of 81 is on the 
tip. (b) Potential distribution in higher magnification and resolution around 
the tip. Clearly a gradient of the axial field is visible inside the dielectric 
cone. This forces the water molecules to the tip, were they are field ionized 
and emitted as hydroxyl or hydronium ions. 

ducting surfaces. Normal, nondestructive imaging of hydro- 
gen passivated silicon is possible up to tip-sample voltages 
of 2.5 V. Increasing the tip-sample voltage causes surface 
modification. The structure generated on the hydrogen passi- 
vated Si is an oxide that can be used to mask the Si during 
etching.4 

Experiments with a STM in air using cut wire Pt/Ir tips 
produced permanent traces that were less than 1.5 nm high 
but the trace width depended on the tip geometry. This can 
be explained by the fact that the tip geometry is imaged in 
the field distribution and forms a wedge-shaped Taylor cone 
in the case of a ridge-shaped tip. Hence, the emission site for 
the generation of hydronium ions is distorted. In the case of 
a ridge an astigmatic source is revealed from the deposited 
structures and could be correlated to the actual tip orienta- 
tion; see Fig. 3. The tip voltage was +4.0 V. The recording 
speed was 200 nm/s. The image displays a height variation 
of 2.9 nm from black to white. The oxide thickness is 1 nm. 
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STM Cathode 13 nm, Water 1 nm, Resist 5 nm 
Taylor-cone 2 nm, angle 105 degree 

Hydronium 
rays 

Water 

+20 V at tip, 0V at wafer, 1 V potential steps 

FIG. 2. Traces of hydronium ion rays as emitted from a Taylor cone with a 
tangential energy width of 27 meV corresponding to the thermal energy of 
water at room temperature. 

Similar results were also reported by other authors. 
With our model, an alternative explanation of the limita- 

tion of the oxide thickness in AFM/STM lithography re- 
ported by Gordon et al? can be given. Due to the permittiv- 
ity of the oxide there is no large potential drop across an 
oxide, however, the oxide prevents the current flux of ions 
emitted from the STM tip. Hydronium ions of 8 eV do not 
have the kinetic energy to penetrate the 8 nm silicon oxide to 
grow the oxide further. Therefore a positive space charge is 
collected at the surface of the oxide facing the tip. This re- 
duces the hydronium emission and the oxidation process 
stops. 

Our model can also explain the observation that a posi- 
tively biased tungsten tip in air ceases to function with time. 
This is now understood, since the emission of the protons 
together with  the  water molecules,  forming  hydronium 

■iipp 

FIG. 3. Lithography with a STM in air performed with a cut wire Pt/Ir tip on 
hydrogen passivated silicon. The tip voltage was +4.0 V. The recording 
speed was 200 nm/s. The orientation dependent linewidth reveals the astig- 
matic current source defined by the ridge. The image displays a height 
variation of 2.9 nm from black to white. The oxide thickness is 1 nm. 

H30
+ ions, will leave an increasingly basic medium at the 

tip. The hydroxyl ions are attracted to the tip and oxidize the 
tungsten tip to an extent that prohibits any current flux to the 
Taylor cone. The emission current goes to zero because the 
tip has grown a nonconductive oxide layer. This oxidation 
cannot occur with Pt/Ir tips. Therefore those tips work con- 
tinuously in air when positively biased sufficiently to per- 
form lithography in this mode.4 

Our model has been employed to provide explanations for 
reported experimental results. Campbell1 and Snow are in the 
process of constructing a N2 atmosphere lithographic cham- 
ber in which the amount of water vapor is controlled. Litho- 
graphic results using W, doped Si, and Pt/Ir tips will provide 
key tests of the model. 

IV. CONSTRUCTION OF A MINIATURIZED TRIODE 
USING ADDITIVE LITHOGRAPHY WITH 
ELECTRON-BEAM INDUCED DEPOSITION 

The impact of the proposed model of ion emission from 
field emitter tips may be stronger in the field of high fre- 
quency electronics than in nanostructure fabrication. Many 
applications in microelectronics and telecommunications re- 
quire amplifying switches operating in the upper GHz re- 
gime. Power requirements are of high interest in this appli- 
cation, especially if millions of sources are involved to 
deliver the required high currents. Using the proposed 
model, a miniaturized triode device was designed and fabri- 
cated with a cathode to anode distance of the order of the 
mean free path in air at 1013 hPa. The triode device de- 
signed has a very small cathode to extractor grid capacitance. 
Such devices require little or no vacuum. This is in sharp 
contrast to field emitter devices in vacuum microelectronics. 
By employing the hydronium source the power required to 
operate the tube could be a factor of 4 lower than in minia- 
turized electron triode devices because of the lower turn-on 
voltage. 

Such microtriodes can now be constructed using additive 
three-dimensional electron-beam lithography.8"10 E-beam in- 
duced chemical vapor deposition can be performed in a scan- 
ning electron microscope, in which the e-beam, controlled by 
computer, writes a pattern. Field emitters produced by an 
e-beam deposition process have additional field enhancement 
and beam emission confinement due to the nanocrystallinity 
of the deposited material.11"13 For triodes with electron field 
emitter sources operating in 1013 hPa, it is estimated that 
amplifying switches can operate close to 200 GHz.14,1 This 
is also true for tubes operating in humid air with the hydro- 
nium emission as a current source. The design layout and the 
calculated equipotential contours for a microtriode with sub- 
micron cathode to anode distance is shown in Fig. 4. In this 
design the electron or ion beam is directed parallel to the 
substrate surface. The new design employs a long needle as 
the field emitter cathode and anode, respectively. The extrac- 
tor is a free-standing structure with one closed loop as a grid, 
which is a wirelike structure deposited by the e-beam under 
computer control. A micrograph of the fabricated microtri- 
ode is shown in Figs. 5(a) and 5(b) showing, respectively, 
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Micro-Triode 

Grid 

FIG. 4. Layout and calculated equipotentials in a microtriode 250 nm long. 

the side view and the top view. The entire device was depos- 
ited within 6 min from adsorbed molecules of dimethyl- 
gold-trifluoroacetylacetonate onto a gold wiring pattern that 
was prefabricated with lithography and a lift-off process. To 
prevent corrosion the electrodes must be built from noble 
metals like platinum or gold. This has already been accom- 
plished with electron-beam induced deposition. Experimen- 
tal verification of the proposed operation of the triode in air 
is planned in the near future. 

Future work will involve tests of the performance of the 
device in air and in a vacuum under both positive and nega- 
tive bias. The results will provide critical tests of the model. 

For the electron emission microtriode device a transcon- 
ductance of 10 /nS is expected. In the ionized water case, the 
source of the particles is indistinguishable. The Taylor-cone 
action will pump the water molecules to the tip of the cone. 
Hydronium ions, once emitted will neutralize at the anode 
and vaporize again to be attracted to the tip by the electro- 

Cathode        Grid Anode 

. 1          f -*-* 
1584    25KU    ;<:3ä,e@0       l(J«i MO 9 (b) 

FIG. 5. (a) Side view of a fabricated microtriode with a cathode to anode 
distance of 700 nm. (b) Top view of the fabricated microtriode. 

static forces. This pump will supply the amount of neutral 
particles required to operate the triode continuously. 

V. CONCLUSIONS 
We have proposed a model for field emission tip opera- 

tion in air. In our model, the water layer on the tip is driven 
to form a Taylor cone by the interaction of the high electric 
field gradient and the dipole moment of the water molecules. 
With a positive tip bias, water will ionize to hydronium ions 
at a factor of 4 lower electric field than required for electron 
field emission. The equipotential contours and particle optics 
were calculated for a water Taylor cone and hydronium ion 
emission. It has been argued that STM lithography in air is 
really ion beam lithography with the oxidizing action of the 
water ions. These can oxidize the tip as well as the sample, 
depending on tip material and bias polarity. With such an ion 
source, it is estimated that microtriodes with 0.5 pm cathode 
to anode distance can possibly be operated in air. It was 
shown that such three-dimensional triode devices can be fab- 
ricated with e-beam induced deposition. This leads to the 
high expectation that water based ion emission will allow 
very high frequency signal processing in "Hydronics." 
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Fabrication of surface nanostructures by scanning tunneling microscope 
induced decomposition of SiH4 and SiH2CI2 

H. Rauscher,3' F. Behrendt, and R. J. Behm 
Abteilung Oberflächenchemie und Katalyse, Universität Ulm, D-89069 Ulm, Germany 

(Received 12 September 1996; accepted 30 January 1997) 

Nanostructures with lateral dimensions below 10 nm are fabricated on Si(l 11)7X7 surfaces by 
scanning tunneling microscope induced dissociation of the precursor gases SiH4 and SiH2Cl2. The 
molecules are activated between the tunnel tip and the surface, where highly reactive species are 
produced by the interaction of molecules with free electrons in the tunnel gap. The molecular 
fragments accumulate directly below the tip and build up the nanostructure. Information on the 
deposition mechanism that is effective at the onset of deposition is obtained by careful evaluation 
of the deposition voltage threshold regime. © 7997 American Vacuum Society. 
[S0734-211X(97)10704-1] 

I. INTRODUCTION 

Soon after its invention, the scanning tunneling micro- 
scope (STM) was utilized not only for surface imaging but 
also for surface modification. A number of different methods 
for surface modification with the STM has subsequently 
evolved and they are reviewed in Refs. 1 and 2. These stud- 
ies include selective chemical vapor deposition from 
metal-3-9 or semiconductor-containing chemical vapor depo- 
sition (CVD) precursors,10"12 activation of hydrogen- 
passivated Si surfaces,13'14 exposure of electron-sensitive re- 
sist materials,15'16 manipulation of single surface atoms,17 

and selective breaking of substrate18 or adsorbate bonds.19 In 
this study we employ the method of (local) STM-CVD 
which was first demonstrated in Ref. 3 and subsequently also 
by a number of other workers4"9 for the deposition of metal- 
lic nanostructures. In these experiments low energy electrons 
emitted from a STM tip are used to locally decompose a 
precursor gas. STM-CVD fabrication of structures from the 
semiconductor precursor SiH4 on Si surfaces was demon- 
strated in Ref. 10 and subsequently also by Wong et al.n and 
deposition of Ge-containing spots on Si(lll) was reported 
from STM induced decomposition of GeH4.12 

In these earlier STM-CVD studies on semiconductor 
deposition the deposition parameters (e.g., tip-sample volt- 
age Uem, emission current Iem) were chosen based mainly 
upon empirical considerations and interpretation of the mea- 
surements was hampered by a lack of understanding of the 
(dominant) decomposition and deposition mechanisms.10 As 
a result, it was not easy to control the size of the deposited 
structures or to adopt the optimum deposition parameters to 
the specific precursor gas, partly because the exact processes 
during interaction of the precursor molecules with the elec- 
tric field and the tip-emitted electrons in the region between 
the tip and the surface were not known. Several decomposi- 
tion and deposition mechanisms have been discussed, such 
as field induced dissociation, dissociation at the tip, and sub- 
sequent field evaporation of the fragments, or dissociation by 

"'Electronic mail: hubert.rauscher@chemie.uni-ulm.de 

interaction of the precursor molecules with the emitted 
electrons.10"12 

We have tried to overcome this lack of understanding and 
to gain more information on the relevant decomposition pro- 
cesses) because such knowledge is a necessary precondition 
for tuning the deposition parameters and optimizing the 
deposition process. Here we report results of a systematic 
analysis of the deposition behavior using both monosilane 
(MS) (SiH4) and dichlorosilane (DCS) (SiH2Cl2) as precur- 
sors, which are also commonly employed for industrial sili- 
con CVD. We are interested in particular in the deposition 
voltage threshold regime. Because of the limited space avail- 
able here, we will restrict ourselves to the analysis of depo- 
sition voltage effects at positive sample bias and we will 
show that careful adjustment of this can lead to a substantial 
decrease of the dimensions of the deposited nanostructure as 
compared to that in our earlier work.10 Further, we can iden- 
tify the process which, in the deposition voltage threshold 
regime, is the dominant one for decomposition and fragment 
accumulation on the surface for SiH4 and probably also for 
SiH2Cl2 precursors. 

II. EXPERIMENT 

The experiments were carried out in a ultrahigh vacuum 
(UHV) system equipped with a pocket size STM, facilities 
for Auger electron spectroscopy, and a heating stage to flash 
the samples up to 1400 K by electron bombardment from the 
back. The samples were cut from p-Si(lll) wafers with a 
resistivity of 1-20 flcm. Preparation of the 7X7 recon- 
structed surfaces was carried out by following established 
procedures.20 STM imaging was performed at sample volt- 
ages from -1.7 to -2.5 V. The images are displayed here 
in a gray scale with darker tones corresponding to lower 
areas in the topography. The gases are a high purity 
2% SiH4/98% Ar mixture or SiH2Cl2 that was additionally 
cleaned by a point of use Millipore Waferpure Micro system 
to reduce the impurities in the DCS to a few ppb. 

Fabrication of the nanostructures via STM-CVD was car- 
ried out in a similar manner as that described in Ref. 10, 
namely, by exposing the surface to the precursor gas and 
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simultaneously applying a voltage of up to 25 V between the 
sample and the tip, with the current feedback loop on. In this 
mode the tip is in the field emission regime and free elec- 
trons emitted from the tip can interact with the precursor 
molecules; the latter may additionally be affected by the 
electric field between the tip and the sample. This way pre- 
cursor is activated (decomposed or excited) and material can 
be deposited on the surface in the immediate vicinity of the 
tip by irreversible adsorption of the fragments or by disso- 
ciative adsorption of excited species. All deposition and sub- 
sequent imaging were performed at room temperature, where 
normal dissociative adsorption of MS and DCS precursor 
molecules saturates after submonolayer coverage 20,21 

III. SPOT FABRICATION AND THRESHOLD 

The procedure described above results in the formation of 
surface nanostructures,10 provided the deposition voltage is 
above a certain threshold. By holding the tip at constant po- 
sition and by careful optimization of the deposition param- 
eters it is possible to deposit spotlike structures on the sur- 
face. Since the surface modifications caused by dissociative 
adsorption of the precursor gases SiH4 or DCS with 
Si(l 11)7X7 at room temperature have been studied in detail 
earlier20,21 and are well known, STM induced depositions 
can be unambiguously identified on the surface. 

This induced deposition is demonstrated in the STM im- 
age in Fig. 1, where a spot is displayed in a topview and a 
pseudo-three-dimensional representation. This spot was fab- 
ricated with the precursor DCS at a pressure of 5 
X 10~6 mbar, a tip emission current of 38 pA, and the 
sample at a voltage of + 12 V with respect to the tip, during 
a deposition time of 10 s. It represents one of the smallest 
spots fabricated on the surface by STM-CVD. A detailed 
inspection of the spot and its immediate vicinity on the sur- 
face reveals modifications in the 7 X 7 structure of the initial 
surface in the vicinity of the spot. The 7X7 structure is 
modified insofar as a fraction of the adatoms is darkened. 
The appearance of this part of the surface is identical to that 
of the Si(l 11)7X7 surface after interaction with DCS at 
room temperature,21 indicating that tip induced deposition is 
limited to a very narrow area with a diameter of about 150 Ä 
in Fig. 1(a). The tip modified area can be classified into the 
spot itself, with a base width of 5.6 nm and a full width at 
half-maximum (FWHM) of 3.4 nm and a wider, speckled 
area with very small clusters or even additional adatoms 
compared to the initial surface. Both the spot and the latter 
features are clearly tip induced. The shape of the spot can be 
seen in more detail in the pseudo-three-dimensional (3D) 
representation of Fig. 1(b), where the scale in the vertical 
direction is enlarged. The shape of this spot closely re- 
sembles a regular cone with a height of 1.8 nm. 

Another example of a spot fabricated at different param- 
eters is displayed in Fig. 2, again in a pseudo-3D represen- 
tation. This spot was deposited within 20 s at a sample volt- 
age of +9V, a current of 173 pA, and a pressure of 
p(DCS)=5X10~6mbar. This spot is directly deposited at a 
step of the initial surface, which, however, has no influence 

FIG. 1. (a) STM image of a spot-shaped nanostructure deposited from the 
precursor DCS on Si( 111)7X7 at 300 K. In the vicinity of the spot the 
7X7 surface after reaction with DCS is visible at atomic resolution. Spot 
dimensions: base width 5.6 nm, FWHM 3.4 nm, height 1.8 nm. Deposition 
parameters: Uem=\2V, Iem = 38pA, p(DCS) = 5X 10~6 mbar, deposition 
time 10 s. Image size: 50 nmX47 nm. (b) Pseudo-3D representation of the 
spot in (a). The vertical scale is enlarged for better visualization of the spot 
shape. 

on the deposited structure. Like in Fig. 1, the central spot is 
surrounded by a halo that can also be assigned to a tip in- 
duced modification of the surface. The dimensions of the 
spot in Fig. 2 (base width ~4 nm, FWHM 2.5 nm) are even 

FIG. 2. Spot from DCS in pseudo-3D representation with the deposition 
voltage in the threshold regime. Spot dimensions: base width ~4 nm, 
FWHM —2.5 nm, height 0.6 nm. Deposition parameters: Uem = 9V, lem 

= 173 pA, p(DCS) = 5x 10~6 mbar, deposition time 20 s. Image size: 
48 nmX49 nm. 
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FIG. 3. Spot dimensions as a function of deposition voltage, (a) Precursor 
SiH4 and (b) precursor SiH2Cl2. 

smaller than those of the spot in Fig. 1. In this second ex- 
ample the deposition voltage was close to the threshold 
where tip induced deposition of material from DCS is quite 
possible. These spots and the other structures presented here 
represent a substantial advance over our earlier results1 with 
respect to their dimensions and the ratio of their width to 
height. 

As mentioned earlier we then performed a systematic 
study of the spot size as a function of deposition voltage 
utilizing the precursors monosilane and dichlorosilane. The 
results of these experiments are displayed in Fig. 3 for silane 
[Fig. 3(a)] and dichlorosilane [Fig. 3(b)] both at positive 
sample bias. The experiments with silane were carried out at 
a pressure of 2 X 10"6 mbar, a current of 38 pA, and a depo- 
sition time of 20 s; the parameters for the experiments with 
dichlorosilane were 5 X 10"6 mbar, 38 pA, and 20 s deposi- 
tion time. The relevant dimension shown is the base width of 
the spots; for DCS [Fig. 3(b)] the FWHM is also included, 
which follows the base width. 

Clear thresholds for deposition can be identified for the 
two precursors: 7.5-9 V for monosilane and 6.5-8 V for 
dichlorosilane. Voltages below 6 V never resulted in the for- 
mation of a spotlike deposition for either monosilane or 

dichlorosilane. For both precursor gases the lateral dimen- 
sions and also the deposited number of species increase mo- 
notonously at voltages above the threshold. 

IV. DISSOCIATION MECHANISM 

Several deposition mechanisms have been considered in 
the literature to be effective for STM induced nanostructures 
using precursor gases. These include molecular decomposi- 
tion on the tip and subsequent field evaporation, field disso- 
ciation and direct bond breaking, or a combination of them. 
To succeed in the reproducible fabrication of extremely 
small structures, however, precise knowledge of the domi- 
nant deposition mechanism(s) is essential in order to adjust 
the deposition parameters to specific systems to get the de- 
sired results. 

The threshold behavior observed in the voltage dependent 
deposition experiments (Fig. 3) leads to important conclu- 
sions regarding the relevant deposition mechanisms. In the 
low voltage regime where the experiments described above 
were conducted, several deposition mechanisms may be re- 
sponsible for deposition in the threshold regime around 7-9 
V. We first consider the precursor monosilane. Conceivable 
deposition mechanisms are (i) field induced dissociation, (ii) 
adsorption and dissociation at the tip and subsequent field 
evaporation onto the surface, (iii) direct ionization by elec- 
tron impact, or (iv) interaction of the molecule (at the surface 
or still in the gas phase) with electrons by forming a tempo- 
rary, unstable state and subsequent dissociation of the com- 
pound state. These mechanisms are discussed in the follow- 
ing. 

(i) Information on the exact electric field distribution and 
strength is difficult to obtain because the field in the 
immediate vicinity of the tip is very inhomogeneous 
and sensitive to the exact tip shape, which is un- 
known. We therefore estimated the electric field 
strength by modeling the tip by a metal sphere and the 
surface by a conducting, flat, structureless plane. The 
electric field resulting from such an arrangement can 
easily be calculated.22 The result is that in the thresh- 
old region the maximum electric field (at the tip) is in 
the range 0.1-0.5 V/Ä, using a tip radius of 100 nm 
and a tip-surface distance of 15-50 A. We would 
like to note here that these field strengths are too 
small to efficiently release surface atoms, a process 
that is well established,1 but for which field strengths 
of the order of 4 V/Ä and above are required.23 Con- 
sequently, it was not possible for us to produce struc- 
tures without precursor gas in the threshold regime 
similar to those presented above, but under otherwise 
identical parameters as those for the deposition ex- 
periments. On the other hand, field strengths in the 
range 0.1-0.5 V/Ä appear to also be too small for 
direct field induced dissociation of silane, either ad- 
sorbed or in the gas phase,23 so this mechanism is not 
suggested as being responsible for deposition in the 
threshold regime. 

(ii)      Regarding the second possibility, the adsorption and 
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dissociation of molecules at the tip, it was reported 
earlier that voltages in the range of 1 V/Ä are neces- 
sary for fragmentation of SiH4 at the W tip at room 
temperature.11 Subsequent processes that lead to ma- 
terial deposition would then be field-enhanced surface 
diffusion of the fragments to the tip apex and field 
evaporation to the Si surface. This sequence was fa- 
vored in Ref. 11 but in our case the electric field 
strengths at the deposition threshold appear to be too 
small for this mechanism to become effective. 

(iii) The lowest ionization potential (IP1) for direct ioniza- 
tion of SiH4 is at ~ 12 eV (ionization from the 2t2 

orbital),24 followed by ~18eV for the 3 a j orbital 
(IP2).24'25 These values are clearly too high for the 
observed deposition threshold, so direct ionization can 
definitely be excluded. In addition, direct ionization 
would produce SiH4 ions which would be repelled 
from the surface at positive bias. 

(iv) It is well established that temporary negative ions 
(TNIs) can be formed by low energy electron capture 
of molecules.26 When the electron energy matches the 
energy of a low-lying, unoccupied molecular orbital, 
the cross section for electron capture can increase 
considerably and a TNI resonance is formed. The TNI 
resonance can decay by dissociation under formation 
of an anion and a neutral radical. This process is 
called dissociative electron attachment (DEA). In fact, 
DEA was observed for SiH4 earlier, with resonances 
at 7.0 and 8.0 eV, respectively.27"29 These resonance 
peaks for dissociative electron attachment were as- 
signed to the Jahn-Teller split components of a va- 
lence TNI resonance involving a t2cr* orbital.29 This 
was confirmed by Dillon et al.30 utilizing high resolu- 
tion electron impact spectroscopy and by calculations 
by Tossell and Davenport,25 which established that 
the t2 resonance in SiH4 arises from a single clearly 
identified unoccupied orbital. 

The t2cr* resonance transient anion state leads to molecular 
dissociation via DEA, 

SiH4+e--+SiH4 ^SiH^+H. (1) 

SÜT3" was identified as the most abundant species in the 
negative ion spectra of SiH4 following low energy electron 
bombardment,28 evolving via Eq. (1) with a cross-sectional 
maximum at —7.0 eV. The threshold of 7.5-9 V for depo- 
sition from SiH4 observed in our experiments is very close to 
the energies required for DEA in this molecule. We therefore 
suggest that this mechanism is the dominant one in the po- 
tential regime near the onset of deposition. Since deposition 
with the sample only at positive bias is considered here, the 
ions produced by DEA have the correct polarity to be at- 
tracted by the surface. This may also be the reason why 
deposition of material at the tip is not observed in the thresh- 
old regime. Only at higher voltages does tip contamination 
becomes more frequent. Results of experiments with nega- 
tive sample bias, which will be discussed elsewhere, show 
that deposition at negative sample bias is considerably more 

unreliable. To rationalize the slightly higher energy of the 
deposition threshold observed here compared to the gas 
phase TNI29 one must keep in mind that under our conditions 
this process is strongly localized in space and restricted to a 
region above the surface where the electrons have gained 
enough energy necessary for the DEA process, which is 
smaller than the tip-surface distance. The necessary energy 
(i.e., ~7 eV) must have been gained some distance in front 
of the surface to enable the dissociation of a considerable 
number of molecules, which leads to significant material 
deposition. 

DEA processes of adsorbed molecules have been well es- 
tablished and identified as very efficient surface dissociation 
processes, for example, for H20 or physisorbed CF4 on 
H-passivated Si(lll) (Refs. 31 and 32) and 02 on Si(lll).33 

Because of the very specific excitation mechanism involved 
in DEA, it was realized that this process opens up the possi- 
bility of "tuning" chemical reactions at or near the surface 
by breaking specific chemical bonds.32'33 When using a STM 
tip as electron source for DEA, this process is strongly re- 
stricted in space, i.e., it is only possible in the region between 
the tip and the surface. This was utilized by Avouris and 
co-workers34 for site and reaction specific STM induced sur- 
face chemistry. In our case, it was exploited for the fabrica- 
tion of surface nanostructures. However, STM induced sur- 
face reactions of course do not necessarily need to be 
induced by DEA; other mechanisms specific to particular 
systems may also be effective for STM mediated surface 
modifications. This was explicitly shown for STM induced H 
desorption from Si(lll) (Ref. 13) or Si(100).14'34 

For dichlorosilane the situation is less clear than for 
monosilane in that there are no equally reliable data for TNI 
and DEA processes for this molecule, but the processes and 
aspects discussed in (i)-(iii) (field dissociation, field evapo- 
ration, and direct ionization) may hold for this molecule as 
well. Direct ionization, in particular, can be excluded in the 
threshold regime, because the first IP for DCS is 11.7 eV.35 

Regarding the deposition threshold of 6.5-8 V, which is 
slightly lower than that for monosilane, a similar TNI reso- 
nance that leads to DEA may well exist, and we tentatively 
assign the threshold behavior for DCS to a DEA process 
similar to that for silane. 

At potentials well above the threshold region, processes 
other than DEA will certainly contribute to the dissociation 
of SiH4 and SiH2Cl2; these were discussed previously. With 
increasing deposition voltage processes like direct ionization 
or field induced dissociation will also become effective and 
lead to less specific behavior in the deposition. This will lead 
also to a less pronounced localization of the dissociation pro- 
cess and the molecular fragments on the surface and will 
result in larger dimensions of the nanostructures.10 There- 
fore, to achieve the minimum size for nanostructures it is 
useful to deposit material with voltages as close to the depo- 
sition threshold as possible; this, on the other hand, results in 
a relatively slow "writing" speed, i.e., the time necessary to 
produce a structure of the desired size. 

We would like to add a remark regarding the chemical 
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FIG. 4. Pseudo-3D representation of a continuous structure written from the 
precursor DCS. Structure dimensions: linewidth 9 nm, distance between the 
parallel lines 40 nm, line height 1 nm. Deposition parameters: Uem 

= 12V, /(,„, = 32pA, p(DCS)=5Xl(T5mbar, writing speed lOnm/s. Im- 
age size: 208 nmX 120 nm. 

composition of the structures. Since the experiments were 
carried out far below the desorption temperature of H2 from 
Si, we expect that the deposits are composed of amorphous, 
hydrogenated and, in the case of deposition from DCS, chlo- 
rinated Si. This is also suggested by the dissociation mecha- 
nism^) which produce(s) a mixture of SiHx or SiH^Clj, plus 
H species. (dI/dV)/(I/V) measurements (not displayed 
here) over the nanostructures indicate that the characteristic 
surface states observed on bare Si( 111)7X7, which result 
from the surface dangling bonds, are not present on these 
structures. This suggests saturation of the Si dangling bonds, 
which can be expected in hydrogenated/chlorinated Si clus- 
ters. 

The information gained from spot deposition experiments 
and from analysis of the deposition parameters in the thresh- 
old region can be used to fabricate continuous and rather 
narrow surface structures by moving the tip under deposition 
conditions. An example is shown in Fig. 4 in a pseudo-3D 
representation. This structure was deposited close to a step, 
which can be seen at the right-hand side of the image. The 
precursor was DCS at a pressure of 5X10-5 mbar, Uem 

= 12 V, Iem = 32 pA, at a writing speed of 10 nm/s. The de- 
posited structure has a regular U shape, without any interrup- 
tions. The linewidth in this structure is 9 nm, and the parallel 
lines are separated by —40 nm. Continuous structures hav- 
ing such narrow linewidths could be fabricated only at volt- 
ages close to the threshold regime, confirming that informa- 
tion on the deposition threshold regime is important for the 
reproducible fabrication of nanostructures. 

V. SUMMARY 

Nanostructure fabrication by STM-CVD was studied on 
Si( 111)7X7 surfaces utilizing the precursor gases silane 
(SiH4) and dichlorosilane (SiH2Cl2), with emphasis on the 
behavior in the voltage threshold regime. Spotlike as well as 
continuous structures with lateral dimensions in the sub-10 
nm regime were successfully fabricated by tuning the depo- 

sition parameters. The dissociation behavior strongly sug- 
gests that for SiH4 decomposition a dissociative attachment 
process becomes effective in the deposition voltage threshold 
regime, and may also apply to DCS as well. 
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Studies of field related effects in the fabrication process on graphite 
using a scanning tunneling microscope 
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The surface modification process with low energy electron beams, generated with a scanning 
tunneling microscope, is investigated using graphite as an example. By analyzing the cross-sectional 
profiles, it is shown that local transport properties could play a vital role in determining the 
characteristics of the fabricated craters. In addition, the observed asymmetry in the contours of the 
as-produced craters is proposed to be correlated with the geometry of the tip apex region. It is 
therefore suggested that one look into the roles of low energy electrons, together with the effects of 
strong electric field, in the fabrication process. © 7997 American Vacuum Society. 
[S0734-211X(97)01204-3] 

I. INTRODUCTION 

As considerable progress has been made concerning the 
physical nature of manipulation and the fabrication process 
using scanning tunneling microscopy (STM),1'2 it is become 
increasingly clear that the fabrication and controling pro- 
cesses are complicated issues and require knowledge of not 
only individual atoms but also species of condensed form as 
well. Currently a consensus has not been fully reached on the 
fabrication mechanisms. It is evident that the fabrication pro- 
cess using STM is affected by many factors, some of which 
are strong electric field and injected low energy electrons— 
two of the most common ones in this category of experi- 
ments, and their importance has been widely recognized. 
While the roles of strong electric field, along with other 
proximity effects, have been extensively studied, the possible 
effects of the injected electrons have yet to be clearly under- 
stood. The interaction of low energy electrons with con- 
densed matter and molecular solids has been an interesting 
subject over the years,3"5 and is known to be associated with 
a number of phenomena. As progress is seen in revealing the 
mechanisms for atom manipulation, it is naturally interesting 
to explore the range of parameters where the mechanisms 
could be applied. 

Recent theoretical6'7 and experimental8 studies strongly 
support the view that the injected electron beams are well 
collimated within a narrow range of nanometer scale. The 
apparently large sizes of modified regions on the surface of a 
number of materials such as graphite,9'10 TaS2,n and so on 
indicate that there should be a diffusion mechanism in- 
volved. 

Our previous study of the diffusion process for low en- 
ergy electrons12 suggested that the cross-sectional profiles of 
craters generated by electric pulses could be influenced by 
the diffusion of injected electrons due to various scattering 
processes. Comparisons with experimental data on highly 
oriented pyrolytic graphite (HOPG) yielded qualitatively sat- 
isfactory results.12 It is further suggested that the correlation 

a,Permanent address: Dept. of Materials Physics, University of Science and 
Technology of Beijing, Beijing 100083, People's Republic of China. 

could be applied to study the local transport properties of 
sample materials. While this consideration was mainly based 
on the analysis of highly symmetric cross-sectional profiles, 
we also noticed that there are occasions where substantial 
asymmetric results exist, which were also apparently depen- 
dent on the tips used in the experiments. It is plausible to 
assume that the tip geometry should have certain impacts on 
the fabricated features, since it is directly related to the dis- 
tribution of the electric field external to the sample surface. 
Therefore, tip geometry is an issue that should be addressed 
while analyzing the characteristics of the concerned nanos- 
cale features. In subsequent investigations we also demon- 
strated that two distinct types of features can be repeatedly 
produced and are found to be correlated with tip-sample 
separation, displaying threshold behavior.13 This observation 
could be considered as consistent with the general trend of 
tunneling barrier versus tip-sample separation. 

In this work, we examined the characteristics of the cra- 
ters in more detail. Evidence of asymmetric cross-sectional 
profiles and associated contour plots was presented, and the 
explicit expression of correlation between the geometry of 
tip apex region and the distribution of electric field is de- 
rived. The combination of the electron diffusion process and 
the electric field distribution, which is external to the sample 
surface, helped to illustrate the roles of field associated fac- 
tors. We analyzed the possibility of obtaining information on 
local transport properties and geometry of tip apex by exam- 
ining the characteristics of cross-sectional profile of as- 
produced craters. 

II. CHARACTERISTICS OF THE ELECTRON 
DIFFUSION PROCESS 

There has been evidence of effects due to high current 
density for many years.14,15 Attention has been directed at 
the possible Joule heating effects, as this correlation is be- 
lieved to be minimal. So far, research has been focused on 
the effects of strong electric field, and there is apparently a 
lack of discussion on the possible interactions between the 
accompanying low energy electrons with atoms of the 
sample during the fabrication process, although this interac- 
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FIG. 1. A schematic diagram of tip-sample configuration illustrating the 
fabrication process using STM. (a) 
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tion has been known to be the origin of destabilizing target 
atoms, which is also a subject being extensively studied by 
atomic physicists. ~ 

In an idealized situation, the injected electron beam in the 
fabrication operation using STM can be modeled as a point 
source. By positioning the incoming electron beam at the 
origin of the coordinates as shown in Fig. 1, one can illus- 
trate the distribution of the electron in terms of a diffusion 
equation:12 

Simulation of Nanodots on HOPG Surface 

D« 
d2<p 

Ix2 + D, 
d2cf> d2<f> 
^T+DL-T = -W(zs)S(xs,ys). 
dys dzs 

Here (x, ,zt) and (xs ,ys ,zs) represent tip and sample surface 
positions, respectively. ys, which is not shown in the figure, 
is the axis normal to the paper plane. W(zs) is the number of 
electrons arriving per unit length along the path of the in- 
jected electrons per unit time. cf> is the density of electrons in 
the vicinity of the injection position. D\\ and D± are the 
diffusion constants parallel and perpendicular to the surface, 
respectively. 

The equation is a typical one for Green's function and can 
be solved analytically. The general solution at the vicinity of 
tip apex is in the form of 

W(z,) = W„exp 

</>=- 
Wn 

2TTD, 

m 2    ■ 

tß\mr- 
exp In   ir 

ß_ 1/2 

Here W0 and ß are constants. r= ^Jx2 + y2. The exponential 
decay of beam intensity is evident in the above expression. 
Since the density distribution is closely related to the diffu- 
sion properties, it would be interesting to see the effects 
caused by the variation of Dy and DL . Figure 2(a) displays 
an example of the calculational results of constant density 
profile for three different D\\IDX ratios, where a value of 
3000 is derived from the parameters of graphite.12'16 The 
effect of Du /D± on the surface diameter of the affected re- 
gion is clearly visible, and is also presented in Fig. 2(b). The 
negative z range represents the sub-surface region. The result 
indicates that materials having a higher ratio of in-plane to 
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FIG. 2. (a) Different D,, IDL ratios will result in different constant density 
profiles; (b) the variation of surface radius as the function of DBIDL . 

out-of plane diffusion constants will be more susceptible to 
extended surface damages during the nanostructuring pro- 
cess involving field emitted electrons as the major fabrica- 
tion tool. As to the experimental test of this analysis, a model 
system would be the graphite intercalation compounds which 
are layered systems with various asymmetries of transport 
properties,16 which therefore could serve as ideal candidates 
for this purpose. 

The above analysis mainly used an idealized scheme 
where a point source is the origin of the field emission elec- 
trons. It could easily be extended to the situation of multiple 
emission. The multiple sources would then lead to the super- 
imposed distribution of electrons. This is evidenced by some 
observations that the lowest portion of some generated cra- 
ters are not pointlike, but rather a flat region of nanometer 
sizes. We believe this is an indication of a relatively flat tip. 
Another possibility for generating the fiat region is that the 
as-generated craters could undergo a collapsing process due 
to structural instabilities or migrating surface atoms. In 
view of the fact that a relatively long time is required for 
such a process to occur, we believe this is not the dominant 
mechanism, and therefore could be ruled out. 
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(a) 

(b) 

FIG. 3. STM image of a nanometer sized features on the surface of HOPG obtained by applying a 8 V, 3 ms voltage pulse to the sample at a set point of (500 
mV, 50 pA). (a) The cross-sectional profile showing the crater is relatively high symmetric; (b) corresponding contour image. 

III. TIP GEOMETRY EFFECT 

In addition to the observation of deviation from an ideal- 
ized situation of point emission source as discussed in Sec. II 
we also noticed asymmetries in overall contours of certain 
nanoscale craters. Numerous investigations have shed light 
on the roles of a strong electric field in fabrication processes. 
Mechanisms such as field initiated contact,17 field 
evaporation,18 and so on presented different approaches to 
the situation. As a complement to the above mentioned ap- 
proaches, it would be interesting to look at the actual distri- 
bution of the electric field. By taking into account the charge 
distribution on the tip surface near its apex region, one could 

obtain an explicit form of the electric field distribution 
E (directed normal to the sample surface) at the sample sur- 
face which is presumably grounded: 

E(xs) = = 2k ( 
J tip 

zMXj,Zt) 

[z*+(xs-x,)2]2 1 + 
dz,\ 
dxtj 

1/2 

dx,. 

Here the coordinates are defined as in Fig. 1. E(xs) is the 
electric field at surface position xs, <r(x,,z,) is surface 
charge density at position (x,-,z,) on the tip, and dz,ldxt is 
the local curvature of the tip. We use two dimensional coor- 
dinates as shown in Fig. 1 for the convenience of illustration. 
An extension to the three dimensions could be readily avail- 
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able. For simplicity, one could consider spherical, parabolic, 
and hyperbolic models, respectively, for the tip apex in order 
to obtain a(x, ,zt) explicitly, similar to the treatments widely 
used in field emission studies. In practice, the tip shape may 
very likely involve a more complicately geometry. 

The above expression clearly involves geometric informa- 
tion on the tip. Since the field strength is concentrated at the 
tip apex region, the field emission in the case of STM is 
reasonably considered to be restricted to the tip apex, espe- 
cially when the pulse voltage is not much larger than the 
threshold value. In addition, the field strength outside the 
field emission region may still be strong enough to affect the 
fabrication process, causing variations in the apparent geom- 
etry of the fabricated features. This analysis implies that it 
might be possible to retrieve information about actual tip 
apex geometry from fabrication outcomes. 

IV. EXPERIMENTAL OBSERVATIONS 

Experimental observations of the fabricated craters on 
HOPG surface have yielded qualitatively consistent results 
within the framework of the above considerations. Cross sec- 
tions of craters with relatively high symmetry, as shown in 
Fig. 3(a) could be closely simulated by invoking the electron 
diffusion mechanism.12 This feature was obtained with the 
tunneling conditions (500 mV, 50 pA) and with a voltage 
pulse of (-8 V, 3 ms) applied to the tip. The feedback was 
turned off in order to stablize the tip-to-sample separation. 
The corresponding contour image in Fig. 3(b) helps to illus- 
trate the symmetry of the crater. For some of the craters 
which have limited diameters at the bottom, yet are still sym- 
metric, reasonable fits can still be obtained after removing 
the flat bottom region. This helps to show the effects of flat 
tips. We also have examples where two adjacent craters were 
generated simultaneously by the pulse method. This further 
suggests that the emission source could consist of multiple 
points. It was noticed that in the fabrication process on a 
HOPG surface, a nonsymmetric configuration could also be 
observed. This is a clear indication that there are other fac- 
tors that could affect the fabrication process. As discussed in 
Sec. Ill variations in the crater symmetry could be accounted 
for by considering the effects of tip geometry. 

Tip effects have been studied with an emphasis on the 
proximity effect, which causes considerable deformation of 
local tunnel barrier, thus increasing the probability for the 
transfer of atoms between the tip and the sample. This is 
highly convincing in the situation of atom manipulation. 

However, for fabrication of regions as large as tens of na- 
nometers, proximity effect alone appear not to be sufficient. 
Other mechanisms, including chemical ones, probably 
should be taken into account in order to provide more spe- 
cific correlations between various electric field related fac- 
tors. This may facilitate quantitative descriptions of the fab- 
rication process employing STM. 

V. SUMMARY 

This investigation suggests that the characteristics of the 
nanometer scale craters could be appreciably influenced by 
the local transport properties, and tip geometry as well. It 
therefore provides a possible venue to retrieve relevant infor- 
mation which is not readily available by other means. Fur- 
ther efforts are considered necessary and essential in order to 
gain a deeper insight into the fabrication process using STM. 
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Accelerated ionized cluster beams are used for surface nanostructuring of bulk diamond, chemically 
vapor deposited (CVD) diamond films, single-crystalline silicon, or glass, among others. Beams of 
C02 clusters with about 1000 molecules per unit charge are accelerated to up to 120 keV kinetic 
energy for mask projective surface bombardment. Patterning is achieved via physical as well as 
chemical surface erosion. Very smooth eroded surfaces result for bulk natural diamond, silicon, and 
glass. Polycrystalline, strongly faceted CVD diamond films are effectively planarized. 
Submicrometer structures with adjustable wall inclinations can be generated. Atomic force 
microscopy of isolated impact structures reveals hillocks instead of craters. The collective motion of 
the impacted surface material is considered crucial for the cluster impact induced 
nanomodifications.   © 1997 American Vacuum Society. [S0734-211X(97)03104-1] 

I. INTRODUCTION 

Beams of ionized clusters can be used for impact induced 
micromachining.1 Electrical acceleration by 100 kV of ion- 
ized clusters with 1000 molecules per charge unit leads to 
physical2 as well as chemical3 impact erosion. The high tem- 
peratures that are calculated to result at the impact area from 
the high impact energies4'5 provide etch reactivity, at least 
for some ps, even with otherwise rather inert cluster materi- 
als, such as C02 or SF6. Hence, the process is called reactive 
accelerated cluster erosion (RACE).3 

The present study is devoted to investigating the nano- 
structures generated by individual cluster impacts. The lat- 
eral extensions of these nanostructures should determine the 
limits of the lateral resolution that is achievable with a clus- 
ter beam lithography, while the depths or heights of the 
nanostructures should add up to the roughness of the eroded 
surface. 

The experimental setup described in Ref. 6 earlier is now 
equipped with a rapid beam shutter that allows exposure 
times as short as 0.5 ms. A manually operated beam flag 
additionally serves to protect the rapid shutter from pro- 
longed cluster beam erosion. Target, mask, and beam shut- 
ters are all kept at ground potential. The cluster beam source 
can be operated at high potential of either polarity. In the 
present case, a positive potential of 100 kV is used to accel- 
erate positive cluster ions towards the ground electrode 
which they pass via a 10-mm-diam central orifice. 

After exposure to the accelerated ionized cluster beam, 
the targets are transferred through ambient atmosphere with- 
out any particular precautions to either a scanning electron 
microscope or a Digital Instruments Nanoscope III. They are 
investigated by atomic force microscopy in the so-called 
contact mode using silicon nitride cantilevers, or in the tap- 
ping mode with Si cantilevers. 

II. EXPERIMENT 

The clusters are generated by adiabatic nozzle expansion 
of C02 or SF6 gas, the converging-diverging nozzle having 
0.1 mm throat diameter, a 10° angle of initial divergence, 
and a 28 mm long divergent part (Fig. 1). Most of the ex- 
panding gas is frozen onto cryopanels attached to a liquid 
nitrogen bath cryostat. The core of the expanding nozzle 
flow is transferred to high vacuum via two skimming ori- 
fices. Electrons of 150 eV energy partly ionize the cluster 
beam which may then be focused by up to a 10 kV potential 
negative with respect to the acceleration potential.6 

The cluster mean sizes can be measured by using a dedi- 
cated time-of-flight spectrometer in place of the target.7 The 
nozzle feed pressure is chosen to provide clusters of a suit- 
able mean size (in the present work 1000 molecules of 
C02 per unit charge) in order to ensure high speed impacts. 
At a chosen acceleration voltage of 100 kV the ionized clus- 
ters impinge on the target at about a 20 km/s speed. 

III. RESULTS 

Direct lithography by accelerated cluster beams is exem- 
plified in Fig. 2 by the erosion and planarization of chemi- 
cally vapor deposited (CVD) diamond films. The strongly 
faceted films typical of CVD diamond are eroded using a 
mask with hexagonal holes. Originally, the films were black 
due to a residual graphitic component, which also makes the 
films conducting. In the scanning electron microscope 
(SEM), these parts appear bright. The eroded parts, however, 
appear black in the SEM due to lost conductivity, but appear 
nearly white under natural illumination. 

The planarization of the eroded areas gives the impression 
of superficial melting. The underlying crystal structure can 
still be recognized in the residual, mostly triangular holes. 

With homogeneous targets, such as monocrystalline sili- 
con, metals, glass, and others, the eroded areas have always 
been found to be very smooth,1'3'6 at least as seen in SEM 
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FIG. 1. Schematic view of the setup for generating isolated cluster impact 
structures. 

investigations. In the following, results obtained in atomic 
force microscope (AFM) studies are presented; they are used 
to clarify the individual impact structures. 

Commercially available polished Si wafers were selected 
as targets because of their original flatness. Figure 3 gives an 
example of such a surface after COz cluster bombardment for 
0.125 s investigated by AFM in the contact mode. Surpris- 
ingly, there appears to be a rise in the eroded area instead of 
a depression. In Figs. 3 and 4 light shading indicates elevated 
regions. 

In Fig. 4, enhanced spatial resolution is used to envision a 
typical isolated hillock. The areal density of such hillocks 
corresponds to the areal density of cluster impacts. It was 
originally expected that the result of an individual cluster 
impact would be a nanosized crater. 

? 3p*3Vl jr-~(:'~'-**$*t ^'- 

/vra 
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FIG. 2. Polycrystalline diamond eroded by accelerated C02 cluster bombard- 
ment. The hexagonal eroded area appears black in the SEM since a loss of 
residual graphite reduces the electrical conductivity. 
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FIG. 3. Silicon after 0.125 s bombardment with accelerated C02 clusters. 
The AFM picture is a deflection image taken in the contact mode. The 
impacted area seems to be raised due to the image of many hillocks com- 
bined. 

Figure 5 gives an example of a much larger impact struc- 
ture. Such patterns occur about a factor of 1000 less fre- 
quently than the isolated hillocks in Figs. 3 and 4 and must 
result from much larger and more energetic projectiles. The 
origin of these larger projectiles is not quite clear. Presum- 
ably they are multiply charged, allowing them to gain a cor- 
respondingly higher energy in the electrostatic acceleration. 
The central pyramid in Fig. 5 is surrounded by an area that 
again indicates the flow of molten material. 

IV. DISCUSSION 

The spatial resolution of direct microlithography by clus- 
ter impact erosion must be limited by the spatial extension of 
the material modification induced by an individual impact. 
From macroscopic ballistic experiments it is known that hy- 
pervelocity impacts of spherical projectiles generally yield 
hemispherical surface craters whose volume is proportional 
to the impact energy. Extrapolating these results to the im- 

FIG. 4. Isolated impact-induced hillock on silicon, observed as the height 
image in the tapping mode. 
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FIG. 5. Impact-induced structure on silicon with a central pyramid and sur- 
rounding flow blanket. The pyramid is considered to be a convolution of a 
central peak on the target by the pyramidal contact mode AFM tip. 

pacts of clusters of 100 keV impact energy leads to predicted 
crater diameters of some tens of nm, which is considerably 
larger than the average diameter of about 3 nm of the im- 
pinging clusters.2 Indeed, a pronounced surface roughening 
has already been observed with atomic force microscopy af- 
ter hypervelocity cluster bombardment.8 While the lateral di- 
mensions of the hills or pits were of the order of some tens of 
nm, it was not possible, however, to decide whether the sur- 
face structure resulted from an interference by craters or by 
hills. 

Figures 3 and 4 now reveal the isolated structures to be 
hillocks which have the approximate lateral dimensions an- 
ticipated. Hence, while the original considerations may still 
be used with respect to the lateral limit of resolution for this 
kind of lithography, the low height of the resulting hillocks 
helps to explain the observed smoothness of the eroded ar- 
eas. 

The accelerated clusters of 1000 molecules impinge onto 
the target at about a 20 km/s speed which is more than the 

sound speed in any material. Hence, a shock wave will 
traverse the target radially from the point of cluster impact, 
setting the target material into a radially outward directed 
motion also. If a hemispherical crater does not result from 
such an impact, this outward motion must later be reversed. 
The rebounding material may then refill the transient crater, 
eventually even leading to a central peak. Such a process has 
also been postulated to explain the very large impact struc- 
tures with a central peak on the planet Mars.9 

The central pyramid in Fig. 4 is very probably a convo- 
lution of a central peak on the target and the tip of the AFM. 
If more than one such pattern can be found on the target, 
they should all be similar in orientation and topology. Fur- 
thermore, the inclinations of the sideplanes of the pyramids 
are the same as the inclinations obtained in the anisotropic 
etching of Si which is used in the tip production. The thin, 
nearly circular blanket seen in Fig. 5 covering the target 
around the impact area apparently results from liquid mate- 
rial that has covered over the impact hillocks generated ear- 
lier. 

In conclusion, there are several indications of a transient 
fluidization of the impacted material: the planarized areas of 
eroded polycrystalline diamond films, hillock instead of cra- 
ter formation, and the fluidized blanket around larger impact 
structures. The cluster impact induced nanomodification thus 
seems to be governed by the localized collective motion of 
the impacted material. 
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Manipulating DNA molecules to form molecular patterns on a nanometer scale is a subject with 
wide prospects. By applying a modified "molecular combing" technique and imaging in air with 
atomic force microscope, we aligned DNA molecules on a mica surface which was chemically 
modified with a small organic molecule, (3-aminopropyl)-triethanoxysilane. Two-dimensional 
patterns of DNA molecules were also constructed. © 7997 American Vacuum Society. 
[S0734-21 lX(97)02804-7] 

I. INTRODUCTION 

Imaging biological macromolecules and supermolecules 
with atomic force microscopy (AFM) can provide new bio- 
logical knowledge because of its high resolution for biologi- 
cal samples.1"4 Additionally, manipulation of individual bio- 
logical macromolecules is a field of study that is not only 
significant but also very interesting. The methods of extend- 
ing and manipulating DNA for various purposes have been 
reported as follows. Large DNA molecules can be stretched 
out by flow forces in molten agarose and then rapidly fixed 
by agarose gelation without application of electrical fields.5 

In order to study the conformational dynamics of an indi- 
vidual DNA molecule, a new technique termed the "pulse- 
oriented field" method was adopted.6 Bead DNA based op- 
tical tweezers were used to measure the elastic properties of 
individual double-stranded and single-stranded DNA 
molecule.7'8 In addition, by first anchoring one end of the 
molecule in a matrix, DNA molecules were extended and 
aligned by a receding air-water interface or by electrophore- 
sis. To anchor DNA to a glass surface, researchers first 
grafted a monolayer of silane molecules onto a substrate 
surface,9 then stretched it by a "molecular combing" tech- 
nique or by gel electrophoresis.10-13 

Extension of DNA is much more important for imaging 
with AFM which is expected to have potential application in 
biology. For example, direct mapping of genes or direct se- 
quencing of DNA with AFM requires that the DNA strands 
be straightened first.14"16 To directly observe the process of 
reaction between DNA and other biomolecules, the DNA 
strands should not be tangled. However, extending DNA for 
AFM imaging must fulfill special requirements. Usually, bio- 
logical samples must be strongly attached to an atomic flat 
matrix surface so that they are immobile in a buffer solution 
and not swept away during imaging with AFM. Although the 
mica surface is flat at the atomic level, unfortunately, it is not 
strong enough to attach biosamples.17'18 Chemically modified 
mica, particularly mica silanzed with a monolayer film of 
(3-aminopropyl) triethanoxysilane (APS), has shown good 
performance.19'20 These surfaces have the following charac- 

a'Author to whom correspondence should be addressed; Electronic mail: 
mqli@fudan.ac.cn 

teristics: (i) they meet the requirement of being molecularly 
or atomically flat; (ii) they have a strong binding ability to 
DNA; (iii) their preparation is simple and convenient; (iv) 
they are stable in a buffer solution for a long time.21 More 
important, the molecular combing technique, as well as the 
modified method by Weier,22 has made it possible to extend 
large size DNA strands into an aligned form on APS mica. 

In this article, we report that large size DNA molecules 
could not only be aligned in one direction but also con- 
structed into a special two-dimensional pattern on the APS 
mica surface. 

II. MATERIAL AND METHOD 

The mica surfaces were chemically modified, using a 
monolayer film of 3-aminopropyl triethoxysilane (APS, 
United Chemical Co., Bristol, PA) with a molecular self- 
assembly method. The detailed method was described in Ref. 
10. 

Supercoiled lambda DNA molecules were linearized with 
restriction endonuclease Nae I, both incubated for 60 min at 
37 °C. Lambda DNA (48 502 bp) and Nae I were products of 
Promega Co., USA. Nae I recognizes the special sequence 
(GCCjGGC) and produces blunt ends. There is only one 
recognition site in the lambda DNA molecule to restrict en- 
zyme Nae I. The DNA digested by Nae I was diluted to a 
concentration of a few nanograms per microliter. For the 
study with AFM, the samples were prepared by first depos- 
iting a small drop (typically 2 fi/) of DNA solution onto a 
clean glass cover slip. The glass cover slip was then carefully 
placed onto the top of the APS film. The weight of the thin 
cover forced the solution to spread immediately into a thin 
layer. After a few minutes, the glass slip was removed and 
the APS film surface was rinsed with doubly distilled water 
and dried with a flow of clean nitrogen. 

In this study, all images were collected using a Nanoscope 
III AFM (Digital Instruments, Inc., Santa Barbara, CA) with 
tapping mode in air. 

III. RESULTS AND DISCUSSIONS 

Figure 1(a) showed the typical one-dimensional DNA pat- 
tern. In this AFM image, the strands were well distributed on 
the APS film in a parallel fashion. The condition to form a 
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FIG. 1. AFM images of one-dimensional DNA strands aligned on the APS 
film surface by applying a molecular combing technique, (a) Scanning 
range: 10 /jmX 10 /im, z range: 0-2 nm (b) DNA strands on APS film with 
flaws. Scanning range: 1.1 /unXl.l /im, the z range: 0-6 nm. 

very straight DNA pattern was very subtle. Sometimes the 
roughness of the substrate surfaces influenced the spreading 
of the solution and resulted in many tangled DNA strands.23 

We found that the DNA strands could be made straighter by 
applying extra pressure with a finger on the glass cover slip 
while combing. Here, we refer to the pressure from the finger 
as an extra force. The reason for the pressure effect might be 
as follows. DNA solution can be spread by the gravitational 
force (the weight of the glass slip itself) and the wetting 
force between the two surfaces with water inside. If the 
spreading speed was very slow, the DNA molecules had 
more opportunity to be adsorbed in a small area on the APS 
mica surfaces, resulting in tangled fashions. The extra force 
could enhance the spreading speed of the solution and the 
straighter DNA patterns could be easily obtained. 

In some cases the mica surface was not fully covered by 
APS film as shown in Fig. 1(b). The black flaw is the bare 
mica surface since the APS only forms a monolayer on mica 
substrates. The thickness of the APS film can be measured 
from the height difference between the APS area and the 
bare mica area. In this experiment it was about 0.6 nm. It 
was thought that the APS molecule attached chemically on a 

FIG. 2. AFM images of two-dimensional DNA pattern aligned on the APS 
film, (a) Two-dimensional DNA network in a large scanning range: 
10 /itmX 10 yum, (b) highlight view extracted from the E area in (a), and (c) 
a typical Chinese character well. 

mica surface by an oxygen bridge between a silicon atom 
and the mica surface.9'19 Theoretically, the monolayer film 
thickness can be obtained by calculating the sum of all rela- 
tive covalent bond lengths. It is about 1.0±0.1 nm.24 The 
0.6 nm thickness measured by AFM here might come from 
the fact that the film is soft and may easily be flattened by the 
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AFM tip. Another possibility is that the APS molecule is not 
fully upright on the mica surface. 

We noticed that the DNA strands only extended over the 
APS film and did not enter the flaw where the mica was not 
covered by APS, illustrating the different adsorption of DNA 
on different surfaces. The adsorption between DNA and the 
mica surface is weaker than that between DNA and the APS 
film. 

Figure 2 contains AFM images of two-dimensional DNA 
molecule patterns. To construct the patterns, we used the 
following procedures. First of all, a monolayer of APS film 
was grafted on a mica surface; second, the DNA molecules 
were aligned on it in the AB direction, rinsed, and dried; then 
we aligned the DNA along the CD direction, rinsed, and 
dried again. This result shows that the APS film is a signifi- 
cant contributor to aligning DNA and constructing the DNA 
network. Figure 2(a) is a two-dimensional network on a large 
scale. Figure 2(b) is a highlight view in a small range ex- 
tracted from the E area in Fig. 2(a). Figure 2(c) is a typical 
Chinese character "well." 

In view of the strong adsorption, the DNA strands aligned 
on the APS film were difficult to rinse away, therefore, the 
APS mica system provided a suitable method for direct map- 
ping of genes and direct sequencing of DNA with AFM. It is 
useful not only to obtain a low "background noise" sample 
for AFM imaging but also to prepare two-dimensional 
DNA networks. The mechanism of adsorption in this system 
is not clear. One possible mechanism might be the interac- 
tion between DNA and APS film by electrostatic attraction. 
The APS molecules were grafted onto the mica surface and 
the up ends were amine groups-NH3 in water solution at 
pH=7 while DNA is usually negative charged.10 Though 
the strength of the attraction would be very weak at each 
attachment site, it would be enormous for a long strand mol- 
ecule because of frequent points of attachment along its full 
length. 

IV. SUMMARY 

By applying a modified molecular combing technique, we 
aligned DNA molecules on APS mica surfaces and imaged 
in air with AFM. Two-dimensional patterns of DNA mol- 
ecules could be constructed and a typical Chinese character 

well was formed. Alignment of DNA strand may have po- 
tential applications in constructing a molecular electric cir- 
cuit and precision gene mapping. 
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By applying large forces to the surface during an atomic force microscopy scanning, crystallized 
polyethylene oxide (PEO) films were modified and showed a new structure in which there are the 
formation of a nanometer-scale bundle structure and an increase of elastic stiffness. The modified 
part was removed by dropping benzene onto a rotating surface through a peeling process for the case 
of thin modified layers, while for thick layers, the local properties were recovered by absorbing 
benzene into the modified parts. In the course of these measurements, the thickness of the modified 
layers was estimated.   © 1997 American Vacuum Society. [S0734-211X(97)03004-7] 

I. INTRODUCTION 

Recently, there has been increasing interest in 
characterizing1 as well as locally modifying polymers with 
atomic force microscopy (AFM).2~5 It was reported that 
bundles were formed on a polyacetylene surface due to scan- 
ning an AFM tip on the surface.2 We have demonstrated that 
the morphology and mechanical properties of a crystallized 
polyethylene oxide (PEO) film with spiral and layered struc- 
tures prepared on mica surfaces can be locally modified by 
applying forces at 20 nN during scanning in an AFM.5 The 
modification in morphology is a formation of bundles with 
spacing distances of about 15 nm on the PEO surface. The 
modification in mechanical properties is an increase in elas- 
tic modulus as estimated from the measurement of force- 
distance curves or in elastic stiffness as imaged by the force 
modulation technique.4-7 This modification is believed to be 
due to the rearrangement of the PEO molecular chains 
caused by the interaction between them and the AFM tip. 
However, as far as we know, there has been no report on the 
depth and surface property variation of the modified polymer 
structure. 

The modified structure can be removed by dropping ben- 
zene, which is a good solvent for PEO, onto the rotating 
sample surface, from which the depth information is ob- 
tained. There are two reasons for rotating the sample during 
the benzene dropping action, i.e., controlling the amount of 
benzene absorbed into the PEO film to prevent its dissolution 

"'Present address: Yokohama Research Center, Mitsubishi Chemical Corpo- 
ration, 1000 Kamoshida-cho, Aoba-ku, Yokohama 227, Japan; Electronic 
mail: hynie@rc.m-kagaku.co.jp 

b)Present address: Advanced Materials Application Laboratory, DuPont 
Kabushiki Kaisha, 2-2-1 Hayabuchi, Tsuzuki-ku, Yokohama 224, Japan. 

''Permanent address: Electrotechnical Laboratory, Umezono 1-1-4, 
Tsukuba, Ibaraki 305, Japan. 

and providing a centrifugal force to remove the modified 
PEO structure mechanically from the sample surface. Based 
on the experimental observations of removed parts and com- 
plete recovery of the modified PEO structures, we clarify 
that the depth of the modified structure is dependent on the 
applied forces and the change in the mechanical properties is 
limited to the modified PEO structures. These results are 
unique in contributing to the understanding of the local 
modification of polymers caused by tip-surface interaction in 
the AFM. We will also discuss the mechanism for the ob- 
served removal and recovery of the modified PEO structure 
by considering possible differences in benzene absorption 
due to structure changes of the molecular chains in the modi- 
fied PEO. 

II. EXPERIMENT 

The crystallized film of PEO was prepared by coating a 
PEO solution in benzene onto a cleaved mica surface 
mounted on a spin coater followed by annealing the sample 
in a moderate vacuum at 90 °C for 24 h (PEO's melting 
temperature is 66 °C).8 The thickness of the sample was 
about 200 nm. To map the mechanical properties, we modi- 
fied a commercial AFM system (SPA 300, Seiko Instruments 
Inc.) so as to oscillate the sample height with a peak-to-peak 
amplitude of 1 nm at 5 kHz and to record the response of the 
cantilever with a lock-in amplifier. The response of the can- 
tilever to an oscillation of the sample height corresponds to 
the slope of the force-distance curve available after the tip 
mechanically contacts with the sample surface. This slope is 
not only determined by the elastic modulus (Young's modu- 
lus) of the sample, but also by the spring constant of the 
cantilever and the applied force between the tip and sample 
surface.5 The response of the cantilever to the oscillation of 
the sample height can qualitatively express the elastic stiff- 
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FIG. 1. An AFM image of a bundle structure of PEO crystallized surface 
formed by scanning a tip at 20 nN. The imaging area is 110X 110 nm2 and 
the grey scale is from 0 to 15 nm. 
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FIG. 2. The ratio (%) of the area with bundle structure to the entire area 
scanned by a tip at various forces. 

ness for the sample surface. Using this technique we can map 
the elastic stiffness distribution simultaneously with topogra- 
phy of the sample surface. Details of the technique were 
described elsewhere.5 A rectangular shaped silicon cantilever 
with a spring constant of 0.75 N/m and a resonance fre- 
quency of 88 kHz (Olympus Opt. Inc.) was used in this 
study. The cantilever is 0.8, 40, and 100 fim in thickness, 
width, and length, respectively. The tip is 2.8 /jm long and 
the radius of the apex is about 20 nm. All measurements 
were performed in air at room temperature with a relative 
humidity of 50%-60%. 

Here, we describe procedures for the modification of the 
crystallized PEO film and for the removal of the modified 
PEO structure. A large area of 8 fim square was first imaged 
with small forces of 5 nN under which there was no detect- 
able degradation on the surface. Then a smaller area of 5 /jm 
square was modified by scanning the tip with large forces 
(for example, 50 nN). The modification was confirmed by 
observing both the bundle structures and the increase in the 
elastic stiffness. To probe the depth of and surface property 
variation on the modified PEO structure, we replaced the 
sample onto the spin coater and dropped benzene onto the 
sample surface while rotating at a rate of 1000 rpm. Al- 
though the accurate quantity of benzene absorbed into the 
PEO films could not be estimated, we gave a rough qualita- 
tive description for the amount of benzene in terms of the 
number of drops of benzene. Then the sample was placed in 
a moderate vacuum at room temperature for 12 h to evacuate 
residual benzene. After the above treatments the sample was 
remounted on the AFM scanner for topography and elastic 
stiffness measurements. 

In order to exactly observe the same area, we prepared a 
marker by scratching crossed lines on the backside surface of 
the mica substrate and placed the AFM tip around there with 
the help of an optical microscope through the transparent 
mica substrate and thin PEO film. 

III. RESULTS 

Figure 1 shows a typical AFM image (110 nm square) of 
a bundle structure on the PEO surface formed by scanning 
the AFM tip at 20 nN. The structure is seen as regular white 
bundles perpendicular to the scanning direction (indicated by 
an arrow) of the large force scanning. The spacing between 
the bundles is about 15 nm and the corrugation height is 
about 3 nm. The length of the bundles is on the order of 100 
nm. 

We found that there was a threshold force for the forma- 
tion of bundles when scanning the AFM tip on the PEO 
surface. We imaged (at 5 nN) a series of topography of areas 
modified at various forces and calculated the ratio of the 
bundled area to the entire area that experienced the large 
force scanning. The result is summarized in Fig. 2, showing 
the existence of a threshold at ~ 10 nN. We noted that the 
surface of PEO showed an aging effect in the modification, 
that is, a fresh surface needs small applied forces while an 
aged one needs larger applied forces for being modified. For 
example, aged PEO surfaces kept in air for about one month 
could never be modified even at the applied forces as large as 
50 nN. This effect is tentatively attributed to a lubricant ef- 
fect on the PEO surface due to adsorption of water.9 
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FIG. 3. Simultaneously obtained topographic (left-hand side) and elastic 
stiffness distribution (right-hand side) images of PEO surfaces modified by 
scanning a tip at large forces of 25, 50, 100, and 150 nN at the central areas 
(5000X5000 nm2). The grey scales (from the dark to the white of the im- 
age) for the topographic images of (a), (c), (e), and (g) are from 0 to 56, 85, 
95, and 174 nm, respectively. Data in elastic stiffness images are a direct 
record from a lock-in amplifier of the response of the cantilever to the 
oscillation of the sample height at 5 kHz with a peak-to-peak amplitude of 1 
nm. The average increase of the elastic stiffness on the modified PEO shown 
in (b), (d), (f), and (h) is 1.8%, 2.8%, 3.0%, and 3.3%, respectively. 

We extensively studied the modified PEO structure as a 
function of the applied forces above the threshold force. Fig- 
ure 3 shows the results of modification in topography (left- 
hand side) and elastic stiffness (right-hand side) of PEO sur- 
faces by scanning an AFM tip over 5000 nm square at 25 
[(a), (b)], 50 [(c), (d)], 100 [(e), (f)], and 150 [(g), (h)] nN, 

respectively. All images were obtained at 5 nN and the 
sample height was oscillated in a peak-to-peak value of 1 nm 
for imaging the elastic stiffness distribution. 

The morphology of all of the modified areas in Fig. 3 is 
seen as being scratched by the tip. The modified surfaces in 
Figs. 3(a) and 3(c) are seen as a hammered-out plate, while 
those in Figs. 3(e) and 3(g) show an undulation character. 
When the applied force is increased, the undulation character 
becomes clear. As shown in Figs. 3(e) and 3(g), there are 
seven and six bundles in the area of 5000 nm square, respec- 
tively. This micron-scale bundle structure is similar to that 
reported in Ref. 3, whose spacing distance is dependent on 
the applied forces. By magnifying all of the modified areas 
shown in Figs. 3(a), 3(c), 3(e), and 3(g), we confirmed the 
existence of nanometer-scale bundles perpendicular to the 
scanning direction (not shown), which is similar to that 
shown in Fig. 1. Although the modified PEO surfaces caused 
by various applied forces show different surface morphology 
on a micron-scale, there is an identical nanometer-scale 
bundle formation on all of the modified areas shown in the 
topographic images in Fig. 3. Therefore, two types of struc- 
ture exist on the modified PEO surface. One of them is a 
bundle structure with spacing distances of about 15 nm, 
which is formed when scanning a tip at forces over the 
threshold value of ~10nN. The other one is the micron- 
scale bundle structure which is formed when scanning tip at 
forces over about ten times of the threshold value. We noted 
that the spacing distance of the micron-scale bundles is de- 
pendent on the applied forces while that of the nanometer- 
scale bundles is not. 

The simultaneously obtained elastic stiffness distribution 
is shown on the right-hand side in Fig. 3 in which the elastic 
stiffness is expressed in a manner where the brighter contrast 
corresponds to the larger elastic stiffness. It is clear that there 
is an increase in the elastic stiffness on the modified areas as 
shown in Figs. 3(b), 3(d), 3(f), and 3(h). The elastic stiffness 
imaging is thus effective to qualitatively measure the elastic 
stiffness distribution on a surface. For a quantitative analysis 
on the elastic modulus, however, force-distance curves 
should be measured.5 In this article we only show a change 
in the elastic stiffness due to the modification. From cross 
sectional analysis for the images shown in those figures, we 
found a relative increase of 1.8%, 2.8%, 3.0%, and 3.3% in 
the elastic stiffness on the modified areas caused by an ap- 
plied force of 25, 50, 100, and 150 nN, respectively. 

Figures 4(a) and 4(c) show topographic images for the 
samples modified at 25 and 50 nN and then treated by drop- 
ping five and ten drops of benzene onto the surface as de- 
scribed in the experimental section, respectively. The images 
shown in Figs. 4(a) and 4(c) are exactly the same areas as 
those for Figs. 3(a) and 3(c), respectively. It is clear that 
certain parts of the modified PEO structures are removed and 
the underlying PEO surfaces are visible. We also see that 
some single bundles still remained in Fig. 4(a) but not in Fig. 
4(c). There are no bundles detected on the newly appeared 
underlying PEO surfaces that look to be identical to the pris- 
tine PEO surfaces. The simultaneously obtained elastic stiff- 
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FIG. 4. Simultaneously obtained topographic [(a) and (c)] and elastic stiff- 
ness distribution [(b) and (d)] images of the 25 and 50 nN modified PEO 
surfaces at the same locations as those in Figs. 3(a) and 3(c), respectively, 
after benzene dropping action. Arrows in (a) and (c) indicate slight reduc- 
tion of edges by benzene. In (b) and (d) the newly appeared underlying PEO 
surfaces exhibit the same elastic stiffness as the pristine ones and some of 
the modified structures still remain and show a larger elastic stiffness similar 
to that in Figs. 3(b) and 3(d), respectively. The grey scale for the topo- 
graphic images in (a) and (c) are from 0 to 56 and 125 nm, respectively. 

ness distribution images in Figs. 4(b) and 4(d) show that the 
remaining modified PEO parts have larger elastic stiffness 
than the underlying PEO. It also shows that the elastic stiff- 
ness distribution on newly appearing underlying PEO sur- 
faces is the same as that on the pristine PEO, indicating that 
the elastic stiffness change is limited to the modified layers. 

This type of experiment for removing the modified PEO 
parts is useful to obtain depth information for the modifica- 
tion. From cross sectional analysis of the images shown in 
Figs. 4(a) and 4(c), we estimated average height differences 
of about 10 and 40 nm, respectively, between the remaining 
modified parts and the newly appeared underlying PEO sur- 
faces. From these results, we find that the thickness of the 
modified layer at 25 nN is about 10 nm, which corresponds 
to the thickness of the topmost layer of the crystallized PEO. 
When the applied force increased to 50 nN, the PEO film 
was modified into a depth of about 40 nm, corresponding to 
four layers of PEO. The removal of the modified PEO struc- 
tures caused by relatively smaller applied forces, especially 
by 25 nN, shows a good reproducibility. Based on the mor- 
phology as shown in Figs. 4(a) and 4(c) the removal process 
of the modified PEO is considered as a mechanical peeling 
of the modified PEO layers during dropping benzene onto 
the rotating surface. 

By carefully comparing Figs. 3(a) and 3(c) with Figs. 4(a) 
and 4(c), we note that there are some small changes in the 
morphology of the pristine PEO after the benzene dropping 

8000nm 8000nm 

FIG. 5. Simultaneously obtained topographic (a) and elastic stiffness distri- 
bution (b) images of the 100 nN modified PEO surface at the same location 
as that in Fig. 3(e) after dropping 20 drops of benzene onto the rotating 
surface. The modified PEO surface was recovered. The grey scale for the 
topographic image is from 0 to 95 nm. No elastic stiffness difference be- 
tween the pristine and the once-modified surface was detectable. 

action, i.e., the edges of layered structures are observed to be 
removed slightly as indicated by arrows in Figs. 4(a) and 
4(c). As the amount of benzene dropped onto the surface 
increases from five to ten drops, by comparing Figs. 4(a) 
with 4(c) we can see that the reduction of edges becomes 
clear. The results shown in Figs. 4(a) and 4(c) indicate that 
the removal of the pristine PEO caused by the benzene drop- 
ping action is limited to the edges. This experimental result 
indicates that the rotating surface of the crystallized PEO 
film cannot absorb benzene effectively, while the edges of 
the layered structures can trap some benzene. Therefore, 
when we drop benzene onto the rotating PEO sample sur- 
face, benzene starts to attack the pristine PEO from the edges 
but not surfaces. 

For the modified PEO structures under applied forces of 
100 and 150 nN shown in Figs. 3(e) and 3(g), respectively, 
we did not observe any removal of the modified PEO struc- 
tures by dropping ten drops of benzene onto the rotating 
surface. When we increased the number of benzene drops, 
we observed a recovery of the modified PEO structures to 
layered crystalline structures. Figures 5(a) and 5(b) show re- 
sulting changes in both topography and elastic stiffness dis- 
tribution after dropping 20 drops of benzene at the same area 
shown in Fig. 3(e). In the topographic image we can see 
some footprint, whereas in the elastic stiffness image, no 
contrast difference between the pristine and the once- 
modified PEO is detectable. It is clear that the modified area 
is recovered to being similar to the pristine one. This recov- 
ery process is considered to be due to a swelling effect of 
molecular chains in the modified PEO, which is a relaxation 
process of polymer molecular chains upon absorbing sol- 
vents. We noted that the benzene dropping action has a rela- 
tively weak influence on the pristine part of PEO, which may 
have originated from the difference in surface structure for 
the modified and pristine PEO. When benzene is absorbed 
adequately into the modified PEO layers, the molecular 
chains thoroughly swell, resulting in a recovery both in sur- 
face morphology and elastic stiffness. The experimental re- 
sult strongly indicates that the modified parts of PEO directly 
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8000nm 8000nm 

FIG. 6. Simultaneously obtained topographic (a) and elastic stiffness distri- 
bution (b) images after dropping 40 drops of benzene onto the rotating 
surface. The PEO film was dissolved by benzene and only a monolayer PEO 
network remained. The mica substrate surface is visible and shows an elastic 
stiffness of 10% larger than that of the PEO. The grey scale for the topo- 
graphic image is from 0 to 80 nm. Data in elastic stiffness image are a direct 
record from a lock-in amplifier of the response of the cantilever to the 
oscillation of the sample height at 5 kHz with a peak-to-peak amplitude of 1 

contribute to the increase of the elastic stiffness, which may 
be caused by the compact molecular chains arrangement due 
to the pressure induced by the tip. 

When we dropped 40 drops of benzene onto the surface, 
we observed that the PEO films were finally dissolved into 
benzene and the surface of the mica substrate appeared as 
shown in Fig. 6. In Fig. 6(a) only a monolayer network of 
PEO molecules with a thickness of about 10 nm remains and 
the remaining parts are assigned to the mica substrate due to 
the larger elastic stiffness4 expressed in Fig. 6(b) as a con- 
trast of 10% larger than that on the PEO films. We confirmed 
that dropping several drops (for example, five drops) onto a 
nonrotating surface also caused a result similar to that in Fig. 
6, which indicates that a rotating surface hinders the absorp- 
tion of benzene into the film and hence results in the me- 
chanical peeling. 

We also confirmed that after annealing the sample at 
90 °C (the temperature at which we prepared the sample), the 
modified area was completely recovered and there was no 
detectable difference in both morphology and elastic stiff- 
ness between the pristine PEO and the once-modified sur- 
faces. At a high temperature of 90 °C, PEO melts and recrys- 
tallizes so that the modified and pristine molecular chains 
could not be distinguished. 

IV. DISCUSSION 

The relationship between the depth of the modified PEO 
layers and the applied forces is revealed through the peeling 
process of the modified PEO parts obtained by dropping ben- 
zene to the rotating surface. The PEO layers near the surface 
can be modified by the tip pressure. When the applied force 
is 25 nN, only the topmost layer is modified. When the force 
increases to 50 nN, four layers can be modified. This means 
that when the applied force increases to 50 nN, it can influ- 
ence the PEO films up to four layers. Since the contact area 
of the tip and the sample surface is small, the pressure can be 
very large, e.g., 0.1 GPa if we assume a contact area of 

500 nm2, which is calculated from the Hertzian contact be- 
tween the tip with a radius of 20 nm and PEO film with a 
Young's modulus of 0.3 GPa5 under an applied force of 50 
nN. Under a large pressure, the PEO molecular chains can be 
rearranged to form bundles and hence to contribute at least 
partly to the increase of the elastic stiffness. For the modifi- 
cation by forces of 100 and 150 nN as shown in Figs. 3(e) 
and 3(g), more than four layers of the PEO layers are ex- 
pected to be modified. However, in this case we could not 
peel off the modified region so the exact depth of the modi- 
fied PEO could not be obtained. Here we discuss a possible 
model for the behavior in the removal of the modified PEO 
layers as a function of applied forces. 

In our experiment we changed the amount of benzene 
dropped onto the surface while keeping the sample rotation 
speed constant at 1000 rpm. This means that we controlled 
the interaction time between benzene and the surface. When 
~ 20 drops of benzene were dropped, molecular chains in the 
modified PEO are easier to swell than in the pristine PEO as 
seen in Fig. 5, indicating a difference in absorbing benzene 
for the two kinds of PEO structures. This difference is thus 
considered to result in different interaction times for the 
modified and pristine layers. The change in surface structure 
caused by tip-surface interaction during the large force scan- 
ning should correspond to the different interaction time. For 
the modified PEO surface, the modification possibly induces 
cracks or defects, which may serve as effective paths for 
benzene to penetrate into the PEO films so that benzene has 
sufficient time to swell molecular chains. For the pristine 
PEO surface which is crystallized, there are almost no paths 
for benzene to penetrate into the PEO films on the time scale 
under consideration. Thus benzene dropped could not have 
enough time to be effectively absorbed from the surface but 
could be trapped by the edges of the layered or spiral struc- 
tures, resulting in slight removal of edges to be observed as 
indicated by arrows in Figs. 4(a) and 4(c). 

By dropping benzene onto the rotating sample surface, we 
observed a peeling of certain parts of the modified PEO lay- 
ers for those caused by 25 and 50 nN. Using the concept of 
the interaction time of benzene and the surface as discussed 
above, we explain the variation in peeling of the modified 
PEO as a function of the applied forces. For the modified 
PEO layers caused by 25 and 50 nN, the interaction time 
corresponding to dropping five or ten drops of benzene al- 
lows benzene to penetrate to the interface of the modified 
and underlying PEO layers to weaken the interaction there 
but not to swell all of the modified PEO. Because the sample 
was rotating at 1000 rpm during the benzene dropping ac- 
tion, the weakened parts of the modified PEO layers were 
peeled off by the centrifugal force due to the rotation. 

However, we did not observed any peeling processes for 
the modified layers made by 100 and 150 nN in our experi- 
ment. For these modified PEO layers, because of a deeper 
modification, it needs a much larger amount of benzene to 
penetrate to the interface of the modified and underlying lay- 
ers to swell the molecular chains or weaken the interaction 
between the modified and the underlying PEO layers. The 
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interaction time corresponding to dropping five or ten drops 
of benzene may be too short to allow benzene to penetrate to 
the interface. When increasing the interaction time to that 
corresponding to dropping 20 drops of benzene, the modified 
layers near the surface may start to swell and recover by 
absorbing benzene, which in turn prevents benzene from fur- 
ther penetrating to the interface. Therefore, no peeling of the 
deeply modified PEO layers can be realized. It is obvious 
that when the interaction time is extremely large the modi- 
fied PEO and also the pristine PEO will be dissolved into 
benzene, as shown in Fig. 6. The condition for that is to drop 
enough of an amount of benzene (for example, 40 drops) 
onto the rotating surface. An alternative way to make the 
PEO films dissolve into benzene is to drop a small amount of 
benzene (for example, five drops) onto the nonrotating sur- 
face. 

V. CONCLUSIONS 

By applying five and ten drops of benzene onto rotating 
sample surfaces at 1000 rpm, we removed parts of the PEO 
layers modified by applied forces of 25 and 50 nN and esti- 
mated depths as 10 and 40 nm, respectively. In contrast, 
under the same conditions of benzene dropping action, we 
could not remove the PEO layers modified by forces of 100 
and 150 nN. When dropping 20 drops of benzene, the modi- 
fied parts completely recovered by absorbing benzene into 
the modified PEO parts. By simultaneously imaging elastic 
stiffness distribution with topography, we confirmed that the 
elastic stiffness change due to the modification is limited to 
the modified structure. An adequate amount of benzene 
dropped into the PEO finally results in complete dissolution 
of both the modified and pristine PEO surfaces so that the 
mica substrate surface appeared. 

A model is proposed to explain the observed removal and 
recovery of the modified PEO structures by considering 
whether benzene can penetrate to the interface between the 
modified and underlying layers. For relatively thin modified 
layers ranging from 10 to 40 nm, benzene can penetrate to 
the interface of the modified and underlying PEO layers to 
weaken the interaction there. Then the weakened modified 
PEO parts can be peeled off by the centrifugal force due to 
the rotation. For the modified layers with a thickness larger 

than 40 nm, benzene can swell the layers near surface before 
it' penetrates into the interface and recovers the modified 
PEO parts. This process in turn prevents benzene from pen- 
etrating further into the underlying modified PEO layers. 
Therefore, no peeling process can be realized, at least under 
the condition in our experiment. 

The results reported are expected to contribute to a better 
understanding of the modified PEO layers by investigating 
not only the changes in the structure and mechanical proper- 
ties, but also the thickness as a function of the applied forces. 
However, much work remains to be done to completely un- 
derstand the local change in the modified structure. For ex- 
ample, in the PEO layers modified by relatively large forces 
of 150 nN [Fig. 3(g)] the valley is softer than the protruding 
bundle, which indicates that the molecular chains become 
compact in the protruding bundle but not in the valley. Fur- 
thermore, a quantitative analysis of changes in the elastic 
modulus in the modified PEO surface as a function of ap- 
plied forces is highly required. 

ACKNOWLEDGMENTS 

The authors are grateful to Professor C. F. Quate for his 
stimulating discussion on the modified PEO surfaces by an 
AFM tip. One of the authors (H.Y.N.) thanks Dr. J. Masai 
for encouragement and acknowledges a fellowship supported 
by the Research Development Corporation of Japan (JRDC). 
This work was supported in part by the New Energy and 
Industrial Technology Development Organization (NEDO). 

'S. N. Magonov, Polym. Sei. Ser. B 38, 34 (1996). 
20. M. Leung and M. C. Goh, Science 255, 64 (1992). 
3Z. Elkaakour, J. P. Aime, T. Bouhacina, C. Odin, and T. Masuda, Phys. 
Rev. Lett. 73, 3231 (1994). 

4H.-Y. Nie, M. Motomatsu, W. Mizutani, and H. Tokumoto, J. Vac. Sei. 
Technol. B 13, 1163 (1995). 

5H.-Y. Nie, M. Motomatsu, W. Mizutani, and H. Tokumoto, Thin Solid 
Films 273, 143 (1996). 

6P. Maivald, H.-J. Butt, S. A. C. Gould, C. B. Prater, B. Drake, J. A. 
Gurley, V. B. Elings, and P. K. Hansma, Nanotechnology 2, 130 (1991). 

7M. Radmacher, R. W. Tillmann, M. Fritz, and H. E. Gaub, Science 257, 
1900 (1992). 

8M. Motomatsu, H.-Y. Nie, W. Mizutani, and H. Tokumoto, Polymer 37, 
183 (1996). 

9B. H. Cao and M. W. Kim, Europhys. Lett. 29, 555 (1995). 

JVST B - Microelectronics and Nanometer Structures 



Scanning probe nanofabrication of chemically active areas on substrate 
covered with organosilane monolayers 
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An organosilane monolayer self-assembled onto Si substrates was patterned using a scanning 
tunneling microscope or an atomic force microscope with a conductive probe. The tip-scanned area 
was etched by wet etching, while the unscanned area remained resistant to the etching. 
Consequently, the tip-scanned patterns were transferred to the substrate Si using the scanned area as 
an etching window. Moreover, the tip-scanned area preferentially reacted with other organosilane 
molecules, e.g., 3-aminopropyltrimethoxysilane, to form a monolayer confined to the scanned 
pattern. Next, onto this amino-terminated monolayer, aldehyde-modified latex nanoparticles were 
immobilized area selectively through chemical reaction between the amino and aldehyde groups. It 
was demonstrated that in the areas where the probe tip of the microscopes had been scanned, the 
surface was terminated with hydroxyl groups and became active to various chemical treatments. 
© 1997 American Vacuum Society. [S0734-211X(97)10904-0] 

I. INTRODUCTION 

Self-assembled monolayers (SAMs), which spontane- 
ously form on certain substrates in solution or vapor of pre- 
cursor organosilane molecules, are patternable by scanning 
probe microscopes (SPMs), i.e., scanning tunneling micro- 
scope (STM), or atomic force microscope (AFM).1"5 Such 
monolayers have also attracted much attention as resist ma- 
terials for photon, electron, or ion beam lithography.6-11 Pat- 
terned SAMs have been used as templates for the fabrication 
of micro- and nanostructures made up of a variety of mate- 
rials through various chemical modifications, including 
mineralization,11 immobilization of protein, fluorescent 
materials,3'6,8'12 or biological cells,13'14 electroless 
plating,1'6'7'15 monolayer deposition,6'16 and chemical vapor 
deposition.17'18 

For the application of SPM-patterned SAMs as templates 
for the chemical synthesis of nanostructures, it is crucial to 
clarify the patterning mechanism and to control the chemical 
properties of the patterned surface. We have confirmed that, 
when an alkylsilane monolayer on a Si substrate was scanned 
in air or another humidified atmosphere by a SPM tip, the 
monolayer was removed in the tip-scanned area due to tip- 
induced electrochemistry between the monolayer and the ad- 
sorbed water and/or oxygen.19 

In this article, we report on the chemical properties and 
the reactivities toward chemical reagents of this tip-scanned 
area. The area was hydrophilic due to hydroxylation and was 
selectively etched in an aqueous solution of NH4F/H202 

more efficiently than the unscanned area. In addition, the 
tip-scanned area was chemically reactive with other orga- 
nosilane molecules, while the unscanned area remained un- 
reactive. Consequently, a SAM of 3-aminopropyltrimethoxy- 
silane (APS), confined to the scanned pattern, was fabricated. 

"'Present address: Department of Materials Processing Engineering, Nagoya 
University, Chikusa, Nagoya 464-01, Japan; Electronic mail: 
sugimura@otakai.numse.nagoya-u.ac.jp 

''Electronic mail: nakagiri@tsukubagw.niko.co.jp 

II. EXPERIMENT 

Substrates [p-Si (100) wafers with a resistivity of 0.1-0.2 
Q, cm] were cleaned by one of two methods. The first was 
immersion in a 1:1:4 (weight ratio) solution of 
HC1:H202:H20 at 80 °C for 10 min. The second was expo- 
sure to ultraviolet light using an excimer lamp of A. = 172 nm 
(Ushio Electric, UER20-172 V) in air under a reduced 
pressure atmosphere (10-100 Torr). Both methods were ef- 
fective in cleaning the substrate and also in making the sur- 
face hydrophilic, since the surfaces became covered with a 
thin oxide layer terminated with hydroxyl (OH) groups. A 
trimethylsilyl [TMS; (CH3)3Si-] organosilane monolayer 
about 0.5-1.0 nm thick was prepared on the substrates by 
chemical vapor deposition using hexamethyldisilazane 
[(CH3)3Si-NH-Si(CH3)3] as the source material.4 This treat- 
ment resulted in the sample surface becoming hydrophobic. 

In order to form patterns, each sample was scanned by 
either the probe tip of a STM or that of an AFM. The ex- 
periments were conducted using a STM (Seiko Instruments, 
SPI-3600) with a conductive diamond tip and an AFM (Park 
Scientific Instruments, Autoprobe-CP) with a conductive 
probe (a custom made silicon nitride probe coated with a 20 
nm-thick NiCr layer). 

After the tip scanning, the chemical properties and/or re- 
activities of the scanned areas were investigated by applying 
one of three different types of treatment to the samples. The 
first treatment was etching in a (10 g:3 g: 100 g) solution of 
NH4F:H202 :H20. Both Si and its oxide dissolved in the 
etching solution while the organosilane monolayer was rela- 
tively resistant to etching. These etched samples were ob- 
served by the same AFM in contact mode as used for the 
patterning using a commercially available probe (Park Sci- 
entific Instruments, Microlever). 

The second type of treatment involved washing the pat- 
terned samples in a 30 wt % H202 aqueous solution for 5 
min and then blowing them dry. The samples were cooled in 
a refrigerator, and then removed in order to be exposed to 
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FIG. 1. Etched grooves on a Si substrate, (a) AFM image, (b) schematic 
cross section. A conductive AFM probe was scanned at Vs= +10.0 V and 
v = 160 /tm/s in air with 40% RH. Etching was conducted for 3 min. The 
size of the image is 10X 10 /im2. 

a) 

b) Condensed water 

hydrophilic 
(scanned) Hydrophobie 

("unscanned) 

FIG. 2. (a) Optical micrograph of atmospheric water vapor condensed onto 
the patterned Si-TMS surface, (b) A schematic cross section. A STM tip had 
been scanned at Vs= +5.0 V in air with 40% RH over the two rectangular 
regions of 20X100 fim2 and 40X100 /xm2. 

ambient atmosphere. Condensed water was observed by an 
optical microscope (Nikon, Optiphoto-2). 

In the third treatment, the samples were washed in dis- 
tilled water and ethanol, in that order, and dried by N2 blow. 
Next, they were immersed in a fresh solution of 1 vol % 
APS, 4 vol % CH3COOH, and 4 vol % H20 in methanol for 
5 min. After this, the samples were rinsed in methanol twice 
and then distilled water. Finally, some of the APS-treated 
samples were immersed for 30 min in 50 ml of morpholino- 
ethane sulfonic acid buffer (50 mM, adjusted to pH 6.5 by 
adding a^-NH4OH solution), and 0.2 ml of an aqueous sus- 
pension of aldehyde-modified latex particles (Molecular 
Probes, L-5401, 2% solids in H20, diameter=29 nm 
±20.1%). These samples were again rinsed in distilled water 
and then blown dry. This group of samples was observed by 
the same AFM intermittent contact mode using a commercial 
probe (Park Scientific Instruments, Ultralever). 

III. RESULTS AND DISCUSSION 

Figures 1(a) and 1(b) show an AFM image of an etched 
sample and its schematic cross section, respectively. This 
image demonstrates that the tip-scanned area where the TMS 
monolayer had been degraded was selectively etched. On the 
contrary, the unscanned regions remained unetched due to 
protection by the monolayer. Grooves of 80 nm in width and 
15 nm in depth were fabricated. The degree of degradation of 

the monolayer was governed by several factors concerning 
the probe scanning.19'20 When atmospheric humidity in- 
creases, degradation proceeds more efficiently. It has been 
proven that oxygen also accelerates the degradation rate. 
When probe scan rate, v, decreases while the sample bias, 
Vs, remains at the same voltage, the etched grooves become 
deeper and wider. The degree of monolayer degradation in- 
creases with a decrease of the probe scan rate, v, that is, with 
an increase in the injected current per unit area. Bias voltage 
is also an important factor in the patterning. An increase of 
Vs results in an increase of junction current and, conse- 
quently, more efficient degradation of the TMS monolayer. 
At present, by controlling those probe scanning factors, we 
have achieved a maximum patterning speed of 500 /xm/s and 
a maximum spatial resolution of 30 nm. 

Figure 2(a) is an optical micrograph showing an example 
of how atmospheric water vapor condensed on a tip-scanned 
sample cooled in a refrigerator. This is illustrated schemati- 
cally in Fig. 2(b). The optical micrograph clearly indicates 
that the region where the tip was scanned have become hy- 
drophilic, while the surrounding area has remained hydro- 
phobic. The H202 rinse was not absolutely necessary for the 
water condensation, however, it seemed to improve the hy- 
drophilicity of the degraded areas. It is noteworthy that, 
without the water condensation, we could hardly locate the 
scanned regions by optical microscopy. We also confirmed 
using the AFM that the tip-scanned area slightly protruded 
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(a) 

(b) 

(c) 
Nanoparticles 

Chemisorbed 
APS Amino- 

termination 

FIG. 3. (a), (b) AFM image of latex particles selectively deposited onto the 
tip-scanned area, (c) A schematic cross section. A STM tip had been 
scanned at Vs= +5.0 V and v = 0.2 /im/s in N2 with 80% RH. The size of 
the image (a) is 10X10 pm1, (b) is 3X3 ^m2. 

(—0.5 nm) from the surrounding undegraded region. This 
protrusion was due to the volume expansion accompanying 
the anodization of the substrate Si, which followed the 
monolayer degradation. 

The  AFM  images  in Figs.   3(a)  and  3(b)   show the 

aldehyde-modified latex particles deposited on the tip- 
scanned area in a sample treated in the APS solution. There 
were no particles on the surrounding unscanned area. Since 
the thickness of the deposited-particle layer is nearly equal to 
the average diameter of the particles, this particle layer is 
thought to consist of a monolayer of the particles. It is 
known that the aldehyde group reacts with an amino group to 
form a chemical bonding as shown by Eq. (I)21 

-CHO+H2N > — CHN—r-H20. (1) 

The particles were immobilized by this reaction between the 
amino groups in the APS molecule and the aldehyde groups 
on each particle. Therefore, APS molecules chemisorbed 
area-selectively onto the tip-scanned area, resulting in its ter- 
mination with amino groups. In addition, we confirmed that, 
after the APS treatment, the tip-scanned area could not be 
etched in the NH4F/H2O2/H2O solution. A protective coating 
of APS molecule had formed on the tip-scanned area. 

Finally, we discuss the chemistry of the surface pro- 
cessed by SPM. Lercel et al. have reported on electron beam 
lithography using octadecyltrichlorosilane [OTS, 
CH3(CH2)17SiCl3] as resist material.9'10 They formed an OTS 
monolayer on a Si substrate and patterned it through degra- 
dation induced by electron irradiation. They reported that 
residue consisting of cross-linked carbon remained on the 
irradiated area. Marrian and colleagues have also fabricated 
nanoscale patterns on organosilane SAMs on Si using STM 
in vacuum.1'2 They identified their degradation mechanism as 
irradiation by electrons emitted from the STM tip. Except for 
the relatively low acceleration voltages of the electrons used 
in their STM patterning, this mechanism is the same as that 
of SAM patterning using an electron beam. However, this 
type of degradation mechanism does not account for our ex- 
perimental results. 

While there were no adsorbates on sample surfaces in 
vacuum, water adsorption on the surfaces of both the tip and 
the sample was inevitable under our experimental conditions. 
Therefore, it is unlikely that electrons emitted from the SPM 
tip propagated through the water layer and directly degraded 
the organosilane monolayer. The SPM tip-sample junction 
is connected through an adsorbed water column when the 
microscope is operated in the presence of atmospheric water 
vapor. Using such adsorbed water, we have achieved the 
anodization of Ti and Si surfaces.22-24 In a manner similar to 
such scanning probe anodization of metals and semiconduc- 
tors, the degradation mechanism of a TMS monolayer was 
also concluded to be electrochemistry in the water column 
formed at the SPM-tip/sample junction on the basis of ex- 
perimental results on humidity effect.19 

We conclude that the TMS monolayer had been replaced 
with OH groups as a result of the tip scanning under humid 
conditions. This is evidenced by the selective APS chemi- 
sorption shown in Fig. 3. It is necessary that a surface onto 
which APS molecules are chemisorbed is terminated with 
OH groups, since chemisorption of organosilane molecules 
onto a Si oxide surface is based on the formation of siloxane 
bonding (Si-O-Si) between OH groups on the substrate sur- 
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face and the molecules.25 Such OH termination is the origin 
of the hydrophilic nature of the tip-scanned area as demon- 
strated in Fig. 2. The amount of carbon residue on the tip- 
scanned surface was probably small. The alkyl chains of 
TMS are very short compared with those of OTS, so the 
removed monolayer in the case of TMS is relatively volatile. 

IV. CONCLUSION 

We have demonstrated nanoscale patterning of an orga- 
nosilane monolayer using a STM or an AFM with a conduc- 
tive probe. The TMS monolayer was selectively degraded 
due to tip-induced electrochemistry with adsorbed water. 
The monolayer was removed and the surface was terminated 
with OH groups. The resulting surface differs in chemical 
properties from the surrounding TMS monolayer and, there- 
fore, can serve as a template for the chemical synthesis of 
nanostructures. The pattern of the OH-terminated surface can 
be transferred to a variety of nanostructures through area- 
selective chemical modification based on the surface differ- 
ences. This is an important advantage of our system based on 
electrochemistry in adsorbed water and the use of a TMS 
monolayer. 
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Hybrid superconductor-semiconductor (S-Sm) nanostructures were fabricated by integrating 
standard ultraviolet photolithography and direct patterning of photoresist with an atomic force 
microscope (AFM). This novel technology was used to fabricate Nb-InAs-Nb weak links 
comparable in length to the coherence length. These structures exhibit high critical currents up to 10 
/nAJ/uan in planar geometry at 0.3 K. The fabrication protocol is based on the modification of 
photolithographically defined patterns by AFM static ploughing of the photoresist. Wet chemical 
etching is subsequently used for the definition of nanoscale S-Sm-S bridges. Additionally Lift-off 
procedures allowed the fabrication of submicron superconducting bridges. Successful fabrication of 
the nanostructures was verified by electrical characterization and by AFM and scanning electron 
microscope structural characterization. © 1997 American Vacuum Society. 
[S0734-211X(97) 12804-9] 

I. INTRODUCTION 

The study of coherent transport in solids is demanding 
fabrication of ever smaller structures to tailor quantum con- 
finement in all dimensions. To date, probably the most flex- 
ible fabrication approach is based on electron-beam pattern- 
ing which yields structures with lateral resolution ~ 10 nm. 
Widespread use of this technique, however, is hindered by 
high investment and running costs. Alternative techniques 
have been suggested that are based on scanning probe 
microscopes1 such as the scanning tunneling microscope 
(STM) and the atomic force microscope (AFM). These tech- 
niques may offer comparable or even better resolution at a 
fraction of the cost, but their use will probably be confined to 
the fabrication of test structures only due to the slower writ- 
ing speed achievable. 

The typical operation mode of STM lithography is analo- 
gous to e-beam patterning in that the tip is used as a source 
of (low-energy) electrons. AFM patterning was also demon- 
strated but along different lines of operation. Among these, 
the direct modification of the material (ploughing) was 
shown in the case of polymeric2 or metallic3 substrates. More 
recently, other authors studied the use of the AFM as a tool 
to modify PMMA/MAA resist multilayers4 or ultraviolet 
(UV) photoresist5 on semiconductors. 

In this article we explore the use of the AFM as a tool to 
extend the resolution of standard UV photolithographic pro- 
cesses to fabricate superconductor or hybrid 
superconductor-semiconductor nanostructures. These struc- 
tures have attracted increasing interest lately in light of the 
wealth of physical phenomena that they offer.6 Two types of 

"'Electronic mail: pingue@aix6sns.sns.it 
b)Present address: Institute of Molecular Biology, University of Oregon, 

Eugene, OR 97403. 

submicron structures will be demonstrated: superconductor- 
semiconductor-superconductor weak links7 and narrow su- 
perconducting lines. 

II. FABRICATION 

Figure 1 shows the fabrication steps employed for the 
realization of weak links on epiready InAs doped «=1.5 
X1018cnT3. Thin (~40-100nm) niobium films were 
e-beam evaporated at 1X10-7 mbar without any surface 
treatment [Fig. 1(a)] and H-shaped resist (Shipley S1400-27) 
structures were defined by standard UV lithography [Fig. 
1(b)]. The central strip is 20 yam wide and 500 /an long. The 
resist thickness was tuned in the range 30-300 nm by adjust- 
ing spinner velocity (6000-8000 rpm) and resist dilution 
(from 1:1 to 1:15). After hard baking for 20 min at 110 °C, 
the AFM lithographic process was carried out. This was per- 
formed by direct writing with the AFM tip (static 
ploughing2) to obtain the narrow gaps desired [Fig. 1(c)]. 
Wet chemical etching (50 ml H202+2 ml H20+1 g NaOH) 
was used to selectively remove the Nb with negligible dam- 
age to the InAs surface. 

Fabrication of the submicron-wide Nb links is schemati- 
cally illustrated in Fig. 2. In this case undoped GaAs sub- 
strates were employed [Fig. 2(a)] and rectangular openings 
[Fig. 2(b)] were defined by standard UV lithography. Several 
separations in the opening were studied in the range 2-9 fim. 
Direct writing by a line scan of the AFM tip was then used to 
connect the openings [Fig. 2(c)]. In order to optimize the 
lift-off process, the structure was etched with 
H3PO4 :H202 :H20 (3:1:50) to remove ~ 100 nm of the GaAs 
[Fig. 2(d)]. Following this etch, 100 nm of niobium were 
e-beam evaporated [Fig. 2(e)] followed by the lift-off pro- 
cess [Fig. 2(f)]. 
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FIG. 1. Schematic description of the steps used for the fabrication of weak 
links, (a) Cross section of initial layers; (b) UV lithography-defined resist 
pattern; (c) final resist pattern after AFM static ploughing of the resist. The 
pattern in (c) is transferred to the Nb film by wet chemical etching (see the 
text). 

A homemade AFM operating in air8 was utilized for both 
the fabrication and the structural characterization. Key ele- 
ments determining the ultimate resolution of this technique 
are the shape and the lateral stability of the AFM probe. 
Silicon AFM probes with triangular-shaped cantilevers9 were 
chosen to minimize the lateral torsion during ploughing. We 
performed a series of line scans orthogonal to the resist strip 
until the topographical signal was flat. Cuts were made by 
applying a normal force of ~ 1 //.N at scan velocities be- 
tween 10 and 100 /uum/s. Depending on the final geometry, 
between 5 and 20 s were necessary to completely remove the 
resist. Removal of the resist is strongly promoted by tip- 
edge collision and is subsequently completed by the normal 
force applied. An interesting aspect of AFM nanofabrication 
is the possibility of monitoring the fabrication process by 
exploiting AFM imaging capabilities. It should be men- 
tioned, however, that after several cuts are performed tip 
damage is often observed. This deterioration manifests itself 
by a poorer image quality and requires tip replacement after 
about 10 cuts. This same effect limits the repeatibility of the 
resist lithography which, however, for the first cuts is very 
high and is essentially limited by tip positioning (negligible 
influence) and shape (sharper tips being, of course, pre- 
ferred). 

III. STRUCTURAL CHARACTERIZATION 

Nanostructures were thoroughly characterized by AFM 
and scanning electron microscopy (SEM). 
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FIG. 2. Schematic description of the steps used for the fabrication of super- 
conducting microbridges. (a) Cross section of initial layers; (b) UV 
lithography-defined resist pattern; (c) final resist pattern after AFM static 
ploughing of the resist; (d) cross section after wet chemical etching of the 
semiconductor; (e) Nb e-beam evaporation; (f) final Nb structures after lift- 
off process. 

Figure 3 shows a few completed weak links among the 
shortest ones fabricated, at various enlargements. Figures 
3(a) and 3(b) demonstrate the good uniformity achieved 
along the gap in the case of 100- and 40-nm-thick Nb films, 
respectively. Particularly in the context here of interest, a 
very important feature of the present technique is the capa- 
bility of the AFM to unambiguously verify the complete re- 
moval of the superconducting film. This can be more con- 
vincingly obtained compared to SEM measurements due to 
the accuracy of depth profiling yielded by the AFM [see 
Figs. 3(c) and 3(d) for the case of a ~40-nm-thick Nb film]. 
Figures 3(b) and 3(d) show that AFM lithography yields bet- 
ter defined resist edges than standard UV processing even 
after wet-chemical etching. 

Gap widths as small as 250 nm were obtained, with lateral 
scaling being calibrated on a reference grating. Several fac- 
tors contribute to limiting the shortest gap achievable, 
namely, tip shape, etch kinetics, and film and resist thick- 
ness. For our particular application the need for rather ag- 
gressive chemicals to remove the Nb layer poses a limitation 
on the resist thickness. Additional limitations stem from the 
need to ensure total film removal which requires longer etch- 
ing times. 

SEM and AFM images of samples of fabricated 100-nm- 
thick Nb microbridges are shown in Fig. 4 for different 
lengths and widths. Continuous lines were achieved with 
widths as small as 200 nm. We should like to emphasize that 
a broad range of aspect ratios can be achieved for the super- 
conducting strip with the present approach. Thicker lines 
can, in fact, be easily obtained by deeper etching of the semi- 
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a) 
5 um 

b) 

300 nm 

FIG. 4. Structural characterization of several microbridges. (a) SEM micro- 
graph of a 5.6-ytim-long bridge; (b)-(c) AFM images of a 1.7-/im-long 
bridge. 

FIG. 3. Structural characterization of the weak links fabricated, (a) SEM 
micrograph of an entire link; (b)-(d) AFM images of sections of a link (see 
the text). 

conductor substrate with limited effect on the final linewidth. 
Some of the structures exhibited a depression in the pad re- 
gion along the bridge direction. This can probably be linked 
to unintentional ploughing of the semiconductor substrate 
which is greatly enhanced by the subsequent chemical etch. 

IV. ELECTRICAL CHARACTERIZATION 

In order to fully verify the efficacy of the fabrication pro- 
cedures presented we performed low-temperature dc four- 
wire current-voltage (I-V) measurements in a closed-cycle 
He cryostat. 

Figure 5(a) shows the I-V characteristic at 0.34 K for a 
20-/um-wide and 260-nm-long Nb-InAs weak link. The co- 
herence length in our n= 1.5X 1018 cm-3 InAs substrate is 
estimated to be —120 nm, a value comparable to the gap 
length. This guarantees significant semiconductor 
proximization10 and yields a measured critical current of 
about 200 fj,A. This large value allowed us to carefully study 
the temperature and magnetic-field dependence of the critical 
current in the hybrid structure.11 As mentioned above, the 
use of the AFM ensures that no residual Nb film or debris is 
shorting the link thus guaranteeing the validity of the mea- 
surements. 

Figure 5(b) shows the /- V characteristic at 0.34 K for our 
Nb microbridges (the inset shows the I-V at 6 K); the con- 
tinuity of the film is proven by the high value of the critical 
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FIG. 5. /- V characterization of the devices, (a) /- V at 0.34 K of a 260-nm- 
long, 20-yum-wide weak link; (b) /- V at 0.34 and 6 K (see the inset) of a 
4.6-/im-long 210-nm-wide microbridge. 

current. Structures with these dimensions are of interest in 
several fields, e.g., in the study of vortex dynamics in type-II 
superconductors. 12 

V. CONCLUSIONS 

In conclusion we have presented a novel implementation 
of AFM nanolithography that can be successfully exploited 
to extend the resolution limits of standard UV photolithog- 
raphy. Lines of the order of 100 nm were both removed and 
fabricated in the case of superconducting films. Successful 
fabrication was demonstrated by electrical characterization 

of the completed devices. The present approach can find 
other fields of application and probably yield higher resolu- 
tion in the case of planar semiconductor nanostructures, e.g., 
for the implementation of point contacts13 and nanogates. 
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Metal-based single electron transistors operating at liquid nitrogen temperature were fabricated. 
Multiple tunnel junctions with metal particles of about 3 nm in diameter were used to construct the 
transistors. In these transistors the gates are placed directly underneath the islands and separated 
only by a 10-nm-thick dielectric. The capacitance of the islands is less than 1 aF. Clear oscillations 
induced by gate bias voltage are observed in the current-voltage characteristics at 77 K. © 7997 
American Vacuum Society. [S0734-211X(97)05 804-6] 

I. INTRODUCTION 

Single electron charging or the Coulomb blockade effect 
is a phenomenon where the electrical conduction through an 
isolated metallic island, coupled to an external circuit 
through tunneling junctions, directly reflects the quantization 
of the electron charge on the island. Single electron charging 
effects enable us to observe the transfer of single electrons in 
a device by measuring macroscopic changes in its electrical 
characteristics. These effects have been studied extensively 
because of the possibility of making microelectronic devices 
based on controlling precise numbers of electrons rather than 
average numbers of electrons. The temperature at which 
these effects can be observed in a device is inversely propor- 
tional to the capacitance of the device which in turn is pro- 
portional to the size of the device. Therefore the charging 
effects can only be observed in very small structures with 
very small capacitance. The operating temperature is usually 
below 4 K if the structures are made entirely by lithography 
methods. Some researchers showed that, by employing 
nanoparticles1 or nanocrystals2 to form tunneling junctions, 
their size is of a few nanometers and is not limited by the 
lithography resolution; single electron charging effects can 
be observed at liquid nitrogen temperature. 

The single electron transistor is an electronic device in 
which the conduction through the device is controlled by 
single electron charging effects and was first demonstrated 
by Fulton and Dolan3 using Al/AlxOy/Al tunnel junctions 
fabricated by electron beam lithography and multiple-angle 
deposition-oxidation-deposition cycles. The size of their de- 
vice was limited by the resolution of the lithography hence 
the capacitance of the device is usually in the fF range mak- 
ing observation of single electron oscillations only possible 
at temperatures lower than 2 K. The operating temperature 
can be raised by scaling down the structures to a smaller size 
and work has been carried out to raise the operating tempera- 
ture of single electron devices. In metallic structures, one of 
the approaches was to use anodization to reduce the size of 
A1/A1203 /Al tunnel junctions and by doing so single electron 
devices operating at 30 K were demonstrated.4 

The simplest single electron transistors consist of two tun- 
nel junctions between source and drain and a gate. However, 
it has been shown that a multiple-tunnel junction (MTJ) 
which consists of a series of small islands is more suitable, 

although more complicated, for single electron devices.5 

Since the electrical characteristics do not depend on the de- 
tails of each of the tunnel junctions and islands, natural metal 
grains of very small sizes can be used to form MTJ struc- 
tures. Single electron transistors have been fabricated with 
such structures and oscillations were observed at liquid ni- 
trogen temperature in side gated devices.6 The distance be- 
tween the conduction channel and the gate in these devices 
was, however, very large (~ 100 nm) so a large gate voltage 
(the period of single electron oscillations was about 6 V) was 
needed to control the conduction. In order to construct single 
electron memory and logic devices a more effective gate 
control and a low gate voltage are needed. In this article we 
report the fabrication process and electrical characteristics of 
a metallic single electron transistor in which the gate is 
placed directly underneath the islands separated only by a 
thin layer of dielectric of a few nanometers thickness; with 
this more effective gate control can be achieved. 

II. FABRICATION PROCESS 

The metallic single electron transistors discussed in this 
article were fabricated on silicon substrates with a 240-nm- 
thick layer of thermally grown Si02 on top. Gold bond pads 
and connecting leads were formed by optical lithography and 
metallization. All the devices have nominally the same ge- 
ometry in which the islands are separated by a thin layer of 
dielectric from the gate. The active area of the devices is 
shown schematically in Fig. 1. To reduce the step coverage 
problem the gate is situated in a recess etched in the sub- 
strate. The depth of the recess was chosen to be the same as 
the thickness of the gate metal, in our case a 20-nm-thick 
aluminum layer. The gate recess was fabricated by electron 
beam lithography with PMMA resist followed by etching in 
1:1 de-ionized watenbuffered HF. The etch rate is about 1 
nm/s so that accurate control of etch depth can be achieved. 
After gate recess etching, the sample was cleaned with argon 
plasma etching and a layer of aluminum was deposited in a 
sputter coater and then lifted off in acetone. The sputter 
coater was used to deposit the aluminum layer to get better 
step coverage. Gate continuity was examined before the next 
step of processing. 

Another step of electron beam lithography was performed 
to deposit a layer of gate dielectric which was aligned to the 
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FIG. 1. Schematic of a single electron transistor, (a) A plan view of the 
device, (b) A cross-sectional view of the active area. 

gate metal. Devices were fabricated using both Si02 and 
Si3Ni4 in our experiments and the difference in their electri- 
cal characteristics will be discussed later. The sputter coater 
was used for the deposition of dielectric layers and the depo- 
sition parameters are shown in Table I. After the deposition 
the samples were put in acetone for liftoff and islands were 
formed in the same way as that described earlier.6 Finally 
source-drain contacts were connected to the islands. Due to 
the step coverage problem, two steps of metallization were 
used. A thin layer of NiCr/Au about 10 nm in thickness was 
used to define the source-drain gap and a thicker layer of 
NiCr/Au of 40 nm was used to cover the steps. Figure 2 
shows one of the completed devices. The width of the leads 
is about 30 nm and the gap between source and drain con- 
tacts is also about 30 nm. The distance between the alumi- 
num gate and the islands is the total thickness of natural 
aluminum oxide plus the dielectric thickness and is about 10 
nm. In some devices no dielectric was deposited on the gate 
metal and the islands were deposited directly onto the alumi- 
num gate. It was found that the natural oxide on the alumi- 
num gate was, however, too thin to form an effective barrier 
and the gate leakage current measured was too great. 

III. ELECTRICAL CHARACTERISTICS 

The completed devices were diced and bonded into ce- 
ramic packages that were then mounted into a dip stick for 
low temperature measurements. The I-V characteristics of 
the devices were measured at room temperature and at liquid 
nitrogen temperature using Keithley 236 source measuring 
units (SMUs). One SMU was used as the source for a voltage 
across the source and drain electrodes and to measure the 
current through the device; a second SMU was used to apply 
a voltage to the gate electrode. For low temperature measure- 
ments the dip stick was immersed in a liquid nitrogen Dewar. 

At room temperature all working devices showed a non- 
linearity in the source-drain voltage-current characteristics 
when the gate electrode was kept at ground potential. No 

TABLE I. Deposition parameters of gate dielectric layers. 

Row rate       Chamber       Deposition rate   Power   Thickness 
Dielectric     (seem)     pressure (mB)        (nm/min) (W) (nm) 

S02 

Si3Ni4 

3.6 
3.6 

5X10"4 

5X10'4 
7.9 
3.3 

50 
50 

10 
10 

FIG. 2. SEM micrographs of a completed device, (a) Low magnification 
micrograph in which different stages of metallization can be seen, (b) High 
magnification micrograph showing details of the multiple tunneling junc- 
tions. The islands are about 3 nm in diameter. 

periodic oscillations could be detected in the source-drain 
conductance when the gate voltage was swept with the 
source-drain voltage kept constant because of thermal smear 
out. At liquid nitrogen temperature (77 K) a pronounced 
nonlinearity was observed in the source-drain I-V charac- 
teristics and in some devices clear Coulomb gaps were seen. 
Oscillations appeared in the source-drain current when the 
gate voltage was swept and the source-drain voltage was 
kept constant. There was no oscillation in the gate current 
measured at the same time. In Fig. 3 the source-drain current 
in a device with a Si3Ni4 gate dielectric is shown as a func- 
tion of gate bias voltage which was swept from - 2 to 2 V. 
The data were taken at 77 K and different curves were mea- 
sured at different source-drain bias voltages from 0 to 250 
mV in 50 mV steps. As can be seen in Fig. 3, several distinct 
large peaks appear in the curves and within each large peak 
there are several small peaks. In a double junction single 
electron transistor the source-drain current oscillates with a 

0.15 V 
0.10V 
0.05 V 
0.00 V 

-1 0 1 
Gate Voltage (V) 

FIG. 3. Source-drain current as a function of gate voltage at a constant 
source-drain bias voltage Vd measured at 77 K for a device with a Si3Ni4 

dielectric. Different curves show current measured at different Vd from 0 to 
250 mV in 50 mV steps. 
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FIG. 4. Source-drain current as a function of gate voltage at a constant 
source-drain bias voltage Vd measured at 77 K for a device with a Si02 

dielectric. Different curves show current measured at different Vd from 0 to 
250 mV in 50 mV steps. 

period of elCg when its gate voltage is swept; Cg is the gate 
capacitance. It was shown that when MTJs instead of double 
junctions are used in single electron transistors the oscilla- 
tions in the source-drain current will have multiple periodic- 
ity even in the case of MTJs consisting of identical islands 
and junctions.5 Here the broadest period does correspond to 
the gating effect and, taking the broadest period in Fig. 3, the 
gate capacitance is estimated to be 0.13 aF from elCg 
K 1-5 V. There are many peaks in the Fourier transformed 
data, the most prominent one being at 1.6 V and the second 
most prominent at 3.1 V. Because in our experiment the 
transistors consist of multiple tunneling junctions and the 
size of the islands used to form the MTJs is not uniform, the 
oscillations are very complicated. As shown by Nakazato 
et al.5 multiple periodicity will develop for single electron 
transistors made of MTJs. In our device the additional com- 
plexity is the two-dimensional nature of the tunneling junc- 
tions. Not only is there charging up of different islands in the 
conduction path but there are also those that are not in the 
conduction path but due to their proximity to it will contrib- 
ute to the oscillation of the source-drain current. Calculations 
showed that for MTJs made from identical junctions the nar- 
row peaks in the source-drain current disappear at high drain 
bias. In our devices, however, this characteristic is some- 
what different and new peaks developed at high source-drain 
bias. This can be attributed to the higher probability of elec- 
trons tunneling into islands near the conduction path. The 
oscillations observed in the present devices have a much 
shorter period than that observed in side gated devices.6 The 
period for a device with a side gate located 100 nm from the 
islands was about 6.3 V. The period of oscillation of the back 
gated device is about 1.5 V. Similar oscillations were ob- 
served in devices fabricated with a Si02 dielectric (Fig. 4). 
As more effective gate control is achieved, single electron 
memory or logic devices can be constructed by the fabrica- 
tion technique described in this article. 

In the present devices the main features of the measure- 
ment results normally remain the same but there are minor 
differences from different sweeps for the same devices. 
Characteristics are usually different for nominally identical 
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FIG. 5. Comparison of I-V characteristics of different sweeps of gate volt- 
age for a device with a Si3Ni4 dielectric measured at 77 K. Curves (II) and 
(III) are shifted for 0.2 and 0.6 pA, respectively, for clarity. The gate voltage 
was swept from - 2 to 2 V for curves (I) and (II) and from 2 to - 2 V for 
curve (III). 

samples. Figure 5 compares I-V characteristics of three 
measurements from the same Si3Ni4 device. Curves (II) and 
(III) are shifted by 0.2 and 0.6 pA, respectively, for clarity. 
Curves (I) and (II) were measured with gate sweeping from 
-2 to 2 V and they are almost identical. Curve (III) was 
measured with gate sweeping from 2 to - 2 V and the peaks 
and troughs are shifted compared to those in curves (I) and 
(II). The reason for this shift is not yet understood. For 
Si02 devices, the measurement results are more repeatable as 
shown in Fig. 6. Curves (II) and (III) are shifted by 0.2 and 
0.4 pA, respectively, for clarity. Gate voltages were swept 
from -2 to 2 V for curves (I) and (II) and from 2 to 
-2 V for curve (III). Unlike results from the Si3Ni4 devices, 
the curves are almost identical for both gate-voltage sweep 
directions. More repeatable results were obtained with a 
Si02 dielectric layer. Examination in a scanning electron mi- 
croscope showed that the Si02 films were more uniform than 
the Si3Ni4 films. 
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FIG. 6. Comparison of /- V characteristics of different sweeps of gate volt- 
age for a device with a Si02 dielectric measured at 77 K. Curves (II) and 
(III) are shifted for 0.2 and 0.4 pA, respectively, for clarity. The gate voltage 
was swept from -2 to 2 V for curves (I) and (II) and from 2 to -2 V for 
curve (III). 
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IV. CONCLUSIONS 

Metal-based single electron transistors were fabricated 
with multiple tunnel junctions formed in metallic granular 
films deposited by an ionized beam deposition technique. 
The islands were only about 3 nm so the devices can be 
operational at liquid nitrogen temperature. The gate elec- 
trodes were located directly underneath the multiple tunnel 
junctions and separated by a dielectric layer only a few na- 
nometers thickness. Electrical characteristics measured at 
liquid nitrogen temperature showed clear single electron 
charging effects. The source-drain current oscillated at con- 
stant source-drain bias voltage when the gate voltage was 
swept. It is believed that the complicated structure in the 
/- V characteristics was due to the charging up of islands in 
as well as near the conduction path. Due to the stochastic 
nature of the islands used in our devices the electrical char- 
acteristics from different devices are not repeatable. In com- 
paring the devices fabricated with Si02 and Si3Ni4 dielectrics 
it was concluded that the Si02 layer has the better dielectric 

properties in our present experiment. As a moderate gate 
voltage was used to control the conduction, it is possible to 
use the metal-based single electron transistors described in 
this article to construct single electron memory or logic de- 
vices. 
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Electron beam dot lithography for nanometer-scale tunnel junctions 
using a double-layered inorganic resist 
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We have developed a metal-insulator-metal (MIM) junction fabrication process using top two 
layers of a separated by implanted oxygen substrate as a double-layered electron beam resist and a 
dot-exposure method in order to simplify the process sequence and fabricate smaller MIM junctions 
than those made by the conventional multiple-angle deposition-oxidation-deposition method. The 
diameter of the dot openings of a suspended mask tends to saturate with an increase in the exposed 
dose and is independent of the dot interval. We were able to successfully fabricate a series of Ti dots 
with minimum diameters of about 20 nm and much smaller junctions than the minimum dot size of 
20 nm by an inorganic resist lift-off process. A one-dimensional array of six MIM junctions 
fabricated by this method showed typical current-voltage characteristics of tunnel junctions at room 
temperature.   © 1997 American Vacuum Society. [S0734-211X(97)10804-6] 

I. INTRODUCTION 

Single electron devices are considered to be powerful can- 
didates for future devices that overcome the integration limit 
in conventional Si devices.1 Nanofabrication techniques for 
ultrasmall tunnel junctions are indispensable to the develop- 
ment of single electron devices that operate at moderate tem- 
peratures higher than the liquid nitrogen temperature. 
Nanometer-scale tunnel junctions have been realized by vari- 
ous structures such as split-gate heterostructures,2 tunnel 
junctions in a very thin poly-Si layer,3 and metal-insulator- 
metal (MIM) tunnel junctions.4'5 

MIM small-area tunnel junctions have been realized by 
using the multiple-angle deposition-oxidation-deposition 
method6'7 for which suspended masks made of such organic 
resists as polymethylmethacrylate (PMMA) are patterned by 
electron beam (EB) lithography. EB exposure processes are 
the most promising candidates for nanofabrication technol- 
ogy from the point of view of patterning accuracy and 
throughput. However, the resolution of organic EB resist is 
known to be no better than around 10 nm,8 so a high reso- 
lution resist must be developed for nanometer-scale EB li- 
thography. Allee and Broers demonstrated that much finer 
patterns can be fabricated using an inorganic resist of Si02 

thin layers, utilizing the enhanced etch rate of EB-exposed 
Si02 in a solution.9 Hiroshima et al. demonstrated the effi- 
ciency of this method by delineating line patterns with 
widths of about 5 nm in a SiOz thin layer with a 3 nm 
probe.10 Recently Wada et al. developed a Si02 /poly-Si 
double-layered EB resist process for suspended mask fabri- 
cation and applied it to A1/A1203/A1 tunnel junction fabrica- 
tion by using the multiple-angle deposition-oxidation- 
deposition method.11 These fabricated tunnel junctions 
exhibited a clear Coulomb staircase at 12 K. There were, 

a)Electronic mail: haraichi@etl.go.jp 
b)Currently with the New Energy and Industrial Technology Development 

Organization (NEDO), Japan. 

however, several problems, such as irregularities or edge 
roughing of the mask patterns due to the granular structure of 
poly-Si and the nonuniform electrical characteristics of the 
MIM junctions that was probably due to the granular depo- 
sition of Al. To overcome process problems such as these, 
we have introduced a Si02/c-Si double-layered EB resist 
process originating from a separation by implanted oxygen 
(SIMOX) substrate and selected Ti as a metal for the junc- 
tions. Gorwadkar et al. have reported improvement in the 
basic inorganic double-layered EB resist process.12 

In this study, we have developed another MIM junction 
fabrication process using top two layers of a SIMOX sub- 
strate as a double-layered EB resist and a dot-exposure 
method in order to simplify the process sequence and fabri- 
cate smaller MIM junctions than those made by the conven- 
tional multiple-angle deposition-oxidation-deposition 
method. We were able to successfully fabricate a series of Ti 
dots with minimum diameters about 20 nm and much smaller 
junctions than the dot size of 20 nm by an inorganic resist 
lift-off process. A one-dimensional (ID) array of six MIM 
junctions fabricated by this method showed typical current- 
voltage (I-V) characteristics of tunnel junctions at room 
temperature. 

II. EXPERIMENT 

The schematic sequence of a double-layered inorganic EB 
resist process using a dot-exposure method for suspended 
mask fabrication, metal dot deposition, and inorganic resist 
liftoff is shown in Fig. 1. The SIMOX wafers were subjected 
to subsequent stages of thermal oxidation and chemical etch- 
ing; the samples with resist layers of 55 nm Si02 and 70 nm 
c-Si were prepared on 116 nm SiO2/Si(100) substrates. The 
double-layered inorganic resist was selectively irradiated 
with a 50 kV finely focused EB with spot doses ranging from 
2.5 to 25 pC/dot [Fig. 1(1)]. After EB irradiation, the 
samples were processed in a barrel-type oxygen plasma asher 
for 15 min to remove the contamination layer due to the EB 

1406     J. Vac. Sei. Technol.B 15(4), Jul/Aug 1997       0734-211X/97/15(4)/1406/5/$10.00       ©1997 American Vacuum Society     1406 
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1. EB dot irradiation 

Electron beam 

4. Ti deposition 

(normal to the surface) 

(a) 200nm (b) 200nm 

2. Etching of top Si02 with 
a solution of buffered HF 

5. Oxidation 

3. Selective etching of c-Si 
with NMD-3 

6. Si lift-off with NMD-3 

MTM junction 

FIG. 1. Schematic of the sequence of a double-layered inorganic EB resist 
process using a dot-exposure method for suspended mask fabrication, metal 
dot deposition, and inorganic resist liftoff. 

irradiation. The oxygen pressure was about 1 Torr and the rf 
power was 100 W. The top SiOz layer was then etched with 
a solution of buffered HF (HF:NH4F:H20= 1:5:40) at room 
temperature [Fig. 1(2)]. The etching rate of the EB-exposed 
Si02 was enhanced in buffered HF (BHF), and the selectivity 
(the ratio of the etch rate of the exposed region to that of the 
unexposed region of the top Si02 layer) of the EB area dose 
of 1 C/cm2 was estimated to be 3.3 according to our previous 
work.11 The underlying c-Si layer was etched by a commer- 
cially available photoresist developer, NMD-3 solution (To- 
kyo Ohka Kogyo Co., Ltd., Japan) at 50 °C [Fig. 1(3)]. The 
main chemical component of NMD-3 is tetramethyl ammo- 
nium hydroxide (TMAH). We got good undercut structures 
easily because of the high selectivity (the ratio of the etch 
rate of Si(l 11) to that of Si02) of the NMD-3, about 1000 at 
50 °C.12 EB evaporated Ti was vertically deposited onto a 
sample across a series of dot openings at a deposition rate of 
about 0.2 nm/s [Fig. 1(4)]. The thickness of the deposited Ti 
film was about 10 nm. The surface of the deposited Ti film 
was oxidized by exposing the sample to air, and a saturated 
oxidation layer of TiO^ with a thickness of about 3-4 nm 
(Ref. 13) was formed [Fig. 1(5)]. As it is extremely difficult 
to lift off inorganic resist layers completely, we lifted off 
only a small part of the resist layers, about 50 /^mX50 fim, 

200nm (d) 200nm 

FIG. 2. SEM micrographs showing the suspended masks made by the dot- 
exposure method for several exposure conditions where (a) exposed dose 
(D) is 5 pC/dot, dot interval (DI) is 40 nm; (b) D=10pC/dot, 
DI=40nm; (c) D = 5pC/dot, DI=50nm; and (d) D=10pC/dot, 
DI=50 nm. 

around the junction pattern which was surrounded by one or 
two successive frames of grooves.12 The top Ti/Si02 layers 
inside these frames of grooves were lifted off by the under- 
lying c-Si layer etched with the NMD-3 solution at 70 °C for 
about 60 min under intermittent ultrasonic agitation [Fig. 
1(6)]. Au/Cr pad patterns were then made by a PMMA lift- 
off process, and the I-V characteristics of a ID array of 
MIM junctions were measured. 

III. RESULTS AND DISCUSSION 

Figures 2(a)-2(d) are the scanning electron microscopy 
(SEM) micrographs of the suspended masks fabricated by 
the dot-exposure method and the two step development using 
BHF and NMD-3 solutions for several exposure conditions. 
Dark gray regions correspond to openings of the top Si02 

mask layer, and the surrounding gray regions correspond to 
undercuts of the c-Si layer etched along the (111) crystal 
plane.12 The diameter of the dot openings of a suspended 
mask tends to increase with an increase of the exposed dose 
and shows a small dependence on the dot interval (DI). The 
exposed dose dependence of the diameter of the dot openings 
for several DIs of 50, 40, and 30 nm are shown in Fig. 3. The 
diameter of the dot openings tends to saturate with an in- 
crease in the exposed dose and is almost independent of the 
dot interval. The Si02 of the top resist layer is not affected 
very much by the proximity effect because of the much 
higher threshold energy of bond breaking in the resist mate- 
rial than in usual organic resists. With our process we can 
design the diameter and the interval of the dot openings in- 
dependently in order to fabricate a series of dot mask open- 
ings for MIM junctions with DIs ranging more than 30 nm. 

JVST B - Microelectronics and Nanometer Structures 
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FIG. 3. The dependence of the diameter of the dot openings of a suspended 
mask on exposed dose for dot intervals of 50, 40, and 30 nm. 
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We studied the temperature dependence of the etching 
rate of c-Si along the (111) crystal plane in NMD-3 solution, 
and this is shown in Fig. 4(a). The etching rate tends to rise 
with an increase in the temperature, and a sufficiently high 
etching rate of about 25 nm/min for an inorganic resist lift- 
off process is obtained at 70 °C. We studied the effect of 
NMD-3 solution on the sheet resistance of the Ti film at 
70 °C. The sheet resistance measurements, shown in Fig. 
4(b), were carried out using the four-probe method to esti- 
mate the change in thickness of the Ti film due to the 

(a) 
20 40 60 80 

Temperature (°C) 
100 

10       20       30      40       50       60 
(b) Etching time (min) 

FIG. 4. (a) Temperature dependence of the etching rate of c-Si in NMD-3 
solution and (b) etching time dependence of the sheet resistance of Ti films 
in NMD-3 solution at 70 °C. 

FIG. 5. SEM micrographs showing the series of Ti dots fabricated by an 
inorganic resist lift-off process in NMD-3 solution for several exposure 
conditions where (a) exposed dose (D) is 5 pC/dot, dot interval (DI) is 40 
nm; (b) £>=10pC/dot, DI=40nm; (c) D = 5pC/dot, DI=50nm; and (d) 
D=10pC/dot, DI=50nm. 

NMD-3 solution; the film had an initial thickness of about 15 
nm. The sheet resistance of the Ti film did not effectively 
change after treatment with NMD-3. This indicates that the 
Ti film is strong enough not to be affected by the NMD-3 
solution because of the native oxide layer that developed on 
the surface. Passivation of metallic Ti by its native oxide, 
which is about 4 nm thick, provides a very corrosion resis- 
tant material.13'14 

Figures 5 (a)-5(d) are SEM micrographs of the series of 
Ti dots fabricated by an inorganic resist lift-off process in 
NMD-3 solution at 70 °C using the masks shown in Figs. 
2(a)-2(d), made by different EB exposure conditions. We 
were able to successfully fabricate a series of Ti dots with 
minimum diameters of about 20 nm, as shown in Figs. 5(a) 
and 5(c). In Fig. 5(d), we can see very small neck regions of 
less than 10 nm in width between the Ti dots that could be 
much smaller junctions than the minimum dot size of 20 nm. 
The exposed dose dependence of the diameter of fabricated 
Ti dots for several selected dot intervals of 50, 40, and 30 nm 
is shown in Fig. 6. The fabricated Ti dots always have diam- 
eters about 5 nm smaller than those of corresponding mask 
openings, shown in Fig. 3. The mask openings have sloped 
side walls due to the relatively low selectivity of Si02 of 3.3, 
and the diameters of the fabricated Ti dots might be almost 
equal to the bottom diameters of the corresponding mask 
openings. There seems to be very little effect of surface dif- 
fusion of Ti atoms on metal Ti deposition at room tempera- 
ture. 

A SEM micrograph of a ID array pattern of the sus- 
pended mask for six MIM junction fabrication is shown in 
Fig. 7. Dark gray lines and dots correspond to openings of 
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FIG. 6. The dependence of the diameter of fabricated Ti dots on exposed 
dose for dot intervals of 50, 40, and 30 nm. 
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FIG. 8. /- V characteristics at room temperature of ID array of six MIM 
junctions fabricated by the inorganic masks that were made by exposed 
doses of 6.25, 7.5, and 8.75 pC/dot. 

the top Si02 mask layer, and the surrounding triangularly 
shape gray regions correspond to undercuts of the c-Si layer 
etched by NMD-3 solution. The series of five dots makes six 
MIM junctions between the lines and dots. The two horizon- 
tal line patterns connected with Au/Cr pad patterns and the 
/- V characteristics of the ID array of the six MIM junctions 
were measured. The vertical line pattern is a gate pattern but 
it was not used in this study. Figure 8 shows the /- V char- 
acteristics at room temperature of a ID array of six MIM 
junctions fabricated by the inorganic masks that was made 

by several exposed dose conditions, 6.25, 7.5, and 8.75 pC/ 
dot. The dot intervals were designed equally to 40 nm. The 
I-V characteristics, corresponding to exposed doses of 7.5 
and 8.75 pC/dot, show a large leakage current, and those 
junctions are almost like metal wires. The I-V characteris- 
tics, corresponding to an exposed dose of 6.25 pC/dot, show 
the typical I-V curve of tunnel junctions. We obtained a 
barrier height of 1.85 eV and a barrier thickness of 1.46 nm 
using a simple theory for determination of the potential bar- 
rier shape in tunnel junctions.15 We fabricated a good tunnel 
barrier of Ti02. 

300nm 

FIG. 7. SEM micrograph showing a ID array pattern of the suspended mask 
for six MIM junctions fabrication. 

IV. CONCLUSIONS 

We have developed a MIM junction fabrication process 
using the top two layers of a SIMOX substrate as a double- 
layered EB resist and a dot-exposure method in order to sim- 
plify the process sequence and fabricate smaller MIM junc- 
tions than those made by the conventional multiple-angle 
deposition-oxidation-deposition method. The diameter of 
the dot openings of a suspended mask tends to saturate with 
an increase in the exposed dose and is independent of the dot 
interval. The Si02 of the top resist layer is not affected very 
much by the proximity effect because of the much higher 
threshold energy of bond breaking in the resist material than 
in usual organic resists. We were able to successfully fabri- 
cate a series of Ti dots with minimum diameters of about 20 
nm and much smaller junctions than the minimum dot size of 
20 nm by using an inorganic resist lift-off process in NMD-3 
solution at 70 °C. The diameters of fabricated Ti dots are 
almost equal to those of corresponding mask openings and 
there seems to be very little effect of surface diffusion of Ti 
atoms on metal Ti deposition. A one-dimensional array of 
six MIM junctions fabricated by this method showed typical 
current-voltage characteristics of tunnel junctions at room 
temperature. 
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We predict a new type of negative differential resistance (NDR) in a nonlinear ten-junction array of 
nine conducting islands with ultrasmall self-capacitance. A main feature of our array is that two of 
the ten junctions go in the direction opposite to an external in-plane electric field. The NDR 
characteristic is one of Coulomb blockade phenomena and is triggered by competition between the 
two tunnel rates across two specific junctions depending on the external voltage. Calculations for the 
electron dynamics are based on the orthodox semiclassical single electron tunneling model. 
© 1997 American Vacuum Society. [S0734-211X(97) 10304-3] 

I. INTRODUCTION 

Some multijunction arrays with ultrasmall capacitance 
show steplike current-voltage (I-V) characteristics which 
are ascribed to single electron charging effects1' and can 
serve as single electron transistors.3 Recently we have theo- 
retically shown that a nonlinear seven-junction array of six 
spherical conducting islands with ultrasmall self-capacitance 
driven by a voltage source can also show negative differen- 
tial resistance (NDR) in the /- V curve due to single electron 
charging effects.4 In contrast to usual multidimensional junc- 
tion arrays,5'6 the electrical potential is no longer concen- 
trated within the junctions. The long-range interaction be- 
tween islands was taken into account in our determinations 
of the island potential using the method of multiple images. 
An interesting feature of our seven-junction array is that the 
islands are arranged so that only one junction goes in the 
direction opposite that of an external in-plane electric field. 
However, in reality, the current around the NDR peak in 
such a seven-junction array seems to be too small for NDR 
to be identified clearly. 

In this article, we propose a longer nonlinear ten-junction 
array of nine ultrasmall spherical conducting islands that 
shows NDR characteristics with much larger current. The 
new array is arranged so that two consecutive junctions go in 
the direction opposite that of an external in-plane electric 
field. The electron transport mechanisms of our seven- and 
ten-junction arrays that are responsible for NDR are basically 
the same. 

To simulate stochastic electron dynamics we use the or- 
thodox semiclassical single electron tunneling model for 
multijunction circuits.7 Let us consider arbitrary one- 
dimensional chains of N islands driven by a voltage V. The 
electron tunneling rates across the jth junction are given by a 
golden rule: 

r(V,n->n') = 
1 AE 

e2Rj l-exp(AE/fcßr)' 
(1) 

where e is the electronic charge, Rj is the tunnel resistance 

of the j'th junction, T is the temperature, and AE is the elec- 
trostatic energy difference before and after the tunneling 
event which causes a change in the electron configuration 
from n to n' (n={n1 ,...,nN} is the number of excess elec- 
trons on the islands). The AE contains contributions from a 
change in the internal charging energy e(n) as well as from 
the work KjeV (2_,-icy-= 1) done by the voltage source after 
an electron has tunneled across the jth junction: 

AE=KjeV+e(n)-e(n'), (2) 

and the internal charging energy is given by 

e(n) = ienU, (3) 

where U is the island potential corresponding to the electron 
configuration. In our calculations, U is estimated by using 
the method of multiple image charges, assuming that all the 
islands are spherical. If one knows the probability to find the 
electron configuration n, cr(n), then the average current is 
given by the net flow through any junction of the array: 

/(V) = «2 <T(n)[f>)-f/n)], (4) 

where the —>/<— refers to the forward/backward tunneling 
across the y'th junction, and the average number of excess 
electrons on the /th island is given by 

<«,•} = S cr(n)n-u;, (5) 

''Electronic mail: uozumi@phys.aoyama.ac.jp 

where u, is a unit vector in the direction of the ith island. The 
probability <r(n) is obtained by making use of the require- 
ment for a steady state: 

a(nl,...,nj,...,nN)[Tj(n1,...,nj,...,nN) 

+ Tj+l(nl,...,nj,...,nN)] 

= a(n1,...,nj+l,...,nN)[Tj(nl,...,nj+l,...,nN) 

+ Tj+l(nl,...,nj+l,...,nN)]. (6) 

Equations (l)-(6) can be numerically solved, subject to the 
normalization condition 2„(T{«} = 1. 
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V 

^?#^r° 2CQV/e 

FIG. 1. Geometric design of the array for cos a=0.5. The 9 islands and the FIG. 3. Average number of excess electrons (n() on island (' as a function of 
10 junctions are numbered in series from the left to right. The numbers of the external voltage  V.  The parameters are r/L = 0.36 and T/(e2/C0) 
the backward junctions are 5 and 6 in the presence of external electric field =0.01. 
E{V). 

The geometric design of the array proposed here is shown 
in Fig. 1. The array with a uniform junction resistance con- 
sists of nine spherical islands numbered 1-9 with radius r 
and spacing L (much larger than r). For the simplest calcu- 
lations for the island potentials due to excess charges on 

rr~ 1 
o 

Ü 
<M 

T/(e"7 2C ) = 0.01 

r/L = 

(a) 

0 2 4 6 8 10 
2C0V/e 

2C0V/e 

FIG. 2. Simulated /- V characteristics of the array. /- V curves for (a) two 
values of r/L, (b) several values of the temperature T. R, and C0 denote the 
sum of all the junction resistances and the self capacitance of island, respec- 
tively. 

islands, the external electrodes, or leads, are also spherical 
with radius r, so that mutual capacitance of leads and islands 
(except islands 1 and 9) enters very little into our model. 
However, external field E(V) is assumed to be altered in 
proportion to external voltage V, i.e., E(V) = V/5L. Tunnel- 
ing is assumed to occur only between nearest-neighbor is- 
lands (numbered consecutively). For the potential difference 
between two electrodes related to the y'fh junction, A<£ 
= \KJV\, due to the external field, we use the approximation 
A<f>j = EL for 0=1,2,9,10) and A(f>j = EL cos a for (j 
= 3,4,...,8). The internal potential of island i,Ut, is esti- 
mated by using the method of multiple images. 

The results of the simulations by the Monte Carlo method 
are shown in Fig. 2. In Fig. 2(a), the system with larger 
r/L, i.e., in the case of more closely located islands, shows 
that the slope is smaller in the NDR characteristics. In Fig. 
2(b), we show the temperature dependence of the I-V curve. 
An increase of the temperature washes out the negative 
slope. 

In order to understand how the negative slope is pro- 
duced, we discuss the electron-hole traffic flow in our non- 
linear ten-junction array. In usual one-dimensional junction 
arrays with uniform junction resistance, at low voltages and 
temperatures, electron and hole traffic flow is restricted in 
each end of the junctions because of the Coulomb blockade. 
This effect often causes the so-called Coulomb gap in the 
/- V characteristics. Once a single electron and a single hole 
enter the array, they can flow from each side of the array to 
the other without any restriction until they meet in the 
middle of the array and annihilate together. On the other 
hand, in our nonlinear junction array with uniform junction 
resistance, the electron-hole traffic flow is restricted not only 
in edge junctions 1 and 10 but also in junctions 5 and 6 
because junctions 5 and 6 go in the direction opposite to the 
external electric field, that is, negative transport voltage is 
applied across them. Since, as for an electron transfer, the 
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2C0V / e 

FIG. 4. Comparing the five electron hopping rates with the simulated /- V 
curve. The solid and dashed lines are the electron hopping rates and the 
I-V curve, respectively. The parameters are r/L = 0.36 and T/(e2/C0) 
= 0.01. 

electron hopping rates across junctions 1 and 5 are much 
slower than any other possible electron hopping rates, only 
these rates chiefly contribute to the average transport time r 
required for an electron to travel from the edge to the middle 
of the array. If, in a steady transport process, an electron 
enters the array under electron configuration n and then an- 
other excess electron on island 4 hops across junction 5 un- 
der redistributed electron configuration n', then the average 
current can be written in the following form: 

1 1 
/ss 3 , . (7) 

T    l/r,(n) + l/r5(n') 

This expression is good only for voltages small so that no 
(«,-) are much greater than one. In order to evaluate the av- 
erage current from Eq. (7), one should choose the most prob- 
able n and n' according to the external voltages (refer to Fig. 
3). We assume that electron configurations n and n' vary 
from nA and nA to nc and n£. with increasing the external 
voltage as follows: 

set A: nA= {0,0,0,1,0,-1,0,0,0}    and 

nA= {0,0,1,1,0,- 1,-1,0,0}, 

set B: nB = {0,0,1,1,0,- 1,-1,0,0}    and 

nB = {0,l,l,l,0,-1,-1- 1,0}, (8) 

set C: nc={0,l,1,1,0,- 1,-1,-1,0}    and 

n.c={0,l,1,2,0,-2,- 1,-1,0}. 

One may wonder why, first of all, a set of {0,0,0,0,0,0,0,0,0} 
and {0,0,0,1,0, -1,0,0,0} is not chosen here. This is because 

no transport process represented by this set happens since the 
negative transport voltage across junction 5 inhibits an ex- 
cess electron on island 4 from hopping across junction 5 
until a new second electron enters the array and then pushes 
it forward with Coulomb interaction. Set A represents just 
this transport process. In Fig. 4, the five rates rj(nA), 
f5(nA), i\(nB), f5(nB), and i\(nc) are plotted with the 
simulated /- V curve. One finds that our crude estimations of 
Eq. (7) partially fit the simulated /- V curve well. In a trans- 
port process represented by set B, with increasing the exter- 
nal voltage, fi(nB) increases but r5(nB) decreases. Accord- 
ing to Eq. (7), the current depends on the slower rate. Hence, 
at lower voltages the current is dominated by r^n^) but at 
higher voltages the current is dominated by r5(nB). When 
f^rig) overcomes r5(nB), the current starts to decrease. 
This negative slope lasts until r5(nB) is overcome by the rate 
of another new electron that enters the array, i.e., T^iic). 
That is why NDR appears. The negative slope can thus be 
seen at voltages where r1(nB)^r5(nB)^ri(nc). 

In conclusion, we have explored the possibilities that non- 
linear ten-junction arrays of nine ultrasmall islands contain- 
ing two backward junctions show NDR characteristics. If the 
island radius r is taken to be 5 nm as it is in Fig. 2(b), the 
charging energy e2/2C0~0.1 eV and the junction resistances 
Rj~ 10 GÜ, (consistent with one-dimensional calculations 
for a barrier height of 1 eV), then one can see clear NDR at 
tens of kelvins. 
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Patterning of Langmuir-Blodgett film with ultrahigh vacuum-scanning 
tunneling microscope/atomic force microscope 
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We performed a patterning of a stearic acid Langmuir-Blodgett (LB) film on a Si substrate with 
ultrahigh vacuum scanning probe microscope. The patterning was carried out with a conducting Si 
cantilever probe by applying positive or negative bias voltages to the sample. When a negative bias 
(-10 V) was applied, one monolayer of the LB film was extracted. On the other hand, when a 
positive sample bias (+10V) was applied, the scanned area was protruded. This extraction 
mechanism is explained in terms of the force caused by permanent and induced dipole moments. 
Further, Si02 was selectively deposited on the patterned area using SiCl4 and H20. © 7997 
American Vacuum Society. [S0734-211X(97)02404-9] 

I. INTRODUCTION 

Electronic devices have been scaled down by the devel- 
opment of microtechnology. In order to minimize the pattern 
size, many efforts, such as the exposure by short wavelength 
lights and the improvements of the resist, have been made. A 
pattern which is smaller than light wavelength, however, can 
not be delineated by photolithography in principle. Nanos- 
cale lithography has been achieved using electron beam 
(EB), ion beam (IB), and x-ray lithography. Recently, a scan- 
ning probe microscope (SPM) lithography technique has 
been studied. SPM is superior to other lithography tech- 
niques as follows. It does not have the problem of proximity 
effect in EB exposure. Since it uses atomic level local inter- 
action between the tip and the sample, it can even ultimately 
manipulate individual atoms. To achieve nanoscale pattern- 
ing using these techniques, the thickness of the resist has to 
be very thin and pin-hole free. As a resist which satisfies 
these requirements, a hydrogen-terminated Si surface, inor- 
ganic resist, self-assembled monolayer film has attracted at- 
tention. 

Hydrogen-terminated Si surface is chemically stable and 
has some resistivity against oxidation even in air. Some re- 
ports have been made on nanoscale patterning using this sur- 
face property. Lyding et al.1 have made nanoscale oxidation 
patterns on a hydrogen-terminated Si surface using a 
ultrahigh-vacuum (UHV) scanning tunneling microscope 
(STM). After hydrogen is extracted from the surface, the 
area is exposed to oxygen and then achieved an atomic scale 
oxidation pattern. Sugimura et al.2 demonstrated the SPM 
induced anodization. They have used a HF treated hydrogen- 
terminated Si surface and operated a SPM on this surface in 
air. This oxide pattern was used as a mask to etch Si in order 
to achieve a Si nanopattern. They also tried to make a pattern 
with electroless plating by noting the difference in chemical 
properties between the hydrogen-passivated surface and the 
oxidized surface.3 Ono et al.4 have made a selective deposi- 
tion of Al with diMethyl-aluminum-hydride (DMAH) on 
the SPM modified hydrogen-terminated Si surface. It is con- 
sidered that the selective growth of Al is due to the existence 
of free electrons on the hydrogen-terminated surface and the 

chemical reaction between the surface terminated hydrogen 
and the methyl group of the DMAH. 

Langheinrich et al.5 have performed nanoscale patterning 
by exposing AlF3-doped LiF film with EB. This inorganic 
film acts as a self-developing resist. 

Self-assembled monolayer (SAM) films are formed on the 
surface with regularly arranged molecules, and very thin 
films (monolayer) can be achieved. A SAM can be patterned 
by exposing it to ultraviolet light or an electron beam. Using 
these differences of surface chemical properties, it is possible 
to form a pattern by a deposition technique. For these rea- 
sons, a SAM is considered to be a useful material for the 
lithography resist. Calvert et al.6 showed that it is possible to 
make a pattern with deep UV light in a organosilane SAM 
film, such as phenyl-tri-chloro-silane (PTCS) and subse- 
quently they formed the Ni pattern by electroless plating. 

Langmuir-Blodgett (LB) film is also a SAM film and its 
patterning has been reported. The thickness of the LB film 
can be controlled by a monolayer and its surface can be 
changed to both hydrophobic and hydrophilic. Barraud 
et al.1 have carried out a patterning of w-tricosenoic acid LB 
film by polymerizing it with a EB. Stockman et al.8 made a 
pattern in w-tricosenoic acid LB film by exposing it with a 
STM and made a Au pattern of about 15 nm in width. 

We performed the patterning of a stearic acid LB film by 
extracting molecules with an electric field using UHV SPM. 

II. EXPERIMENT 

Our experiments were made on a n-type Si(100), 0.02- 
0.03 Ci, cm wafer. The sample was cleaned with the standard 
(RCA) method without a HF treatment. The surface is hy- 
drophilic because of the natural oxide surface film. We use 
a stearic acid LB film in our experiments. Stearic acid is 
an amphiphilic molecule which has a normal chain expressed 
as follows: CH3(CH2)16COOH. A chloroform solution of 
stearic acid was spread on an aqueous solution containing 
H2S04 and NaHC03, and the temperature of this solution 
was kept at 19 °C. The surface layer was compressed to form 
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(a) 

(b) 

FIG. 1. (a) AFM image of LB film patterned with -10 V of sample bias 
with Si cantilever. Dark rectangular area shows removed area of one mono- 
layer of LB film, (b) A cross sectional profile of the pattern shown in (a). 
The depth of the patterned area is about 1 nm. 

(a) 

FIG. 2. (a) AFM image of LB film patterned with +10 V of sample bias 
with Si cantilever. Bright line is the patterned regain which seems to be 
protruded, (b) A cross section of the pattern shown in (a). The height of the 
pattern is about 1 nm. 

a closely packed monolayer at 25 dyn cm-1. On a hydropho- 
bic surface, a LB film is not formed in the first down stroke. 
In the succeeding up stroke, a monolayer film is deposited on 
the surface with its hydrophilic group towards the sample. 
After this procedure, hydrophilic and hydrophobic groups 
are stacked alternately. 

We used UHV-STM/atomic force microscope (AFM) 
(JEOL JSTM 4500 XT) for the patterning of the LB film. 
The patterning was performed under the base pressure of 
1.3 X 10'8 Pa. We could apply a bias voltage to the sample 
for patterning the LB film using a Si cantilever probe. 

III. RESULTS AND DISCUSSION 

A. Patterning of LB film 

First, one monolayer of LB film was deposited on a Si 
substrate. After the deposition of the LB film, the sample 
was introduced into the UHV-STM/AFM chamber. Two 
rectangular patterns and a line pattern were drawn using a Si 
cantilever with a sample bias voltage of —10 V, and a tun- 
neling current of 10 nA. The scan directions are parallel to 
the line pattern. Figure 1(a) shows an AFM image of the 
patterned area, and this image was taken by the same canti- 

JVST B - Microelectronics and Nanometer Structures 



1416 Hamanaka, Ono, and Esashi: Patterning of LB film with UHV-STM/AFM 1416 

(a) (b) 

FIG. 3. AFM images of the surface after patterning five monolayers of LB film, (a) The area scanned with Si cantilever applying negative sample bias 
(-10V). (b) A cross section of the pattern shown in (a). The depth is about 1 nm. (c) The smaller area than (a) scanned with positive sample bias 
(+10 V). (d) The larger area than (a) scanned with negative sample bias (-10 V). 

lever, used for the patterning, and the patterned area was 
observed to be depressed. The depth measured by the AFM 
was about 1 nm as shown in Fig. 1(b). This depth was almost 
the same as the defect of the LB film, and if the slant of the 
LB film molecules is considered, it is thought that one mono- 
layer of LB film was extracted, though the length of the 
stearic acid LB film is about 2 nm. Next, a patterning was 
performed with a positive bias voltage of + 10 V and a tun- 
neling current of 10 nA. Figure 2(a) shows the patterned area 
and it seemed to be protruded. The height of the pattern was 
about 1.2 nm by the AFM measurement as shown in Fig. 
2(b). These results imply some effects of the electric fields 
between the tip and the sample. To investigate this patterning 
mechanism in detail, the same experiment was performed on 
multilayers of LB film. 

Five monolayers of the stearic acid LB film were depos- 
ited on the substrate. The surface is hydrophobic. At first, a 
rectangular area was scanned with a sample bias of — 10 V 

and a tunneling current of 10 nA. Figure 3(a) shows an AFM 
image of the patterned area of the LB film, which seems to 
have been extracted. From the measurement with an AFM as 
shown in Fig. 3(b), the depth was about 1 nm which is 
thought to be equivalent to one monolayer. Next, the smaller 
area inside the rectangular area shown in Fig. 3(a) was 
scanned with a positive bias of +10 V. This region was 
observed to be a bright image as shown in Fig. 3(c). In this 
AFM image, the brighter area means a higher area and this 
implies the added LB film in the previously patterned area. 
Further, the larger area than that previously removed [Fig. 
3(a)] was scanned with a negative sample bias voltage of 
— 10 V. Then the protruded area [Fig. 3(c)] did not change 
and only the LB film newly patterned area was removed 
[Fig. 3(d)]. This newly patterned region was also equivalent 
to one monolayer from the measurement with the AFM. The 
area once patterned and the extracted area which came to an 
even number of layers did not show any changes. From these 
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FIG. 4. Schematic illustration of extraction mechanism of LB film, (a) When 
sample bias is positive, the direction of induced dipole moment and static 
dipole moment are opposite, (b) When sample bias is negative, static and 
induced dipole moments are the same in their direction. 

^r-" LB Film 

Selective Deposition 
ofSi02 

(c) 

FIG. 5. Schematic procedure of selective deposition of Si02 using SiCl4 and 
H20. (a) Odd number of monolayers of LB film is deposited on a Si sub- 
strate, (b) LB film is patterned with negative sample bias (- 10 V) using Si 
cantilever, (c) Si02 grow selectively on the patterned area which is hydro- 
philic. 

results, it can be said that only one monolayer of the LB film 
was removed, when the odd number of layers of the LB film 
were patterned with a negative sample bias voltage. 

To explain these phenomenon, we have framed a model 
as follows (Fig. 4). The LB film has polar molecules with 

long hydrocarbon chains, which have permanent dipole mo 
ments. When an even number of layers are stacked, the per- 
manent dipole moment is canceled. In the case of an odd 
number of layers, LB films have polarity. In this case, if the 
positive bias voltage is applied to the sample, the direction of 

20 urn 10 urn. 

FIG. 6. (a) AFM image of Si02 pattern. Bright region (rectangular and line pattern) shows the Si02 pattern. Other region seems to be rough because LB film 
could not be deposited very well, (b) Magnification of the area shown in (a). 
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the induced dipole moment by an electric field is opposite to 
the permanent dipole moment and thus are canceled. On the 
other hand, when a negative bias voltage is applied, perma- 
nent and induced dipole moments have the same direction. 
This causes a large force to the molecule of the LB film and 
extracts one monolayer of the LB film. 

B. Selective growth of Si02 

With these results, the possibility of patterning the LB 
film has been recognized. Using the patterned LB film, se- 
lective growth of Si02 was performed. Figure 5 shows a 
principle to make the Si02 pattern. Si02 can be deposited 
using SiCl4 and H20 at room temperature.9'10 In this tech- 
nique, surface adsorbed water plays an important role. On 
hydrophobic surfaces, Si02 film does not grow because there 
is no adsorbed water. Previously, Si02 selective growth was 
performed on the HF treated hydrogen-terminated Si surface 
patterned with a STM. The STM scanned area becomes hy- 
drophobic because surface terminated hydrogen is removed 
and the area is oxidized. Following treatment of SiCl4 and 
H20 made selective Si02 deposition. Since the surface na- 
ture of the LB film (hydrophobic or hydrophilic) can be con- 
trolled, it was possible to form selective Si02 patterns. 

Five monolayers of the LB film were deposited on the Si 
substrate, and this surface was patterned with a sample bias 
voltage of - 10 V using a conducting AFM cantilever tip. As 
explained above, only one monolayer of the LB film on the 
patterned area was extracted. This area was considered to be 
hydrophilic as shown in Fig. 5(b). Then the sample was in- 
troduced into the vacuum chamber and the vapor deposition 
of Si02 was carried out at 1 Torr of SiCl4 and 1 Torr of 
H20 at room temperature in 2 min. Si02 grew selectively on 
the area where one monolayer of the LB film was extracted. 

The bright area in Fig. 6 shows the deposition area of 
Si02. The other area was rough because the LB film could 
not be deposited smoothly. In order to achieve finer pattern, 
the LB film should be deposited more smoothly. 

IV. CONCLUSION 

Patterning of LB film with a UHV-SPM was carried out. 
The difference of sample bias polarity resulted in the pro- 
truded or depressed pattern. It is considered that the extrac- 
tion phenomenon of the LB film depends on the force acting 
on the LB monolayer by the permanent and induced dipole 
moment. We have made a Si02 pattern using a different 
chemical nature of the patterned and the nonpatterned areas. 
Si02 grew on the SPM patterned hydrophilic area selec- 
tively. 
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Molecular organization of azobenzene derivatives at the liquid/graphite 
interface observed with scanning tunneling microscopy 
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Physisorbed monolayers of azobenzene derivatives were studied with a scanning tunneling 
microscope at the liquid/graphite interface. Three different compounds, namely, 
4,4'-di(dodecyloxy) azobenzene (Ci2(AZO)C12), 5-[w-(4'-dodecyloxy-4-azobenzene-oxy)- 
dodecyloxy] isophthalic acid (C12(AZO)C12ISA), and 4,4'-bis(w-[3,5-bis(carboxylato) 
phenyl-1-oxy] dodecyloxy) azobenzene (ISAC12(AZO)C12ISA) have been investigated. In all cases 
monolayers could be observed with submolecular resolution at the liquid/graphite interface, 
allowing one to identify the azobenzene, as well as the other parts of the molecules. For each 
monolayer structure a molecular model could be composed with a good correspondence to the 
experimental data. Differences in the observed monolayer structures could be related to the chemical 
structure of the investigated compounds. The introduction of an isophthalic acid (ISA) headgroup 
has a profound influence on the monolayer structure because of its capability of hydrogen bond 
formation with other ISA groups or with solvent molecules. In addition, for the trans isomer of 
C12(AZO)C12ISA solvent codeposition was observed. The compound C12(AZO)C12ISA was used to 
investigate the effect of cis-trans isomerization on the molecular packing of the resulting 
monolayers. Under the influence of uv light, the azobenzene groups isomerize from the trans isomer 
to the thermodynamically less stable eis isomer. This isomerization process significantly changes the 
composition and structure of the observed monolayers. © 7997 American Vacuum Society. 
[S0734-211X(97)05604-7] 

I. INTRODUCTION 

Self-assembled monolayers have proven to be useful for 
surface modification, since they affect surface properties 
such as wetting, adhesion, and lubrication.1 Chemisorbed 
self-assembled monolayers are spontaneously formed at the 
liquid/solid interface by chemisorption of molecules carrying 
a specific end group which can strongly bind to a certain 
solid surface. Well known examples are alkanethiols on 
gold1"8 and silanes on silicon dioxide.1'9"11 These self- 
assembled monolayers are highly crystalline and the mol- 
ecules are tilted with respect to the surface normal. 

On the other hand, physisorbed self-assembled monolay- 
ers, in which the individual molecules are oriented parallel to 
the substrate surface, can be prepared as well. These mono- 
layers are also spontaneously formed at the liquid/solid in- 
terface. In the absence of a specific interaction between the 
molecules and the solid surface, the monomolecular adlayer 
is built up by physisorption of individual molecules. Eventu- 
ally, they can form a two dimensional molecular lattice on 
the solid surface. If the molecules are densely packed, this 
pattern of oriented molecules can be reproducibly imaged 
with submolecular resolution using scanning tunneling mi- 
croscopy (STM). A large variety of compounds has already 
been studied in this way, including alkanes, alcohols, fatty 

a)Also at: Max-Planck Institute for Polymer Research, P.O. Box 3148, 
D-55021 Mainz, Germany. 

b)Author to whom correspondence should be addressed. 

acids, and many others.12"28 Also, codeposition of solvent 
molecules has been recently observed.29 

So far, the structural investigation of azobenzene deriva- 
tives with scanning probe techniques has been limited to 
chemisorbed self-assembled monolayers30"32 and Langmuir- 
Blodgett films.33 

In general, molecules and polymers containing azoben- 
zene groups have received attention due to their interesting 
photoresponsive behavior. The cis-trans isomerization effect 
of azobenzene chromophores offers a possible approach for, 
e.g., optical data storage.34 On the other hand, some azoben- 
zene derivatives exhibit liquid crystalline behaviour,35'36 sug- 
gesting long-range ordering of these compounds. 

We have studied the monolayer formation behaviour of 
three azobenzene derivatives, namely, 4,4'-di(dodecyloxy) 
azobenzene [C12(AZO)C12, see Fig. 1(a)], 5-[w-(4'- 
dodecyloxy-4-azobenzene-oxy)-dodecyloxy] isophthalic acid 
[C12(AZO)C12ISA, see Fig. 1(b)] and 4,4'-bis(w-[3,5- 
bis(carboxylato)phenyl-l-oxy] dodecyloxy) azobenzene 
[ISAC12(AZO)C12ISA, see Fig. 1(c)]. In addition, structural 
changes within the monolayer upon trans-cis isomerization 
have been investigated for C12(AZO)Ci2ISA. 

II. EXPERIMENT 

The synthesis of C12(AZO)C12ISA has been recently 
reported.29 The synthesis of the compounds Ci2(AZO)C,2 

and ISAC,2(AZO)C12ISA is described below in steps (a) 
through (d). Steps (a), (b), and (d) were conducted under a 
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FIG. 1. Chemical structures of the investigated compounds: (a) 
4,4'-di(dodecyloxy) azobenzene [C12(AZO)C12], (b) 5-[a>-(4'-dodecyloxy 
-4-azobenzene-oxy)-dodecyloxy] isophthalic acid [C12(AZO)CI2ISA], and 
(c) 4,4'-bis(cü-[3,5-bis(carboxylato)phenyl-l-oxy] dodecyloxy) azobenzene 
[ISAC12(AZO)C12ISA]. 

dry Ar atmosphere. Unless mentioned otherwise, !H 
and 13C nuclear magnetic resonance (NMR) spectra were 
recorded on a Varian Gemini 200 spectrometer at room tem- 
perature. Chemical shifts are reported in ppm and are refer- 
enced to residual proton containing solvent [5(CDC13) 
= 7.26; 5(DMSO - d6) = 2.49]. Mass spectra were deter- 
mined on a ZAB2-SE-FPD instrument. All commercially 
available reagents were used without further purification. 

Synthesis of (a) dimethyl 5-(w-bromo dodecyloxy)- 
isophthalate: 1,12-dibromo dodecane (8.0 g, 0.024 mol), 
powdered K2C03 (3.37 g, 0.024 mol), a catalytic amount of 
KI, and 100 ml abs. N,N-dimefhyl formamide were placed in 
a two-necked round bottom flask equipped with a reflux con- 
denser, a pressure equalizing funnel, and a magnetic stirrer. 
The mixture was heated up to 80 °C, then dimethyl 
5-hydroxy isophthalate (2.56 g, 0.012 mol) in 30 ml of abs. 
N,N-dimethyl formamide was added dropwise over a period 
of 6 h. After stirring the solution for another 10 h at 80 °C, 
the solvent was removed. The crude product was taken up in 
dichloromethane and washed twice with water and a satu- 
rated solution of sodium chloride. After drying over magne- 
sium sulfate and removal of dichloromethane, the product 
was purified by column chromatography on silica gel (elu- 
ent: ethyl acetate/«-heptane= 1:5). The pure product is a 
white crystalline solid; yield: 3.1 g (56%). An alternative 
procedure, frequently applied in the cases of shorter chain 
dibromo alkanes,37 using a sevenfold excess of the dibromo 
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alkane which is distilled off after the reaction, afforded the 
product in lower yields of around 45%. These lower yields 
are probably due to some degree of decomposition during the 
distillation at temperatures of over 160 °C (5 X 10~2 bar). 

'H-NMRtCDCL,): 5 8.26 (s, 1 H), 7.73 (s, 2 H), 4.05 
(t, 2 H, J = 3 Hz), 3.95 (s, 6 H), 3.41 (t, 2 H, J = 4 Hz), 
1.94-1.72 (m, 4 H), 1.62-1.23 (m, 16 H); 
13C-NMR(CDC13): 5 166.6, 159.7, 132.2 (2), 123.2 (2), 
120.3 (2), 76.9, 69.1, 52.8, 34.4, 33.3, 30.0, 29.9, 29.8, 29.6, 
29.2, 28.6, 26.4; EI-MS m/z 458.1 [(M + 1)+]. 

Synthesis of (b) 4,4'-bis(w-(3,5-bis(methylcarboxylato) 
phenyl-1-oxy) dodecyloxy) azobenzene: 4,4'-dihydroxy 
azobenzene (0.71 g, 3.3 mmol) and the w-bromo diester from 
step (a) (3.03 g, 6.6 mmol) were mixed with powdered 
K2C03 (2.29 g, 0.016 mol) and a catalytic amount of KI and 
the mixture was suspended in 50 ml of abs. N,N-dimethyl 
formamide. The suspension was stirred for 8 h at 80 °C un- 
der a dry Ar atmosphere. The workup was carried out as 
described in step (a). The crude product was purified by 
double recrystallization from methanol. Yield: 2.74 g 
(85.5%). 

'H-NMRtCDCy: 5 8.25 (s, 2 H), 7.86 (d, 4 H, / 
= 4 Hz), 7.73 (-5, 4 H), 6.97 {d, 4 H, / = 4 Hz), 4.06 (t, 8 H, 
J = 2 Hz), 3.93 (s, 12 H), 1.90-1.67 (m, 8 H), 1.60-1.15 
(m, 32 H); 13C-NMR(CDC13): 5 166.7 (4), 161.6 (2), 159.7 
(2), 147.4 (2), 132.2 (4), 124.7 (4), 122.6 (2), 120.1 (4), 
115.1 (4), 68.2 (2), 67.9 (2), 52.7 (4), 30.0 (8), 29.7 (4), 29.5 
(4), 25.2 (2), 25.0 (2); EI-MS m/z 967.4 [(M + 1) + ]. 

(c) 4,4'-bis(o)-(3,5-bis(carboxylato)phenyl-l-oxy) dode- 
cyloxy) azobenzene [ISAC12(AZO)C12ISA; Fig 1(c)]: The 
methyl ester from step (b) (2.5 g, 2.6 mmol) was hydrolyzed 
by refluxing it with 3.5 equivalents of potassium hydroxide 
in a mixture of ethanol and water (2:1) for 8 h. After evapo- 
rating the alcohol, the alkaline aqueous solution was ren- 
dered neutral by addition of semiconcentrated hydrochloric 
acid up to a pH of 4-5. The product precipitated as a yellow 
solid, which was taken up in diethyl ether. The organic phase 
was washed twice with water and dried over magnesium sul- 
fate. The crude acid was purified by double recrystallization 
from methanol. Yield: 1.72 g (73%); 1H-NMR(DMSO-rf6): 
58.10 (s, 1 H), 7.81 (d, 4 H, J = 4 Hz), 7.65 (s, 2 H), 7.07 
(d,4H,J = 4 Hz), 4.08 (t, 8 H, J = 2 Hz), 1.95-1.65 im, 8 
H), 1.55-1.15 (m, 32 H); 13C-NMR (DMSO-d6, 300 MHz, 
60 °C): 5166.1 (4), 160.7 (2), 158.6 (2), 146.0 (2), 132.5 (4), 
123.7 (4), 121.9 (2), 118.9 (4), 114.7 (4), 68.0 (2), 67.8 (2), 
28.6 (8), 28.4 (4), 28.2 (4), 25.2 (2), 25.1 (2); FD-MS m/z 
911.2[(M+1) + ]. 

(d) 4,4'-di(dodecyloxy) azobenzene [C12(AZO)C12; Fig. 
1(a)]: 4,4'-dihydroxy azobenzene (5 g, 23.36 mmol) and 
1-bromododecane (11.63 g, 46.72 mmol) were mixed with 
powdered K2C03 (16.14 g, 0.117 mol) and a catalytic 
amount of KI and the mixture was suspended in 300 ml of 
abs. N,N-dimethyl formamide. The suspension was stirred 
for 8 h at 80 °C. The workup was carried out as described in 
step (a). Purification was achieved by double recrystalliza- 
tion of the crude product from methanol. Yield: 10.41 g 
(81%); 'H-NMR^DCla): 5 7.86 (d, 4 H, J = 4 Hz), 6.99 
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(d,4H,J=4 Hz), 4.05 ((,4H,/=3 Hz), 1.92-1.74 (m, 4 
H), 1.57-1.09 (m, 36 H), 0.90 (/, 6 H, J = 2.5 Hz); 
13C-NMR(CDC13): <5 161.7 (2), 147.5 (2), 124.8 (4), 115.2 
(4), 66.9 (2), 32.4 (2), 30.0 (6), 29.8 (6), 29.7 (2), 26.5 (2), 
23.1 (2), 14.6 (2); FD-MS m/z 550.8 (M + ). 

The STM data were obtained using a Discoverer instru- 
ment (Topometrix Inc., Santa Barbara, CA), operating under 
ambient conditions. An external pulse/function generator 
(Hewlett Packard HP 8111 A) was used to supply the bias 
voltage and to occasionally apply short voltage pulses to the 
STM tip. Samples were prepared as follows. First the com- 
pounds were dissolved in either 1-phenyloctane (Aldrich, 
99%) or 1-undecanol (Aldrich, 99%), at concentrations of 
about 1 mg/ml. Then a drop of solution was applied to the 
basal plane of a piece of highly oriented pyrolytic graphite 
(HOPG, grade ZYB, Advanced Ceramics Inc., Cleveland, 
OH). STM tips were electrochemically etched from 
platinum/iridium wire (80%/20%; diameter 0.2 mm), in a 2 
N KOH/6 N NaCN solution in water. The tip was immersed 
into the liquid drop applied to the basal plane of the graphite 
and approached the interface. Imaging was performed in the 
current imaging mode, with bias voltages of 0.5 V up to 1.5 
V (sample negative) and an average tunneling current of 1 
nA. STM images of the graphite surface, obtained at low 
tunneling voltages, were used for calibration. The data acqui- 
sition speed, limited by the STM instrument, was fairly low. 
For a 200X200 image frame, approximately 7 s were 
needed. For the cis-trans isomerization experiments a CA- 
MAG universal lamp (366 nm) was used to illuminate the 
solution on the graphite surface. 

III. RESULTS AND DISCUSSION 

First, the observed monolayers of the three different com- 
pounds presented in Fig. 1 will be reported. The solution 
applied to the HOPG surface was stored in the dark for at 
least several days to ensure a high trans isomer content, and 
consequently, to facilitate the observation of monomolecular 
adlayers of trans isomer molecules. 

Figures 2(a) and 2(b) show STM images of the adlayer 
structure of C12(AZO)C12 molecules deposited from 
1-phenyloctane on the graphite surface. 

The two dimensional molecular lattice of the physisorbed 
monolayer can be clearly observed. In Fig. 2(a) even the 
direction of the alkyl chains is visible. The brighter regions 
in the STM image originate from the azobenzene moieties 
and correspond to a higher tunneling current. From the 
literature,12'20'21 it is well known that for molecules contain- 
ing both alkyl and aryl moieties, the tunneling current above 
aromatic groups is increased with respect to the alkyl parts of 
the molecules. This has been observed for a large variety of 
organic adsorbates on graphite. On the basis of the STM 
results a molecular model for the two dimensional packing of 
the C12(AZO)C12 molecules on the graphite surface is pro- 
posed, along with a unit cell of the structure. Figure 2(c) 
displays the molecular model that was composed on the basis 
of these STM observations. All molecules are oriented in the 
same direction and are interdigitated over the full length of 
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FIG. 2. (a) STM image of a monolayer of C12(AZO)C12 molecules adsorbed 
from a solution in 1-phenyloctane. The direction of the alkyl chains can be 
clearly recognized in the image, as well as the positions of the azobenzene 
groups. The image size equals 8.6 X 8.6 nm2. A line defect is visible in the 
horizontal direction in the middle of the image, (b) STM image of a mono- 
layer of C12(AZO)C12 molecules adsorbed from a solution in 
1-phenyloctane. The contrast of the aromatic groups is predominant in the 
image. The size of the image equals 6.2 X 6.2 nm2. (c) Molecular model 
built on the basis of the STM image presented in (b). The unit cell, as 
indicated in the model, contains one C12(AZO)C,2 molecule. The unit cell 
parameters a, b, and y, as defined in the molecular model, are 1.5±0.1 nm, 
2.0±0.2 nm, and 67±3°, respectively. 

the alkyl chains. The unit cell parameters a, b and y, as 
defined in the molecular model, have been determined to be 
1.5±0.1 nm, 2.0±0.2 nm, and 67±3°, respectively. Every 
benzene ring in the molecular model corresponds to a bright 
spot in the STM image. 

The observed monolayer structure of C12(AZO)C12ISA 
[Fig. 1(b)], turned out to be remarkably different. The intro- 
duction of the isophthalic acid (ISA) head group allows the 
formation of hydrogen bonds between neighboring isoph- 
thalic acid head groups on the graphite surface. Therefore, 
the packing of the monolayer is to a large extent determined 
by the relative position of the ISA head groups. Unfunction- 
alized isophthalic acid derivatives have already been studied 
by STM.38 X-ray data from 3D supramolecular self- 
assembled structures are available as well.   ~ x 

Figure 3(a) shows the monolayer structure of the trans- 
C12(AZO)C12ISA, after a drop of solution of the compound 
in 1-undecanol was applied to the graphite surface. As can be 
seen from the figure, a lamellar monolayer structure is 
formed. In order to indicate the observed pattern, arrows 
have been inserted underneath the STM image. The isoph- 
thalic acid head groups of the molecules are situated along 
the direction of the arrows marked ISA. Like the AZO 
groups, they appear as bright spots in the STM image. The 
spacing between the ISA head groups is 0.97 nm. The spac- 
ing between the two marked ISA rows is 1.9 nm, measured 
perpendicularly to the direction of the lamellae. This distance 
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FIG. 3. (a) STM image of a monolayer of C12(AZO)C12ISA molecules ad- 
sorbed from a solution in 1-undecanol. A lamellar monolayer structure is 
formed which is characterized by the rows of ISA head groups and AZO 
chromophores marked by arrows below the image. Codeposition of 
1-undecanol, used as a solvent for C12(AZO)C]2ISA, is visible in the image. 
The solvent molecules are located between the rows of ISA head groups. 
The size of the image equals 13.0 X 13.0 nm2. (b) Molecular model of the 
indicated area in the STM image in (a), along with a proposed unit cell. The 
C12(AZO)C12ISA molecules are interdigitated, leading to a closely packed 
monolayer structure. The unit cell contains two 1-undecanol molecules and 
two rran.s-C12(AZO)CI2ISA molecules. The unit cell parameters a, b, and y, 
as defined in the model, are 0.97±0.10 nm, 6.6±0.4 nm, and 66±4°, re- 
spectively. 

is much too large for an effective hydrogen bonding to occur 
between the ISA head groups of two molecules, situated in 
adjacent lamellae. A closer inspection of the image contrast 
in between the two ISA rows shows that this space is occu- 
pied by smaller molecules. Based on the measured distance 
between the ISA rows and the angle relative to the direction 
of the lamellae at which these molecules appear, it can be 
concluded that these molecules are actually solvent mol- 
ecules, coadsorbed with the fra«s-C12(AZO)C12ISA mol- 
ecules. The azobenzene moieties are located in the somewhat 
broader bright bands, indicated with the arrows marked 
AZO. A molecular model for the monolayer structure along 
with a unit cell is proposed in Fig. 3(b). Again, there is a 
good correspondence between the model and the molecular 
adlayer represented within the white square at the bottom of 
the STM image in Fig. 3(a). The unit cell contains two 
C12(AZO)C12ISA and two 1-undecanol molecules. The unit 
cell parameters a,b, and y were assessed to be 0.97±0.10 
nm, 6.6±0.4 nm, and 66±4°, respectively. The 
C12(AZO)C12ISA molecules are fully interdigitated, as can 
be seen from the molecular model. They form extended 
lamellae in the direction of the arrows, which are separated 
by lamellae consisting of 1-undecanol molecules. Occasion- 
ally, it was possible to observe pairs of C12(AZO)C12ISA 
lamellae in between which no solvent molecules were incor- 
porated. This fact will be illustrated together with the discus- 
sion of the cis-trans isomerization results (vide infra). 

Also monolayers formed by the compound 
ISAC12(AZO)CI2ISA [Fig. 1(c)], have been observed at the 
liquid/graphite interface. Both ends of the molecules are now 
terminated with ISA groups, which are capable of hydrogen 
bond formation with either other ISA groups or solvent mol- 
ecules. In Fig. 4(a) a STM image of the observed monolayer 
structure is presented. Due to the presence of the second ISA 
group, the possibility of interdigitation, as in the case of 

AZO  AZO 

FIG. 4. (a) STM image of a monolayer of ISAC]2(AZO)CI2ISA molecules 
adsorbed from a solution in 1-undecanol. Again, a lamellar monolayer struc- 
ture is formed which is characterized by the rows of ISA head groups and 
AZO chromophores marked by arrows below the image. Some domains, 
which are shifted with respect to one another, are visible. The overall image 
contrast is relatively poor, probably due to a reduced monolayer stability at 
the liquid/graphite interface compared to the C12(AZO)C12 and 
Ci2(AZO)C|2ISA monolayers. The image size equals 15.8 X 15.8 nm2. (b) 
Molecular model of the indicated area in the STM image in (a), along with 
a proposed unit cell. The model shows noninterdigitated 
ISAC|2(AZO)C12ISA molecules. The unit cell contains one 
ISAC,2(AZO)Ci2ISA molecule. The unit cell parameters a,b, and y, as 
defined in the molecular model, are 1.0±0.2 nm, 5.1 ±0.9 nm, and 70±5°, 
respectively. 

C12(AZO)C12ISA and C12(AZO)C12, is now excluded. How- 
ever, a lamellar structure is still observed. The rows of ISA 
head groups and AZO groups are indicated below the STM 
image by arrows. A remarkable observation is the complete 
absence of 1-undecanol solvent molecules in the respective 
monolayer. There are indications that the presence of solvent 
molecules in the monolayer depends on the concentration of 
the solution. A molecular model from the area indicated in 
the STM image, including a unit cell, is presented in Fig. 
4(b). The unit cell parameters a, b, and y equal 1.0±0.2 nm, 
5.1 ±0.9 nm, and 70±5°, respectively. Free space between 
the ISACj2(AZO)C12ISA molecules within one lamella is 
clearly visible in the model. This fact might account for the 
reduced spatial resolution in the STM image, as compared to 
the results obtained with C12(AZO)C12 and 
Ci2(AZO)Ci2ISA, because the molecules might be less im- 
mobilized than in a densely packed monolayer. Whether the 
free space is occupied by solvent molecules or whether the 
bare graphite surface is exposed, cannot be concluded at 
present from the experimental data. 

In addition, we report on the light-induced trans-cis 
isomerization of the compound C12(AZO)C12ISA and the re- 
sulting monolayer structure. Upon irradiation of the solution 
on the graphite surface with light at a wavelength of 366 nm, 
the azobenzene chromophore changes its geometry (Fig. 5) 
and a photostationary mixture of trans and eis isomers is 
formed. When shielded from light, the eis isomer spontane- 
ously converts back to the thermodynamically more stable 
trans isomer. Since we are able to simultaneously image 
both isomers, the dark reaction from eis to trans in the ad- 
layer is slower than the time needed for the experiment. 
More detailed information regarding the light-induced cis- 
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FIG. 5.  Schematic drawing illustrating the cis-trans isomerization of an 
azobenzene chromophore. 

trans isomerization of C12(AZO)C12ISA on graphite is re- 
ported elsewhere.29 

Figure 6(a) shows a STM image of the observed mono- 
layer structure after irradiating a drop of the 
C12(AZO)C12ISA solution in 1-undecanol on the graphite 
surface. Three domains can be identified in the image. Do- 
main 1 corresponds to the monolayer structure of the trans 
isomer of C12(AZO)C12ISA, already discussed previously 
[Figs. 3(a) and 3(b)]. Domains 2 and 3, however, exhibit a 
different monolayer structure, not observed before. This 
monolayer structure can be explained by a model of the pure 
eis isomer in which no solvent molecules are incorporated. 
Figure 6(b) displays the molecular model from the indicated 
area in domain 3. The model is composed by cis- 
Ci2(AZO)C12ISA molecules which are not interdigitated, as 
opposed to the situation in the monolayers of trans- 
C12(AZO)C12ISA. This different packing constitutes an easy 
way of discerning eis and trans domains on the graphite 
surface. The fact that no solvent molecules are incorporated 
in the monolayer structure is probably due to a different spa- 
tial orientation of the ISA head groups, which makes H bond 
formation with molecules in adjacent lamellae more favor- 
able than H bond formation with solvent molecules. 

AZO    AZO 

FIG. 6. STM image of an ordered monolayer structure consisting of eis and 
trans C12(AZO)C12ISA domains. Rows of ISA head groups and AZO chro- 
mophores are indicated above the image. Domain 2 and 3 consist of cis- 
C12(AZO)C12ISA molecules, whereas domain 1 contains trans- 
C12(AZO)C12ISA molecules. The image size equals 13.4 X 13.4 nm2. (b) 
Molecular model of the indicated area in the STM image in (a), along with 
a proposed unit cell for the eis monolayer structure. The eis monolayer 
structure does not incorporate solvent molecules as in the case of the trans 
monolayer [Figs. 3(a) and 3(b)]. The unit cell dimensions a, b, and y have 
been determined as 1.03±0.10 nm, 6.0±0.4 nm, and 85±4°, respectively. 
The unit cell contains two cw-C,2(AZO)C12ISA molecules. 

Cis isomer     Trans isomer 

FIG. 7. STM image showing coexisting eis and trans domains of 
C12(AZO)C12ISA molecules (size: 40 X 40 nm2). The eis and trans lamellae 
are oriented in the direction of the respective arrows next to the image. The 
angle between eis and trans lamellae is always 30°. This is due to the 
alignment of the alkyl chains of the eis and trans isomers in their respective 
lamellae. 

Another way to distinguish the eis and trans 
C12(AZO)C12ISA domains is based on the direction of their 
respective lamellae. Figure 7 is a STM image of an area of 
40 nmX40 nm, showing an assembly of eis and trans 
C12(AZO)C12ISA domains. All the eis domains are rotated 
by the same angle with respect to the trans domains. A 
closer look at the models of the eis and trans 
C12(AZO)C12ISA isomers leads to the conclusion that in the 
eis domains the alkyl chains between the ISA head groups 
and the AZO chromophore are lying in the same direction as 
the alkyl chains in the trans domains. This fact accounts for 
the fixed angle (30°) between the eis and trans domains. The 
STM image in Fig. 7 further illustrates that solvent incorpo- 
ration inbetween trans lamellae is not a prerequisite for 
monolayer formation. Occasionally, areas are found where 
solvent incorporation is absent. This is indicated in the STM 
image by the white arrows. Furthermore, the eis domains 
have never been observed without the presence of trans do- 
mains on the graphite surface. This is probably due to a 
combination of factors, like the relative abundancy of the 
two species in solution and the monolayer stability of both 
isomers at the liquid/graphite interface. 

IV. CONCLUSION 

We have shown that azobenzene derivatives can be suc- 
cessfully imaged with STM at the liquid/graphite interface 
with submolecular resolution. Individual azobenzene chro- 
mophores and isophthalic acid groups can be easily identi- 
fied. Structural changes between the observed monolayers 
could be related to the chemical structure and nature of the 
investigated compounds. The molecules with ISA head 
groups [C12(AZO)C12ISA and ISAC12(AZO)C12ISA] both 
adopt a lamellar configuration at the liquid/graphite inter- 
face. The ISA head groups force the molecules into a lamel- 
lar configuration enabling hydrogen bonding between ISA 
head groups and between ISA head groups and solvent mol- 
ecules. This leads to a closely packed, stable monolayer 
structure. However, in the case of ISAC12(AZO)C12ISA, a 
reduced monolayer stability and image contrast was ob- 
served. This can probably be attributed to the unoccupied 
space between the molecules within one lamella, as a result 
of which the molecular mobility is increased. Codeposition 
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of solvent molecules was observed in the case of trans- 
CI2(AZO)C12ISA. When solvents capable of hydrogen bond- 
ing are employed, the phenomenon of solvent codeposition 
might be used to control the structure of the resulting mono- 
layer. Moreover, it might be an effective way for immobiliz- 
ing small molecules, which are not able to form stable mono- 
layers by themselves, due to their high mobility. 

In addition, we have shown that cis-trans isomerization 
has a profound influence on the resulting monolayer struc- 
ture in the case of C12(AZO)C12ISA. Monolayers of reagent 
and product of a reversible photoinduced reaction have been 
simultaneously imaged and identified at the liquid/graphite 
interface. 
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The morphology of self-assembly formed by amphiphilic complementary components, 
5-(4-dodecyloxybenzylidene)-2,4,6-( 1 H,3H)-pyrimidinetrione and 4-amino-2,6-didodecylamino- 
1,3,5-triazine, was changed from square and rectangle sheets into nanocolumns and helixes 
corresponding to a recognition pattern change from a linear tape to a cyclic hexamer or a helically 
grown tape by varying the polarity of the solvent. © 1997 American Vacuum Society. 
[S0734-211X(97)10404-8] 

I. INTRODUCTION 

Self-assembly, a process widely used in forming complex 
biological systems, is being extensively explored as an effec- 
tive way to construct nanostructures for various 
applications.1-3 Molecular recognition directed self- 
assembly via hydrogen bondings has received more attention 
than those of other weak or nondirectional interactions, such 
as Van de Waals, 77-aromatic stacking, hydrophobic interac- 
tions, etc., due to its stronger force and directional nature.4'5 

In multiple hydrogen bond associated self-assemblies posi- 
tive cooperation often speeds formation and eliminates dis- 
arrangement of molecular components in self-assemblies. 
The self-assembly of complementary compounds, barbituric 
acid or cyanuric acid derivatives with melamine or pyrimi- 
dine derivatives, is such a system and it has been extensively 
studied by several groups.6"10 Up until now at least four 
molecular recognition patterns, linear tape, crinkled tape, cy- 
clic hexamer,11 and helically grown cyclic tape,12 have been 
suggested. The basis of these pattern formation has been re- 
ported as the stereo demand of the substituents, other weak 
interactions, and unknown factors. In some cases it is hard to 
determine the recognition structure with experimental meth- 
ods. As a result, it is difficult to predesign the stacking of 
molecular components and predict their macroscopic expres- 
sion, especially when combined with properties and func- 
tions. 

With the aim of learning more about the factors that in- 
fluence the recognition patterns of the above mentioned 
complementary pairs and of obtaining control over their as- 
sembly morphologies, we studied the effect of polar solvent 
treatment on the self-assembly formed by complementary 
components, 5-(4-dodecyloxybenzylidene)-2,4,6-(lH,3H)- 
pyrimidinetrione (B) and 4-amino-2,6-didodecylamino- 
1,3,5-triazine (M). In another paper we reported that B and 
M recognize each other in the linear tape pattern in anhy- 
drous chloroform, and the resulting self-assembly, when it 
was dropped onto a hydrophilic surface, exhibits morpholo- 
gies of square and rectangular sheets with layered 
structures.13 Just like the components used in similar 
work,6'8'9 B and M are also amiphiphilic compounds that we 

have successfully prepared into alternating Langmuir- 
Blodgett films,14'15 we can imagine that their self-assembly 
should be sensitive to the surrounding polarity. By transmis- 
sion electron microscopy (TEM) and atomic force micro- 
scope (AFM) observations, and ultraviolet (UV)-visible ab- 
sorption and fluorescence measurements the self-assembly in 
a linear tape was turned into a cyclic hexamer pattern, and its 
morphology in square and rectangular sheets into nanofila- 
ments and even helixes when it was treated with an ethanol/ 
water mixture, anhydrous ethanol, or methanol. This indi- 
cates that the polarity of the solvent is another important 
factor by which to determine the recognition patterns and the 
morphology of self-assembly. This finding may open the 
way in controlling the properties and functions combined 
with molecular components at the molecular level and yield 
new kinds of nanomaterials. 

II. EXPERIMENT 

The syntheses of B and M were reported in Ref. 16 and 
their molecular structures are shown in Fig. 1. Anhydrous 
chloroform was prepared by refluxing it overnight with 
P205 under argon. Absolute ethanol and methanol were ob- 
tained by the treating commercial absolute solvents (pro- 
duced at Tianjin Chemicals) with magnesium and then dis- 
tilling them afterward under dry argon. 

The self-assembly was obtained by dissolving equivalent 
molars of B and M in anhydrous chloroform, refluxing them 
for 2 h under argon atmosphere, and then keeping them in 
the dark at room temperature (20 °C). The solubility of M is 
much higher than that of B. For general purposes we prepare 
the solution in the concentration of 5 X 10"4 M. For higher 
concentrations the undissolved B formed at the beginning of 
mixing will dissolve during refluxing with M, which is an 
indication of this self-assembling process. The resulting self- 
assembly exists as a suspension or colloid at room tempera- 
ture. An ethanol or methanol treatment was conducted by 
adding it into the self-assembly suspension in dry chloroform 
or directly preparing the self-assembly in chloroform con- 
taining methanol or ethanol in the same way as in the dry 
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FIG. 1. Molecular structure of B and M. 

chloroform. This type of treatment can be also realized by 
immersing the self-assembly on a substrate into methanol or 
ethanol. 

Morphology observations were carried out with a JEOL 
TEM-1200EX and a Digital Instruments Nano-III AFM. 
Fluorescence spectra were measured on a Shimadzu RF- 
5000 spectrofluorophotometer. UV-visible absorption was 
recorded on a Shimadzu 365. 

III. RESULTS AND DISCUSSIONS 

Morphology observations with TEM of the sample 
dropped on a copper grid covered with an amorphous carbon 
film and stained with a saturated solution of uranyl acetate in 
ethanol/water revealed that the self-assembly, which is 
shown in Fig. 2, exists in the form of coils with an average 
length of about 5 /jm and a diameter of 300 nm. These coils 
can be found in almost every zone within the area in Fig. 2. 
With SEM, AFM, and a polarity optical microscope, the self- 
assembly on the Si(lll), quartz, glass, and highly oriented 
pyrolitic graphite (HOPG) surfaces, the self-assembly gives 
morphologies (seen in Fig. 3) of square and rectangular 
sheets several tens of micrometers long and several mi- 
crometers thick. The square and rectangular sheets are well 
characterized as a layer self-assembly of B and M, recog- 
nized in a linear tape pattern.13 We noticed that the only 
distinction between the sample preparations is the stain treat- 

FIG. 3. SEM micrograph of a rectangular sheet self-assembly of B and M 
prepared by directly depositing the self-assembly suspension in CHC13 onto 
quartz. 

ment for the TEM sample, to which an extra polar solvent 
treatment and heavy metal deposition were performed. 

In order to examine staining effect, UV-absorption spectra 
of the self-assembly in a CHC13 /EtOH/H20 (80/10/10) mix- 
ture solvent and anhydrous CHCl3/EtOH, and even anhy- 
drous EtOH, MeOH were recorded, and it was found that B 
decomposes gradually in water containing solvents, but in 
other anhydrous solvents, B does not decompose at all. Fur- 

h: 180nl 
g: 100 nl 

/"\                     f: 80 pi 

/     \                    e: 60 nl 
J/"\\                   * 40 nl 
//     \\                 c: 20 Ml 
l/\\               b: 10 nl 
//AAO\\\\               a: Onl 

-^üü 
500  nm 

FIG. 2. TEM micrograph of a coil self-assembly of B and M on an amor- 
phous carbon film. The sample was stained with a saturated solution of 
uranyl acetate in ethanol/water (50/50). 

350 400 450 500 

Wavelength   (nm) 

550 600 

FIG. 4. Fluorescence spectra obtained by adding 0 (a), 10 (b), 20 (c), 40 (d), 
60 (e), 80 (f), 100 (g), 180 (h) p\ of anhydrous methanol into 5 ml of 5 
X 10"5 M of the self-assembly in anhydrous chloroform. The emission is 
the ICT band excited at 306 nm. 
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FIG. 5. An AFM image showing that the amorphous self-assembly of B and M, when destroyed by the AFM tip, is composed of a nanocolumn aggregation 
that is almost vertical to the substrate surface. 

thermore, TEM observations on the samples stained with 
saturated anhydrous ethanol and methanol solutions of ura- 
nyl acetate proved that coil formation had no relation to wa- 
ter caused decomposition. The tendency for coil formation in 
the solvents is from ethanol/water (50/50) 
> methanol>ethanol, which is the exact polarity sequence of 
these three protonic solvents. This means that coil formation 
does depend on the polarity of the solvent. It is the polar 
solvents, methanol or ethanol, that change the self-assembly 
with sheet morphology into a coil structure; the stronger the 
polarity of the solvent, the stronger the tendency to coil. 
Heavy metal ion deposition was also confirmed as not caus- 
ing coil formation since the coils can be also found through 
AFM observation on the self-assembly treated with anhy- 
drous ethanol on the HOPG surface. 

On careful observation of the coils we find the single 
strands that compose the coils are columns and not layered 
sheets; so coil formation from square or rectangular sheets 
corresponds to a transition of molecular stacking in the self- 
assembly. One possible way for the transition may be 
through the self-coiling of the linear recognition tape of B 
and M, which can be considered to be the basic unit of the 
layered sheet. In fact some helical assemblies of chiral com- 
pounds are formed in this way.17 If it is the case, this column 
should be a hollow tube with a relatively large diameter be- 
cause the linear tape is rather rigid. However, the tube struc- 
ture was not proven by AFM observations which yielded 
solid column images. So we can conclude that there must be 
a recognition pattern change for this self-assembly during the 
ethanol or methanol treatment. Since both the layered sheet 
and nanocolumn structures are of great importance in nano- 

materials, it is important to have a understanding to the 
chemical and physical events in this transition. 

We have proved that the fluorescence of component B is 
sensitive to the this self-assembling process,18'19 so we at- 
tempted to make the fluorescence measurements follow the 
processes by adding a small amount of anhydrous methanol 
to the BM self-assembly in anhydrous chloroform. Figure 4 
shows the fluorescence spectra that recorded this process. 
The emission is the intramolecular charge transfer (ICT) 
band excited at 306 nm. It can be seen that the intensity 
increases with the addition of methanol, but with more than 
100 /x\ of methanol it does not increase further, which means 
that just a small amount of methanol is needed to induce the 
change of recognition pattern and additional methanol has no 
further effect on it. 

To examine the structural variation caused by such a 
small amount of methanol, the resulting self-assembly sus- 
pension was dropped onto the HOPG surface for AFM ob- 
servation. In this case, the common morphology of this 
sample, although the size is almost the same as the sheet 
formed in dry chloroform, is not in as regular a shape as that 
of the sheet and the top surface is not as flat as on the sheet. 
Moreover, it displayed rather amorphous features compared 
to the microcrystalline behavior of the rectangular sheet (it 
displays double refraction under a polar microscope). By de- 
stroying the center of this self-assembly with the AFM tip, a 
hole was made. Figure 5 is an AFM image around the hole. 
It can be seen that many columns with diameters in the na- 
nometer scale range stand almost vertical to the substrate 
surface. Thus a conclusion can be made that this amorphous 
self-assembly is composed of the aggregation of columns 
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and it is due to the small amounts of methanol that dramatic 
changes in its pattern and morphology can be brought about. 

The diameters of the columns in Fig. 5 vary from around 
100 to 200 nm, and there is no definite periodic structure. In 
fact, sometimes TEM and AFM observations of the coils 
revealed that a single strand is composed of a much thinner 
filamentous structure, such as that shown at the branching 
position of the coil in Fig. 2. Therefore, we can conclude that 
the diameters of both the strands of the coils and the columns 
comprising the amorphous self-assemblies do not truly rep- 
resent the size of the self-assembly in certain recognition 
patterns, but information on the recognition pattern is re- 
vealed by the columnar morphology in either the coils or the 
column aggregation. Accordingly, only the cyclic hexamer 
or the helically grown cyclic tape recognition pattern, which 
has the smallest round shaped unit, can be responsible for 
this shape. The nanocolumn should be composed of face-to- 
face stacking of the cyclic hexamers through 7r-aromatic in- 
teractions along the column long axis direction and the lat- 
eral aggregation through van de Waals and hydrophobic 
forces, or by the lateral aggregation of helically grown cyclic 
tapes. The coil morphology may be formed only when 
treated with much more methanol or ethanol, in which nano- 
columns have an tendency to connect to each other in order 
to avoid the entropy decrease of the polar solvent.20'21 In 
fact, one can envision that in coil structures two strands have 
the largest overlap than in any other configuration. Further 
experiments to determine which of the two recognition pat- 
terns is responsible for the construction of column morphol- 
ogy are being performed. 

IV. CONCLUSION 

Polar solvents, ethanol and methanol, induce a change on 
the recognition pattern of the self-assembly of amphiphilic 
complementary components, 5-(4-dodecyloxybenzylidene)- 
2,4,6-(lH,3H)-pyrimidinetrione (B) and 4-amino-2,6- 
didodecylamino-l,3,5-triazine (M), from a linear tape to a 
cyclic hexamer or a helically grown cyclic tape. As a result, 
the morphology changed from square and rectangular sheets 
into nanocolumn aggregations and even coils. Previous re- 
search has shown that stereo demands are the main factor 
determining the recognition pattern of hydrogen bonded 

complementary components; here we have proved that the 
solvent could be another factor that can affect it. This may 
provide a way to manipulate molecular components and to 
modify their properties and functions in the macroscopic 
range. 
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We demonstrate writing and reading bit arrays for information storage using an atomic force 
microscope with an electrically conducting probe and a medium consisting of a polyimide 
Langmuir-Blodgett film. In this system, data bits of 10 nm in diameter were written by application 
of voltage pulses with the conducting probe, and were read out by detecting the change in current. 
Topographical change was hardly observed at the data bits. A bit array of about 103 bits which 
contained information such as binary encoded characters was written and was successfully read out. 
The way to write and read the data bits with higher rate is discussed. © 1997 American Vacuum 
Society. [S0734-211X(97)11104-0] 

I. INTRODUCTION 

Application of scanning probe microscopy (SPM) to an 
information storage is promising, because the size of a data 
bit will be from submicron to subnanometer and is much 
smaller than that in any present storage device.1 Hence it is 
expected that high density and huge capacity information 
storage can be achieved with a SPM. In order to realize the 
complete system, however, it is important to read and write 
the bit array with the rate as high as that of present storage 
devices. 

In the SPM, a surface image is obtained by detecting vari- 
ous interactions between the tip of the probe and the surface 
of a sample when they are placed in close proximity. The 
gap between the tip and the sample surface has to be con- 
trolled precisely to keep it constant during scanning, in most 
cases. Therefore, it is predicted that high speed operation is 
difficult. The exception is an atomic force microscope 
(AFM) operated in a contact mode, where the tip of the 
probe is in contact with the surface of the sample with weak 
force and the operation is often done without feedback con- 
trol. 

In addition, the contact mode AFM gives a chance of 
detecting several interactions between tip and sample. For 
example, the force and the current flow can be detected si- 
multaneously and independently with a conducting AFM 
probe.2 If the data bits are written without topographical 
modification, repetition rate of data bits is not directly asso- 
ciated with the characteristic rate as dictated by roughness to 
which the AFM needs to respond. Therefore, it is possible 
that the rate of reading and writing the bits is not limited by 
the rate of AFM operation. From this point of view, one of 
the candidates for establishing the practical information stor- 
age system using SPM is the system constructed with a con- 
tact mode AFM and a recording medium in which the bit can 
be formed without topographical modification. 

There have been many reports concerning the information 
storage with the SPM.3-8 In most cases, however, a bit is 
accompanied by a topographical change of the recording me- 

dium, whether intentionally or not.3-5 We have already re- 
ported that a small bit of 10 nm in diameter could be formed 
in a polyimide (PI) Langmuir-Blodgett (LB) film by an ap- 
plication of a voltage pulse with the SPM probe.9"11 We also 
showed that the bit exhibits a change in conductance only 
with no change in topography.10'11 At that time, an AFM 
with a conducting cantilever was used and the topographical 
image and current image have been observed simultaneously 
and independently. Hence, our measurement setup was easily 
adaptable for the practical information storage. 

In this article, we show a feasibility study carried out to 
establish practical information storage with the SPM, i.e., the 
recognition of the bit array which represents several bits of 
information, and the possibility of high speed recording and 
reading. 

II. EXPERIMENT 

The PI LB film was used as the recording medium. The 
repeat unit of the PI consists of pyromellitic acid 
dianhydride-oxidianiline (PMDA-ODA). The PI LB films 
were deposited onto gold (111) surfaces. The detailed prepa- 
ration method was described in Ref. 9. Six- or eight-layer PI 
LB films were used in this study. The thicknesses were 2.4 
and 3.2 nm, respectively. 

A home-built AFM was used and operated in the so- 
called variable-deflection mode, where the immediate lever 
deflection was recorded and no feedback control was applied 
to the z position of the medium. The spring constant of the 
cantilever was about 0.1 N/m and both sides were coated, 
about 100 nm thick, with Pt or W for acquiring electrical 
conductance. The cantilever was scanned with the probe tip 
being in contact with the surface of the recording medium. 
Figure 1 shows a schematic diagram of our test system. Trie 
generation of pulses, recognition of the bits from the current 
signal, and the scanning of the medium appropriate for writ- 
ing and reading were performed under computer control. 
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metal-coated cantilever 

polyimide LB film 

Au substrate 

output 

HV amp. micro-computer 

FIG. 1. Schematic diagram of a test system. 

III. RESULTS AND DISCUSSION 

Writing a bit pattern was carried out according to the 
binary coded data which represents information such as char- 
acters, text, etc. The information is in the 36X36 bit matrix. 
Each bit is formed by applying a +10 V, 5 /ts, rectangular 
voltage pulse. Figure 2(a) shows the current image of the 
resultant bit pattern. Figure 2(b) shows the current signal 
corresponding to the line indicated in Fig. 2(a). A position 
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FIG. 3. Transient response of the current during application of a 2 /is wide 
voltage pulse. The curve shown by a continuous line is the response when 
the bit is formed, and the curve shown by a dashed line is that when the 
probe is not in contact with the medium. 

(a) lam 

101110111111101111100100101110101101 

(b) position 

FIG. 2. Bit pattern formed after applying +10 V, 5 /is, rectangular voltage 
pulses according to a set of binary data. The recording medium consisted of 
an eight-layer PI LB film. The area is 2X2 yum2. The bias voltage applied to 
the medium during observation was +2.5 V. (a) Current image and (b) line 
scan profile of the current image. 

where a current that was larger than the predetermined 
threshold was detected, was recognized as a position where a 
bit had been written. To find the position of the bit pattern, 
all bits were formed in the first two adjacent horizontal rows 
except the first two bits. By reading these bits out (36X2 
bits), the system recognizes the position of the first bit (upper 
left) and the spacing of two adjacent bits. The initial bit in 
each horizontal array was always written to indicate the start 
bit. These are additional bits to those representing the infor- 
mation. The bit spacing serves the purpose of reducing the 
error rate caused by noise. The binary coded data written on 
the medium were well reproduced as shown in Fig. 2(b). 

Figure 3 shows the transient response of current observed 
when the bit is formed by applying a 2 /xs pulse. When the 
probe was not in contact with the medium, the response 
shown by the dashed line in Fig. 3 was observed, which 
seems to be caused by a stray capacitance around the probe/ 
medium junction. Therefore, it seems that the obtained re- 
sponse involves the contributions of the transition of the me- 
dium, i.e., PI, to the highly conducting state and the stray 
capacitance. Actually, the writing with 2 [is pulses was 
achieved by reduction of the stray capacitance. Furthermore, 
the difference between two curves shown in Fig. 3 becomes 
obvious within 1 {is. These indicate that the transition occurs 
whenever a voltage above a certain threshold can be applied 
to the junction. It may be possible to write a bit with a 
voltage pulse shorter than 1 /u,s, if the stray capacitance can 
be reduced. A bit pattern could be also formed by applying 
such pulses of 2 /xs width without lowering the writing prob- 
ability, however a picture written under these conditions is 
not shown. 

For faster reading, it is necessary to perform high speed 
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FIG. 4. Current signal when a single bit is detected using a high speed 
amplifier. 

scanning of the probe and high speed detection of the cur- 
rent. In general, the current flowing between the probe and 
the sample is very low under SPM operation. To detect a low 
current at high scanning rate, we used a current amplifier 
designed with bipolar transistors, which is a quite general 
and simple circuit and has a small input capacitance. Figure 
4 shows the transient response during detection of a single 
bit while scanning with the rate of 8 /tm/s. Since the current 
amplifier has little gain for low frequencies, only the edges 
of the bits are detected and Fig. 4 indicates that the edge of 
the bit can be detected within about 10 fis. Therefore, it is 
expected that the reproducible detection can be performed at 
a rate of about 100 kbps, if the AFM probe can be scanned 
with higher speed. To achieve this reading rate, the next 
main theme is to perform the scanning at higher rate in the 
contact mode, which is thought to be not too difficult. 

There are two ways to realize a transfer rate as high as 
that in present commercial storage devices. One is designing 

and fabricating the cantilever with a higher resonance 
frequency.12 The other is establishing the integration of can- 
tilevers and the parallel operation of multiple cantilevers.13 

In both cases, however, it is still essential to fabricate a suf- 
ficiently flat medium with a large area to trace a SPM probe 
at a high speed. LB films on an appropriate substrate seem to 
be a suitable recording medium in this respect. 

IV. CONCLUSION 

Writing a bit pattern containing information and reading 
the information back was performed using an AFM with a 
conducting probe and a LB film as recording medium in 
which the data bits, showing higher conductance, can be 
formed without topographical change. Writing of the bits 
was possible with a 2 jus wide voltage pulse and reading was 
possible within about 10 /AS. For practically useful perfor- 
mance of reading and writing with high rate, the next step is 
to achieve a high speed scanning of the probe. 
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Semiconducting, gas-sensing properties of Europium bisphthalocyanine 
Langmuir-Blodgett thin films 
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In this article, Europium bisphthalocyanine ( EuPc2) ten-layer Langmuir-Blodgett films transferred 
to an interdigital electrode has been prepared. The LB films are fabricated microsensors for halogen 
gases. The sensor incorporates a microheater and a diode to control the temperature of the film. The 
gas concentration is measured by the conductance change. The film temperature effects on 
sensitivity, response and recovery time. When the sensor was operated at above 120 °C, the 
response had a slow downward drift, indicating the bond formation between the Cl2 and the Pc rings 
which caused the ring to become chlorinated and lose its conductivity. The interaction between 
EuPc2 and Cl2 in the LB films was monitored by UV-vis spectroscopy. LB films exposed to Cl2 gave 
a red-shifted Q band which is similar to the electrochemical oxidation of the macrocycle. The 
response time of ten-layer LB films is 45 s and the recovery time is 1 min in the vapor of 50 ppm 
Cl2 in room temperature.   © 1997 American Vacuum Society. [S0734-211X(97) 11204-5] 

I. INTRODUCTION 

Phthalocyanine and many of its derivatives exhibit prop- 
erties which are interesting for applications in materials sci- 
ence. In particular, these compounds have been proposed as 
new materials for gas sensors. 

Lanthanide bisphthalocyanine complexes are well known 
for their semiconductive properties.1 The adsorption of cer- 
tain gaseous molecules on the surface of Pc crystals and thin 
solid films produces significant changes in the electrical 
properties of these materials. Gas adsorption on LB films of 
conjugated macrocycles seems to promote rapid changes in 
electrical conductivity.2'3 

Rare-earth-metal bisphthalocyanine are electrochromic. 
LB films of the material show distinctive colors changes 
when oxidized or reduced despite their thinness. A film 
which exhibits marked changes in both electrical conductiv- 
ity and optical absorption in the presence of an atmosphere 
containing small quantities of an impurity gas would be ad- 
vantageous for incorporation into devices particularly if the 
color change are to be sufficient for visual observation.4 

Deposition of thin films by the LB technique is a highly 
attractive method for producing well-ordered thin films of 
known thickness. Faster response were observed with LB 
films substituted phthalocyanine molecules when exposed to 
N02 than those reported for vacuum evaporated film.5 Sur- 
face damage is inherent with high-energy techniques such as 
sputtering or evaporation, therefore, fabrication of molecular 
layers by the room temperature Langmuir-Blodgett tech- 
nique is expected to produce better gas sensitivity. 

Metal phthalocyanines have two possible sites for gas ad- 
sorption: one is the central metal itself and the other is the 
7r-electron system. The chemical properties of the two sites 
may change considerably and may, in turn, reflect the ad- 
sorption properties of the Pc towards oxidative gases.6 Ce- 

''Electronic mail: lbj@seu.edu.cn 

rium bisphthalocyanine7 and ytterbium bisphthalocyanine4 

LB thin films were found to produce significant change in 
the electrical conductivity for the vapor of NOx and chlorine, 
respectively. Wang8 reported that LB films of phthalocya- 
nine [(C6H13)3SiOSiPcOGePcOH] was fabricated microsen- 
sors for halogen gases, which had good selectivity for the gas 
to be measured. 

In this article, the electrical properties of ten-layer LB 
film of Europium bisphthalocyanine derivative transferred to 
an interdigital electrode are reported, and the variation of 
optical absorbance in the visible region was monitored using 
UV-vis spectroscopy. 

II. EXPERIMENT 

A. Synthesis 

Due to the intermolecular interaction between the macro- 
cycles, peripherally unsubstituted metallophthalocyanines 
are practically insoluble in common organic solvents. The 
solubility of phthalocyanines can be increased by introducing 
substituents into the periphery of the macrocycle. These sub- 
stituents lead to a larger distance between the inclined 
stacked phthalocyanine and enable their solution. In this ar- 
ticle, Eu (III)-octa-4-(tetrahydrofurfuroxy) phthalocyanine 
was synthesized. It has good solubility with organic solvents 
such as chloroform. The structure of Eu bisphthalocyanine is 
shown in Fig. 1. 

B. Description of the Interdigital Comb Electrode 

Since the conductivity of Pc LB films is low, an interdigi- 
tal microelectrode is required for reliable electrical measure- 
ments. The substrates used for conductance measurement of 
LB films were glass substrates precovered with gold inter- 
digital electrodes. The gold interdigital electrode consists of 
50 finger pair of electrodes giving a width of 50 /mm, spaced 
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FIG. 1. The structure of Europium bisphthalocyanine. 

50 /am from the adjacent electrode. The finger overlap dis- 
tance was 10 mm. The structure of the gas sensor is shown in 
Fig. 2. 

These substrates were well washed first with detergent, 
followed with freshly distilled water, the methanol and chlo- 
roform using ultrasonic waves for 15 min each, dried and 
immediately used. 

C. Film preparation 

Eu bisphthalocyanine was dissolved in chloroform under 
ultrasonic waves. A given amount of chloroform solution 
(5 X 10~4 M) was spreaded onto the freshly distilled water 
(~pH 6, 20 °C). After complete evaporation of the solvent, 
the surface pressure area of isotherms were measured by 
compressing the mobile barrier at a speed of 2 
X10"3 nm2mol"1s_1. 

Deposition was Z type with the substrate being passed 
through a clean water surface in one compartment and with- 
drawn through the monolayer of Eu phthalocyanine in the 
other compartment. The LB films were transferred to the 
substrate by the vertical dipping method at a surface pressure 
25 mN/m, up-down speed is 5 mm/min. 

For UV-vis measurements, monolayers were transferred 
to a Quartz disk that was cleaned in chromosulfuric acid 

0.2    0.3    0.4    0.5    0.6    0.7    0.8    0.9     1.0     1.1     1.2     1.3     1.4 

nm /molecule 

FIG. 3. The TT-A isotherm of Europium bisphthalocyanine at 20 °C. 

maintained at 110 °C. After 2 h in the cleaning solution, the 
slides were copiously rinsed with distilled water and placed 
in NaOH solution (pU 11) for 12 h. The resulting slides were 
hydrophilic. 

D. Gas-sensing experiments 

The Cl2 used was custom blended with N2 of ultrahigh 
purity. Before each chlorine test, the entire gas-sensing sys- 
tem was cleaned with N2. In a typical experiment, the sensor 
was heated to the desired temperature and the system was 
purged with the Cl2-N2 gas mixture for 15 min then the 
Cl2 gas was switched off and N2 was turned on for 15 min. 

E. Spectroscopic analysis 

UV-vis absorption spectra were recorded on a Shimadzu 
2100 UV-vis spectrophotometer. 

10 mm 

FIG. 2. Structure of gas sensor. 

III. RESULTS AND DISCUSSION 

A. Monolayer behavior 

The isotherm given in Fig. 3 shows that the monolayer 
can be compressed to a fully condensed close-packed film. 
The reproducibility of the isotherm is excellent and is limited 
only the accuracy with which known amounts of the Eu 
phthalocyanine can be applied to the trough. The collapsing 
pressure of the monolayer is 40 mN/m. The value for the 
average area per molecule obtained by extrapolating the 
steeply rising part of the curve to zero pressure is approxi- 
mately 0.6 nm2. This value may be associated with a tilted 
edge-on molecular organization on the water surface. 

JVST B - Microelectronics and Nanometer Structures 
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FIG. 4. The absorption spectra for ten-layer Eu bisphthalocyanine LB films. 

B. Film characterization 

The phthalocyanine compounds exhibit strong electronic 
transitions in the visible region (Q band at 600-800 nm) and 
in the near ultraviolet one (b or Soret band at 300-400 nm) 
due to 77-77* transition states of Eu symmetry. The absorp- 
tion spectrum for ten-layer Eu bisphthalocyanine LB films 
on Quartz disc is illuminated in Fig. 4. The Q band splits 
into two maximum peaks at 690 and 718 nm. Also shoulder 
peak splits into 620 and 660 nm, respectively. The spectrum 
are typical in the spectrum of solid (bulk and thin solid films) 
lanthanide bisphthalocyanine derivatives. 

Figure 5 shows how the absorbance value, measured at 
690 nm, varies with the number of layers. The absorption 
increases linearly with the number of deposited layers. 
Though the molecule is not of the classical amphiphilic type, 
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FIG. 5. Absorbance, measured at 690 nm, against number of layers. 
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FIG. 6. Coordinates (x,y,z) for expressing Eu bisphthalocyanine orientation 
Y axis: dipping direction, z axis: center axis of Eu phthalocyanine repre- 
sented by the circular plate. 

a straight line plot is obtained indicating reproducible quality 
and adhere tenaciously to substrates and to each other. 

The optical properties of phthalocyanine in the visible re- 
gion arise from two electronic transitions of the conjugated 
7r-electron system. The transition dipole moment of both 
bands lie in the plane of the phthalocyanine ring so that the 
polarization of the optical absorption can be used to deter- 
mine the molecular orientation. The polarization plane or the 
incident beam was chosen perpendicular to the dipping di- 
rection and the glancing angle selected experimentally was 
0° and 30°. 

In order to evaluate the particular orientation of 
R8YbPc2 molecules on LB films, Cartesian coordinates 
(X,Y,Z) are introduced as shown in Fig. 6. The Fand Z axes 
are chosen to be parallel to the dipping direction and normal 
to the substrate, respectively. To simplify the situation, the 
phthalocyanine ring is considered as a flat circular plate 
which the 77—77* transitions dipole is uniformly distributed. 
The center axis of the plate, Z', is oriented at an angle 6 to 
the Z axis with an azimuth of <f> in the X-Y plane. When 
polarized light is illuminated on the film at an angle is ß' to 
the Z axis in the Z-X plane with a refraction angle ß inside 
the layer (Fig. 7). Using a dichroic ratio at 690 nm, 
D0=0.82 and £>30=0.29, the orientation angles could be cal- 
culated as 0=35.7° and 0=57.5°. 

C. Gas sensibility 

Chemisorption of a gas capable of inducing donor- 
acceptor interaction produces an ionized state and deforms 
the energy band structure. The response and recovery curves 
of the sensor to Cl2 (50 ppm in N2) at various temperatures 
are shown in Fig. 8. 
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LB films 

FIG. 7. Direction of polarized incident light on the substrate. 
Time(s)(*103) 

At the presence of chlorine, Cl2 leads to an irreversible 
oxidation of the Pc2Eu LB films. First, Cl2 causes a strong 
increase of the conductivity, then an important conductivity 
decrease is observed with a concomitant transformation into 
Pc2EuffiCl®, as evidenced by the optical absorption spectrum. 
The peak height and the peak width decreased. The peak 
wavelength produced a redshift by 8 nm which is character- 
istic of the "oxidized form." Electrochemical studied of 
Lanthanide bisphthalocyanine films have also shown that 
redshifted Q band is produced upon oxidation.9 

Cl2 first induces the formation of Pc2Euffiand consequently 
the concentration of charge carriers increases. However, 

FIG. 9. Response of EuPc2 LB films cycled at 15 min exposure to Cl2 flowed 
by 15 min N2 cleaning. 

when the concentration of Pc2Lue predominates over that of 
Pc2Lu, the conductivity of the thin films must decrease, since 
charge transport via electron exchange can no longer occur: 

Pc2Euffi,    ?c2Eue^ Pc2Eu2+,    Pc2Eu. 

The conductivities of the films increased sharply with time at 
first, which may be due to the surface absorption effect, and 
the increased slowly, probably due to the bulk diffusion. The 
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FIG. 8. The response and recovery curves to 50 ppm Cl2 in N2 at various 
temperatures. 

FIG. 10. Response of EuPc2 LB films by using pulsed operation at 1 min 
exposure to Cl2. 
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adsorption and the desorption processes occurred simulta- 
neously, producing a dynamic equilibrium and hence satura- 
tion in the conductance values. When the Cl2 gas was re- 
moved, the recovery also showed a rapid decrease followed 
by a slower decrease of conductance. The responses increase 
with temperature. When operated at high temperature 
(>120 °C), the sensor response had a slow downward drift 
when Cl2 was present, indicating the bond formation be- 
tween the Cl2 and the phthalocyanine rings which caused the 
ring to become chlorinated and lose its conductivity. 

The reproducibility of the conductivity changes in an at- 
mosphere containing 50 ppm Cl2 has been studied. Figure 9 
shows the degradation of the sensor response when cycled at 
15 min exposure to Cl2 of followed by 15 min N2 cleaning. 
The degradation can be improved by using pulsed operation 
to reduce the exposure time to Cl2 from 15 to 1 min with 
solenoid valve and time control. The result is shown in Fig. 
10. 

At room temperature, the response time is 45 s and the 
recovery time is 1 min. After Cl2 were removed, the conduc- 
tance does not return to the baseline. It may be attributed to 
its strong electronegativity and the bulk effect. 

IV. CONCLUSION 

Thin film of EuPc2 formed by the Langmuir-Blodgett 
technique at room temperature is sensitive to Cl2. The phtha- 

locyanine LB films have such good temperature stability and 
well-controlled uniformity and thickness that the device 
yields highly reproducible gas-sensing results. The conduc- 
tance increases with temperature at the same time. The varia- 
tion of optical absorbance in the visible region has been 
compared in the presence of N2 and chlorine. In room tem- 
perature, the peak height and width decreased in the presence 
of 50 ppm chlorine. 

The lanthanide bisphthalocyanine is a promising gas- 
sensitive material. The sensitivity can be improved by 
searching for a suitable central lanthanide atom and periph- 
erally substituted groups. 
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The formation of Si nanowire during indentation of the scanning tunneling microscope tip onto the 
Si(l 11) surface was investigated by changing the sample bias, the temperature, and the tip retraction 
speed. The wire length at room temperature is in the order of 1 nm, however, the wire was elongated 
remarkably with either increasing temperature or bias voltage while keeping a positive sample bias. 
The wire was also elongated when the tip speed was decreased. The typical length was —14 nm at 
481 °C, +2.0 V and 320 nm/s. In order to explain these results, we proposed a simple model for the 
wire formation by taking into account the surface diffusion and electromigration effects. © 1997 
American Vacuum Society. [S0734-211X(97)01604-1] 

I. INTRODUCTION 
Characterization of structures and electric properties of 

nanoscale features is one of the most attractive subjects, 
since the novel nature would appear to be important as the 
ultralarge scale integrated (ULSI) devices are more scaled 
down. For this purpose, the scanning tunneling microscope 
(STM) is a powerful tool since it has the capabilities of both 
the observation and formation of nanoscale features in 
atomic scale accuracy.1"8 In particular, the manipulation of 
the Si surface has attracted special interests and many ar- 
ticles have been published on the subject.1'3"7 Very recently, 
we have found that the Si(lll)-7X7 surface can be control- 
lably removed in a layer-by-layer manner by approaching the 
biased tip until it contacts the substrate and then retracting 
it.1 In this technique, the surface Si atom removal seems to 
occur with the field assisted and chemical reaction between 
the tip and surface. During this removal process, the nanos- 
cale Si wire is formed between the tip and Si surface. When 
the tip is retracted further after the nanoscale contact, the 
nanoscale wire is elongated until breaking, at which time we 
define the wire length. The typical length is ~ 1 nm at room 
temperature as reported in Ref. 1. Here we expect that the 
wire length may depend on the sample bias as well as tem- 
perature, since at high biases more Si atoms were removed 
and at high temperature, there exists many mobile Si atoms 
on the surface. In this article, we present the experimental 
results on the formation of nanoscale wires by changing the 
sample bias, the temperature, and the tip retraction speed, 
and discuss the mechanism of the formation of nanoscale Si 
wires by considering the mass transport around the tip- 
substrate point contact region in through to the surface dif- 
fusion and electromigration. 

a)Present address: Texas Instruments Tsukuba R&D Center, Tsukuba, 
Ibaraki 305, Japan. 

b,Permanent address: Electrotechnical Laboratory, Tsukuba, Ibaraki 305, Ja- 
pan. 

II. EXPERIMENT 

The clean 7X7 surface was prepared by flashing the 1X6 
X0.3 mm3 p-type (B-doped, 0.01 O cm) Si(l 11) substrate up 
to 1100 °C. The STM tip was prepared using a poly crystal- 
line W rod by electrochemical etching, and was cleaned by 
repetitive heating at 900 °C in UHV with the electron bom- 
bardment method. For high temperature experiments, the 
substrate was heated restively by running the dc current 
across the sample. At the first stage of the manipulation, we 
set the tunneling sample voltage and current as 1.5 V and 0.5 
nA, respectively, to fix the initial tunneling distance prior to 
the indentation processes. This tunneling condition was used 
for imaging before and after indentation. In the manipulation 
mode, we used a special technique already described in Ref. 
1. In the present case, the feedback circuit was set off and the 
sample bias was tuned to appropriate values between 2.0 and 
-0.8 V. here the bias voltage at high temperatures was given 
as the same as in Ref. 1: in order to raise the sample tem- 
perature, Vdc was applied across the sample and the tip was 
approached to the nearly central point, giving a bias voltage 
of Vdc/2. Then the tip approached the surface, where the tip 
excursion distance was fixed at 0.8 nm for all present experi- 
ments. After the tip contacted the surface, it was retracted 
until the Si wire was broken. The tip excursion speed was 
varied from 40 to 960 nm/s. The wire breaking was identified 
by monitoring the current between the tip and the substrate 
during tip excursion. The current was recorded by switching 
a preamplifier from high gain for imaging to low gain for 
measuring currents as high as 100 /JLA. The temperature was 
varied from 396 to 481 °C and was monitored with a pyrom- 
eter. The thermal drift of the system was less than 0.02 nm/s 
in both the x-y and z directions, which was much slower 
than the tip excursion speed. 
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FIG. 1. A 50X50 nm2STM image of Si(lll)-7X7 surface after indentation 
at 396 °C, the sample voltage of 1.2 V, and the tip excursion speed of 320 
nm/s. The hole with a depth of 0.3 nm was created by the indentation 
process. The clear 7X7 structure appears at the bottom of the hole. The 
bright protrusion in the center of the hole is the evidence of the wire for- 
mation between the tip and the surface. 

III. RESULTS 

Figure 1 shows a typical STM image of Si(l 11)-7X7 sur- 
face after indentation at a temperature of 396 °C, a sample 
bias of 1.2 V and a tip excursion speed of 320 nm/s. We 
clearly see a hole with a depth of 0.3 nm, whose size was 
dependent on both the sample bias and temperature. At the 
bottom of the hole, we see the clear 7X7 structure, at which 
the reconstruction occurred since it was higher than the 2X1- 
7X7 phase transition temperature:9 at room temperature, we 
see other structures such as 2X2, c -2X4, and /3X/3. In the 
hole, there exists a protrusion which may be the result of the 
junction formation between the tip and surface, as frequently 
observed in the case of metals.10"12 In other words, this can 
be regarded as evidence for the formation of the Si wires. 
The Si wire length was defined by the amount of the z-piezo 
motion from the contact to the point where the junction 
broke and was measured to be ~6 nm in this particular case. 
The wire length was dependent on the sample bias, the tem- 
perature, and the tip retraction speed. The results obtained at 
the tip retraction speed of 320 nm/s and various temperatures 
are summarized in Fig. 2. It is clearly seen that the wire 
length is elongated with an increase of temperature, and has 
a polarity dependence where the Si wire was elongated only 
at positive sample bias. This polarity dependence was not 
caused by the substrate heating induced by the current be- 
tween the tip and the substrate, since it shows no rectification 
at an elevated temperature. The tip excursion speed depen- 
dence at 396 °C and various bias voltage are summarized in 
Fig. 3. The wire length is elongated with a decrease in the tip 
excursion speed. These results indicate that the Si wire 

E 
c 

O) c 
<1> 
_l 

14 

12 

10 

8 

6 

4 

2 

0 

■ X •   RT 
°   396°C 

- °  433°C 
A  460°C X 

X 
A 

• x 481°C 
A 

A 
D 

X 
A D 

□ 
O 

O 

0 • l—I— 

X 
D 

X    A            « x        A            0 

AA   o 

DD    ° 
0 

0 

O 

Sample Voltage [V] 

FIG. 2. The sample bias dependence of the Si wire length at the various 
temperatures while keeping the tip retraction speed at 320 nm/s. 

length strongly correlated with how many Si atoms were 
supplied from the surrounding during indentation. The 
sample bias and temperature dependence show that the 
growth of the Si wire can be explained by surface diffusion 
of the Si atoms and electromigration due to electric field 
between the tip and the substrate. 

IV. DISCUSSION 

A. Surface diffusion 

First, we discuss the Si adatoms behavior in the absence 
of the electric field between the tip and the substrate. The 
wire length at 0 V was obtained by averaging the values at 
0.1 and —0.1 V. The tip speed dependence on the wire 
length is shown in Fig. 4 at the various temperatures. We 
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FIG. 3. The tip speed dependence of the Si wire length at the various sample 
bias voltages between 2.0 and -0.8 V and at 396 °C. 
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FIG. 4. The tip speed dependence of the Si wire length at 0 V obtained by 
averaging the values at 0.1 and —0.1 V. 

have previously reported that the Si atom removal occurs by 
either a field assisted chemical reaction or the field evapora- 
tion at room temperature.1 However, it can not explain the 
results obtained here very well, since the layer-by-layer sur- 
face removal could be extended to more than 10 nm away 
from the contact region at a high temperature, while it is 
typically less than 3 nm at room temperature. Here we as- 
sume that the Si atoms transfer could occur by the thermal 
diffusion process from the hole edges generated at the initial 
stage of the indentation. As soon as the supplement of the Si 
adatoms from the hole edge to the tip-substrate contact re- 
gion during retraction is stopped, the Si wire is broken. To 
correlate the wire growth with the surface diffusion, the side 
wall view of the Si wire is assumed to be circular as shown 
in Fig. 5. This assumption may stand when the energies of 
the tip-wire interface and wire-substrate interface is much 
smaller than the surface energy of the wire. Based on this 
model, the volume of the Si wire with a length L is 

V=0.l7rL3. 

Then, 

dV/dt = 03TTvL2, 

(1) 

(2) 

where v{ = dLldt) is the tip retraction speed. Since the Si 
atoms are supplied from the edge of the hole as discussed 
above, the flux <pD of the Si adatoms from the hole edge to 
the tip-substrate contact region can be given by 

<f>D=-2TTLDdn/dr dt, (3) 

where D, n, and r are a diffusion coefficient expressed by 
D = D0 expi-E^/kgT), surface density of mobile Si ada- 
toms, and the distance from the tip-substrate contact center, 
respectively. Under the condition that the hole grows in a 
two-dimensional manner with a single bilayer depth in most 
cases, the area of the hole should be proportional to the vol- 

Substrate 

FIG. 5. A schematic drawing of a model to explain the wire growth. The side 
wall view of the wire is assumed to be a circular shape which is adequate 
when it is in the thermal equilibrium. Here L, R, nH, nw and a, E and cf> 
are the wire length, the distance between the hole edge and tip-substrate 
contact center, the density of Si adatoms at the hole edge, the density at the 
wire edge, the electric field induced by sample voltage, and the flux of Si 
atoms, respectively. In this model, the Si atoms are supplied from the hole 
edge, which turns out to be that the volume of the hole is equal to that of the 
wire. 

ume of the Si wire. In addition, the quantity dnldr is in- 
versely proportional to r because of the continuity of the 
flux. Then 

dn/dr=-(l/L)(nH-nw)log(0AL/a+l) 1/2 (4) 

Here nH, nw, and a are the density of Si adatoms at the 
hole edge, the Si wire edge, and the thickness of a bilayer of 
the Si(lll) surface, respectively. Thus, at a point where the 
Si wire is broken during the tip retraction process from the Si 
surface, the flux should balance with the volume expansion 
as 

pdVldt=4>D, (5) 

where p is the volume density of Si. Then, from Eqs. (2)-(4), 
we obtain the following relation: 

L2log(0.1L/tr+l)1/2aD/v. (6) 

Figure 6 shows the Arrhenius plots of the quantity 
L2 log(0.1L/o-+ l)1/2given by Eq. (6) for several tip speeds 
at 0 V. From the slope of these curves, we can deduce the 
activation energy as £act= 1.4 ±0.2 eV. This value is close to 
the previously reported activation energy, 1.3 eV for surface 
diffusion.13 However, the activation energy obtained from 
the slope of the curves in Fig. 6 slightly increases with in- 
creasing the tip speed, for which there are several possible 
reasons. The first is that the density of the Si adatoms at the 
Si wire edge is determined by the rate of volume expansion 
of the wire: the higher volume expansion by high speed re- 
traction causes the less density of adatoms at the wire edge. 
The second is that the shape of the wire is not always circular 
as assumed before, which could be varied by the tip speed. 
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FIG. 6. Arrhenius plots of the quantity L2 log(0.1L/cr+ l)1'2 obtained for 0 
V at various tip speeds. From these slopes, we obtain the activation energy 
of 1.4±0.2 eV. 

When the tip retraction speed is faster than relaxation time of 
the wire, the system cannot be in thermal equilibrium. There- 
fore, it can be said that the activation energy of 1.2 eV ob- 
tained at the slowest speed of 40 nm/s is the most reliable 
under the present model. 

B. Electromigration effect 

When there exists an electric field induced by the sample 
voltage, the flux of the Si atoms from the surroundings to the 
wire is expressed as the sum of the thermal diffusion <j>D and 
the electromigration terms <f>E as 

(p=</>D+<t>E=(-2<TrLDdn/dr-2'7TLDncqZE/kBT)dt, 
(7) 

when nc, q Z, E, and kB are the density of the charged Si 
adatoms, the elementary charge, the effective charge of the 
adatoms, the electric field, and a Boltzmann constant, respec- 
tively. For simplification, we assume that the local electric 
field on the surface is determined by surface conductance 
when the tip-substrate contact is formed which may stand at 
a point far from the tip: at a point close the tip, we should 
take into account the dipole moment induced by the tip.14 

Since the current flows isotropicaly from the contact, the 
electric field E can be expressed as 

£« Vr. (8) 

When the tip sticks just onto the Si surface, the boundary 
conditions can be expressed as V=0 at r=3X10_1 cm, 
which is the distance between the edge of the substrate and 
tip-substrate contact center, and V=V5at r=lX10"7 cm, 
which is the radius of the contact. The radius has assumed 
from the result that the adatoms are removed at room tern- 
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FIG. 7. The tip speed dependence of the effective charge at the various 
temperatures. In the case of the low tip speed and high temperature, the 
values are close to the previously reported value of 0.05. 

perature in the area of less than 1 X 10  '   nm , which re 
fleets the contact size. Thus, the electric field at r is 

£ = 0.06 Vs/r, (9) 

where Vs is the sample bias. From Eq. (9), the electric field 
at r= 1 fim is given as 1.5X 103 V/cm when Vs= 1 V. Here 
the electric field induced by the current for substrate heating 
is —10 V/cm which is much smaller than the field at r<\ 
/nm. It means we can ignore the heating current induced field 
in the present experiment. The rate of volume expansion of 
the Si wire is balanced with 4> at the rupture point, then 

03irpvL2=-2TTLDdn/dr-0.3TTDnsqZVs/kBT,    (10) 

where 

D = ga a) exp( —EaCt/kBT). (ID 

By assuming that the sample bias dependence of 4>D is neg- 
ligible when the temperature is not changed, we obtain the 
relation from Eq. (10) as 

LZ=AV,+ C. (12) 

Here ns, £, a, and a> are the density of mobile surface 
atoms on Si(lll), hopping probability, the distance between 
nearest hopping sites, and the vibration speed of surface at- 
oms, respectively. To simplify the discussion, here nc= 1.5 
X10 cm which is the density of surface atoms on 
Si(lll), |=1, a = 0.77 nm which is the distance between 
adjacent adatoms on dimer adatom-stacking fault (DAS) 
structure,15 and v=lX1013 s-1. From the slope of L2 vs. 
Vs, we obtain Z= 0.03-0.71 and summarized Z as a func- 
tion of the tip speed in Fig. 7. The positive values of Z 
indicate that the Si atoms are positively charged at these 
temperature. It can be clearly seen that the effective charge is 
dependent on the tip speed and temperature. This is probably 
caused by the over-simplified model which we use: the shape 
of the wire is not always kept at a circular shape when the tip 
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speed is fast and temperature is low. Further, we can not 
ignore the Si atoms migration on the tip surface. For a more 
precise explanation, we need to observe the wire shape di- 
rectly with the other experimental tools such as TEM. How- 
ever, as long as the tip speed is slow and the temperature is 
high, the present model could stand and therefore the ob- 
tained effective charge of 0.03 may be accurate and coincide 
with the simulated value of 0.05 16 

V. CONCLUSIONS 

We demonstrated Si atom manipulation with which the 
surface bilayer was removed by approaching the biased tip to 
the Si surface. During this manipulation, the Si nanoscale 
wire was formed between the tip and substrate. By analyzing 
the wire length with a proposed model, we deduced the ac- 
tivation energy of 1.4±0.2 eV for the thermal diffusion of Si 
atoms on a Si(lll)-7X7 surface. From the data for the bi- 
ased tip, we found the electromigration effect in the wire 
formation process. Eventually we deduced the effective 
charge of 0.30-0.7. It is concluded that the proposed model 
is adequate when the tip retraction speed is slow and tem- 
perature is high enough to realize the thermal equilibrium. 
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Here we report a study of surface states in nanometer-sized Ti02 particles (PI) prepared in our lab 
with the aid of surface photovoltage spectroscopy, electric field-induced photovoltage spectroscopy 
(EFISPS), and fluorescence spectrum. The diameter determined by x-ray diffraction is 3.5 nm. The 
EFISPS of PI shows several subband gap absorption bands at 350, 375, and 460 nm, respectively. 
The fluorescence peaks of dry powder and an aqueous suspension of PI at 361, 391, and 469 nm 
were detected. The above results are concluded to be relative with the located surface states within 
the band gap. The surface states were deduced to be oxygen vacancies, i.e., Ti3+, Ti2+, Ti+, whose 
maximum densities lie at 0.32, 0.50, and 1.02 eV below the maximum density of states in the 
conduction band, respectively.   © 1997 American Vacuum Society. [S0734-211X(97)01704-6] 

I. INTRODUCTION 

Nanometer-sized Ti02 particles have been investigated in- 
tensively in recent years owing to their applications in solar 
energy conversion1 and water detoxification.2 The interfacial 
transfer of the photogenerated charge carriers is thought to 
be the essential step in these processes. Until now, theories 
to analyze charge transfer and recombination in Ti02 were 
developed for the "ideal" interface where electrons and 
holes can exist only in valence or conduction bands. In fact, 
surface states located within the band gap may mediate 
charge transfer or provide recombination centers. However, 
it is so complicated to assign the energies, distribution, and 
nature of surface states that the data are usually open to 
various interpretations. Salvador has used transients from 
subband gap illumination and concluded that surface states 
due to Ti3+ and oxygen deficiencies are present near the 
conduction band edge.3 Luminescence experiments by other 
groups showed several peaks with subband gap 
wavelengths.4 These peaks were assigned to several surface 
states associated with species formed during the photo- 
oxidation of water. 

Surface photovoltage spectroscopy (SPS) is a useful 
method to study the surface feature of a solid, while the 
electric field-induced photovoltage spectroscopy (EFISPS) is 
a newly developed method which gives more information 
about surface states in the semiconductor.5 With the aid of 
x-ray diffraction (XRD), SPS, EFISPS, and fluorescence 
spectrum, we can identify the energetic positions and fea- 
tures of the surface states in Ti02 nanoparticles. 

a) Author to whom correspondence should be addressed. 

II. EXPERIMENT 

A. Preparation of nanometer-sized Ti02 powder 

Nanometer-sized Ti02 particles were prepared following 
the method reported by Kormann et al.6 2.5 ml TiCl4 was 
slowly added to 800 ml of 0 °C de-ionized water (18 Mil) 
while vigorous stirring. The resulting transparent colloidal 
suspension was then dialyzed twice against de-ionized water 
for a total of 20 h, the final pB. was 2.5. The hydrosol was 
concentrated to about one tenth of its original volume with 
the aid of a rotary evaporator (60 °C), then was dried at room 
temperature for several days leading to the formation of a 
glassy solid which was ground to obtain a white shiny pow- 
der (PI). This powder can be resuspended in water steadily. 

The TiCl4 used was analytical reagent grade and without 
further purification. The water used was distilled twice with 
de-ionized water with an electric resistance of 18 MCI at 
room temperature. 

B. Characterization 

An XRD pattern was recorded by a RIGKU x-ray meter. 
The SPS of Ti02 powders were obtained using an apparatus 
built in our lab, which is composed of a light source, a 
monochromator, a sample cell, a lock-in amplifier, and a 
computer control system. The electric field-induced SPS 
(EFISPS s) were performed while external fields were applied 
to the samples. The ITO conducting glasses were used as the 
transparent front and back electrodes. When the positive 
electrode is on the illuminated side, the applied bias is called 
positive. The fluorescence spectra of dry and aqueous PI 
were recorded by a Shimadzu spectrofluorophotometer RF- 
5000. 
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FIG. 1. X-ray diffraction pattern for PI. 

III. RESULTS AND DISCUSSION 

A. Character of nanometer-sized Ti02 particles 

XRD of PI is shown in Fig. 1. The calculated lattice 
constants confirm that PI is anatase Ti02, while the diffrac- 
tion profile were obviously broadened. Taken the small crys- 
tallite size as the only reason for the broadened line, crystal- 
lite size can be determined through the Scherrer equation: 

L = K\lß cos 6, 

where 6 is the Bragg angle, \ is the wavelength of the x ray, 
L is the mean dimension of the crystallites composing the 
powder, ß is the breath of the pure diffraction profile at 
half-maximum intensity, and K a constant approximately 
equal to unity and related to the crystallite shape, here taken 
as 0.89. The calculated crystallite size of PI is 3.5 nm. 

XRD and transmission electronic microscopy (TEM) are 
useful methods to determine the size of fine particles. In the 
case of Ti02, the particle shape is often irregular, and some- 
times aggregation occurs among particles, so precise deter- 
mination of the diameter of a single particle is difficult. XRD 
is the method used to identify the crystallite size. The par- 
ticle size determined by TEM is larger than that by XRD, 
which can be interpreted that the "particle" appearing in 
TEM is an aggregation of several crystallites. 

B. SPS and EFISPS of nanometer-sized Ti02 particles 

The SPS of PI shows a band edge at 360 nm [see Fig. 
2(b)], corresponding to the band gap of 3.44 eV. The band 
gap is widened compared to the bulk value (3.3 eV), which is 
the result of the so-called quantum size effect.7 

300 400       500 
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FIG. 2. Surface photovoltaic spectra of PI; (a) at negative field (-0.5 V); 
(b) no external field; (c) at positive field (+0.5 V). 

When the external electric field was -0.5 V, the spectrum 
was seldom changed except for an increase in the intensity of 
the band with the maximum at 330 nm decreased and new 
absorption bands were observed at 375 and 460 nm, respec- 
tively. The EFISPS of PI is shown in Figs. 2(a) and 2(c). 

Driven by the external field, the charge carriers in surface 
and spatial charge region can be redistributed. If an external 
positive field is applied to a p -type material, the photovoltaic 
response will be increased, for the direction of the internal 
field in p type is consistent with that of the external positive 
field. For n-type material, because the internal field is oppo- 
site to the external positive field, the photovoltaic response 
will be decreased. Based on the principle of EFISPS and the 
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FIG. 3. Fluorescence spectrum of PI powder measured in the air at room 
temperature. Excitation wavelength is 338 nm. 
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FIG. 4. The scheme of relative energy position of the conduction band, 
valence band, and surface states in PI. 

results in our experiment, we identified PI as n-type mate- 

rial. 
The subband gap absorption bands were assigned to the 

transitions from the valence band to the surface states within 
the band to the surface states within the band gap. The maxi- 
mum of these bands lie at 350, 375, and 460 nm, respec- 
tively. 

Ti02 always behaves as an n-type material due to oxygen 
vacancies in the crystal structure.8 At the same time the sur- 
face states in PI are assumed to be oxygen vacancies, so 
Ti3+, Ti2+, and Ti+ were produced, respectively. That is, 
one oxygen vacancy leads to 2Ti3+, missing rows of oxygen 
from several Ti2+, and metallic Ti exposed to the surface is 
said to be Ti+. Considering the feature of these surface 
states, we assigned bands 350, 375, and 460 nm to Ti3+, 
Ti2+, and Ti+, respectively. In order to precisely determine 
the energetic position of these surface states, we studied the 
fluorescence of PI. 

C. Fluorescence spectra of nanometer-sized Ti02 

particles 

The fluorescence spectrum of PI powder is shown in Fig. 
3. With excitation of 338 nm, there are several emission 
peaks which appeared with the maximum at 361, 391, and 
469 nm, respectively. The fluorescence of PI suspended in 
water showed almost the same emission spectrum with that 
of PI powder. The energetic positions of these surface states 
are consistent with the value determined by EFISPS, which 
means that the ground state level corresponded to valence 
band, the excited state corresponded to the conduction band, 
and the others are surface states, shown in Fig. 4. 

Other groups have observed fluorescence in Ti02. ; The 
strong fluorescence observed in our experiment can be inter- 
preted as follows: PI was prepared under controlled condi- 
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tions. Each initial particle was a new-formed nucleus or 
poor-grown particle of the nucleus, which had large struc- 
tural defects and high surface energy, so aggregation among 
these initial particles (3.5 nm) and the interaction among 
them was some kind of short-distance interaction, i.e., 
chemical bonding, oxygen bridge, etc. However, this kind of 
linkage could not be as regular as the crystal structure. The 
structural defects, i.e., oxygen vacancies, existed inside the 
particle's trap electron with energy level located within the 
band gap, i.e., the surface states. Moreover, because of the 
short distance interaction, the quencher, which is water in 
our experiment, could not go into the inside of the particle to 
trap the photogengerated electron, so radiation transition 
from the surface states to the valence band occurred. 

IV. CONCLUSION 
The nanometer-sized Ti02 particle (PI) prepared in our 

experiment proved to be an aggregation of several initial 
particles through some kind of chemical bonding. The com- 
bined particles manifesting quantum size effect is the result 
of the confinement within the initial particle (3.5 nm by 
XRD). The structure defects, i.e., oxygen vacancies of the 
combined particles surface states, can be detected by 
EFISPS. The structural defects of the initial particles still 
exist in the combined one. Because of chemical bonding 
among the initial particles, the fluorescence quencher could 
not be reached at these defects, so strong fluorescence can be 
observed. Because the EFISPS and fluorescence spectrum 
resulted from the same resource, the energetic positions of 
surface states deduced from both methods is consist with 
each other. From the above results, the feature and the ener- 
getic position of surface states of PI were determined. 
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Formation of nanocrystals in a-Si thin films induced by pulsed laser 
ultraviolet irradiation 

Z. Chvoj,a) V. Chäb, and O. Borusfk 
Institute of Physics AVCR, Cukrovarnickd 10, 162 00 Praha 6, Czech Republic 

(Received 8 September 1996; accepted 4 April 1997) 

We extend the theoretical model of recrystallization of a-Si films induced by pulsed laser irradiation 
and determine c-Si cluster distribution in the solid phase and we discuss the possibility of 
nanocluster formation in the a-Si thin layer. Our theory is based on the description of nucleation and 
growth of the crystalline phase in molten Si during fast heating and cooling processes. We are able 
to describe nonequilibrium solidification, including the distribution of nanocrystals as a function of 
laser pulse energy. Calculations of temperature distribution during recrystallization processes and 
the kinetics of crystalline phase formation show that nucleation of c-Si in /-Si must be taken into 
account in simulations of recrystallization of a-Si induced by high energy density pulsed laser 
irradiation (>200mJ/cm2). The presence of nanoclusters in the Si layer is possible if 
recrystallization starts from the strong supercooled /-Si, e.g., if a-Si is melted immediately. 
© 1997 American Vacuum Society. [S0734-211X(97)05004-X] 

I. INTRODUCTION 

Extremely nonequilibrium processing during ultraviolet 
(UV) laser annealing (XeCl and ArF excimer lasers) of thin 
films can result in a significant modification of surface prop- 
erties. Pulsed laser-induced recrystallization of a-Si is one 
possible technology by which to prepare nanocrystalline 
c-Si.1 Crystalline nanoclusters in thin Si films may be re- 
sponsible for the emission of visible blue light during laser 
illumination; thus the formation of such clusters in thin Si 
films could result in materials that would be promising for 
important technical applications. 

To describe the crystallization processes in a-Si and the 
conditions that lead to nanocluster formation, the dynamics 
of phase transformations have to be studied. Usually the re- 
crystallization processes of a-Si are described by the numeri- 
cal solution of a moving boundary problem involving heat 
conduction with a volume heat source term (see for example, 
Refs. 2-4). Application of this procedure can describe the 
rate of solidification, time of melting, and temperature field 
in the sample. The next step in the theoretical treatment of 
laser-induced a-Si recrystallization is extension of this model 
to the volume solidification (homogeneous nucleation) of the 
molten layer.5"9 This was first done in Ref. 3, where the 
kinetics of the solidification process in a-Si thin films in- 
duced by excimer laser pulses was studied both experimen- 
tally and theoretically. Independent of the wavelength of ap- 
plied laser radiation a strong minimum was observed in the 
total time of the recrystallization process tr versus energy 
density of pulses. Theoretical models in Ref. 3 focus on two 
different paths of solidification, one with and one without 
nucleation. But in the model with nucleation only the frac- 
tion of the crystalline phase in the volume is considered. 
Nucleation in a-Si and /-Si was thoroughly described in Ref. 
6. In Ref. 6 models of the homogeneous nucleation and 
growth rate of c-Si in a-Si or /-Si dependent on temperature 
are summarized. The basic parameters of these processes 

"Electronic mail: chvqj@fzu.cz 

were determined to obtain good agreement with experimen- 
tal data. The suitability of stationary and nonstationary mod- 
els was discussed in respect to the usual temperatures of the 
sample. In this article we focus on determing the nuclei dis- 
tribution in real Si layers with respect to the following facts 
that were determined by previous studies. 

(1) A description of crystallization by solution of the heat 
conductivity equation with a moving boundary between 
phases (/-Si<-»c-Si or a-Si+-»c-Si) cannot explain all the 
experimental observations.2 In order to explain the non- 
monotonic dependence (with a strong minimum) of the 
time-of-recrystallization process on the energy density of 
the laser pulse, nucleation and recoalescence processes 
must be taken into account.3 

(2) Crystallization of a-Si with nanosecond pulses is a pro- 
cess where phase transformation occurs under nonequi- 
librium conditions. The melting point of a-Si is about 
200 K lower than the melting point of c-Si and thus, 
during melting of a-Si, supercooled liquid Si appears in 
the system. In this case nucleation of c-Si is very 
probable.4 

(3) The formation of nanoclusters (recently experimentally 
detected and reported in Refs. 10-12) is connected with 
nucleation. The distribution of clusters as a function of 
temperature, time, and volume should be determined. 

Now we present the calculations of cluster distribution as a 
function of volume, time, and temperature history (not deter- 
mined in Ref. 3) for conditions that correspond to actual 
processes of recrystallization of a-Si thin films irradiated by 
laser pulses with various densities of energy. We discuss the 
possibility of nanocluster formation under these real condi- 
tions. 

II. MODEL OF THE RECRYSTALLIZATION 
PROCESS 

The distribution of clusters of c-Si in the system will be 
determined in the following model. Since stable clusters 
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t=100ns 
T,=1470 K 

(a) d (nm) 

FIG. 1. (a) Relative number of clusters n r as a function of diameter d at time 
t= 100 ns. The initial temperature is near the melting temperature of a-Si. 
(b) Relative volume of solid phase a as a function of time t. The initial 
temperature is near the melting temperature of a-Si. 

form in the system as a result of a homogeneous nucleation 
process, it means that the first stable clusters that appear in 
the system are critical nuclei that relate to the instantaneous 
temperature. The diameters of such nuclei increase with the 
velocity v, which depends on the temperature. Thus at every 
time t we have to calculate the instantaneous diameter d{t) 
of all clusters created during time interval (t0,t) (t0 is the 
initial time at which a-Si starts to melt). Let d, be the diam- 
eter of clusters which appear in the system at time interval 
(ti,t[+At). The number of such clusters per unit volume 
(assuming the temperature during small time interval At to 
be constant) is 

Nti=jss[ntl)]At, 

and their diameter at time t is 

dtl(t) = 2J'V [T(T)]dT+d*[T(t,)l 

(1) 

(2) 

where jss(T) is the stationary rate of nucleation, d* is the 
diameter of critical nuclei at temperature T, and v is the 
linear growth rate of c-Si. During these calculations we must 
compute the real temperature in liquid Si as determined by 
the heat conductivity, the adsorption of laser beam energy, 
and the latent heat of phase transformation. This problem 

was solved in Refs. 2, 3 and 13. On the basis of relations (1) 
and (2) we can calculate the distribution of clusters n(d,t) as 
a function of diameter and time: 

n(rf,0 = 2 NT (3) 

The sum 2* is over the values NT which correspond to the 
number of all the nuclei of diameter d at time I with respect 
to the real courses of temperature. For simplicity we present 
the relative value (on a given interval of d) of distribution of 
clusters n • 

nr(d,t) = n(d,t)/max{n(d,t)}. (4) 

The nucleation rate jss( T) and growth rate v dependence on 
temperature were determined in Ref. 6; ma.x{n(d,t)} is the 
maximum number of clusters at time t regardless of the di- 
ameter d. Since these values are complicated functions of 
material parameters (latent heat, temperature of melting, in- 
terface energy, energy barriers and kinetic parameters for 
diffusion and liquid-solid phase transition, change of en- 
tropy, and chemical potential), here we present only the re- 
sults of their temperature dependence in Figs. 3 and 4. 
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FIG. 2. (a) Relative number of clusters nr as a function of diameter d at time 
t= 100 ns. The initial temperature is near the melting temperature of c-Si. 
(b) Relative volume of solid phase a as a function of time t. The initial 
temperature is near the melting temperature of c-Si. 
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FIG. 3. The temperature dependence of the stationary nucleation rate jss for        FlG 4   The temperature dependence of the growth rate on the flat phase 
the /-Si—>c-Si phase transition. interface v for the /-Si—>c-Si phase transition. 

The time evolution of the volume fraction of crystalline 
phase a(f)e(0,l) is described by the Johnson-Mehl- 
Avrami-Kolmogorov equation4 

a(t) = l-exp ni>(,,) 
)dt' \jss(T)dT (5) 

where y is the geometrical factor. The value a describes the 
overall evolution of the crystalline phase in liquid Si during 
the nucleation process. Owing to the serious numerical prob- 
lems, the solidification of Si resulting from the motion of the 
Z-Si-c-Si interface is not taken into account. This problem 
will be the subject of a subsequent study. Here, we assume 
that the nuclei form and grow in the free small volume up to 
the maximum time of molten Si existence in order to esti- 
mate the distribution of frozen c-Si clusters in the solid 
phase. Subsequently the rest of /-Si solidifies at p-Sl 

III. NUMERICAL RESULTS 

Calculations of temperature distribution and its time evo- 
lution during recrystallization of a-Si were published 
earlier.2'3 These investigations showed that the temperature 
in the liquid phase of Si is practically constant in volume and 
is close to the melting temperature of a-Si. As soon as nucle- 
ation starts, the temperature increases very quickly to the 
equilibrium temperature of crystallization. Conduction of 
heat away from the Si layer into the substrate corresponds to 
an average cooling rate T= 109 deg/s. We calculated the dis- 
tribution of clusters [Eq. (3)] as a function of time t, diam- 
eter, and the real course of temperature for various regimes 
of a-Si crystallization. Time t= 100 ns corresponds to the 
experimentally determined time of molten Si and it is sup- 
posed that, after this time, the article sample is solid phase. 
On the basis of these calculations we can distinguish two 
different regimes of crystallization. 

(1) Nucleation from high supercooled /-Si (melted a-Si, ini- 
tial temperature of /-Si Tt = 1470 K [Figs. 1(a) and 1(b)]. 
The existence of nanoclusters (diameter <100 nm) is 
possible in this sample, but their total volume is low in 
comparison with the volume of the rest of the solid 

phase [reflected by the low value of a; compare Figs. 
1(a) and 1(b)]. Under our conditions the rest of the solid 
phase is p-Si with large grains. The strong increase of 
solid phase volume a after 1 ns [Fig. 1(b)] is connected 
to the increase of nucleation. The subsequent release of 
latent heat increases the temperature of the /-Si and the 
rate of solidification substantially decreases. This pro- 
cess can be realized for a high density of laser pulse 
energy >200mJ/cm2 when the molten layer is suffi- 
ciently large and the system has time for nucleation. In 
this case the transition a-Si-+/-Si—»c-Si proceeds. 

(2) Nucleation from melted pc-Si (polycrystalline Si) (initial 
temperature 7^ 1620 K) [Figs. 2(a) and 2(b)]. At this 
regime nanoclusters practically do not exist in the sys- 
tem; the material has a polycrystalline character. The 
course of function a(t) is similar to that in case (1), but 
the fast increase is realized after 30 ns. It is the result of 
the worse conditions for nucleation. This case corre- 
sponds to the transition (<z-Si—0,pc-Si—>Z-Si—»pc-Si. 

In Fig. 5 the "optimal" distribution of nanoclusters in the 
Si layer is shown, but the temperature regime leading to this 
distribution is hypothetical, the initial temperature of 1000 K 

1,0 

 , 1 , 1 , 1 1 1 1—   i       i        l       i        l 

0,8 

/                                          ^\                    : 
0,6 /                                                                  \               " 

,_ /                                                                                    \ 
C      0,4 

/                         t=10ns 

0,2 
/                            TplOOOK 

/                               Tf=1600K 

0,0 
i      .      i     .     i            i      .     i            i            ' 

0     20     40    60     80    100    120    140    160 

d (nm) 

FIG. 5. The optimal hypothetical relative distribution of clusters under spe- 
cial regime of temperature changes. 
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changes to the final temperature of 1600 K in 10 ns. Thus the 
process of recrystallization should begin from higher super- 
cooling (similar theoretical estimations were presented in 
Refs. 11 and 12). These conditions are not realistic during 
pulsed excimer laser irradiation of a-Si at room temperature. 

IV. CONCLUSIONS 

On the basis of our calculations we can conclude the fol- 
lowing. 

(1) Nucleation of c-Si in /-Si plays an important role and 
must be taken into account in simulations of recrystalli- 
zation of a-Si induced by high energy density pulsed 
laser irradiation (>200 mJ/cm2). This nucleation seems 
to be responsible for the nonmonotonic dependence of 
time-of-melting on the energy density of the laser pulse. 

(2) The presence of nanoclusters in the Si layer is possible if 
recrystallization starts from the strong supercooled /-Si, 
e.g., if a-Si is melted immediately. This situation occurs 
for higher densities of laser pulse energy. 

In contrast to earlier models of a-Si recrystallization kinetics, 
our model has a broader application with more precisely de- 
fined conditions and predicts the resulting phases very well. 
Theoretical calculations agree well with experimental results 
of solidification of thin a-Si films during pulsed laser UV 
irradiation.2-4 Under certain conditions visible photolumi- 
nescence was observed,1 which indicates the presence of 
nanoclusters in solid Si. The intensity of photoluminescence 
increases with the number of pulses. It is very important to 

understand the photoluminescence mechanism, but that was 
not the focus of this article. We suggest that pulsed laser- 
induced regrowth can provide a new technique for fabricat- 
ing a-Si thin film transistors and a "dry" method for the 
preparation of photoluminescent Si films. 
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Atomic force microscopy (AFM) has been used to study the rolling effect of ultrafme particles of 
cluster diamond contained in an aluminum-based composite during a sliding friction process. By 
analyzing the interaction between the tip of AFM and the spherical particles of diamond, it is 
estimated that at constant force mode of AFM when a particle is made to rotate, it shows a tendency 
to leave from the tip and a certain kind of deformed topographies are yielded. Some special images 
observed are explained by the mechanism based on the rotation of nanoball form particles of cluster 
diamond during the tip of AFM scanning over the sample surface. © 1997 American Vacuum 
Society. [S0734-211X(97)13404-7] 

I. INTRODUCTION 

Even for the most excellent solid lubricants such as 
graphite or MoS2, the friction coefficient p cannot be made 
smaller than 0.01.1 On the other hand, the friction coefficient 
of rolling friction is about one hundred times lower than that 
of sliding.2 If the rolling friction mechanism can be intro- 
duced into a sliding process, a sharp reduction of friction 
may be made. Recently, it has been expected that C60 with 
the perfect spherical shape and weak intermolecular bonding 
may roll like a tiny ball bearing in a sliding contact.3-6 Fric- 
tion tests have proven the lubrication effect of C60, but the 
mechanism is still not clear. 

Cluster diamond is thought to have a similar structure as 
C60.7 Friction properties of aluminum-based composites con- 
taining cluster diamond have also been investigated by fric- 
tion tests under a variety of conditions.8'9 A lowest friction 
coefficient, fi of 0.005, was obtained with the composite of 
50 wt % diamond content at an applied load of 0.005 N. On 
the basis of the results, it was supposed that a certain degree 
of rolling friction due to the rotation of free diamond par- 
ticles during friction test exists between the two contacting 
surfaces. 

Atomic force microscopy (AFM) has been proved to be a 
very powerful tool in tribological studies.10'11 In AFM, a tip 
which is only a few atoms wide at the end of it, is brought 
into contact with a sample and is scanned across the surface. 
The two-dimensional real time images can be acquired by 
measuring the deflection signal as the tip is scanned (con- 
stant height mode), or by adjusting the height of the sample 
using feedback to maintain a constant deflection signal (con- 
stant force mode). In any case, the operations of AFM are 
based on the interacting force between the tip and the sample 
surface. Therefore, from the view of tribology, the AFM pro- 
cess can be considered as a sliding friction process between 
the tip and the sample. If there exist some movable parts on 
the sample surface, the normal working process of the whole 
system of AFM will be disrupted, and distorted images 
which do not reflect the real surface topography may be ob- 

a,Electronic mail: okada@ccn.yamanashi.ac.jp 

served. We thought AFM was an ideal method to study this 
rolling effect to see if there exists tiny spherical particles. 

We report here the details of the investigation on the roll- 
ing effect of ultrafine particles of cluster diamond by AFM. 

II. EXPERIMENT 

The sample used was an aluminum-based composite with 
50 wt % cluster diamond content prepared by a powder met- 
allurgy. Before AFM observation, the sample was polished 
with emery paper (A1203, grade 3000, 5 fim average diam), 
followed by the friction test and finally cleaned by acetone10 

to get the friction surface. 
A digital instruments Nanoscope II was utilized in the 

AFM observation. The cantilever was made of Si3N4 with a 
spring constant of 0.12 N/M. Scan frequency was set at 4.73 
Hz which corresponds to an interval of 2.1 nm in one row of 
scan to get the clear image. Constant force mode was used. 
The normal load applied to the sample was controlled in 
such a way that a repelling force was always acting in the tip. 
Thus a positive pressure under which a particle may be 
moved easily was kept in the sample surface. 

III. RESULTS AND DISCUSSION 

Figure 1(a) shows a three-dimensional AFM image in an 
area of 1600X 1600 nm2. A lot of convexes can be seen on 
the surface. The convexes are almost in a near rectangular 
shape with two sides perpendicular to the scan direction 
which could be produced during the friction test. An inter- 
esting observation is that on an average the slopes of these 
two sides are different. A typical cross section at the position 
indicated by the arrow in Fig. 1(a) is expressed in Fig. 1(b). 
The right-hand side, P, with the tip uphill, is steeper than that 
of the left side, Q, a downhill with the tip. The height of the 
sides is about 30 nm, being the total length of four or five 
particle diameters. There is no reason to think that a common 
friction test can make surface structures like this. We con- 
sider that it is not the real surface topography but a distortion 
of it. 
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(b) 

FIG. 1. (a) A 1600X 1600 nm2 image showing different inclination on the two sides of convexes indicated by P and Q, respectively, (b) A cross section at 
position represented by the arrow in (a). 

In addition, in an area of 400X400 nm2, a cliff-form 
structure was also observed as shown in Fig. 2(a). The wall 
of the cliff is parallel to the scan direction and perpendicular 
to the sample surface. Figure 2(b) presents the cross section 
of a cliff along the arrow in Fig. 2(a), the cliff is represented 
by A (bottom of the cliff) and B (top of the cliff). The height 
jumps suddenly from point A to point B by about 40 nm 
within about 4.2 nm along the x-scanning direction. The 
angle between the straight line of A, B, and the x direction is 
about 86°. Since the sample is not a single crystal, stepping 
form deformation like this is unusual. Therefore it cannot be 
thought to be the real surface topography. 

To explain the structures mentioned above, first we take 
notice of the composition and structure of the sample. Unlike 
aluminum recrystallized into larger crystals, diamond par- 
ticles are not influenced by the manufacturing process. 
Therefore diamond particles existing in the sample have no 
chemical combination with surrounding materials, which 
means that the interaction forces of diamond particles with 
surrounding materials are weaker than those of aluminum. At 
this condition after the friction test, the ultrafine particles 
which relate with each other much looser are exposed on the 
surface even though the free particles have been washed out 
by acetone. Second let us consider the forces acting on a 
single particle. The force that it may make the particle to 

move under AFM performance is that of the tip against the 
sample surface, which is about a few nano Newton both in 
normal and lateral directions.12 On the other hand, in order to 
make the particle move, it should overcome the forces resist- 
ing the gravitation of the particle and the interacting force 
between the particle and the surrounding materials. The 
weight of a particle is only at the magnitude of 10"12 nN, in 
comparison with the force acting on the particle by the tip, it 
can almost be neglected. As there is no chemical bond be- 
tween the particle and other materials, the force acting on the 
particle by surrounding materials is at least no larger than 
that acting on this same particle by the tip, both forces are 
van der Waals interaction in the main.13 It is believed that at 
some contacting positions the ultrafine particles of diamond 
may be moved by the tip. Due to the spherical shape of the 
particles, rolling is much easier than sliding. On the basis of 
this consideration, we suppose that ultrafine particles of dia- 
mond can be made to rotate during the tip scanning over the 
sample surface resulting in the special images we have ob- 
served. 

To simplify the problem, we analyze the movement of a 
single particle. Obviously the rolling direction of the particle 
must be along the acting force. When the scan direction is 
+x, the possible principal rolling forms of the particle are 

(b) 

FIG. 2. (a) A 400 X 400 nm2 image with cliff-form structures parallel to the scan direction, (b) A cross section of a cliff at the position indicated by the ; 
in (a). The horizontal and vertical distances between A and B are 4.22 nm and 38.53 nm, respectively. 
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FIG. 3. A model describing the generation of the distorted topography when 
the tip is scanned across a diamond particle. Solid line and dot line express 
the relative positions of the tip and the particle at time t and t+St, sepa- 
rately. At time t, contacting point A has a tangential speed v due to the 
rotation of the particle. To balance Vz, at time t+St, contacting point B, 
the scanner makes an additive displacement Sz. 

clockwise in the x-z plane and counterclockwise in the x-y 
plane. 

Figure 3 depicts a model of the creation of the distorted 
image caused by the rolling of a diamond particle. If the 
particle is rolling at time t with a tangential velocity v, at 
contacting point A, because vz is in the same direction as the 
z component of the scan of the tip, the result of the rotation 
is that at time t the particle shows a tendency of leaving 
away from the tip. Under the constant force mode we used, 
to stabilize the force, at time t+St, when the tip is scanned 
to point B, the feedback controller will command the scanner 
to make a negative displacement Sz, an additive value to the 
real height z. In this way a distorted image is created. 

When the relative movement of the tip is climbing a 
slope, if the particles rotate in x-z plane, the negative dis- 
placement will make the slope more gentle than the real to- 
pography. On the contrary, if the tip is across down a slope, 
the observed topography will become steeper. The model of 
the effect is expressed in Fig. 4(a). When a particle rotates in 
x-y plane, the rolling torque is changed with the contacting 
position of the tip on the particle. For example, if the tip is 
scanned just right over the particle, the torque will become 
zero. Therefore the rolling of the particle will be stopped 
suddenly at some position when the torque is not big enough 
to move the particle. Figure 4(b) is a corresponding model of 
section trace based on the rolling of a particle in the x-y 
plane. Before point B, upon the same mechanism described 
above, the inclination of the slope shown is larger than the 
real one. Until point B, at which the displayed height be- 
comes lower than the real one by - Az, the rolling stopped 
suddenly. At the next row of scan, the displayed height be- 
gins to restore to the real one, h, at point C, while the dif- 
ference of height with respect to point B increases to about 
Az. In this way, within about 4.2 nm interval in the y direc- 

• - real topography 

— displayed topography 

(a) 

z 
A 
VJU 
( 

Az \ / \D"- 
\i    • ^ 

B        u 

, 

— real topography 

  displayed topography 

(b) 

FIG. 4. The models of distorted topographies explained by the rolling effect 
of diamond particles when (a) particles rotate in the z-x plane and (b) when 
the particles rotate in the x-y plane. Dot lines express the real topography, 
solid lines are images observed by AFM:A,B, etc. represent the same posi- 
tions on the surface. 

tion, a few 10 nm of height change occurs, resulting in a 
cliff-form structure of Fig. 2(a). 

Because the size of one particle is too small, the distortion 
of surface topography due to the rotation of a single particle 
is difficult to be identified although it exists. However the 
special surface structures presented here taken by AFM are 
thought to originate from the rotation of a few adjacent par- 
ticles successively. 

IV. CONCLUSION 

In conclusion, the special phenomena observed by AFM 
can be explained by the rotation of diamond particles under 
the atomic force acting on it. The present results indicate that 
the very low friction coefficient obtained in general friction 
experiments may also be caused by this nanoball bearings of 
ultrafine particles of diamond. 
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Calculation of electronic energy levels in artificially confined cavities 
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Based on the results of experiments of the nanostructured materials, the electronic structures of the 
spherical and circular cylindrical well in nanometer scale are calculated using a constant potential 
by direct solution of the Schrödinger equation. According to the result of the bound states existing 
only under certain conditions, the calculated results show that the energy level structures of these 
modes are quite distinct from that of the hydrogen atom. The number of energy levels is finite and 
it depends strongly on the potential parameter. The order of energy levels is Els<E2p<E3d 
<E2S<E3p<E4d<... in the case of the artificially confined cavity of the sphere. It was exactly 
consistent with an investigation reported by T. Inoshita et al. [Phys. Rev. Lett. 57, 2560 (1986)]. 
The calculated results of the circular cylindrical wells have similar properties on the level structure 
compared with that of a square spherical artificial atom well. © 1997 American Vacuum Society. 
[S0734-211X(97)02604-8] 

I. INTRODUCTION 

The technological and scientific interest in materials fab- 
ricated on a nanometer size is widespread, impacting re- 
search and development in many disciplines because of their 
potential utilization in electronic, optical, and micromechani- 
cal devices.1"3 In addition, these materials provide an oppor- 
tunity to study quantum effects not observed in bulk materi- 
als. The charge and energy of a sufficiently small particle of 
metal or semiconductor are quantized just like those of an 
atom. The current through such a quantum dot or one elec- 
tron transistor reveals atomlike features in a spectacular 
way.4 For example, a novel method has been found for con- 
fining surface state electrons within artificial structures on 
the nanometer length scale reported by Crommie et al.5 They 
used a scanning tunneling microscope to move 48 individual 
iron atoms on a Cu (111) surface to form a "quantum cor- 
ral" of radius 71.3 A. Tunneling spectroscopy revealed a 
series of discrete resonances in the local density of states, an 
indication of size quantization; the results are close to those 
expected for an electron trapped in a round two-dimensional 
box with hard walls. On the other hand, Masuda et al.6 re- 
ported a highly ordered metal nanohole array (platinum and 
gold) was fabricated by a two-step replication of the honey- 
comb structure of anodic porous alumna. The metal hole 
array of the film has a uniform, closely packed array of co- 
lumnar hexagonal cells with central, cylindrical, uniformly 
sized holes —70 nm in diameter and from 1 to 3 fim thick. 
The preparation of thin metallic membranes containing uni- 
form, patterned voids with diameters as small as 40 nm also 
reported by Pearson et al.7 

All of these reports show that spherelike, circular cylin- 

a)Institute of Atomic and Molecular Physics. 
b)Department of Physics. 
"'Department of Chemistry. 
d)Electronic mail: tjli@mail.jlu.edu.cn 

derlike or corral shaped enclosed structures were widely built 
in nanometer scale. So it is important to study the electron 
properties of these structures. It is also necessary to under- 
stand the electronic energy states of such artificial systems. 
Compared with experimental results, there are less theoreti- 
cal studies on such structures. Recently, studies showed that 
in the systems of quantum confinement, the motion of elec- 
trons is governed by quantum mechanics rather than classical 
mechanics. Wu et al} studied the electron wave motion in a 
quantum wire with periodic structure by directly solving the 
Schrödinger equation; Crommie et al.5 carried out the calcu- 
lation of the Schrödinger equation with "hard-wall enclo- 
sure," obtained the eigen-energies of electrons in two di- 
mensional quantum corrals on a metal surface, and made 
comparisons with the experimental result. In the case of the 
study on the electronic structure of quantum dots, researchers 
have not focused on the electronic energy level in an artifi- 
cially confined circular cylinder. Most research has concen- 
trated on the electronic energy levels of the spherical 
artificial-like atom. For example, Hsiao et al.9 reported that 
the Whittaker function and the scattering Coulomb wave 
function are used to study the quantum confinement effect on 
the impurity states of a spherical confining system, especially 
Inoshita et al.,10 who performed a self-consistent local den- 
sity functional calculation on the electronic structure of the 
superatom by using the potential consisting of band offset, 
ionized donors, Hartee, and exchange-correlation part. 

The purpose of this article is to clarify the electronic level 
structure of the sphere and circular cylinder artificial atom 
through the calculation of electron motion in a square spheri- 
cal well and a circular cylindrical well. We use the method of 
immediately solving the Schrödinger equation with a con- 
stant potential to calculate these two modes. The results in- 
dicate that different diameters in the nanometer scale square 
spherical well possess different distinct energy level struc- 
tures. The different distinct energy level structures are also 
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obtained in calculating the circular cylinder well. Hence, 
these calculation will provide a basis for designing practical 
single electron devices. Our research is distinct from the 
above, one in which the calculation of the electronic struc- 
ture of a single electron Schrödinger equation in a confined 
cavity, electron motion can be controlled by an applied po- 
tential, so there are some intriguing application 
backgrounds;5"7 second, the potential we used can be modu- 
lated, it accord with the artificial atom properties. Moreover, 
since the potential is simplified, the calculation becomes im- 
mediate and convenient for designing experiments, and the 
electronics of the spherical artificial-like atom are consistent 
with the investigation by a complicated potential calculation 
method. 10 

II. MODEL AND EIGEN EQUATION 

The artificial-like atom is assumed to be a square spheri- 
cal well or a circular cylindrical well. An electron is confined 
in the well. The electron interacts with a potential of the 
following form: 

For a spherical well of the radius R0, 

-V0    r<R0 
V(r)=   ■ 

0 r>fln 

For a circular cylindrical well of height l0 and radius 

^o> 

V(r) = 
■V0     p<R0,  0<h<l0 

(2) 
0       p>R0,  h<0,h>l0 

Because the potential is negative, the electron suffers an 
interaction of the face directing to the center. The question 
can be regarded as electronic motion in a square spherical or 
a circular cylindrical potential well. The bottom of the po- 
tential well is V0, the width is R0 and /0, and V0Rl and 
VVo indicate the strength of the potential well. 

The solutions to the radial part of the Schrödinger equa- 
tion with this potential in spherical polar coordinates are 
spherical Bessel functions. The logarithmic-derivative equa- 
tion that satisfied the boundary conditions at r = R0 is (in 
a.u.) 

d 1 

h\ + \iar)   dr 
[>j + )(mr)]r=Ä=7 

o   ;J(^)'^L/,(*r)]r"v 

(3) 
vl/2 where k=(E+V0)
u\ -V0<E<0 for bound state, and a 

= |£|1/2. The eigenequations obtained from Eq. (3) are 

1 = 0:    XcotX=-Y,    X2+Y2=V0R
2

0, (4) 

1=1:     (l/X)cotX-l/X2 = (l + Y)/Y2, 

X2+Y2=VQR
2

0, (5) 

1 = 2:     [9-4X2-(9X-X3)cotX]/(3-X2-3XcotX) 

= (9 + 9F + 4F2+y3)/(3 + 3F+y2), 

X2+Y2=V0R
2

0, (6) 
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where X=kR0 and Y=aR0. Equations (4)-(6) are super- 
equations and can only be solved numerically. 

For a circular cylindrical-like atom, the separation of vari- 
ables of Schrödinger equation in circular cylindrical coordi- 
nates leads to two equations: one equation containing the Z 
variable may be solved with normal quantum mechanics 
methods. The eigen-equation that satisfied the boundary con- 
ditions, whose wave function and first-order derivative are 
continuous at Z=0 and Z=/0, is 

2X7cotX-(X2-y2) = 0,    X2+Y2=VQl
2

0, 0) 

where 

X=Kl0,  K=(V0 + Ez)
m, 

-V0<Ez<0;  Y = kl0,  k=\Ez\m 

for the bound state. 
Other equation in the XY plane, the solutions of its radical 

part, are Bessel functions. The logarithmic derivative at p 
= R0 is 

Id Id 

Jm(Kp) dp [UKp)]p=R=- J
P=*O    Km(kp)dp [K»(*P)]p=v 

(8) 

(1)       where K= (Exy+ V0)
m, - V0<Exy<0 for bound state, and 

k=\E 11/2 
xy\ . Corresponding eigen-equations are 

m = 0,    XK0(y)J1(X) = yj0(X)K1(F), 

X2+Y2 = R2
0V0, (9) 

m>o,   xKm(y)jm_1(x) = -yjm(x)Km_1(y), 

X2+Y2 = R2
0V0, (10) 

where X=KR0 and Y = kR0. Equations (7)-(10) only can be 
solved numerically for the same reason. Finally, total energy 
E   ~  E Xy  +  CL £    . 

III. RESULTS AND DISCUSSION 

A. Square spherical artificial atom well 

RQ takes both values of 5 and 10 nm in this calculation. 
Energy levels calculated with different V0 values are given 
in Table I. 

(1) For / = 0, it is obvious from Eqs. (4) that the mini- 
mum of y is at cotX=0, namely X=TT/2, therefore, the 
condition that there is at least the bound state in this artificial 
atom is V0Rl>ir2/4. Otherwise, it cannot contain an elec- 
tron. The critical value of V0 for 1 = 0 is about 3.76 meV for 
R0 = 5 nm and 0.94 meV for R0= 10 nm. We can see from 
Table I that, if there is no bound state for 1 = 0, then there is 
also none for Z>0. Therefore, if V0 is controlled by an ap- 
plied voltage, then it will be possible to realize the control of 
the charge in artificial atoms. This characteristic provides a 
probability that may become the candidate of future 
computers.11 

(2) If we use the symbols in atomic physics to indicate 
states of one electron, namely, 
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TABLE I. The calculated energy levels of the artificial square spherical atom (in meV). 

n 

i?0=5 nm fi0=10nm 

V0 -Ens ~ Enp ~End Ens — p ^np -End 

0.01 1 
2 
3 

2.9723 7.4094 
0.6152 4.7896 

1.6432 
0.05 1 39.226 46.8248 

2 9.4066 29.2226 37.374 43.5144 
3 14.7592 21.9622 30.9942 39.3989 
4 2.1638 12.878 23.7924 
5 3.443 

0.10 1 88.1373 96.6664 
2 53.3695 75.8352 86.6934 93.1842 
3 2.3069 30.5899 60.4485 70.1789 79.9123 88.7938 
4 6.2851 47.3578 60.1867 72.2003 
5 18.9279 34.3766 49.3069 
6 4.1159 20.7085 

0.50 1 486.498 496.4392 
2 446.0729 472.3896 485.7597 492.716 
3 379.0003 418.5583 454.5964 467.97 478.4756 488.0171 
4 285.8887 338.3201 387.2388 443.0853 457.1341 470.1697 
5 168.1735 232.5594 293.9203 411.1294 428.7085 445.2643 
6 31.5355 103.7098 175.8687 372.1372 393.2271 413.2959 
7 37.8822 326.161 350.7323 374.2931 
8 273.2808 301.288 328.3054 
9 213.6288 244.9953 275.4108 
10 147.4517 182.0292 215.738 
11 75.3452 112.7513 149.5262 
12 1.2964 38.2835 77.3435 
13 2.4486 

I 

symbol 

0     12    3 

s    p    d    f 

and different energy levels with the same / value are indi- 
cated by a integer n starting from n = l+ 1, then the order of 
energy levels is quite different from that of the hydrogen 
atom. In normal atoms, the order of energy levels is 

Eis<E2s<E2P<E3s<E3p<E3d<..., 

while for this artificial atom it is 

Els<E2B<E3d<E2,<E3D<Eid<E,,<EAn<E„<...   . -3p 'Ap 

It shall be emphasized that this sequence of energy levels 
completely agrees with that obtained using the self- 
consistent local-density function.10 With the help of Ref. 10, 
we would like to explain the different sequences of energy 
levels. From Fig. 1 we can clearly see that the s, p, d, states 
occupy distinct energy levels. The normal atoms are charac- 
terized by the singularly deep Coulomb potential at r = 0, 
with the consequence that low angular momentum states, 
having a larger amplitude around r = 0, are favored. Hence 
2s comes between Is and 2p, 3s and 3p between 2p and 
3d, and so on. A square spherical well, on the other hand, 
lacks such a singularity, and therefore states with fewer ra- 
dial nodes are favored. This property probably enables d 
electrons to participate in quantum transport processes in 
preference to 2s, 3s, and 3p electrons. 

(3) The number, N, of bound states is finite in the artifi- 
cial atom which is different from the case of the hydrogen 
atom. The number strongly depends on R0 and V0 values. 
For 1 = 0 and i?0=5nm, for example, N(0.0038) = 1, 
iV(0.5) = 6, and 7V(1.0) = 8 (the values in parentheses are 
V0, ineV). 

(4) If we refer to En '(n+l)p and E(n + 2)d as a set> the 
separations of energy levels in the set of lower-lying energy 
levels is small, while it is larger in the set of higher-lying 

n 

FIG. 1. Calculated orbital energies of the square spherical artificial atom 
well (V0 = 0.5 eV), ß0 = 5 nm as a function of«. The three curves represent 
s, p, d states, respectively. 
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TABLE II. The calculated energy levels of the artificial circular cylindrical 
atom (in meV). 

8 10        12        14 

(a) Radius (nm) 

(b) 

5 10 

Radius (nm) 

FIG. 2. Calculated orbital energies of the square spherical artificial atom 
well (y0 = 0.5 eV) as a function of artificial atom radius, (a) The solid curve 
and the dot curve represent Is, 2p distinct energy level, respectively, (b) 
The differential value of the 1 s—>2p distinct energy level from (a). 

levels. For example, as Ä0 = 5nm and V0 = 5eV, AE(ls 
-2/?) = 0.014, AE(2p-3d) = 0.018; AE(5s-6p) 
= 0.064, and AE(6p-7d) = 0.066, where AE is in eV, 
while for a normal atom, the separation of energy levels in 
highly excited states is small and becomes continuous as 
n—>°°. It shall be pointed out that the separation of neigh- 
boring energy levels in the same set is on the order of 
102 meV for R0=5nm, 10 meV for #0=10nm, and 0.1 
meV for i?0=100nm. Quantum effects progressively be- 
come weak with increasing R0 [Fig. 2(a)]. The differential 
value Is—>2/7 is decreased by increasing R0 [Fig. 2(b)]. Our 
separations are close to 2 meV given in Ref. 12 (R0 

= 100nm). 

B. Circular cylindrical artificial atom well 

The parameters used in the calculations are a = 2.75 nm 
and / = 4 nm. Energy levels calculated with different V0 val- 
ues are given in Table II. The level structure is more com- 
plex than that of the spherical artificial atom because every 
level is composed of two parts electronic motion along the 
Z direction in a one dimension potential well and electronic 

K 

^xy 

V0 m = 0 m— 1 m = 1 -Ez 

0.01 1 1.9137 4.6446 

0.10 1 80.8139 52.373 17.3116 86.4311 

2 900648 48.0103 

3 0.7459 

1 464.1109 405.7865 348.9939 481.8801 

2 325.6018 88.3707 207.2912 427.8638 

3 191.5944 339.1568 

4 218.6486 

5 74.8974 

1 966.2114 914.1129 845.4926 980.5031 
2 821.2394 710.2616 581.4373 922.1534 

3 556.7039 365.7624 306.4541 825.4101 

4 286.0433 78.4369 691.1884 

5 65.6665 521.12235 

6 319.1893 

7 96.3246 

motion on the XY plane in a two dimension potential well. 
There are no quantum numbers to indicate an electronic 
state; but the level structure has properties similar to that of 
the spherical artificial atom well. For example, when V0 

5=0.2 meV, the bound states appear, the number of the 
bound states is finite, etc. 

IV. SUMMARY 

In summary, we have dealt with the energy level structure 
of an artificial atom through the calculation of quantum me- 
chanics and have obtained fundamental understanding on the 
energy level structure for this novel atom. Our calculated 
energy level sequence with a square spherical artificial atom 
well is exactly consistent with the theoretical sequence of 
Ref. 10, and energy level separations are in rough agreement 
with the experimental result of Ref. 12. The calculation of 
the circular cylindrical artificial atom well indicated that the 
distinction of change density appeared to be a periodic fluc- 
tuation along the Z direction or radius direction of the XY 
plane. In addition, this fluctuation period will change with 
electron energy state. 
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The microstructures of as-deposited and annealed CoAg granular films fabricated by ion-beam 
cosputtering technique were characterized using x-ray diffraction, transmission electron microscopy 
(TEM), and ferromagnetic resonance (FMR) methods. For the Co22Ag78 sample, the changes in size 
and shape of the nanoscale cobalt granules embedded in the film closely depend on the annealing 
temperature (TA). Real time observation in situ of TEM together with FMR spectra indicate that the 
size and shape of the cobalt granules evolve primarily along the film plane during the annealing 
process. Also, the FMR results indicate that the cobalt granules are still single domain particles 
embedded in the film as the sample is annealed up to 700 K. © 7997 American Vacuum Society. 
[S0734-211X(97)02104-5] 

I. INTRODUCTION 

Magnetic granular films are a kind of composite material 
in which nanoscale magnetic granules are usually embedded 
in an immiscible metallic or an insulator matrix at equilib- 
rium. They display unusual magnetic and transport proper- 
ties due to their unique microstructures. The advantage of the 
materials is that their properties can be artificially tailored in 
terms of fabricating conditions and post-fabrication treat- 
ment or annealing.1 

In the past few years, the giant magnetoresistance (GMR) 
effect in the magnetic granular films has been widely studied 
for both fundamental research and potential applications. 
The results show that the GMR effect in magnetic granular 
films is strongly related to the concentration of the magnetic 
element, the fabrication procedures, and the size of the mag- 
netic granules. Among the many magnetic granular films, the 
CoAg system displays a particularly remarkable GMR 
effect.2 Compared to layer-structured magnetic films (sand- 
wich or multilayers), magnetic granular films have a more 
complicated microstructure. In the dilute magnetic system 
particularly, phase separation can lead to single domain 
nanoscale magnetic granules embedded in a matrix during 
fabrication using sputtering techniques, and the system dis- 
plays superparamagnetism behavior above the blocking 
temperature.1'3 Experimentally, the optimal values of GMR 
often appear in the systems with lower concentration of mag- 
netic elements (15-25 vol % or 20-30 at.%), and reach their 
maximum values after proper annealing.4"8 One believes that 
GMR originates from spin-dependent scattering of transport 
electrons, and the scattering from the surfaces of the mag- 
netic granules is dominated.2 Therefore, the microstructures 
of magnetic granular films play an important role for GMR, 
and intensive investigation of microstructures in detail is 
needed to understand the mechanism of GMR in these sys- 
tems. 

"'Corresponding author; Electronic mail: haisang@nju.edu.cn 

In this article, we mainly present the results of the studies 
of the fabrication and structural characterization of CoAg 
granular films. The dependence of GMR on the microstruc- 
tures is also discussed. 

II. EXPERIMENT 

A series of CoAg granular films was prepared by the ion- 
beam cosputtering technique at a substrate temperature 
(Ts) of 300 K. The high-vacuum system is equipped with a 
Kaufman ion source9 in which argon (99.99%) pressure is 
maintained at about 0.2 mTorr. After being ionized in a high 
voltage chamber, the beam of argon ions with energy of 1.2 
keV is drawn by an acceleration grid and projected directly 
at the water-cooled target at an incident angle of 45°. The 
target is in a mosaic style, consisting of pure silver and pure 
cobalt metals. The small square cobalt (or silver) pieces are 
glued to the silver (or cobalt) plate. Because of the different 
sputtering ratio of both cobalt and silver, the small square 
pieces glued to the plate can be arranged by both the number 
and the different patterns to change the cobalt concentration 
x. The sputtered materials were deposited onto substrates 
fixed in a water-cooled substrate holder installed in the 
specularly reflected direction of the incident ion beam. The 
distances from the target to both ion source and substrate 
holder are about 15 cm. X-ray diffraction (XRD), transmis- 
sion electron microscopy (TEM), and ferromagnetic reso- 
nance (FMR) were employed to investigate the microstruc- 
tures of the samples. The films were depositd onto common 
glass substrates with the thickness of the order of 400 nm for 
XRD structural analysis and for FMR spectrum measure- 
ments, and onto a copper grid which was covered previously 
with a pyroxylin colloid layer in thickness of a few tens of 
nanometers to support the film for TEM observation. The 
thickness of the TEM samples was in the range of 50-100 
nm in order to be directly examined without a thinning pro- 
cedure. The exact cobalt concentration, x, was determined 
using an electron microprobe. 
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FIG. 1. XRD patterns for as-deposited CoAg samples (Ts=300 K), indicat- 
ing concentration-dependent effect. 

III. RESULTS AND DISCUSSION 

Figure 1 shows a set of XRD patterns for as-deposited 
CoAg granular film samples prepared at 7^=300 K with 
different cobalt concentrations, showing the cobalt 
concentration-dependent effect. The XRD pattern of a pure 
Ag sample clearly shows a fee polycrystalline structure with 
(111) texture, accompanying the (111), (200), (220), and 
(311) peaks. The diffraction peaks are sharp with narrow 
widths, indicating the existence of large size Ag grains in the 
sample [Fig. 1(a)]. After adding cobalt, the XRD patterns 
apparently change. At x = 22 at. %, the Ag(200) peak 
changes to a shoulder, and the intensity of Ag(220), (311) 
peaks decrease [Fig. 1(b)]. No crystalline evidence for either 
fee or hep cobalt appears due to the overlap of the Ag(200) 
and Co(lll) peaks, even though there is strong tendency for 
phase separation in CoAg samples. However, the broadening 
of the Ag(200) peak indicates the appearance of small size 
cobalt granules.10 When x reaches 75 at. %, the hep cobalt 
structure [a-Co(100)] appears in the XRD pattern, and the 
intensity of the Ag(lll) peak drastically decreases, whereas 
that of a narrow Ag(200)[Co(l 11)] peak increases somewhat. 
These results suggest that cobalt granules grow larger into 
islands and connect to form an extended network [Fig. 1(c)]. 
Even in pure cobalt single layer film, fee, and hep structures 
coexist [Fig. 1(d)]. 

We have also observed in situ during the annealing, the 
changes in the size and shape of the cobalt granules embed- 
ded in a silver matrix for the Co22Ag78 sample using an 
ultrahigh vacuum (UHV) TEM equipped with a real-time 
video recording system. This sample was chosen for direct 
observation because we previously obtained the largest room 
temperature GMR in this sample after a proper annealing 
treatment.11 In this procedure, the Co22Ag78 sample depos- 

FIG. 2. A set of TEM bright field micrographs of the selected area: (a) and 
(b) corresponded to an as-deposited and a 10 min annealed Co22Ag78 

sample, respectively, (a') and (b') are corresponding high contrast pictures 
after drawing process using the computer at the same contrast threshold. 

ited on the copper grid was fixed on a thermal holder in 
which the temperature was controlled by a temperature con- 
troller. Annealing temperatures were 400, 500, 600, and 700 
K, respectively, with a ramp rate of 20 K/min. Figure 2 
shows the TEM bright field micrographs of an as-deposited 
sample [Fig. 2(a)] and the sample after being annealed up to 
700 K [Fig. 2(b)]. The area was selected for observation 
because in this area one of the granules had a special shape 
that could be used as a reference point to easily observe in 
situ the changes in the size and shape of other nearby gran- 
ules during annealing. Annealing time for each temperature 
was 10 min. These snapshots were selected from a video tape 
recorded over a period of more than 50 min at various an- 
nealing temperatures. Figures 2(a)' and 2(b)' correspond to 
Figs. 2(a) and 2(b), respectively, showing high contrast pic- 
tures drawn by computer at the same contrast threshold. 
They clearly show the changes of the size and shape of the 
cobalt granules with annealing. The average size of the gran- 
ules, estimating from TEM results, increases from about 10 
nm in the as-deposited state to about 15 nm at TA = 700 K, 
and the changes of the size and shape of the cobalt granules 
are more dependent on annealing temperature TA than on 
annealing time.12 

From the TEM images, one can see that not only the size 
but also the shape of the cobalt granules change. The TEM 
pictures, however, only provide two-dimensional micro- 
scopic images of the cobalt granules. In the sample with low 
cobalt concentration, shape-induced anisotropy is dominant. 
According to the Kittel relation for FMR: 13 

-    =[H+47r(Nx-Nz)M&ff][H+47r(Ny- Nz)Mtff], 

and 

^) =tf||(ff„+47rMeff) (efl=J), 

(1) 

(2) 
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FIG. 3. The dependence of FMR spectra of the Co22Ag78 sample on anneal- 
ing temperatures. 8H=v/2 and 0H=0 expresses the applied field parallel 
and perpendicular to sample planes, respectively. 

■ = H± + 4irMef{ (dH=0), (3) 

where 6H is the angle between the applied field H and the 
film normal and Meff is effective magnetization. Since the 
change of demagnetizing factor can reflect the variation of 
cobalt granule shapes, FMR results can provide three- 
dimensional information of the small ferromagnetic granules. 
The FMR spectra were measured at room temperature. In the 
experiment, the microwave field was applied parallel to the 
plane of the samples with a frequency of 9.8 GHz. Figure 3 
shows two sets of FMR spectra for Co22Ag78 samples an- 
nealed at different temperatures. These sets correspond to 
data collected with the applied field parallel (Htl, 6H= IT/2) 

and perpendicular (H± ,6H=0) to the planes of the samples, 
respectively. In the as-deposited state, Hr^HrX . The dif- 
ference of resonance field, AHr=HrLt-Hrl], increases 
monotonically as TA rises. The variation of AHr indicates 
that the cobalt granules in as-deposited sample were roughly 
spherical in shape in terms of Eq. (1). As TA rises, Hrl 

moves toward high field and Hrll towards low field, which 
means that the demagnetizing field increases perpendicular 
to the plane of sample and decreases parallel to the plane. It 
suggests that the shapes of the cobalt granules evolve mainly 
in-plane from roughly spherical to pancakelike during an- 
nealing. 

From Fig. 3, one can also see that the linewidth of the 
resonance peak (peak-peak) gradually change as TA in- 
creases. By intensive investigation of FMR spectra of 
powder-pattern ferromagnetic particles, Griscom et al.14'15 

found that the linewidth can be described as 

300      400      500      600      700 

TA(k) 

FIG. 4. Linewidths of FMR spectra shown in Fig. 3 as functions of TA . 
Lines were drawn for a guide to the eyes. 

for single-domain particles, and as 

ATTM 
(AH)MD=0.7 (5) 

(AZ0SD= 

10Ä" 

JM (4) 

for multidomain particles, where K and M are the magnetic 
anisotropy energy and magnetization of a ferromagnetic par- 
ticle, respectively. In principle, dilute magnetic granular 
films (e.g., the Co22Ag78 sample) may exhibit the character 
of ultrafine particles, and the average size of the cobalt gran- 
ules is only on the order of 15 nm in the Co22Ag78 sample 
after annealing up to 700 K. For pure fee structural cobalt, 
KIM — 0.6 kOe and ATTM— 17. kOe, and yield the theoreti- 
cal linewidths of 2.0 kOe for single-domain and 4.0 kOe for 
multidomain particles according to Eqs. (3) and (4). Figure 4 
presents the linewidths obtained from the FMR spectra in 
Fig. 3 as functions of TA. One can see that the linewidths 
monotonically decrease for 0#=7r/2 and slightly rise and 
fall for 6H=0 as TA increases. Experimental linewidths 
shown in Fig. 4 are all smaller than the theoretical linewidths 
for the single-domain linewidth, with a maximum value of 
about 1.8 kOe. Therefore, this indicates that there only exists 
single-domain cobalt granules in the Co22Ag78 sample after 
annealing up to 700 K for 10 min. 

The evolution of the cobalt granules in the sample under 
annealing treatment strongly influences the GMR. The opti- 
mal value of GMR appears at TA = 500 K in the Co22Ag78 

sample.11 The strong dependence of GMR on annealing tem- 
perature indicates that the microstructures, and both shape 
and size of the cobalt granules, play an important role. In the 
region of 300=s TA < 500 K, the change of the cobalt granule 
size is not obvious.12 The MR increment is mainly due to the 
change of roughness at the interface between the cobalt gran- 
ules and the silver matrix. After annealing, the interface 
roughness is improved. As is well known, certain roughness 
favors GMR.10 

In conclusion, we have reported some results of the mi- 
crostructures in as-deposited and 10 min annealed CoAg 
granular films fabricated by ion-beam cosputtering tech- 
nique. For the Co22Ag78 sample, the changes in size and 
shape of the cobalt granules in the film are closely related to 
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annealing temperature. The results of TEM real-time obser- 
vation and FMR indicate that the size and shape of the cobalt 
granules evolve primarily in the film plane during the anneal- 
ing procedure. The FMR results also show that there only 
exist single domain cobalt granules in the sample after an- 
nealing up to 700 K. 
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High-surface-area Ti02 film has been deposited on an ITO conducting glass substrate from colloidal 
suspension. Electronic contact between particles is produced by sintering at 450 °C. Atomic force 
microscope and scanning electron microscope analyses show that the Ti02 electrode is made up of 
nanometer-sized and interconnected Ti02 particles and pores. The specific surface area of the 
Ti02 electrode is determined by the size of particles and the thickness of the film and can be 
measured to be 150 by the absorption spectrum study of the Ti02 electrode sensitized with zinc 
tetrasulfonated phthalocyanine (ZnTsPc). A liquid junction cell based on the ZnTsPc/nanostructured 
Ti02 electrode has been fabricated and harvests 20% of the incident solar energy flux. Under 
monochromatic illumination at A.=700 nm, the incident-photon-to-current conversion efficiency is 
about 2.1% and the quantum efficiency, considering the actual absorption of the incident light, is 
7%. The conversion efficiency reaches 1.7% under an illumination of 35 mW cm-2, which presents 
one of the highest values reported for phthalocyanine photovoltaic devices. © 1997 American 
Vacuum Society. [S0734-211X(97)01904-5] 

I. INTRODUCTION 

Organic photovoltage solar cells have been intensively in- 
vestigated. The major advantages of organic cells, in which 
an organic dye layer is used to extend the absorbance of a 
solar cell into the visible region, are the full use of solar 
energy and the ease of fabrication and low cost. These de- 
vices conventionally have a sandwich structure in which an 
organic layer is interposed between a metal and a semicon- 
ductor (or metal) electrode.1-4 So far, however, the energy 
conversion efficiency is poor at about 1%. Whether in the 
form of a photoelectrochemical cell or a solid cell, the low 
efficiency in organic photovoltaic cells is due to the low 
efficiency of charge carrier separation and transport if the 
dye layer is thick3,4 or due to the low absorbance if the dye 
layer is thin.5 The conventional approach to improving the 
energy conversion efficiency is to increase the conductivity 
of the dye by doping with an appropriate sensitizer such as 
iodine and Agl.3,6 Recently, a Swiss research group has de- 
veloped several concepts in order to overcome these two 
limitations. The surface area of the transparent electrode was 
increased so that a large number of dye molecules can be 
adsorbed directly into the electrode surface and simulta- 
neously be in direct contact with the redox electrolyte, which 
results in efficient separation and transport of the photoge- 
nerated charge carriers.7 If a sufficiently large surface area of 
the electrode can be provided, even a monolayer of dye mol- 
ecules adsorbed on the electrode could absorb most of the 
incident photons.8 In our laboratory, the Ti02 microporous 

a) Author to whom correspondence should be addressed; Electronic mail: 
deng@seu.edu.cn 

electrode with a specific surface area of 50 had been 
fabricated.9 By adding hydroquine to the liquid electrolyte 
that contains 0.1 M Na2S04, the quantum efficiency in pho- 
toelectric conversion of the microporous Ti02 electrode, sen- 
sitized with zinc phthalocyanine substitured with a carboxyl 
group, reaches about 20% at 690 nm.10 However, the energy 
conversion efficiency of the liquid junction cell based on the 
nanostructured Ti02 electrode sensitized with phthalocya- 
nine is low. One reason is the fact that the absorbance of the 
phthalocyanine dimer does not convert into a photocurrent.11 

It is necessary to further investigate other factors giving rise 
to low efficiency. In this article, the nanostructured Ti02 

electrode with a large specific surface area of 150 is fabri- 
cated. Zinc tetrasulfonated phthalocyanine (ZnTsPc) was 
used to characterize the specific surface area of the electrode 
since ZnTsPc self-assembled on the nanostructured Ti02 

electrode via the negatively charged sulfonate (SO^~) and its 
photoelectric property is best for MTsPc (M=Zn, In, Ga, Co, 
TiO, H2).

n In addition, the photoelectric conversion of the 
liquid junction cell based on the nanostructured Ti02 elec- 
trode sensitized with ZnTsPc is also presented, from which it 
is found that the formation of the liquid junction between the 
Ti02 electrode and electrolyte is important in improving en- 
ergy conversion. 

II. EXPERIMENTAL DETAILS 

A. Fabrication of the conducting Ti02 thin layer 

Ti02 colloidal suspension was prepared by hydrolysis of 
tetrabutyl titanate [(C4H90)4Ti] by a procedure similar to 
that described in Ref. 7. 2% poly(vinyl alcohol) (PVA) was 
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FIG.  1.  The molecular structure of zinc tetrasulfonated phthalocyanine 
(ZnTsPc). 

added to the suspension, which was then concentrated by 
vacuum rotation evaporation. Before Ti02 suspension was 
spread, a Triton monolayer, formed on a double-distilled wa- 
ter surface on a Langmuir trough, was deposited on freshly 
cleaned indium tin oxide [(ITO); sheet resistance of 50 fi/D 
and 90% transmission in the visible region] conducting glass 
substrates through the vertical dipping method. The surface 
pressure was kept at 15 mN m-1 and the dipping speed was 
about 5 mm min-1. The concentrated suspension (Ti02 con- 
tent 10% by weight) in another Langmuir trough was spread 
on the above ITO conducting glass substrate through the 
horizontal dipping method. The dipping speed was about 
2.5 mm min-1. The film was heated in air in a furnace in 
which the temperature was increased gradually to 450 °C and 
then kept at 450 °C for 30 min. The Ti02 film, obtained by 
finally annealing at 550 °C under nitrogen gas flow for an- 
other half an hour, possesses the resistivity of 500 H/D and 
a thickness of 100 nm. The function of the conducting 
Ti02 thin layer lies in the formation of the liquid junction in 
the interface between the Ti02 electrode and electrolyte. 

B. Fabrication of the nanostructured TiOz electrode 

The viscous suspension the a Ti02 content of 20%-30% 
by weight and a PVA content of 10% by weight was spin- 
coated on the above conducting glass substrate. The nano- 
structured Ti02 electrode was obtained by heating in air for 
30 min at 450 °C. Before dye coatings, the nanostructured 
Ti02 electrodes were soaked in a HC1 solution (pH=2) and 
naturally dried. 

The zinc tetrasulfonated phthalocyanine (ZnTsPc) was 
synthesized according to the method described in Ref. 12 
and the molecular structure is shown in Fig. 1. ZnTsPc self- 
assembles on the nanostructured Ti02 electrode via the elec- 
trostatic interaction between the negatively charged sulfonate 
(SO^~) and the positively charged surface of Ti02 nanopar- 
ticles, which is demonstrated by the experimental results that 
the free-metal tetrasulfonated phthalocyanine also self- 
assembles the TiOz electrode acidified by 0.01 M HC1 
solution and ZnTsPc does not adsorb on the Ti02 electrode 
soaked in 0.001 M NaOH solution.11 The working elec- 
trode was obtained by plunging the Ti02 electrode into a 

A|ii|A||*ii 

ITO conducting glass 

Ft thin layer 

liquid electrolyte film 

microporous TiQj film 
with phthalocyanine 
monolayer 
HO2 conducting layer 
ITO conducting glass 

incident light 

FIG. 2. The structure of the ZnTsPc/Ti02/electrolyte liquid junction cell 
based on the nanostructured Ti02 electrode. 

5X10_4M solution of ZnTsPc in dimethyl sulfoxide 
(DMSO) for 1 h. The electrode became green after sensiti- 
zation with ZnTsPc. 

C. Fabrication of the liquid junction cell based on the 
nanostructured Ti02 electrode 

To form the final cell, a drop of liquid electrolyte, which 
contains 0.1 M KI and 0.05 M iodine in 0.001 MHC104 

solution, is placed on the film and a thin layer of a redox 
electrolyte percolates into the pores of the nanostructured 
Ti02 electrode through capillary forces. The liquid junction 
between the electrode and electrolyte is generated because a 
thin layer of the closely packed Ti02 film prevents the direct 
contact of the liquid electrolyte with an ITO conducting 
layer. A counter electrode of the ITO conductive glass, on 
which a thin layer of platinum was coated by physical 
vacuum deposition at 10"7 Torr, is placed on top and the 
sandwich is illuminated through the Ti02 support as shown 
in Fig. 2. 

D. Measurements 

The morphology of the Ti02 electrode was examined by 
scanning electron microscope [(SEM); JEOL, JSM-6300] 
and atomic force microscope [(AFM); DI, Co., Nanoscope 
III]. The size of the Ti02 colloidal particles was observed by 
transmission electron microscope [(TEM); Hitachi, JEM- 
2000EX]. The absorption spectra of the ZnTsPc/Ti02 elec- 
trode were recorded with a Shimadzu UV-2201 UV-visible 
spectrophotometer. The photocurrent and photovoltage were 
measured with a potentiostat model CMBP-1. Monochro- 
matic illumination was obtained using a 500 W xenon arc 
lamp in combination with a grating monochromator WPG3D 
model. The intensity was calibrated using a model FP-3 
radiometer-photometer. 

III. RESULTS AND DISCUSSION 

A. Morphology and specific surface area of the 
nanostructured Ti02 electrode 

The conducting Ti02 thin layer in Fig. 3(a) consists of the 
close cubic packing of Ti02 nanoparticles. The nanostruc- 
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FIG. 3. (a) Morphology of the conducting Ti02 thin iayer by AFM (650 
nmX650 nm) and (b) surface morphology of the nanostructured Ti02 elec- 
trode by SEM. 

tured Ti02 electrode in Fig. 3(b) is found to have a thickness 
of 10 /jm and is composed of interconnected and nanometer- 
sized Ti02 particles and micropores. It can also be seen that 
the Ti02 particles in the film are uniform with an average 
diameter of 55 nm, which is much larger than the size of 
particles in colloidal solution (3-4 nm as determined by 
TEM). The size of the particles and pores making up the film 
is controlled by the size of the particles in the colloidal 
suspension.10 The internal surface area of the film is deter- 
mined on the size of particles and the thickness of the film.7'8 

These parameters were optimized to obtain efficient light 
harvesting while maintaining a pore size large enough to 
allow the dye molecules to penetrate into the internal surface 
of the nanostructured Ti02 electrode and allowing the redox 
electrolyte to diffuse easily. This optimum successfully real- 
izes the direct adsorption of dye molecules on the surface of 
the electrode and direct contact between electrolyte and dye 
molecules. A cubic close packing of 55-nm-sized spheres to 
a 10-^m-thick layer is expected to produce a 550-fold in- 
crease in surface area. The specific surface area, which is 
defined as the ratio of the total surface area of Ti02 nano- 
particles to the geometrical surface area of the Ti02 film in 
the electrode, is expected to reach 550. 

The absorption spectra of the Ti02 electrode sensitized 
without (curve a) and with (curve b) ZnTsPc have been mea- 
sured and are shown in Fig. 4. The bare Ti02 films are trans- 
parent and colorless, displaying the fundamental absorption 
onset of anatase at 390 nm (corresponding to a band gap 
energy of 3.2 eV) in the UV region. The ZnTsPc/Ti02 elec- 
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FIG. 4. Absorption spectra of (a) the bare Ti02 electrode and (b) the nano- 
structured Ti02 electrode sensitized with ZnTsPc, using an ITO conducting 
glass as a reference; and (c) photocurrent action spectrum of the liquid 
junction cell based on the ZnTsPc/Ti02 electrode. 

trode reveals the characteristic absorption between 580 and 
750 nm in the visible region, indicating that the sensitization 
of the Ti02 electrode with ZnTsPc dye molecules could ex- 
tend the absorbance of the electrode into the visible region. 
Integration of the spectral overlap between a light source and 
this absorption band shows that 20% of the incident light 
energy flux is harvested by the ZnTsPc-sensitized Ti02 film. 

In general, the peak at 620 nm can be assigned as the 
dimeric ZnTsPc Q band and the absorbance at 700 nm can 
be attributed to the monomeric ZnTsPc Q band.13 At \=620 
nm, the optical density of the ZnTsPc/Ti02 electrode and the 
extinction coefficient14 of the ZnTsPc dimer are about 1.26 
and ~108 cm2mol_1, respectively. At \=700 nm, the 
optical density of the ZnTsPc/Ti02 electrode and the extinc- 
tion coefficient11 of the ZnTsPc monomer are 0.34 and 
3.3X 109 cm2mol_1, respectively. The surface concentra- 
tions of the ZnTsPc dimer and monomer adsorbed on the 
electrode are 1.26X10"8 and LUX 10"10 mol cm-2, re- 
spectively. Therefore, ZnTsPc adsorbed on the nanostruc- 
tured Ti02 electrode mainly exists as a dimer. 

The specific surface area of the nanostructured Ti02 elec- 
trode is characterized by the absorbance of the ZnTsPc dimer 
and can be derived from a method similar to that described in 
Ref. 8 by assuming complete monolayer coverage on the 
Ti02 electrode and a 2 nm2 area for each molecule. The spe- 
cific surface area for the ZnTsPc/Ti02 nanostructured elec- 
trode is 150, which is smaller than the predicted values of 
550. The difference is attributed to necking between par- 
ticles. In addition, a capillary force prevents the access of 
large ZnTsPc aggregates to very small pores, reducing the 
apparent surface area. 

B. Photoelectric conversion in the liquid junction cell 
based on the ZnTsPc/Ti02 nanostructured 
electrode 

Curve c in Fig. 4 shows the measured short-circuit pho- 
tocurrent of the ZnTsPc/Ti02 electrode as a function of 
wavelength. The spectrum has been corrected for the absorp- 
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FIG. 5. The photovoltage-current characteristics of the liquid junction cell 
based on the ZnTsPc/Ti02 nanostructured electrode under an illumination of 
35 mW cm-2 with (a) and without (b) the pre-deposition of the conducting 
Ti02 thin layer on an ITO conducting glass 

tion of incident light by the conducting ITO glass substrate. 
The incident-photon-to-current conversion efficiency (IPCE) 
of 2.1% at \=700 nm is calculated from the formula7 

IPCE=1243X/scXl00%/(\XPin), in which 7SC and Pin 

are the short-circuit photocurrent density and the incident 
light power at a monochromatic wavelength, respectively. 
Considering the actual part (Ra\,) of the incident light ab- 
sorbed by the dye molecules, the quantum efficiency (rj) 
reaches 7%, which can be derived from the formula11 

?7=IPCE/Äab at a monochromatic wavelength. 
Figure 5 shows the photovoltage-current characteristics of 

the liquid junction cell based on the ZnTsPc/Ti02 nanostruc- 
tured electrode under an illumination of 35 mW cm-2. The 
conversion efficiencies without and with the conducting 
Ti02 thin layer are 0.25% and 1.7%, and the fill factors 
((FF); maximum output power of the cellH-[short-circuit cur- 
rent (7SC) Xopen-circuit voltage (V0c)]) are 0.441 and 0.625, 
respectively. A marked improvement in the photocurrent 
(7SC) and energy conversion is achieved through the pre- 
deposition of the conducting Ti02 thin layer on an ITO con- 
ducting glass. The conducting Ti02 thin layer in Fig. 3(a) 
consists of the close cubic packing of Ti02 particles and the 
liquid junction in the interface between the Ti02 electrode 
and electrolyte is generated. The band bending resulting 
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FIG. 6. Electron injection from the excited sensitizer S* (ZnTsPc*) into the 
conduction band of Ti02 and electron transfer from liquid electrolyte 
(1^II~) to the oxidized sensitizer S+ (ZnTsPc+). QFL, quasi-Fermi level 
of Ti02 under illumination. AV, the difference between the QFL and the 
electrochemical potential of the electrolyte that is equal to the Nernest po- 
tential of the redox couple (7^//~); hv, the incident photon energy. 

from the liquid junction, as shown in Fig. 6, aids electron 
injection from the excited state of ZnTsPc into the conduc- 
tion band of the TiÖ2 semiconductor. The band energies of 
Ti02 and ZnTsPc are taken from Refs. 15 and 16. In the 
meantime, the conducting Ti02 layer with the closely packed 
structure prevents electrons of the redox electrolyte 
(I^/I~) from directly being transported into the ITO con- 
ducting layer and keeps the potential difference (AV) con- 
stant. A redox electrolyte (7^7/~) is used to mediate charge 
transfer between the electrodes and to regenerate the sensi- 
tizer. A V in Fig. 6 corresponds to the difference between the 
quasi-Fermi level in Ti02 under illumination and the Nernst 
potential of the electrolyte. Thus, ZnTsPc regenerates effi- 
ciently by electron transfer from a redox electrolyte in solu- 
tion. In addition, the nanometer-sized Ti02 particles in the 
nanostructured Ti02 electrode allow efficient transport and 
rapid separation of the photogenerated charge carriers and 
minimize surface and bulk recombination. 

The fill factor of the cell in Fig. 5(a) reaches 0.625, which 
is higher than that (<0.5) of conventional photovoltaic cells 
and the cell in Fig. 5(b). This indicates that loss mechanisms 
such as recombination, normally encountered in semiconduc- 
tor photoconversion, have been minimized. The role of 
Ti02 in the liquid junction cell based on the ZnTsPc/Ti02 

nanostructured electrode is merely to conduct the injected 
majority charge carriers (here it refers to electrons). There 
are no minority carriers involved in the photoconversion pro- 
cess. Surface and bulk recombination losses due to lattice 
defects, encountered in conventional photovoltaic cells, are 
not observable in such a device. 

IV. SUMMARY 

We have prepared the nanostructured Ti02 electrode with 
a high surface area of 150, which is characterized by the 
dimeric absorbance of zinc tetrasulfonated phthalocyanine 
self-assembled on the Ti02 electrode. A liquid junction cell 
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based on the ZnTsPc/Ti02 nanostructured electrode has been 
fabricated and harvests 20% of the incident solar energy flux. 
Under monochromatic illumination at X.=700 nm, the 
incident-photon-to-current conversion efficiency is about 
2.1% and the quantum efficiency, considering the actual ab- 
sorption of the incident light, is 7%. The conversion effi- 
ciency reaches 1.7% under an illumination of 
35 mW cm-2, which presents one of the highest values re- 
ported for phthalocyanine photovoltaic devices. The pre- 
deposition of the conducting Ti02 thin layer with the closely 
packed structure aids the formation of the liquid junction in 
the interface between the Ti02 electrode and liquid electro- 
lyte and results in the enhancement of photoelectric perfor- 
mances of the solar cell. 
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Raman scattering and infrared absorption from ZnS nanoparticles were measured. A broad peak was 
observed in Raman and infrared absorption spectra which can be attributed to the surface vibrational 
mode of ZnS nanoparticles.   © 1997 American Vacuum Society. [S0734-211X(97)02304-4] 

I. INTRODUCTION 

Nanoparticles exhibit various new properties that differ 
from the natural bulk materials due to surface and size 
effects.1"4 It has been argued that many remarkable phenom- 
ena such as an enhancement of the specific heat at low 
temperatures5 and a much lower melting point than that of 
corresponding bulk material6 are related to the modulation of 
the phonon spectrum. Recently, the nature of vibrations of 
nanoparticles thus has received a great deal of attention from 
researchers both theoretically and experimentally.7'8 For 
nanoparticles, the surface to volume ratio is very large, and 
the number of atoms on the surface is comparable to or 
larger than that inside the particles. Missing neighbors, sur- 
face atoms are bound by weaker forces, so the vibration fre- 
quencies for these atoms are lower than those for interior 
atoms. Theoretical investigations have shown that surface 
phonons of microcrystals should be detectable by means of 
Raman scattering if the particles are small in comparison 
with the wavelength of the incident laser light.9 In this article 
we shall investigate the surface phonons of ZnS nanopar- 
ticles, using Raman scattering and infrared absorption. 

II. EXPERIMENT 

By using an evaporation technique combined with an in- 
duction heating method,10 fine Zn particles were prepared, 
and as-prepared Zn particles were mixed with 50 ml Na2S 
solution at conditions of ultrasonic oscillation for 10 h. It is 
expected that a surface reaction will occur between Zn/ZnO 
(Zn coated with ZnO) particles and the Na2S solution owing 
to the high reactivity of the fine Zn particles, and then ZnS 
nanoparticles will be formed. After the chemical reaction 
was completed, the crystals were washed by water for a long 
time so that Na ions in our sample were removed. Using an 
x-ray diffraction meter [(XRD), Rigaku D/Max-^yC], the 
crystal structure of the sample was determined. The particle 
size was estimated by transmission electron microscopic 
[(TEM), JEM-200CX] observations. Raman scattering was 
performed in air (em=l) using the 514.5 nm line of an 
Ar-ion laser (SPEX) as excitation light. Infrared absorption 
was measured on an infrared spectrophotometer (Nicolet 170 

SX) in a medium of paraffin liquid (em = 2.4). All our mea- 
surements were carried out at room temperature. 

III. RESULTS AND DISCUSSION 

Figures 1(a) and 1(b) show the XRD before and after the 
sample was treated chemically in an Na2S solution. Compar- 
ing Fig. 1(b) with Fig. 1(a), we find that a new peak centered 
at 20=28.68° appears after being treated in the Na2S solu- 
tion, which corresponds to (111) of/3-ZnS. Other diffraction 
peaks of ZnS are close to those of ZnO, they may be con- 
cealed in the diffraction peaks of ZnO. Therefore we con- 
clude that the ZnS prepared is in zinc-blende structure. Fig- 
ure 2 shows a typical TEM photograph of our sample. The 
black particles are Zn/ZnO and the white ones are ZnS. The 
size of ZnS particles can be estimated to be smaller than 10 
nm. 
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FIG. 1. XRD spectra: (a) before and (b) after the sample was treated in 
Na2S solution (peaks 3-5, 7, and 11-15 for Zn; peaks 1,2,6,8-10 for ZnO; 
peak 0 for ZnS). 
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FIG. 2. A typical TEM photograph of the sample. 500 400 300 200 

<— Wavenuraber (cm-1) 

100 

Figure 3 presents the Raman scattering spectra. We can 
see from Fig. 3(a) that there is only one broad peak around 
561 cm-1, which can be assigned to ZnO.11 In Fig. 3(b) an 
additional peak centered at 332 cm-1 appears beside the 
original one. 

Figures 4(a) and 4(b) show the far-infrared transmission 
spectra. Before the chemical reaction, the sample has no evi- 
dent absorption in the range of 100-500 nm. However, an 
intense absorption peak at 315 cm-1 can be found after the 
chemical treatment. It is believed that the Raman scattering 
peak at 332 cm-1 and the infrared absorption peak at 
315 cm-1 come from /3-ZnS prepared during the chemical 
reaction. However, they are not the fundamental vibrational 
modes of /3-ZnS (see Table I). We note that they lie between 
the wT0 and wL0, the long wavelength transverse and lon- 
gitudinal optical phonon frequencies of ZnS. We will show 
that they are just the surface phonon mode of ZnS particles. 

Consider a semiconductor sphere of radius R surrounded 
by a medium having a real, frequency-independent dielectric 
constant em. Its undamped dielectric constant has the form12 

FIG. 4. Far-infrared transmission spectra of the sample: (a) before and (b) 
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where e^ is the dielectric constant at high frequency, and 
wL0 and CDTO are the LO and TO eigenfrequencies related by 
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FIG. 3. Raman spectra of the sample: (a) before and (b) after the sample was 
treated in Na2S solution. 
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where e0 is the static dielectric constant. However, for the 
surface modes, the following equation must be satisfied: 

e(o>) = 
l+l 

/= 1,2,3,... (3) 

Thus, combining Eqs. (1) and (3), the surface mode fre- 
quencies can be calculated. For small crystallites, the macro- 
scopic theory has predicted that the major part of the scatter- 
ing or absorption is from the 1=1 mode.13 So only the first- 
order mode is concerned below. When em= 1, corresponding 
to the Raman scattering case, the calculated surface mode 
frequency ws=332cm_1, which is in agreement with the 
experimental result; when em = 2.4, the calculated surface 
mode frequency cos = 316 cm-1, which agrees with the infra- 
red absorption result. Detail results are given in Table I. 
Thus, we conclude that the Raman and IR peaks observed 
experimentally are caused by surface phonon modes in ZnS 
nanoparticles. 

It should be noted that, in our spectra, we have not found 
ZnS bulk vibration modes. In general, for sufficiently small 
particles, the contribution of the surface layers to the Raman 
scattering or infrared absorption is important because the sur- 
face to volume ratio is very large, and the number of atoms 
on the surface is comparable to or larger than that inside the 
particle. Thus it is not surprising that we cannot find bulk 
ZnS vibration modes in our sample. 

TABLE I. Parameters 6>T0, a>LO
a and e0

b of ZnS used to calculate the surface 
mode frequencies ms, the calculated (os, and the experimental results. 

<oTO «>LO 

&>j (cm" 
■') 

*o em=l <f,„ = 2.4 

8.3 275 351 
Calc.          Exp. 
331           332 

Calc.          Exp. 
316           315 

"See Ref. 14. 
bSee Ref. 15. 
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IV. SUMMARY 

In summary, the following conclusions can be drawn: 

(1) ZnS nanoparticles can be prepared by slow surface reac- 
tion between fine Zn particles and Na2S solution. 

(2) In both Raman and infrared spectra, a broad peak can be 
observed, which can be assigned to the surface phonon 
mode of ZnS nanoparticles. 

ACKNOWLEDGMENTS 

This work was supported by the State Major Basic Re- 
search Project "Nano-Materials Science" (85-6 NMS), the 
National Natural Science Foundation of China (NSFC), and 
the  National  Advanced  Materials   Committee   of China 
(NAMC). 

1467 

'S. Schmitt-Rink, D. A. B. Miller, and D. S. Chemla, Phys. Rev. B 35, 
8113 (1987). 

2M. Kumagai and T. Takagahara, Phys. Rev. B 40, 12359 (1989). 
3A. J. Shields, J. L. Osbore, M. Y. Simmons, M. Pepper, and D. A. 
Ritchie, Phys. Rev. B 52, R5523 (1995). 

4A. D. Yoffe, Adv. Phys. 42, 173 (1993). 
5V. Novotony and P. P. Meinke, Phys. Rev. B 8, 4186 (1973). 
6Ph. Buffat and J.-P. Borel, Phys. Rev. B 13, 2287 (1976). 
7M. Fujii, T. Nagareda, S. Hayashi, and K. Yamamoto, Phys. Rev. B 44, 
6243 (1991). 

8Y. Sasaki and C. Horie, Phys. Rev. B 47, 3811 (1993). 
9R Ruppin, J. Phys. C 8, 1969 (1975). 

10Jianfeng Xu, Tiejun Zhou, and Youwei Du, Phys. Status Solidi A 153, 
313 (1996). 

"Jianfeng Xu, Guangxu Cheng, and Youwei Du, Chin. Phys. Lett. 13, 765 
(1996). 

12M. C. Klein, F. Hache, D. Richard, and C. Flytzanis, Phys. Rev. B 42, 
11123 (1990). 

13R. Ruppin and R. Englman, Rep. Prog. Phys. 33, 149 (1970). 
14H. Kanie, M. Nagano, and M. Aoki, Jpn. J. Appl. Phys. 30, 1360 (1991). 
15N. F. Mott and R. W. Gurney, Electronic Processes in Ionic Crystals, 2nd 

ed. (Dover, New York, 1964). 

JVST B - Microelectronics and Nanometer Structures 



Photovoltaic study of nanocrystalline Ti02 film modified with dye 
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The nanocrystalline Ti02 film is modified simultaneously with porphyrin dye molecules and 
phthalocyanine dye molecules by chemical adsorption. Since porphyrin and phthalocyanine dye 
have different absorption character in the visible range, the Ti02 electrode sensitized by a 
combination of porphyrin and phthalocyanine dye molecules not only obtains a better spectral match 
to the solar spectrum, but also the photoresponse of the electrode is extended to cover most of the 
visible range. This kind of electrode exhibits a significant improvement of energy conversion 
efficiency.   © 1997 American Vacuum Society. [S0734-211X(97)01804-0] 

I. INTRODUCTION 

Photosensitization of wide-band-gap semiconductors such 
as Ti02 by adsorbed organic dyes has become an important 
research field due to its potential applications in solar 
energy.1-4 In the configuration, organic dye coated on the 
surface of the semiconductor is used to harvest incident light. 
Light absorption of the dye is followed by an electron injec- 
tion from the excited state of the dye into the conduction 
band of the semiconductor. The remaining positive hole is 
scavenged by a redox couple in solution. The major advan- 
tages of the organic cells are the ease of fabrication and low 
cost. It is especially convenient to tailor properties of organic 
dye by the method of molecular design. Extensive research 
on the sensitization of solar cells has shown that the dye 
should be adsorbed on the semiconductor surface in a closely 
packed monolayer for maximum sensitization efficiency, but 
the light-harvesting efficiency of a single dye monolayer is 
very low. Thus, that the dye cells based on a plain electrode 
could not effectively utilize incident light is a major reason 
for its poor power conversion efficiency. Recently, Gratzel 
and co-workers5 developed a new kind of solar cell based on 
a highly porous Ti02 substrate electrode with organic dye as 
a sensitizer. The internal surface area of these electrodes was 
so large that only a monolayer of dye is sufficient to absorb 
most of the incident light in its absorption spectral range. 
The energy conversion efficiency was improved. 

Generally, the absorption of a single organic dye only 
covers part of the visible spectrum scope. For an efficient 
solar energy conversion, however, materials are needed 
to exhibit a high absorption coefficient over the whole spec- 
tral region from near-infrared to ultraviolet. Porphyrin and 
phthalocyanine dyes are very interesting photosensitization 
compounds. Their respective absorption is located in the dif- 
ferent region of visible range. Meanwhile, they show a 
strong sensitization effect for the wide-band-gap semicon- 
ductor and extend the photoresponse of the wide-band-gap 
semiconductor electrode into the visible region. In this ar- 
ticle, the microporous titanium dioxide (Ti02) electrode has 
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been prepared on a conducting glass support. The electrode 
has such a high surface roughness factor that two different 
dye molecules could be coated simultaneously on the elec- 
trode surface, and that less than even a monomolecular layer 
of dye coating could absorb most of the incident light in the 
respective spectral range of dye absorbance. Compared with 
conventional electrodes using either porphyrin or phthalo- 
cyanine dye, a better spectral match to the solar spectrum 
was obtained for a microporous TiOz electrode sensitized by 
a combination of porphyrin and phthalocyanine dye mol- 
ecules. 

II. EXPERIMENT 

A. Preparation of electrode 

The nanocrystalline films were fabricated as follows. A 
colloidal solution was prepared by adding commercial Ti02 

power (P25, Degussa, a mixture of ~25% rutile and 75% 
anatase, surface area 55 m2 g, diameter 25 nm) to a small 
amount of water and surfactant (Triton X-100). The colloidal 
solution was then coated onto a conducting glass support. 
After air drying, the sample was heated in air in a Lindberg 
tube furnace in which the temperature was increased gradu- 
ally to 450 °C and then kept at 450 °C for 30 min. After heat 
treatment, the Ti02 film was strongly attached to the glass 
support. 

The dyes of zinc porphine (ZnPP) and gallium phthalo- 
cyanine (GaPc) were coated onto the Ti02 electrode by im- 
mersing Ti02 electrode in a methanol solution with a respec- 
tive dye concentration of about 10~3 mol/L. After at least 3 
h of soaking, we obtained a dye modified Ti02 electrode. 

B. Experimental setup 

The morphology of the Ti02 electrode was examined with 
an atomic force microscope (DICO, NanoScope 3). The ab- 
sorption spectra were recorded with a Shimadzu UV-2201 
spectrometer. A two-electrode photoelectrochemical (PEC) 
cell, composed of a dye/Ti02 electrode, a counterelectrode 
consisting of conducting glass sputter coated with a 1 /j,m Pt 
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FIG. 1. The morphology of the Ti02 microporous electrode. A typical oper- 
ating force between the tip and Ti02 sample surface is about 10~8 N. 

film, and an electrolyte containing 0.1 M Na2S, and 0.01 M 
Na2S04, was used for photovoltaic studies. The cell had an 
area of 0.5 cm2. The short-circuit photocurrent was mea- 
sured with a Model CMBP-1 potentiostat. Monochromatic 
illumination was obtained by using a 500 W xenon arc lamp 
in combination with a grating monochromator, Model 
WPG3D. The light intensity was calibrated by using a model 
OM-1001C radiometer/photometer. 

III. RESULTS AND DISCUSSION 

A. AFM studies 

The atomic force microscopy (AFM) image in Fig. 1 
shows the morphology of the Ti02 film on a conducting 
glass support. The Ti02 film is microporous since it is com- 
posed of interconnected particles and pores. These pores not 
only increase the surface area and allow the electrode to 
adsorb more dye molecules, but also enable adsorbed dye 
molecules to contact directly with electrolyte. When dye 
molecules absorb incident light, the photogenerated electrons 
can transfer directly into Ti02, at the same time, the holes 
remaining in the dye can be rapidly extracted by electrolyte, 
decreasing the probability of recombination and increasing 
photoresponse. It can also be seen that the Ti02 particles are 
uniform with an average diameter of about 70 nm, which is 
much larger than the size of the Ti02 particles in the colloi- 
dal solution. Experiment results indicate that the heating pro- 
cess is crucial to the morphology of the Ti02 electrode. The 
size of the particles in the Ti02 film increases with the rising 
of temperature. 

B. Absorption characteristics and photovoltaic study 

The absorption spectra of the Ti02 electrode with and 
without a coating of ZnPP or GaPc have been measured and 
are shown in Fig. 2. A conducting glass support is used as a 
reference in the measurement. Since the Ti02 adopted in our 
experiment contains 25% rutile and 75% anatase, and the 
band gap of rutile is 3 eV, whereas that of anatase is 3.2 eV, 
corresponding to a fundamental absorption edge of 413 and 
388 nm, respectively. So the bare Ti02 film exhibits the fun- 
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FIG. 2. Absorption spectra of bare Ti02 electrode (a), ZnPP/Ti02 electrode 
(b), and GaPc/Ti02 electrode (c). 

damental absorption edge of rutile. Curve (b) is the absorp- 
tion spectrum of ZnPP/Ti02 electrode. It shows that the 
ZnPP/Ti02 electrode displaces the characteristic absorption 
of ZnPP with a maximum in the visible region at around 430 
nm. Curve (c) is the absorption spectrum of the GaPc/Ti02 

electrode. It indicates that sensitization of the Ti02 electrode 
with GaPc dye molecules could extend absorbance of the 
electrode into the red region. It can also be seen that the 
absorption of the ZnPP/TiOz electrode and GaPc/Ti02 elec- 
trode are distributed in different regions of the visible range. 
So the absorption spectrum of the comodified Ti02 electrode 
with ZnPP and GaPc dye molecules can cover most of the 
visible light. In addition, further experimental results show 
that the light absorption of the dye sensitized Ti02 electrode 
increases with the increase of the thickness of the Ti02 film, 
we can infer from the above that dye molecules can penetrate 
into pores of the TiOz electrode to be modified on the inter- 
nal particles surface of the Ti02 electrode and thus the num- 
ber of the dye molecules directly on the surface of Ti02 

electrode increases. 
Figure 3 shows the absorption spectrum [curve (b)] and 

400 500 600 700 

Wavelength(nm) 

FIG. 3. Absorption spectrum (b) and photocurrent action spectrum (a) of 
ZnPP-GaPc/Ti02. 
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photocurrent action spectrum [curve (a)] of the 
ZnPP-GaPc/Ti02 electrode. It is obvious from curve (b) that 
the absorption of the Ti02 electrode modified with ZnPP and 
GaPc dye molecules is wider than that of Ti02 electrode 
modified with single dye molecules, and can match the solar 
spectrum. The photocurrent action spectrum of the ZnPP- 
GaPc/Ti02 electrode correlates well with its absorption spec- 
trum, indicating the ZnPP and GaPc have a significant con- 
tribution to the photocurrent of the electrode. The incident- 
photon-to-current-conversion (IPCE) is 57% at 430 nm. 
Considering the light reflection loss, an IPCE up to 70% is 
reached. The high yield in the IPCE of the PEC cell based on 
the Ti02 microporous electrode can be explained as follows: 
The dye is absorbed on the surface of the Ti02 electrode, due 
to the large surface area factor of the microporous electrode, 
only the first monolayer of adsorbed dye is sufficient to ab- 
sorb the incident light nearly completely, the photogenerated 
carries resulted from absorption of incident photons by dye 
molecules can be easily transported into the conduction band 
of the Ti02 semiconductor, improving the charge separation 
efficiency. 

IV. CONCLUSION 

As a summary, the microporous Ti02 electrode is of large 
surface roughness factor, we can use simultaneously two dif- 
ferent dye molecules to modify Ti02 electrode. Compared 
with conventional electrodes using either porphyrin or phtha- 
locyanine, the cosensitization of Ti02 electrodes with ZnPP 
and GaPc efficiently extends the optical absorption spectrum 
and photocurrent spectrum into a wider visible range. There- 
fore the cosensitization with different dye molecules is an 
effective way to improve the photovoltaic properties of dye 
sensitized cells. 
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Si/Si02 superlattices were grown by molecular beam epitaxy using in situ oxidation by the 
rf-plasma source. Transmission electron microscopy shows high uniformity of the grown layers. 
Optical band gap obtained from the absorption measurement changes from 1.2 eV for thick samples 
to 2.3 eV for thin samples, indicating quantum confinement in the Si layers. Room temperature 
photoluminescence (PL) was observed in the spectral range 1.9-2.3 eV. Two different mechanisms 
of PL were found. In the Si layer thickness range 1-2 nm the luminescence arises from the quantum 
confined energy states in the ultrathin silicon layers. For Si layers with thickness more than 3 nm 
oxygen related defects are the main origin of PL. © 1997 American Vacuum Society. 
[S0734-211X(97)01404-2] 

I. INTRODUCTION 

Luminescent materials are widely used by the industry in 
optoelectronic devices. Until recently the semiconductor in- 
dustry has concentrated most of its resources in the field of 
the direct band gap compounds, such as III-V compounds, 
as the direct band gap results in strong optical absorption and 
efficient light emission. Today though, in a search for mate- 
rials which are more compatible with existing silicon tech- 
nologies than the III-V compounds, the industry has started 
to research the possibility of exploiting the luminescent 
properties of silicon and silicon-based compounds.1 These 
silicon-based materials would be fully compatible with the 
existing silicon process technology and would allow the in- 
tegration of optoelectronics with other silicon-based devices. 

Crystalline silicon itself shows very poor luminescence 
but experimental results have led to the belief that a number 
of various types of silicon and silicon-based compounds 
might have useful luminescent properties. As an example, 
discovery of the bright luminescence from electrochemically 
etched porous silicon2 spurred increased research efforts 
aimed at fabricating efficient silicon-based light-emitting di- 
odes (LEDs). However, because the emission wavelength of 
this material does not show size dependence typical for 
quantum confinement, the most recent model of this lumines- 
cence supposes the existence of oxygen-related surface local- 
ized defects which take part in the light emission.3,4 Recently 
the luminescence from Si/Si02 superlattices, grown by mo- 
lecular beam epitaxy (MBE) and ex situ oxidation of thin Si 
layers was reported.5 Experimental results have shown that 
the dependence of the light emission wavelength and band 
gap with Si layer thickness can be explained in terms of 
quantum confinement of the electrons in the two-dimensional 
(2D) silicon layers. However, ex situ oxidation does not take 
full advantage of MBE's capability for ultraclean processing, 
due to the possible contamination of the surface during ex- 
posure of the sample to the atmosphere. Here we report the 
fabrication of fully in situ (MBE) grown Si/Si02 superlat- 

j)Corresponding author. 

tices, which have luminescence in the visible range. Using in 
situ rf-plasma source for oxidation allows one to eliminate 
the waiting time for loading the wafers into the deposition 
chamber after ex situ oxidation. It also offers more precisely 
controlled conditions for the oxide growth. 

II. EXPERIMENT 

A modified VG Semicon V80M MBE system is used for 
growth of the Si/Si02 superlattices. Oxygen (02) is used as 
the source gas. Gas fluxes are controlled by mass flow con- 
trollers. A plasma activated gas cell (Oxford Applied Re- 
search MPD-21) is used as the oxygen source. The Leybold- 
Heraeus 180° electron gun with the quartz deposition rate 
controller is used for Si deposition. The substrate tempera- 
ture is monitored by an optical pyrometer and a thermo- 
couple. The pumping system of the growth chamber consists 
of an oil diffusion pump, ion pump, and titanium sublimation 
pump. The growth chamber is also equipped with a reflection 
high-energy electron diffraction (RHEED) system for moni- 
toring the growth. 

Quarters of 3 in. silicon (100) wafers are used as sub- 
strates. The Shiraki6 chemical treatment is used as a chemi- 
cal cleaning process. The thin native oxide is evaporated at 
780 °C under the Si flux of 0.01 nm/s. Once the 2X1 Si 
surface superstructure appears, the Si beam is interrupted. 
Then a 50-nm-thick Si layer is grown with a rate 0.07 nm/s 
at 500 °C. Finally the substrate is annealed 15 min at 820 °C. 
This cleaning procedure allows one to obtain a very smooth 
surface.7 The surface roughness measured by atomic force 
microscopy (AFM) is less than 2 nm at 1 fixa scan. Then the 
Si surface is oxidized at room temperature. Oxygen mass 
flow rate is 4.0 seem during the oxidation which roughly 
corresponds to the pressure 3 X 10"5 mbar inside the growth 
chamber. Typical power input for the rf coil is 260 W. The 
growth time is 10 min which corresponds to the Si02 thick- 
ness of 1.0 nm. The amorphous silicon layers with thick- 
nesses of 1.5-4.0 nm are deposited at room temperature with 
the growth rate 0.07 nm/s on such an Si02 layer. The layers 
for transmission measurements are grown at the same condi- 
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If      • 

FIG. 1. Cross-sectional bright field transmission electron micrograph of the 
superlattice which consists of six Si layers (dark bands) and seven Si02 

layers (light bands). 

tions on the polished fused silica substrate. The samples have 
been characterized using ellipsometry, RHEED, transmission 
electron microscopy (TEM), AFM, optical absorption spec- 
troscopy, and photoluminescence (PL). 

III. RESULTS AND DISCUSSION 

The TEM cross-sectional image of a six-period Si/Si02 

superlattice by a Jeol 2010 200 kV electron microscope is 
shown in Fig. 1. The Si (4.0 nm) and Si02 (1.0 nm) layers 
correspond to white and dark regions, respectively. The lay- 
ers are smooth and uniform in their thickness. The interface 
between Si and Si02 is abrupt. 

1.00E+Ö6 
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FIG. 2. Absorption spectra of the Si/Si02 superlattices grown on the fused 
silica substrate with different thickness of a-Si layers (the thickness is 
shown in the insert). The thickness of Si02 layers is 1 nm. 
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FIG. 3. (othv)m-hv absorption spectra of the Si/Si02 superlattices grown 
on the fused silica substrate with different thickness of a-Si layers (the 
thickness is shown in the inset). The thickness of Si02 layers is 1 nm. 

Absorption spectra of the superlattices with different sili- 
con layer thicknesses, grown on fused silica substrate, are 
shown in Fig. 2. It is seen that the absorption edge position is 
moving to short wavelength when silicon layer thickness de- 
creases. The optical band gap is determined from the de- 
duced a(hv) data using the extrapolation of (ahv)m curve 
to zero ordinate, i.e., the constant-« form of the Taue law:8 

(ahv)m=const*(hv-Eg). (1) 

The absorption spectra in {ahv)m-hv coordinates are 
shown in Fig. 3. It is seen that the optical band gap deter- 
mined from this spectra changes from 1.2 eV for thick 
samples to 2.3 eV for the sample with 1 nm thickness. Ac- 
cording to Ref. 4, the energy gap £ for ID confined Si is 
given by 

£(eV)=1.60+0.72<r2, (2) 

where d is the amorphous silicon layer thickness in nm. 
However, in our case the absorption edge position is in good 
agreement with the formula 

£(eV)=1.2+0.72<T (3) 

The value of the band gap energy (1.2 eV) obtained in this 
case is less than usually reported for the amorphous silicon. 

The room temperature PL spectra of superlattices are 
measured using 488 nm (2.5 eV) argon laser excitation, 
double monochromator, and photomultiplier. The PL spectra 
from the Si/Si02 superlattices grown on silicon and fused 
silica substrate are shown in Figs. 4 and 5, respectively. For 
the Si layer thicknesses more than 2.5 nm our structures have 
a broad PL peak at 650 nm which corresponds to the energy 
1.9 eV. According to Eq. (2) the influence of the quantum 
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FIG. 4. PL spectra of the Si/Si02 superlattices grown on silicon substrate 
with different thickness of a-Si layers (the thickness is shown in the inset). 
The thickness of Si02 layers is 1 nm. 

confinement on the peak energy in this thickness range is 
very weak. The PL intensity depends on the total Si thick- 
ness in the superlattice. Thus in this case the luminescence is 
a property of the silicon layer. However, the value of the PL 
peak energy position (1.9 eV) is much higher than that esti- 
mated by using absorption edge measurement data in Eq. (3). 
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FIG. 5. PL spectra of the Si/Si02 superlattices grown on fused silica sub- 
strate with different thickness of a-Si layers (the thickness is shown in the 
inset). The thickness of Si02 layers is 1 nm. 

The luminescence peak position is very similar to ones for 
porous silicon.9 It was reported in Refs. 3 and 4 that oxygen 
related defects such as nonbridging oxygen hole centers 
(NBOHCS) are the main source of PL in porous silicon. Our 
samples may have a higher oxygen content in the silicon 
layers than reported in Ref. 4, because the silicon growth and 
the oxidation were carried out in the same chamber with a 
30-60 min waiting between oxidation and Si growth. In Ref. 
5 no PL was reported from superlattices with a Si layer 
thickness more than 3 nm. Therefore we suppose that the 
oxygen related defects are the main source of PL from 
Si/Si02 superlattices in this thickness range. 

In the silicon layer thickness range 1-2 nm the lumines- 
cence peaks are blueshifting up to 530 nm (2.3 eV) as shown 
in Figs. 4 and 5. The peak energy shift is consistent with Eq. 
(2). The PL intensity is higher than in thickness range 2-4 
nm, although the total Si thickness decreases. This might 
stem from the enhancement of the oscillator strength with the 
decrease of the Si layer thickness owing to the quantum 
confinement.10 Thus we are observing quantum confinement 
of the energy states. The photoluminescence spectra have a 
long wavelength tail at the 600-700 nm range, which corre- 
sponds the PL from oxygen related centers, but its intensity 
is low because the total silicon thickness in the superlattice 
in this case is small. 

IV. CONCLUSION 

In conclusion, the room temperature PL in the range 540- 
650 nm was observed from the Si/Si02 superlattices grown 
using MBE and in situ oxidation. The oxygen related defects 
in silicon are the main origin of PL from superlattices with a 
silicon thickness of more than 2.0 nm. In the Si layer thick- 
ness range of 1-2 nm the luminescence arises from the quan- 
tum confined energy states in the ultrathin silicon layers. 
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to photon scanning tunneling microscopy 
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In this work, we present a numerical simulation of scanning near-field optical microscopy. The 
simulation is based on a recently developed macroscopic theory which rigorously solves the 
electromagnetic field in a two-dimensional dielectric-air-dielectric sandwich system with arbitrary 
one-dimensional structures at its two interfaces. A tiny dielectric triangular is added on one interface 
to represent the probe tip in the device, while on the other interface, two identical topographic 
defects with various profiles are attached to represent the sample surface. The probe tip is assumed 
scanning at a constant height above the sample surface which is illuminated by ap -polarized light. 
The intensity of the local field averaged along a cross section inside the tip is calculated to represent 
the signal level of the microscope. The feasibility of the theoretical scheme is numerically 
demonstrated, and various aspects in the microscopy, such as the effects of the separation of the two 
objects, and of the shape differences between ridges and grooves are discussed. © 1997 American 
Vacuum Society. [S0734-211X(97)02704-2] 

I. INTRODUCTION 

Scanning near-field optical microscopy (SNOM)1,2 has at- 
tracted much attention in the past ten years. Numerous theo- 
ries for SNOM have been reported, both in microscopic and 
macroscopic approaches.3"6 A useful type of the near-field 
optical microscope which allows imaging of transparent 
samples is named the photon scanning tunneling microscope 
(PSTM). In this technique, the incident field is propagating 
inside the sample while the evanescent field generated by 
total internal reflection is collected by an uncoated optical 
fiber in the air side.2 

There are several theoretical works7'8 devoted to PSTM 
based on the Rayleigh hypothesis, which assumes that the 
electromagnetic fields can be represented by the superposi- 
tion of plane waves and thus the resulting expression can be 
used to satisfy the appropriate boundary conditions.9 How- 
ever, these works are using a perturbative method, which can 
not be applied to the case where the resonance of the system 
becomes important. In a recent report,10 we proposed a new 
approach based on the application of the Fourier transform 
technique in PSTM. Our theory is also in the framework of 
the Rayleigh approach but we solve the inverse Fourier 
transform exactly, instead of perturbatively8 or iteratively.11 

The theory enables us to handle surface features in arbitrary 
shapes, sizes, and distance between scatterers. 

This work is devoted to the numerical application of the 
developed theory10 in the PSTM configuration. We have cal- 
culated the averaged field intensity at the inside of the probe 
tip scanning at a constant height above a surface with two 
identical topographic defects. The theoretical scheme is nu- 
merically demonstrated for a p -polarized incident beam. 
Various aspects in the microscopy, such as the effects of the 
separation of the two objects, and of the shape differences 
between ridges and grooves are discussed. 

The outline of this article is the following. In Sec. II, we 

introduce the theory on which the calculations presented in 
this article are based. The numerical results obtained by this 
approach and the discussions are presented in Sec. III. Fi- 
nally, we present the conclusions drawn from these results. 

II. THEORY 

The geometry used in this article is similar to that in Ref. 
10, where a central medium of thickness D with dielectric 
constant e2 is sandwiched between a substrate (sample) of 
dielectric constant et and a superstate (probe tip) of dielec- 
tric constant e3. The dielectric constants being, in general, 
complex numbers. The z axis in our coordinate system is 
chosen to be perpendicular to the mean plane of the inter- 
faces, therefore the x and v axis are parallel to these inter- 
faces. 

We assume a one-dimensional function to represent the 
tip profile in the z direction on the tip-air interface, i.e., 

z = h'g(x). (1) 

The air-sample interface is described by another function: 

z = hf(x)-D. (2) 

h' and h in Eqs. (1) and (2) are constant. The functions 
g(x) and/(x) can be arbitrarily defined, provided the range 
of the validity of the Rayleigh hypothesis is satisfied.9 

Let the sample side (medium 1) be illuminated by a laser 
beam. The incident beam can be described by a monochro- 
matic plane wave of frequency co. If the plane of incidence is 
chosen to be the x-z plane, the y component of the field is 

Ui(x,z) = Iei{Q°x+l3°z) z^hf(x)-D, (3) 

where / represents the amplitude of the electric field Ey in 
the case of s polarization, or the magnetic field Hy in the 
case of p polarization, Q0 and ß0 are the x component and 
the z component of the incident wave vector, respectively. 
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In the following, we write the boundary conditions: 

Uv\z=h'g(x)-Ut\z=h'g(x), (7) 

The scattered fields (y component) can also be expanded 
into plane waves with all values of the wave vector compo- 
nent Q parallel to the surface: 

(4) Ut(x,z)= P dQT(Q)emx+ß*z),    z^h'g(x), 
J -CO 

Uv(x,z)= I"" dQ[A(Q)e'^ 
J -co 

+ B(Q)e-ißiz]eiQx,    h'g(x)z*z^hf(x)-D, 

(5) 

Ur(x,z)= r dQR(Q)e^x-^z\    z^hf(x)-D,    (6) 

where U,(x,z) is the transmitted field in medium 3, 
U0(x,z) is the field in medium 2, Ur(x,z) is the reflected 
field in medium 1, and 

1/2 
O) 

are the perpendicular components of the wave vectors in the 
three media. In the Rayleigh hypothesis, the above expres- 
sions are continued in the boundary regions. 

Id _ 1    d 

(U,+ Ur)\ 

1    d 

z = hf{x)-D~Uv\z = hf(x)-D> 

(8) 

(9) 

Vi dn 

where 

(Ui+Ur] 
1    d 

dn r T 

\z = hf(x)-D~— dn  Uv\z = hf(x)-D,       (10) 

(ID 

n is a unit vector perpendicular to the interfaces at an arbi- 
trary point, Vj= 1 for 5 polarization and Vj=£j forp polar- 
ization. 

The Eqs. (7)-(10) can be written as a matrix of the form 

/: 
dQ ^(Q,x)JB(Q)eiQx=^(Q0,x)eiQ°x, 

where 

(12) 

iß3gh' ißlSh' ~lß2gh' 

,x) = 

Q*h'-ß>AM>  -Q*h'+ß2ci*..*>  -Qfr-ß* iß2gh' 
V3 

0 

0 

v2 
,iß2(fh-D) 

Qfh-ß2 

v2 

eiß2(fh-D) 

V2 

-iß2(fh-D) 

Qfh + ß2 

v2 

iß2(fh-D) 

0 

0 

e -ißlifh- -D) 

-Qfh- -ßl     _ 
 e ißlifh- -D) 

V\ 

(13) 

[T(Q)\ 

\R(Q)I 

and 

&(Qo,x) = 

0 
0 
-1 

Qofh-ßp 

Ieiß0(fh-D)_ 

7 

(14) 

(15) 

Our task is to determine the field amplitudes T(Q), 
A(Q), B(Q), and R(Q). First, we transform the integral in 
Eqs. (12)—(15) into a supermatrix where the wave number 
Q increases discretely, i.e., 

(16) Qn = Qo + 2Tm/d,    n = ■1,0,1  

where d is a distance segment where the g{x) and f(x) are 
defined. 

With the above discrete wave number the various integral 
functions and matrices can be replaced by summations as10 

CO 

M{Q) = ^ Mn{Qn)8{Q-Qn). (17) 
— oo 

Substituting Eq. (17) into Eq. (12), we get 

CO 

2 ■^{Qn^)^n{Qn)ei^x = nQ(i,x)ei^. (18) 

If we multiply every one of the four rows of Eq. (18) by 
e(-'Qmx) and integrate over d, we obtain 

n,m-n)3Bn(Qn) = ^(Q0,m), (19) 

where every element of the matrices J&{Qn,m-n) and 
&(Qo'm) is the Fourier coefficient of the corresponding ma- 
trix element of .J6 and 9r. Apparently, when d~°° and 
m~oo, one has the rigorous integration. In practice, in a 
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incident wave 

FIG. 1. A scheme showing the tip-sample conjunction. An air gap of sepa- 
ration D = 60 ran and dielectric constant e2= 1 is sandwiched, on top, by a 
probe tip of e3, and on the bottom, by substrate of et with subwavelength 
defects. The light comes from the substrate side. The groove width and 
depth are af and h, respectively. The tip width and height are ag and h', 
respectively. The two identical grooves are separated by a distance of b. 

system in PSTM (like that in Fig. 1), the condition d~°° can 
be approximately replaced by d>wavelength >a, where a 
is the object spacing. Notice that Tn is the first element of 
■^n(Qn)' which is the amplitude of the transverse field trans- 

mitted at order n. For a high-frequency sample {a<clu>) 
with small details, detection must take place in the near field 
and high harmonics are necessary. The maximum values of 
n and m can be defined, in computation practice, when the 
numerical results converge. Then the y component of the 
transmitted magnetic fields for p-polarization (if v=er) or 
electric fields for 5 polarization (if Vj = 1) can be written as 

tf,(*.z) = 2 7>'"[ß"*-ft(ß»W. (20) 

One can see that when «-»°o, Eq. (20) leads to Eq. (4). The 
detected signal inside the tip is assumed proportional to the 
square modulus of the transmitted fields U,. 

III. NUMERICAL SIMULATION AND DISCUSSIONS 

In this section we present some primary numerical simu- 
lation based on the formalism outlined in the preceding sec- 
tion. In these calculations, the distance segment is chosen as 
d= 10X.. The numerical results converge at n = m = 30. The 
calculations were performed on a Cray supercomputer. 

As we have shown in Fig. 1, a probe tip (with triangular 
shape) is added to the upper medium with optical constant 
n3= V^3= 1.456, which is equivalent to the optical constant 
of an optical fiber. On the opposite side there is a dielectric 
substrate with two subwavelength objects (triangular 
grooves). We assume that a p-polarized monochromatic 
plane wave of wavelength X = 650 nm is incident normally 
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FIG. 2. Normalized near-field intensity IT in transmission mode, scanning at constant height above the dielectric surface with two grooves. The probe width 
and height are as = 50nm and ft' = 30nm, respectively. The groove width and depth are a/=80nm and /i = 20nm, respectively. The separation of the 
grooves is: (a) b = 260 nm, (b) b = 195 nm, (c) fo= 130 nm, and (d) b = 65 nm. 
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m. 

A 
.*» 

t 
incident wave 

FIG. 3. Same as Fig. 1, but the grooves are replaced by ridges. 

from the substrate side (medium 1). The plane of incidence is 
chosen to be in the x-z plane. We have calculated the field 
intensity 7r=|Bt|

2/|Bj|2 by averaging along a cross section 
(Zo=-10nm) inside the tip, where Bt is the transmitted 
magnetic field and Bj is the incident magnetic field. 

We show in Figs. 2(a)-2(d) the field intensity IT as the tip 
scans along a line at a constant height (D - 60 nm) above the 
dielectric surface (Fig. 1). There are two triangular shaped 
grooves separated by a distance of (a) fc = 260nm, (b) b 
= 195nm,   (c)  b=130nm,   and  (d)  b = 65nm,   respect- 

ively. The probe width and height are ag=50nm and 
ft' = 30nm, respectively. The groove width and depth are 
af= 80 nm and h = 20 nm, respectively. The optical constant 
of the medium where the incident light is coming from is 
ni = ^= 1.456, that is, the optical constant of glass. 

We see that the positions of the grooves (each of sub- 
wavelength size) are shown in the near-field image of the 
transmission mode by two dips at the same position. In the 
case of b = 260 nm [see Fig. 2(a)], the separation of these 
two dips shows very clearly on the image. When the two 
grooves approach each other, the features of the image get 
closer [see Figs. 2(b) and 2(c)]. This groove-dip correlation 
is lost when b = 65 nm, showing a strong dip at the symme- 
try center of the near-field image [see Fig. 2(d)]. This implies 
that the resolution of our simulated near-field optical micro- 
scope is about b~0.2\. If the tip-sample distance D in- 
creases, the calculated resolution will be lower, although we 
have not shown it explicitly in this work. 

A different configuration is shown in Fig. 3. All param- 
eters are the same as in Fig. 1, but we have replaced grooves 
by ridges. 

Figures 4(a)-4(d) show the near-field intensity IT as the 
tip scans along a line at a constant height D = 60 nm, above 
the dielectric surface (Fig. 3). The two triangular shaped 
ridges are separated by a distance of (a) b = 260 nm, (b) b 
= 195 nm, (c) Z?= 130 nm, and (d) b = 65 nm, respectively. 

We now see that the positions of the ridges are repre- 
sented in the near-field image of the transmission mode by 
two peaks at the same position. In all cases, the behavior of 
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FIG. 4. Normalized near-field intensity IT in transmission mode, scanning at a constant height above the dielectric surface with two ridges. The probe width 
and height are ag = 50 nm and h' = 30 nm. The ridge width and height are af= 80 nm and h = 20 nm. The separation of the ridges is: (a) b = 260 nm, (b) 

£-= 195 nm, (c) b= 130 nm, and (d) b = 65 nm. 
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the optical image is similar to the case when the objects are 
grooves: for the case where b = 260 nm [see Fig. 4(a)], the 
separation of peaks is clearly delineated on the image. When 
the two ridges approach each other, the features of the image 
get closer [see Figs. 4(b) and 4(c)]. The ridge-peak correla- 
tion is lost for b = 65 nm, showing a strong peak at the sym- 
metry center of the near-field image [see Fig. 4(d)]. By com- 
paring Figs. 2 and 4 we have observed that the amplitude of 
the peaks is smaller than that of the dips. This is due to the 
fact that mean distances of the scatterers (tip and surface 
objects) are different in both configurations. 

In conclusion, we have presented numerical results based 
on the macroscopic theory10 for PSTM. The transmitted 
near-field image through a dielectric substrate with subwave- 
length objects is illustrated. The feasibility of our approach 
which enables us to handle surface features of arbitrary 
shapes and sizes is numerically demonstrated. We have 
shown that for p -polarized light at normal incidence, the 
near-field intensity is correlated with the surface structures. 
The resolution of these features is dependent on the separa- 
tion of the objects and the tip-object configuration. 
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We discuss the mechanism of image patterns of the frictional-force microscopy (FFM) of a graphite 
surface by using a three-dimensional model comprised of a tip connected to a cantilever and a 
substrate surface. A simulated FFM image is in good agreement with an experimental one. A stable 
domain of the tip atom position can be defined in an analytic way. In the frictional-force regime, 
more than one quasistable tip atom position are mapped into a single cantilever basal position. Part 
of the boundary of the two-dimensional domain of the cantilever basal position appears as a fringe 
between the bright and the dark areas along the scan direction of the FFM image. General features 
of FFM images can be completely understood by this analysis. © 1997 American Vacuum Society. 
[S0734-21 lX(97)05204-9] 

I. INTRODUCTION 

The recent development of frictional-force microscopy 
(FFM)1 has enabled us to observe features of friction on an 
atomic scale. Based on the interpretation of FFM images, it 
has been claimed that the two-dimensional stick-slip motion 
of the tip atom on the surface provides an important mecha- 
nism of atomic-scale friction.2"5 In previous studies, we 
studied, by numerical simulations, various features of FFM 
images that depend on the cantilever stiffness, scan direction, 
anisotropy of the cantilever, and surface deformation. ' 
From the theoretical point of view, however, no detailed 
analysis of FFM images has at yet been given. 

Figure 1(a) shows a FFM image of Fx/kx obtained by 
numerical simulation for the case of the constant-height and 
repulsive force modes. Here we use a three-dimensional 
model where a single-atom tip connected to a cantilever is 
scanned on a rigid monolayer graphite surface as shown in 
Fig. 2(a). The temperature is assumed to be absolute zero, 
and the tip scanning velocity is almost in the limit of zero in 
the time scale of lattice vibration. Further, it is assumed that 
the tip atom is always located at a quasiequilibrium position 
of the potential surface for each scan position, i.e., the basal 
position of the cantilever, based on Tomlinson's mecha- 
nism.8 A raster scan with the x scan repeated in the v direc- 
tion is performed as shown in Figs. 2(a) and 2(b). The coor- 
dinate of the actual tip atom position is denoted as (x,y,z), 
and that of the cantilever basal position is denoted as 
(xs,ys,zs + l0) hereafter. Here (xs,ys,zs) is the equilibrium 

"'Corresponding author; Electronic mail: naru@cms.phys.s.u-tokyo.ac.jp 

position of the tip atom for the system without interaction 
with the surface, and l0 is the natural spring length in the z 
direction. For each lateral scan position (xs,ys) with zs 

fixed, the total energy V is minimized based on the Polak- 
Ribiere-type conjugate gradient method.9 The method of 
simulation is described in detail in Refs. 6 and 7. 

Figure 1(b) represents an experimental FFM image. De- 
tails of the experimental setup are described in Ref. 5. In 
order to obtain this experimental image, a raster scan is per- 
formed under the constant-height and repulsive force modes. 
The simulated image of Fig. 1(a) reproduces the experimen- 
tal one of Fig. 1(b) fairly well. Although the patterns of Figs. 
1(a) and 1(b) are different from the shape of the graphite 
lattice itself, they have the same periodicity as the graphite 
lattice. 

The aim of this article is to clarify the physical meaning 
of these patterns that appear in the simulated and experimen- 
tal FFM images by using an analytical method. Based on an 
analysis of the stable domain of the tip atom position, the 
"sticking domain" of the tip atom is clearly defined. As will 
be shown in the following text, a mapping relation between 
the tip atom position (x,y) and the cantilever basal position 
(xs,ys), provides an important clue to understanding the 
FFM image. Domains in the (xs ,ys) space, which are maps 
of separate sticking domains in the (x,y) space, are the es- 
sential elements of the FFM image. The fringe between the 
dark and the bright areas in the FFM image along the scan 
direction is formed by the fringe of the domain in the 

(xs ,ys) space. 
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(a) 

_   W     ..     "**,«,*  ■; 

13A 

FIG. 1. FFM images of Fxlkx obtained by (a) numerical simulation and (b) 
experiment with a tip scanned in the x direction. 

II. MODEL POTENTIAL 

The total potential energy Vtot is assumed to be the sum of 
the elastic energy of the cantilever VT and the microscopic 
tip-surface interaction energy VTS. VT is assumed to be har- 
monic, and is expressed as follows: 

VT(x,y,z;xs,ys,zs)=
]2(kx(x-xs)

2 + ky(y-ys)
2 

+ kz(z-zs)
2). (1) 

The vertical component kz of the cantilever spring constant is 
assumed to be 0.25 N/m, which is of the same order as that 
realized experimentally. On the other hand, the lateral com- 
ponents kx and ky are assumed to be parameters. We con- 
sider the isotropic spring in x-y plane to be kx = ky 

= 2.5 N/m. The cantilever lever basal position is slowly 
changed from the outside, corresponding to the scan. 

(a) (xs>ys,zs+lo)#_Scan^ 

Lateral Force Fi 

Cantilever 

Single Atom 
"(x,y,z) 

Monolayer Graphite Surface 

(b) 

Hollow Site 

0.25 C0 

Start Line of Scan 

FIG. 2. (a) Schema of the system used in our calculation. The single-atom tip 
connected to the cantilever spring is scanned on a monolayer graphite sur- 
face, (b) The lattice structure of the graphite. c0 is the length of a unit 
translational vector of the graphite. b0 is the C-C bond length of the graph- 
ite. c0 = 2.46 Ä and b0= 1.42 Ä. The starting line of the scan (JC = 0.25C0) 
is shown by dotted lines. 

Tip-surface interaction energy VTS can be obtained as the 
sum of the pairwise Lennard-Jones potential energies be- 
tween the single-atom tip and the substrate surface atoms as 
follows: 

'TS" = 2 4« 
12 

(2) 

Here, r0i is the distance between the tip atom and the ith 
atom in the graphite layer, and the parameters are assumed to 
be 6=0.873 81X10"2 eV and a= 2.4945 A. The interac- 
tion potential with these parameters can reproduce the corru- 
gation amplitude of atomic-force microscopy (AFM) images 
of the graphite quite well.10'11 

III. ANALYSIS OF THE FFM IMAGE 

We interpret a FFM image by an analytical method whose 
concept is reported by Gyalog et al.A First, the potential 
Vlot is converted from the function of three variables, x, y, 
and z, into a function of two variables, x and y. For that z 
should be chosen as the point corresponding to the minimum 
of Vtot, satisfying 

_     dVTS(x,y,z) 
Z~ Jz = kz(z-Zs). (3) 
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The solution to z of Eq. (3) can be obtained as z(x,y;zs). 
Vtot is therefore represented as 

Vlot(x,y\xs,ys,zs)=
l2(kx(x-xs)

2 + ky(y-ys)
2) 

+ V(x,y;zs), (4) 

where 

V(x,y;zs) = jkz(z(x,y;zs)-zs)
2+VTS[x,y,z(x,y,zs)]. 

(5) 

In the next step the lateral coordinates of the tip atom, x 
and y, can be determined by 

V;Vto,= 0    (i = x,y) (6) 

for each cantilever basal position (xs ,ys ,ZS + IQ)- 

To satisfy the quasistable equilibrium condition, it is nec- 
essary that the Hessian of Vtot is positive definite. Therefore 
the relation 

|<?2Vtot/<?x,<?X;|>0    (i,j = x,y)  and d2VtJdx2>0   (7) 

is required in addition to Eq. (6). 
Further, the equilibrium condition, Eq. (6), can be rewrit- 

ten as follows: 

(x,y) 

(xs,ys) = \x+ 
1  dV(x,y;zs) 1  dV{x,y;zs) 

dx ,y+- dy 
(8) 

Equation (8) is the condition of the lateral components of the 
cantilever basal position (xs ,ys) which can realize the equi- 
librium tip atom position (x,y). There are some remarkable 
features of mapping from (x,y) to (xs ,ys). The region of the 
position (x,y), where the real solution (xs,ys) of Eq. (8) 
exists, changes with the value of zs. For larger zs, the region 
covers the whole (x,y) space. But with the decrease of zs, in 
the frictional-force regime, the region becomes separated 
into mutually disconnected domains as shown in the top part 
of Fig. 3. The region of 0=£x=s3c0 and 6.5b0^y^9.5b0 

presented in Fig. 3 corresponds to the region surrounded by 
the frame in Fig. 1(a). Here c0=2.46 Ä is the length of a 
unit translational vector of graphite, and b0= 1.42 A is the 
C-C bond length of graphite. Hatched domains A-D, 
A'-C, and A"-C" in Fig. 3 represent disconnected do- 
mains. This type of domain will be called a "sticking do- 
main" hereafter. Each sticking domain is mapped into a do- 
main by Eq. (8) in the (xs ,ys) space, as shown in Fig. 3. It is 
assumed that the sticking domains A-D, A'-C, and 
A"-C" are mapped into domains As-Ds, A's-C's, and 
A"-C", respectively, and will be called that hereafter. In the 
frictional-force regime, although the function defining the 
mapping [xs(x,y),ys(x,y)] is univalent, its inverse relation 
[x(xs,ys),y(xs,ys)] is generally multivalent. Therefore the 
mapped domains in the (xs ,ys) space are partly overlapped 
by some other mapped domains. In Fig. 3, mutually overlap- 
ping domains Bs and Cs in the (xs ,ys) space, which are the 
maps of sticking domains B and C in the (x,y) space, are 
clearly shown by hatched regions. 

In Fig. 4, analytically predicted fringes of FFM image 
patterns for the x scan are shown by the thick curves. For the 
initial scan condition, it is assumed that no lateral deviation 

0 1 2   • 
(eq.(8):xs = x + k-1-vy(x;2s))    [c0] 

FIG. 3. The top part represents sticking domains A-D, A'-C, and 
A"-C" in the (x,y) space indicated by hatched regions. According to Eq. 
(8), each sticking domain is mapped into a domain in the (xs ,ys) space, 
shown in the bottom part. A mapping relation between domains Bs or Cs 

and sticking domains B or C is clearly seen. Solid lines represent C-C 
bonds of the graphite surface. The regions of these figures are 0«x«3c0 

and 6.5b0
:!Syss9.5b0, corresponding to the region surrounded by a frame in 

Fig. 2(a). Here c0 = 2.46 Ä and b0 = 1.42 Ä. 

exists between (x,y) and (xs,ys). As shown in Fig. 4, two 
types of FFM image different in appearance exist in the v 
direction: region (1) 7.25b0^y^8.75b0, and region (2) 
6.5b0^y =£7.25£0 or 8.75fc0=£y=£9.5Z?0- In the case where 

yS9.5[b0] 

6.5  0 AB' XSc
2

anBC 
Start line of scan (x=0.25) ► I 3 

[CQJXS 

FIG. 4. Thick curves, Aß, BC, CD, A'B', B'C, A"B", and B"C", repre- 
sent analytically predicted fringes of FFM image patterns for the x scan. 
Two types of FFM image different in appearance are denoted as region (1) 
7.25bQsiy^8J5b0, and region (2) 6.5b0^yS7.25b0 or 8.75b0siy 
«9.560. Solid lines represent C-C bonds of the graphite surface. The start- 
ing line of the scan (x = 0.25c0) is shown by broken line. 
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the starting position exists within region (1) in Fig. 4, the tip 
atom position (x,y) exists within domain A in Fig. 3 for the 
initial part of the scan. As mentioned above, each (x,y) 
within domain A is mapped into (xs,ys) within domain 
As. Therefore, when the tip atom jumps from domain A to 
domain B, a thick curve AB, part of the boundary of domain 
As, appears as fringe in the FFM image pattern. For the case 
of region (2) in Fig. 4, the same explanation as that men- 
tioned for region (1) can be given. Thus it is clarified that not 
all, but some parts of the boundaries of the domains in the 
(xs ,ys) space are observed in the FFM image shown in Fig. 
4. Which part of the boundary of the domain in the (xs ,ys) 
space is actually observed is determined by the scanning di- 
rection. When the load becomes small, or zs becomes large, 
the shape of domain (xs ,ys) changes, and the fringe of the 
FFM image exhibits a zigzag shape. 

IV. CONCLUSIONS 

In this work, based on an analytical method, general fea- 
tures of the FFM images of graphite surface can be com- 
pletely understood. There exists a mapping relation between 
the tip atom position (x,y) and the cantilever basal position 
(xs,ys). In the frictional-force regime, disconnected do- 
mains in the (x,y) space can be defined as sticking domains. 
It is clarified that part of the boundary of domain in the 
(xs,ys) space into which the domain in the (x,y) space is 
mapped appears as a fringe of the FFM image between the 
bright and the dark areas along the scan direction. This 
analysis gives a clear explanation to both a simulated and an 
experimental FFM image. 
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Several mathematical approaches for quantifying the three-dimensional topographical structure 
from scanning probe microscopy images are evaluated. Variational, i.e., scale-dependent, roughness 
based on root-mean-square roughness, Fourier deconvolution, and the two-dimensional 
autocovariance function are compared for surfaces with widely varying character in order to develop 
criteria for accurate quantification. Thermally evaporated gold, a calibration grid, polycrystalline 
Si3N4, and silicon fracture surfaces serve as models for these techniques. The role of image artifacts 
on each approach is detailed.   © 1997 American Vacuum Society. [S0734-211X(97)13304-2] 

I. INTRODUCTION 

The topographic structure of surfaces influences a wide 
range of phenomena, including catalytic activity, wetting be- 
havior, interface formation, and film growth. Furthermore, 
topographic structure can give quantitative insight into pro- 
cesses that produced a particular surface, for example frac- 
ture, cluster aggregation, sputtering, etc. Scanning probe mi- 
croscopy (SPM) is currently used in a wide range of 
disciplines to characterize surfaces on scales from /mm to nm, 
often with the objective of quantifying surface textures and 
shapes.1 To date, both scanning tunneling microscopy (STM) 
and atomic force microscopy (AFM) have been used to char- 
acterize fracture surfaces of both brittle2"5 and ductile 
materials,2'6 as well as those from bimaterial interfaces,7,8 

giving information about energy dissipation during fracture. 
The topographic structure of surfaces resulting from ion 
bombardment of graphite,9'10 chemical and thermal etching 
of silicon,11 and metal deposition2'12"14 have been related to 
reaction mechanisms. 

The advantage of using SPM for such analyses is that the 
measurements cover many orders of magnitude of length 
scale and acquire three-dimensional (3D) data in a digital 
format. This latter factor is in contrast to most microscopies 
and allows extensive mathematical treatment of the data. 
Quantification of surface structure can be based on several 
fundamental methods of characterizing surface features: us- 
ing the distribution of heights above or below some reference 
height, using a spectrum of wavelengths to approximate the 
surface, or using the correlation of heights over some lateral 
separation. Calculations commonly applied to SPM data are: 
root-mean-square roughness,15'16 a measure of the variation 
in height; autocovariance,9'16 a measure of spatial correlation 
of heights; and power density,2'13'17'18 a measure of wave- 
lengths of periodic features. These three methods overlap in 
that they all may be used to calculate the "roughness," but 
they differ in how they represent the spatial distribution of 
surface features. 

Regardless of mathematical treatment, roughness analyses 
can be strongly biased by imaging artifacts. The issue of the 
effect of probe tip geometry on limited spatial resolution and 
image artifacts has been considered extensively.19"22 It is 

widely accepted that the finite size of the tip filters high- 
frequency components of the topographic structure and in- 
troduces inaccuracies in the measurement of high-frequency 
components. The dependence of average roughness (differ- 
ent than Rq) on tip radius has been calculated,22 but the man- 
ner in which more complex tip geometries and other artifacts 
affect roughness has not. SPM images invariably contain ar- 
tifacts of the acquisition process that affect roughness calcu- 
lations. For example, it is unlikely that the sample is exactly 
perpendicular to the tip; therefore, SPM images usually have 
some planar artifact (sample tilt) that is not representative of 
the surface. Roughness measured with this artifact intact is 
an overestimate, while improper removal of the artifact will 
also result in misrepresentation. Also, minor temperature 
fluctuations can cause significant drift in vertical as well as 
lateral measurements. Additional artifacts can be introduced 
by optical interference in the detection system, nonlinearity 
in the x-y motion of the piezoelectric scanner, and random 
tip jumps. 

In order to exploit the utility of SPM in quantifying sur- 
face topography, the relative effectiveness of different math- 
ematical approaches must be quantified. The objective of this 
study was to investigate how roughness measured from SPM 
images is dependent upon experimental parameters and to 
evaluate the effectiveness of the different calculations in 
characterizing topographic structure. After a description of 
experimental details, three of the most commonly used 
roughness parameters will be defined and AFM and STM 
images of several surfaces will be analyzed. The effects of 
image processing on structure quantification will be demon- 
strated and the results of the analyses discussed in terms of 
artifactual content of the results. Finally, the relative merits 
of three common roughness analyses will be demonstrated 
on model surfaces and criteria for valid quantification devel- 
oped. 

A. Quantification of topographic structure 

The power spectral density (PSD) or the power spectrum, 
W(p,q), identifies wavelengths of features that contribute to 
the surface structure. It is the Fourier decomposition of an 
image into spatial frequencies and is calculated from the 3D 
image as 
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W(p,q) = 
1 

J  J e'^+^hix^dx dy 

where p and q are lateral frequencies.23 Rq is related to the 
power spectrum as follows: 

"IT. 

*9 = 

fP2   f 92 
W(p,q)dp dq 

1/2 

Extraction of the height variation from the power spectra is 
not direct and requires the assumption that the surface is 
accurately represented by a series of sinusoids. The PSD is 
commonly used in the self-affine and fractal descriptions of 
surfaces.2'13'17'18-24 

The two-dimensional (2D) autocovariance function 
(ACVF), G(t), is a function of distance and direction. Al- 
though it is best understood as the expected value of the 
height product of all two-point pairs that are separated by a 
length, T, in some direction, it may be calculated several 
ways. Defined for a single trace, 

G(T) IP 
i^oo L Jo 

h(r)h(r+ r)dr. 

The 2D ACVF is calculated by taking the inverse Fourier 
transform of the product of the Fourier transform and the 
complex conjugate.25 Thus, the ACVF is closely related to 
the PSD. The shape of the ACVF may be used to determine 
some set of correlation lengths in an image,16'25 including 
atomic spacing.9 Although the length at which the ACVF 
first crosses zero is a commonly used correlation length, ex- 
tracting an unambiguous correlation length from the ACVF 
is not always straightforward. Rq for the entire image may be 
obtained from the height of the central, main peak in the 2D 
ACVF, but since it is obtained using the PSD, it is limited by 
the sinusoidal approximation. 

The advantage of Rq is not only simplicity, but also sta- 
tistical significance. Since it is the standard deviation of the 
height, it describes the spread of the height distribution about 
the mean value. For surfaces that exhibit a Gaussian height 
distribution, Rq is the difference between the 95th and 5th 
percentile divided by 3.29.25 Because many surfaces are pro- 
duced by processes with some degree of spatial randomness 
(e.g., fracture, chemical vapor deposition, etching), they are 
expected to exhibit Gaussian or near-Gaussian height distri- 
butions, suggesting that Rq is an appropriate descriptor of 
"roughness." Roughness evaluated from an area, A, may be 
computed using one of several definitions of Rq. For a three- 
dimensional NXN image, where pixel heights are h(x,y), a 
discrete approximation of Rq is 

R-yw%^ 2  (Ay-A)2. 
1 

The most apparent limitation of Rq as a structural parameter 
is the lack of spatial information. A single roughness value 
provides no insight to the width or spacing of surface fea- 
tures, and roughnesses for surfaces with different spatial 
variations of features may be identical.26 

Tile Size 

FIG. 1. A schematic of Rq dependence on measurement length. The surface 
contains four characteristic lengths. 

Of course, any measure of surface roughness is scale de- 
pendent. As illustrated in Fig. 1, Rq increases with the length 
over which it is measured, but the dependence may change 
with tile size. Lengths at which this dependence changes are 
called characteristic lengths and are here denoted L1; L2, 
L3, etc. These lengths relate roughness to surface structure 
and, when roughness is reported in reference to one or sev- 
eral of these lengths, provide a more explicit characterization 
of the surface. The length scale at which Rq becomes scale 
independent can be identified as the largest characteristic 
length of the surface, L*, providing a definition of the maxi- 
mum roughness. Analogous to L*, there is a minimum char- 
acteristic length, at which Rq becomes scale independent at 
small scales, which occurs at atomic dimensions or at a frac- 
tion of the tip radius. Between these two extremes, the length 
dependence of Rq is a function of the distribution of feature 
heights and widths, and this distribution is described by the 
slope of the variational Rq. Slope changes identify feature 
dimensions. 

Calculations of Rq on a simple, simulated surface demon- 
strate this property. A surface often may be viewed as a 
superposition of several sets of features, each with its own 
characteristic length and height. Rq is calculated for three 
simulated surfaces, 

h(x,y) = 5 cos(jc)cos(y), 

h(x,y) = 5 cos(x/5)cos(j/5), 

A(*,;y) = 5 cos(x)cos(v) + 5 cos(*/5)cos(y/5). 

A line profile from the third surface appears in the inset of 
Fig. 2(a), along with variational roughness from the three 
surfaces. The characteristic lengths of the first two surfaces, 
Lx and L2, respectively, are identified in Figs. 2(a) and 2(b) 
from curves A and B, which present variational Rq from the 
first two surfaces. These characteristic lengths are approxi- 
mately 2/3 of the period of oscillation of each surface. Varia- 
tional Rq from the superposed surface, curve C, identifies 
each of the characteristic lengths and quantifies the ampli- 
tudes of superposed features, i.e., Rq associated with the 
short-wavelength characteristic length is that of one set of 
features (Rq-2.5), while that of the long-wavelength fea- 
tures quantifies the superposition of the wave forms. (The 
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FIG. 2. Calculated mean variational Rq for three simulated surfaces, (a) h(x,y) = 5 cos(ax)cos(ay), (b) h(x,y) = 5 cos(x/5)cos(y/5), and (c) h(x,y) 
= 5 cosWcos(y)+5 cos(x/5)cos(y/5). A single characteristic length is identified in (a) and (b), while two are identified in (c). The two characteristic lengths 
in (c) match those in (a) and (b). 

units are arbitrary in this analysis and the minimum informa- 
tion density is 100 points per high-frequency period.) From 
this example, it is clear that variational Rq identifies multiple 
feature lengths. 

In the scale-dependent regime, Rq often follows a power- 
law dependence on L, and is often written Rq^La.n The 
exponent a may vary between 0 and 1, and depends on the 
local surface structure. When a is noninteger and constant 
over some range of length scales, the surface may be de- 
scribed as self-affme, and may be quantified using fractal 
descriptions. The exponent a is related to the local fractal 
dimension, D, through the relation a=3-D.13 This ap- 
proach to analysis of SPM data has been recently reviewed. 

II. EXPERIMENTAL PROCEDURE 

Three types of surfaces were evaluated: 

(1) Surfaces with features of a single width: A Au-coated 
calibration grid with 10 /an periodicities in the x and y 
directions and a depth of 200-210 nm was imaged using 
AFM. 

(2) Surfaces with features of a narrow range of widths: The 
flat face of the calibration grid and Au-coated Si3N4 

were imaged using STM. Individual Si3N4 grains ranged 
from widths of 50 to 180 nm, but agglomerations of 
these grains were as wide as 1 pm. The features of the 
calibration grid face ranged between 20 and 50 nm. 

(3) Surfaces with features of a range of widths spanning 
from 10 to 105 nm: Single-crystal Si fracture surfaces 
were imaged using AFM. The {110} surface had been 
oriented as the tensile surface and the fracture plane was 
{110}. These fracture surfaces are well studied and fea- 
ture widths range over several orders of magnitude. Be- 
cause of this wide range and the self-affme structure of 
these features, these surfaces are often characterized us- 
ing fractal descriptions.2'5 The transition between the 
mist and hackle regions was characterized; only one im- 
age and analysis, thereof, is presented here. 

AFM images were acquired (Digital Instruments Dimen- 
sion 3000) in contact ac mode using a long-range scanner 
(90 [im lateral travel, 6 fim vertical travel) in ambient air. 
Cantilevers were single-crystal silicon with spring constants 
in the range of 25-73 N/m. The operating set point was 
approximately 70% of the free-oscillation amplitude and 
scan rates were in the range of 0.1-0.5 Hz. STM images 
were acquired (Digital Instruments Nanoscope III) in ambi- 
ent air in constant-current mode using a short-range scanner 
(9.5 fim lateral travel, 3 /jm vertical travel) using a Pt-Ir tip. 
The operating bias was 600 mV, the current set point was 0.6 
nA, and the scan rate was 0.5 Hz. AFM and STM images 
consisted of 256X256 data points. 

In order to determine the effect of image processing on 
calculated roughness, images of the calibration grid were 
analyzed after each step of a typical postacquisition modifi- 
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FIG. 3. The effect of postacquisition image processing on calculated root- 
mean-square roughness for a 90 fan section of a calibration grid. The mean 
Rq for all tiles of a given size in one image is represented by the bold line, 
and the maximum Rq by the thin line. (A) raw data, (B) planefitted in the 
fast-scan direction, (C) planefitted in both fast- and slow-scan directions, 
and (D) planefitted and flattened. The characteristic length of the grid, 10 
/an, is identified from these curves. 

cation procedure. That procedure was: (1) remove a plane in 
the x direction that had been least squares fitted to the aver- 
age of all rows of data (planefitting), (2) do the same in the 
y direction, and (3) raise or lower each line of the image 
until the mean average of each line was at the same height 
(flattening). Subsequent images were analyzed after the full 
procedure was completed. Plane fitting and flattening were 
linear, i.e., no higher-order fits were used. Effects of tip con- 
volution on roughness were determined by imaging similar 
areas of the Si3N4 using a single and a double STM tip. 

The following algorithm was used to calculate variational 
roughness over a range of lengths: 

(1) A square "tile" was defined to be a subset of the image 
with dimensions of five pixels by five pixels. Roughness 
was calculated for each tile (for a five-pixel tile size in a 
256X256 data file, 251X251 = 63 001 values were cal- 
culated). The mean of values for this tile size was calcu- 
lated and recorded as the roughness for that length. 

(2) The tile size (L) was increased by increments of five 
pixels (10 pixels X10 pixels, then 15 pixels X15 pixels, 
etc.), and the mean of each tile size recorded. The largest 
tile size was 255X255, approximately equal to the im- 
age size (L = L;). 

The variational root-mean-square roughness (Rq), power 
spectrum (PSD), and autocovariance function (ACVF), were 
calculated for each image. 

III. RESULTS 

The effect of planefitting can be most easily quantified in 
images of a calibration grid. Calculations on the raw data and 
after each image processing procedure reveal that both plane- 
fitting and flattening reduce mean Rq values, but the certain 
character of the variational Rq remains intact. This is illus- 
trated in Fig. 3, which compares the scale-dependent Rq cal- 
culated for the raw data, data planefitted in the x direction 
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FIG. 4. The effect of image size on Rq for images of the calibration grid, (a) 
Mean Rq calculations from 1,10, 20, and 90 fan images, which had only the 
sample tilt removed. The 10, 20, and 90 fan data coincide, while the 1 /an 
data represent the roughness of the fine structure on top of the grid, (b) 
Mean variational Rq for 10 and 20 /im images, which had only the sample 
tilt removed (labeled "Manual") or had the least-squares-fit plane removed 
(labeled "Automatic"). Automatic planefitting reduces Rq when the image 
size is smaller than or equal to L* (cf. 10 fan curves), but not when the 
image size is greater than L*. The two 20 fan curves are coincident. 

only, data planefitted in both x and y directions, and data 
planefitted in both directions and flattened. Along with the 
mean Rq (bold lines), the maximum Rq is presented (thin 
lines) to indicate the scatter in the measurements. Regardless 
of the postacquisition image processing, the characteristic 
feature length, L*, of the grid is correctly identified by a 
slope change at L= 10 /mm. L* cannot be identified from a 
single value, as illustrated by the maximum Rq, which ex- 
hibits no characteristic length. Planefitting reduces Rq, but 
when measured at lengths greater than L*, the amount of 
reduction depends on the degree of image processing and 
varies between being indeterminate (A) and 70 nm (£>). It is 
significant that the effect of planefitting on Rq is strong and 
increases linearly with tile size. 

Since plane subtraction derives the plane from the entire 
image, changing the image size will affect the calculated 
roughness. A comparison of calculations from different-size 
images is shown in Fig. 4(a), which presents data from 1, 10, 
20, and 90 /xm images. The 1 /mi curve was taken from the 
flat top of the grid, so it quantifies only the fine structure. 
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FIG. 5. The effect of image size on Rq for images of gold-coated Si3N4. (a) 
Mean variational Rq for 0.1, 0.5, 1, 5, and 10 /um images. When the image 
size is smaller than the characteristic length, improper planefits reduce Rq at 
moderate and larger L/L,, but not as significantly at lower LIL,. The char- 
acteristic length for the surface is approximately 1 ^m. (b) The error asso- 
ciated with Rq measured at L = L,- as a function of L, IL*. Reducing the size 
of the image increases both the magnitude of the error and the variability in 
results. 

The 10, 20, and 90 fim variational Rq quantify the structure 
of the grid and are nearly coincident except at larger tile 
sizes, where the 20 /mi curve deviates from the others. This 
is believed to be due to averaging effects involved with the 
changing proportion of the image area that can be described 
as either high or low areas of the grid. Aside from this, the 
three curves demonstrate that when only the sample tilt is 
removed, different-size variational Rq of the same structure 
have the same form. 

The effect of an improper plane subtraction on roughness 
is demonstrated in Fig. 4(b), which compares 10 and 20 /mi 
images that have been automatically planefitted with those 
that have had only the sample tilt subtracted. As a point of 
clarification, proper planefits remove only the sample tilt ar- 
tifact and improper planefits remove some of the surface 
structure when the best-fit plane is removed. Automatic plan- 
efits are often, but not always, improper. The effect of an 
improper automatic planefit is observed in the 10 /mi image 
and not in the 20 fim image, suggesting that for a sufficiently 

large image size, the automatic regression correctly identifies 
the sample tilt. The error involved in improper planefits is 
largest when the image size, Z,,-, is smaller than L*, as is 
demonstrated in calculations from the Si3N4 surface. Figure 
5(a) presents roughness from 100 nm, 500 nm, 1 /mi, 5 /mi, 
and 10 /mi size images of the Si3N4 surfaces, which were 
automatically planefitted and flattened. The curves overlap 
when L/Lj is small and, if the region in which L/L,-> 0.25 in 
each curve is ignored, a variational Rq curve similar to that 
of Fig. 1 may be constructed. This composite variational 
Rq quantifies the true roughness of the surface, since it ad- 
joins measurements in which planefitting errors are mini- 
mized and identifies two characteristics lengths; one at 
20-30 nm and one at 400-600 nm. Note that the slope 
changes occur over a range of lengths and that the range is a 
function of the distribution of feature sizes. (This is particu- 
larly true for the small length, which must be approaching 
that of the tip.) Rqs measured at L = Lt are noncoincident, 
suggesting that the accuracy of Rq measurements was com- 
promised at larger L/L, by planefitting. All images smaller 
than L* (about 500 nm) have Rq values less than those cal- 
culated at lengths greater than L*, suggesting L* as a crite- 
ria for maximum Rq measurement. If we accept Rq measured 
at L= 10 fim as valid, we can determine the relative error in 
the roughness measured as a function of image size. Figure 
5(b) presents this error as 

Rq\L = L,     Rq\L = 10 fim 

error= 
R q\L=l0 jiim 

The magnitude of error decreases as LtIL* approaches 2, as 
does the variability of Rq measurements. 

Planefitting affects not only Rq calculations, but those of 
PSD and ACVF as well. The effect of planefitting on PSD 
calculations is shown in Fig. 6. PSD calculations were per- 
formed on the raw and planefitted images of the silicon frac- 
ture surface and demonstrate the reduction of the power at all 
wavelengths. The consequence is to reduce the amplitude at 
all frequencies similarly, except that associated with the im- 
age size, since that is the frequency of a background plane. 
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FIG. 7. The effect of tip artifact on Rq and ACVF. (a) Rq measured from a 
STM image of Si3N4 acquired using a double tip. Magnitudes are a factor of 
2 lower than those acquired with a good tip [cf. Fig. 5(a)]. (b) ACVF for the 
image acquired with a double tip. Satellite peaks appear at the separation 
and direction of the two tips, (c) ACVF acquired from the same area using 
a good tip. No satellite peaks are present and the width of the central peak 
more accurately corresponds to surface features. 

Thus, the slopes of the power spectra, which are associated 
with the dimension of the surface, are the same. 

The effect of tip geometry on roughness may be observed 
in several calculations. Figure 7 shows a series of variational 
roughness curves acquired from the same area from which 
the data of Fig. 5(a) was acquired, but with a different tip. 
Roughness is lower by a factor of 2 and no single L* is 
apparent, but no other information can be extracted from the 
analysis. The 2D ACVFs for the 500 nm images from the 

bad and good tips are presented in Figs. 7(b) and 7(c). These 
plots compare the ACVF as a function of lag length and 
direction, where the lag length and direction are measured 
relative to the center of the 2D ACVF. The plots have been 
normalized such that the vertical range is equal to the height 
of the main peak so that the widths of features in the ACVFs 
can be compared. The most notable difference between the 
two sets of data is the appearance of two satellite peaks in the 
ACVF from the bad tip. If it is assumed that Si3N4 has an 
isotropic structure that did not change between images (a 
reasonable assumption), anisotropies in the ACVF are attrib- 
utable to artifacts, and the presence of a second peak sug- 
gests a double tip (two peaks appear because the ACVF is a 
symmetric construct). In Fig. 7(b), two secondary peaks ap- 
pear on opposite sides of the main peak, approximately 60 
nm from the center of the main peak, the same repeat dis- 
tance of features in the STM image. The elongation in the 
central peak in Fig. 7(c) is likely due to thermal drift. 

In order to compare the efficacy of various roughness cal- 
culations, the variational Rq, power spectrum, and ACVF 
are calculated for a model surface (the calibration grid) and 
two real surfaces; one nearly isotropic, one with considerable 
directionality. Variational Rq from the calibration grid [Fig. 
8(b)] exactly identifies the grid periodicity as does the PSD 
Fig. 8(c)] as 10 fim. The power spectrum, however, reveals 
the error associated with Fourier based calculations when a 
periodic square-wave surface is been approximated by a se- 
ries of sine waves with varying power. The oscillating power 
density is an artifact of the approximation. The ACVF, 
shown in Fig. 8(d), reproduces the periodicities of the sur- 
face in all directions and illustrates the regularity and flatness 
of the grid. The distortion at the edge of the image is asso- 
ciated with nonlinearity in the scanner. This distortion is not 
readily evident in the image but is clear in the ACVF. Spatial 
variations calculated from the ACVF and variational Rq are 
nearly identical. 

The results of Rq, power spectrum, and ACVF calcula- 
tions for a 1 yttm area on the face of the grid are shown in 
Fig. 9 along with the 1 fim image. Variational Rq [Fig. 9(b)] 
manifests a characteristic length of 50-80 nm. The informa- 
tion density in this image (1 pixel each 4 nm) is not sufficient 
to identify the smaller characteristic length from this calcu- 
lation. At a wavelength approximately equal to this length, 
the power spectrum, [Fig. 9(c)] reaches a maximum, but a 
single characteristic feature length is not discernible. The 
radius of the center peak in the ACVF [Fig. 9(d)] is 15-25 
nm, which correlates well with the apparent grain size shown 
in Fig. 9(a). For this surface, the PSD is relatively ineffec- 
tive, while variational Rq and the ACVF identify distinct 
characteristic lengths. 

Analysis of the single-crystal silicon fracture surface pro- 
vides a comparison of the merits of the different techniques 
on a directional, self-affine surface. The 10 /u.m image [Fig. 
10(a)] illustrates the wide range of lengths and strong direc- 
tionality of fracture surface features. Since some surface fea- 
tures were larger than the vertical travel of the AFM, the 
largest features are not quantified by any of the techniques. 
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FIG. 8. (a) AFM image of calibration grid, (b) Variational Rq . The characteristic length of 10 /im is identified, (c) PSD. (d) 2D ACVF. The ACVF reproduces 
characteristic lengths, periodicity, and directionality. 

The variational Rq [Fig. 10(b)] identifies a characteristic 
length between 500 nm and 2 /xm, but it is not a character- 
istic length that identifies the scale-independent regime. No 
characteristic length greater than this appears, implying Rq is 
scale dependent over the entire scan range and no single 
roughness value characterizes the surface at lengths between 
200 nm and 10 /mi. The linearity of the PSD, shown in Fig. 

' 10(c), suggests that a single dimension (>2.0) describes the 
surface, but the power at the largest wavelength deviates 
from linear behavior. The ACVF [Fig. 10(d)] reproduces the 
directionality of the surface, but, unlike the Rq and the PSD, 
it identifies a characteristic feature length, the size of which 
changes with orientation. The width of the peak ranges be- 
tween 700 nm and 2 /xm. A further comparison between the 
methods can be made on the ability to describe the self-affine 
nature of the surface. While the ACVF offers no such de- 
scription, the local fractal dimension may be calculated from 
the slopes of the variational Rq and the PSD. The slope of 
the PSD gives a dimension of 2.46, while the slope of the 
variational Rq gives a dimension of 2.72. The discrepancy 
between these numbers arises from the contrasting methods 
of determining the scaling behavior. Because fracture sur- 
faces are self-affine and not self-similar, a different definition 
of the local fractal dimension arises from each method.24 

Each method quantifies the surface locally using a different 
technique; it is not expected that these techniques scale ac- 

surfaces are summarized in 

cording to the same law. The approximation of this surface 
by sine waves (PSD) and the scatter of its height data about 
the mean (Rq), apparently scale much differently, and, as 
observed by other researchers,13 the Rq technique results in a 
higher scaling exponent. 

The results on all three 
Table I. 

IV. DISCUSSION 

These results illustrate both the capability and the pitfalls 
associated with quantifying 3D surface structure from SPM 
images and underline the need for specific criteria for evalu- 
ating the validity of roughness calculations. The most impor- 
tant issues are the effect of image size, of image modifying 
operations, and of tip size on calculated roughness. 

Criteria for evaluating the validity of calculated roughness 
at a particular image size are best discussed in terms of varia- 
tional root-mean-square (rms) values, but are generally ap- 
plicable. Since Rq quantifies the scatter of the height about 
the mean, it is best understood by considering the height 
distributions of the images. A surface has some distribution 
of heights, which may or may not be Gaussian and, when 
imaged locally, only a fraction of the surface height distribu- 
tion appears in the image height distribution. Changing the 
relative size of the image changes the distribution in the lat- 

JVST B - Microelectronics and Nanometer Structures 



1490 J. D. Kiely and D. A. Bonnell: Quantification of topographic structure by SPM 1490 

a 

0.2 0.4 0.0 0.« 

s c 
0.8 

CO 
CO 

1  o.. H 

§     0.4 

<& 
CA     0.2 

^O»0000000;0000OQ0000p9OOOOOO»8fi0O0OOO0Oe; 

0.2 0.4 0.6 0.8 1 
Tile Size (|j.m) 

0.1 0.01 
Wavelength (fxm) 

0.001 

FIG. 9. (a) STM image of the face of the calibration grid, (b) Variational Rq. L* appears to be 50-80 nm. (c) PSD. The PSD flattens at 70-100 nm, but 
extraction of a characteristic length is difficult, (d) 2D ACVF. The radius of the peak identifies 15-25 nm as a characteristic length, which correlates well with 
observed grain sizes. 

ter until the characteristic length of the surface is reached, at 
which point the surface may be described using a single Rq 

measurement. 
For example, an image of a calibration grid [Fig. 9(a)] has 

area fractions of low areas ("pits") and of high areas, which 
are separated vertically by 200 nm. The height distribution 
is, thus, bimodal with one sharp peak centered roughly 200 
nm above a second, smaller sharp peak. Changing the image 
size changes the ratio of high and low areas, which changes 
the image mean height and the distribution of heights about 
the mean (Rq). Changes in Rq with image size will become 
minimal when the area ratio ceases to change significantly 
with image size. Confidence in a single scale-independent 
Rq measurement increases with image size and, for the cali- 
bration grid Rq measurements, oscillates about 87.5 nm with 
the amplitude of the oscillations decreasing with image size 
until it is 0.5% of Rq at 40 fim. For this surface, then, Rq 

measured at four times the largest feature length is accurate. 
The surface structure of the gold-coated Si3N4 (Fig. 5) is 

markedly different, as a single, near-Gaussian peak charac- 
terizes the height distribution of the surface. The same argu- 
ment applies, however. At small measurement lengths, the 
average height distribution is that of only a few features or of 
a fraction of a feature, while at large lengths many features 
are included, including those not apparent to the eye. The 

slope changes that identify characteristic lengths for this sur- 
face are broader, indicative of a broader feature size distri- 
bution, but above approximately 1 /jm, Rq is nearly scale 
independent. The largest characteristic length of the surface 
appears to be on the order of 400-600 nm, even though to 
the eye the typical feature size is 200 nm. Apparently, long- 
range features comprised of many grains exist and it is these 
features that determine L*. At lengths greater than 2 fim, 
slight variations in the height distribution give slight Rq fluc- 
tuations, but only by roughly 5%. 

This comparison illustrates that the measured roughness 
becomes scale independent at a length of 4-5 L*, but also 
that the determination of L* is not always straightforward. A 
measure of the characteristic length from a visual inspection 
may grossly underestimate the actual characteristic length, as 
was the case for the Si3N4. The true L* can only be deter- 
mined by performing variational Rq measurements over sev- 
eral orders of magnitude. 

The most influential image-modifying operation appears 
to be planefitting. Rq from poor planefitting operations can 
be significantly different from that of the true surface, as 
illustrated in several of the previous figures. Proper sample 
tilt removal reduces Rq from raw data and does so by an 
amount that increases with tile size, as is seen in the decreas- 
ing slopes of the mean and maximum variational Rq after 
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FIG. 10. (a) AFM image of silicon fracture surface at the transition between mist and hackle regions, (b) Variational Rq . It exhibits no upper characteristic 
length, but an intermediate characteristic length between 500 nm and 2 fim can be identified and correlated to the striations on the surface, (c) PSD. No 
characteristic length appears in the PSD; the surface may be described as self-affine. (d) 2D ACVF. The ACVF quantifies the directionality of the surface and 
peak widths vary with direction. The width ranges from 700 nm to 2 fim, suggesting a characteristic length varies with direction. 

each planefitting operation in Fig. 3 and in the marginal 
change in Rq for small L. To understand this, the compo- 
nents of measured roughness can be separated into that of the 
surface and those due to artifacts of the imaging process. For 
any image (or tile of an image) of size L, the planar artifact 
due to sample tilt may be written as h(x,y) = ax + by + c, 
and the roughness of this plane alone is given by Rf*m 

= L-J(a2 + b2)/12, so increasing the tile size increases the 
component of Rq due to sample tilt. 

While the result of sample tilt removal is a reduction in 
Rq on all length scales, improper planefits can result in cal- 

culated roughness that is lesser or greater than the real Rq, 
depending on LILt. Improper planefitting reduces Rq when 
L = Lt, but may increase it at other tile sizes. The automatic, 
improper planefit of the 10 fim data in Fig. 4(b) increased 
Rq over that of the manual, proper planefit for tile sizes 
smaller than approximately 5 fim and reduced it for tile sizes 
greater than approximately 5 /wn. This exaggeration at small 
L/Li and reduction at large L/L( results in characteristic 
lengths that are artificial and may be considerably smaller 
than the real values. The 10 fim variational Rq in Fig. 4(b) 
and the variational Rq from 100 nm, 500 nm, and 1 /urn 

TABLE I. Results of quantification techniques on three surfaces. 

Grid, 
Grid fine structure Si3N4 Silicon 

Apparent feature 10 fim 20-30 nm 200 nm Many 

size 
Characteristic 10 /im 50-80 nm 400-600 nm 500 nm-2 fim 

length of 
variational Rq 

Characteristic 10 fim >70nm None 

length of PSD 
Characteristic 10 fim 15-25 nm 700 nm-2 fim 

length of ACVF 
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images in Fig. 5(a) demonstrate this effect. All exhibit ap- 
parent L*s, which differ from that of the true surface, and 
the Rq measured at L = Li varies widely, in all cases being 
smaller than that resulting from a proper planefit. 

One goal is to determine a criterion to identify when a 
planefitting operation correctly removes the sample tilt such 
that none of the surface structure has been removed along 
with it. Since the error due to the planefit in the 20 fim mean 
variational Rq in Fig. 4(b) is negligible, it may be assumed 
that this automatic planefit was proper. This automatic plan- 
efit was a proper planefit when the L; was only twice the 
largest feature size. The largest feature size of the Si3N4 

images appears to be on the order of 200 nm, while a proper 
planefit occurred only for images more than an order of mag- 
nitude greater [Fig. 5(b)]. This suggests that the 200 nm 
features lie upon a structure with a longer wavelength and 
that the most obvious topographic structure is not always the 
largest structure. The eye may not identify less pronounced 
structures and it may be incorrect to base a roughness mea- 
surement on a visual inspection of the SPM image. 

One of the greatest concerns in SPM is the degree to 
which the probe radius affects imaging. Sharp tips reveal 
accurate feature widths and faithfully probe both peaks and 
valleys of the surface, while tips with larger radii produce 
flatter images with wider features. This topic has received 
considerable attention in terms of strategies for image 
reconstruction,19 etc. Here, we discuss only the effect on 
roughness as calculated from the relationships described 
above. The finite tip size acts like a low-pass filter removing 
wavelengths smaller than the tip size. The influence of tip 
morphology on Rq measurements is dependent upon feature 
dimensions and the length at which roughness is measured, 
but for a given surface, Rq decreases with increasing tip 
radius. This effect is seen by comparing Figs. 5(a) and 7. The 
Rq obtained with a double tip (Fig. 7) is roughly half that of 
Rq obtained with a single tip. The "good" tip is believed to 
have a radius of approximately 10-20 nm, while the double 
tips were found to have a separation of approximately 60 nm. 
Since Rq is a function of tip morphology, it is problematic to 
compare Rq results on scales on the order of the tip radius 
from images obtained using different tips. 

With some assumptions regarding surface shape, tip mor- 
phology can be analyzed using the 2D ACVF. Figure 7 dem- 
onstrates this for the case of imaging a sample with single 
and double tips. Double tips produce strong secondary peaks 
at the lag length and direction corresponding to the separa- 
tion and orientation of the two tips. The tip radius may be 
estimated from the primary peak, as demonstrated in Figs. 
10(a) and 10(b). The diameter of the primary peak in the 
ACVF from the AFM image is approximately twice that 
from the STM image, and since the surface was approxi- 
mately the same in both, this difference is due solely to tip 
geometry. This estimate could be used to determine the 
length below or the frequency above which the data is most 
affected by tip convolution. 

The three mathematical treatments provide spatial de- 
scriptions of features, but none is universally applicable. 

Each is a unique construct and characterizes a different as- 
pect of the surface, so each is best suited for certain surfaces. 
Surfaces that can be well approximated by a series of sine 
waves will be well described by the PSD, and those that 
cannot result in power spectra that are difficult to interpret. 
The PSD in Fig. 9(c) shows several "peak" wavelengths, 
which have higher powers than the surrounding wavelengths 
and are not directly associated with the structure of the sur- 
face. The grid is better described using the ACVF or the 
variational Rq. Variational Rq identifies the dominant wave- 
length of the surface, while the ACVF reproduces the wave- 
length, directionality, and periodicity. A surface typical of 
many engineered structures, that of the top of the grid, is 
more amenable to the PSD, so that all three methods charac- 
terize the surface reasonably well. The spectrum exhibits a 
broad, flat peak over the range of 70 nm-3 fim. This is a 
range of two orders of magnitude and provides no distinct 
description of the surface. Both the ACVF and variational 
Rq identify a characteristic length, although the two lengths 
differ markedly. Variational Rq identifies a characteristic 
length of 50-80 nm, which is considerably larger than the 
apparent grain size of 20-30 nm. The length identified from 
half of the width of the peak in the ACVF is approximately 
15-25 nm, which agrees very well with the apparent grain 
size. The ACVF, therefore, appears to identify characteristic 
lengths very well. 

The advantage of using variational Rq is that roughness is 
directly evident at all lengths of the image. Roughness may 
be extracted from the PSD either by integrating the spectrum 
or by qualitatively comparing wavelength powers. Rough- 
ness may also be determined from the ACVF, but only for 
the length of the full image. At smaller length scales, rough- 
ness determination is problematic. An additional distinction 
between the treatments is the information density as a func- 
tion of length. In the PSD, only ten data points describe the 
range of 0.1 -1 L, and the remaining 245 data points describe 
wavelengths smaller than 0.1 L,. Since variational Rq is cal- 
culated in real space using linear steps, 90% of the data 
describes 90% of the image range. 

V. CONCLUSIONS 

With the proliferation of accessible and user-friendly 
SPMs, materials characterization with these tools is becom- 
ing routine. The ability to quantify surface topographic struc- 
ture in a way that can be related to structure and processing 
is one of the great benefits of the techniques. Misrepresenta- 
tion of structure can be avoided by using variational rough- 
ness calculations and explicitly considering criteria for valid 
quantification. For surfaces well represented by a Gaussian 
height distribution, variational rms is most applicable. When 
a surface is well represented by a superposition of sinusoidal 
relations, power spectral density is most appropriate. For 
many surfaces both/either will work. Both yield characteris- 
tic feature lengths; both can be used to extract fractal dimen- 
sions. Background subtractions, like any filtering routines, 
must be used in an objective and consistent manner. The 
plane associated with sample tilt must be determined from 
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images a minimum of ten times larger that the maximum 
lateral feature length or from an image size determined from 
composite variational analysis to be >L*. The sample tilt 
plane rather than the image plane must be used on any 
smaller image or subset to avoid compromising the results. 
Least error in plane subtraction occurs in data at LI Li 
<0.25. 2D ACVF allows quantification of drift, tip radius, 
and tip related artifacts. 

In summary, any roughness characterization is incomplete 
without a description of the measurement length, the size of 
the image in relation to the largest feature size, and the type 
of image processing performed on the image data. 
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Scanning tunneling microscopy (STM) is well known for its high lateral resolution and 
nondestructive surface profiling capability but its potential as a profiler for dimensional 
measurement has rarely been exploited because of its unreliable vertical accuracy. In NANO III, a 
STM was presented that was capable of 250 /um line scanning secured by a parallel spring 
mechanism in the X direction; it employed an interferometric monitoring STM tip, allowing 
feedback controlled motion in the Z direction. For this device, errors of step height and pitch 
measurements on a surface topography standard are estimated. The uncertainty of the 3 /im pitch 
and 100 nm step height measurements using the STM is 1.05 and 0.41 nm, respectively. The 
uncertainties are induced by thermal expansion, the motion of the scanners, the nonlinearity of the 
interferometer, and geometrical error. In the 100 nm, step height measurement, the sum of the 
standard deviation of the measured data and the total error is still in the subnanometer range. 
© 1997 American Vacuum Society. [S0734-211X(97)05504-2] 

I. INTRODUCTION 

The development of nondestructive surface profiling tech- 
niques with ultrahigh precision for large objects is finding 
increased interest for use in optical components and in semi- 
conductor device manufacturing. Semiconductor devices mi- 
crofabricated on silicon wafers, the standard size of which is 
rapidly shifting from 6 to 8 in., are also in need of such 
profiling techniques suitable for accurate linewidth and step 
height measurements. 

Scanning tunneling microscopy (STM) and atomic force 
microscopy (AFM) are both new and emerging technologies 
and are being rapidly incorporated into profiling techniques 
for optical components and semiconductor devices, because 
these instruments have the capability of profiling microstruc- 
tures with subnanometer lateral and vertical resolutions. Es- 
timation of the errors of the measured results is essential, 
however, so that the potential of these devices can be ex- 
ploited to the maximum for use in metrology. 

Some groups have used interferometers to precisely moni- 
tor motions of the sample stage because the commonly used 
piezoelectric ceramic actuators have inherent problems of 
image distortion such as nonlinear response, hysteresis, 
creep, and interference among X, Y, and Z directional mo- 
tion. Such distortion may be tolerable in applications for 
semiquantitative topolographical studies but must be avoided 
in high precision measurements. Stemmer et al.1 developed a 
STM with a tube scanner equipped with a two-dimensional 
(2D) interferometer for biological samples. Yamada et al.2 

"'Present address: Swiss Federal Institute Lausanne, 1015 Lausanne, Swit- 
zerland; Electronic mail: toru.fujii@imt.dmt.epfl.ch 

utilized a monolithic parallel spring mechanism as well as 
2D interferometry to produce pure orthogonal X, Y, and Z 
motion from lead zirconium titanate (PZT) ceramic actua- 
tors. Fujii et al.3 measured the feedback motion of a STM as 
well as XY scanning motions with an interferometer in real 
time. Mc Waid and Schneir4,5 are developing a calibrated 
AFM that has a lateral measurement uncertainty of 3 nm and 
a vertical uncertainty of 1 nm. In other efforts, a STM is 
being developed to measure areas as large as 50 mm2 with 
0.1 nm resolution and 1 nm accuracy.6 Some groups applied 
other techniques for displacement monitoring such as a ca- 
pacitance gauge,7 light intensity on a photodiode,8 and so on 
to correct the apparent distortion caused by PZT motion. 

In this study, we measured the error motion of scanners, 
environment disturbances, and estimated uncertainties of 
pitch and step height values that do not include tip bending 
and contamination effects, using a STM with a three- 
dimensional interferometer. 

II. INSTRUMENTATION 

The STM used for this study, one equipped with a high 
precision three-dimensional interferometer, is described 
elsewhere.3'9 Figure 1(a) shows a schematic drawing of the 
STM. As show in Fig. 1(b), a parallel spring scanner is used 
for one-dimensional 250 /mm scanning. The tube scanner at- 
tached to it is equipped with a three-dimensional interferom- 
eter. To evaluate the accuracy of the STM measurement after 
interferometric calibration, we measured a surface topograph 
standard (VLSI Standards STM-1000A No. 2344-009-023), 
which has a 100 nm depth and a 3 /an pitch. Typical data 
measured with this STM are shown in Fig. 2. The parallel 
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FIG. 1. (a) Schematic drawing of a STM. (b) Schematic drawing of a three- 
dimensional interferometer. BS1, 2—Nonpolarizing beam splitters; Ml, 2, 
3—steering mirrors; IFX, Y, Z—polarizing beam splitters with reference 
mirror and wave plates. The tube scanner has eight segmented outer elec- 
trodes to reduce the angular motion. 

spring was used for line scanning in the X direction and the 
PZT tube scanner was used to drive the tip in the Z direction. 
A slow scan speed (300 nm/s) was used for our pitch and 
depth measurements because the feedback response, which is 
important in reducing overshoot effects, calculated from the 
lowest resonant frequency in the Z direction was as low as 
760 Hz. An average of the measured step height with a stan- 
dard deviation of the standard was 100.31 ±0.44 nm, the to- 
tal number of calculations was 36, and the pitch was 3.027 
±0.016 fim when the total number was 33. On the other 

nm 
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-100 

-n n n , n n n n n 
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FIG. 2. Line scan data of a surface topograph standard. The parallel spring 
was used for line scanning and the tube scanner was used only for feedback 
motion in the z direction. The scale was calibrated by interferometry. 

hand, the certificate values for the step height and the pitch 
were 97.8± 1.5 nm and 3.00±0.02 jttm, respectively.3 

III. RESULTS 

A. Causes of errors 
1. Thermal drift 

Using the three-dimensional interferometer for correcting 
the motion of the scanner, the relative positions of the refer- 
ence mirror and the sample (and of the measurement mirror 
and probe) should be kept constant within the accuracy re- 
quired. A major source of drift can be the slow temperature 
variations of a scanning probe microscope (SPM). For accu- 
rate measurement, reducing the cause of temperature varia- 
tion is most important. Nanometer scale measurement using 
the STM with a three-dimensional interferometer typically 
requires temperature stability of better than 0.01 K/h. The 
thermal stability measured in the room used was 5 mK/h 
without any thermal feedback control. 

Since drift between the reference mirror and the measure- 
ment mirror can be measured by the interferometer, thermal 
expansion in the vertical direction was calculated using the 
length and thermal expansion coefficients of each component 
of the instrument. The expansion coefficient obtained in the 
Z direction was 2.8 X 10"6 m/K. Thermal expansion of the 
pitch direction is also calculated in the same manner, and 
yielded a value in the Z direction of 0.1 IX 10"6 m/K. The 
averaged slow scan speed was 300 nm/s, but we assumed 
that the lowest speed was 100 nm because the hysteresis 
changes the scan speed. We used a value of 30 s for single 3 
/Am pitch or step height measurements. 

2. Motion error 

Scanners do not produce a completely linear motion; they 
usually have a slightly angular motion as well, causing an 
Abbe error.10 The maximum angular motion of the parallel 
spring scanner measured by an autocollimator was 2.3 /^rad 
over the range of 250 /mm measured, i.e., better than 10 nrad/ 
/am. The Abbe offset between the laser beam line for the X 
displacement measurement and the apex of the tunneling tip 
was 15 mm, resulting in an Abbe error of 35 nm per 250 /im. 
For the Z direction, the maximum offset was 1 mm and the 
error was 2.3 nm per 250 /an. 

The angular motion of the tube scanner was measured 
using the optical lever method. The reflected beam position 
changes according to the angular motion of the measurement 
mirror. The beam position was measured by a four- 
segmented photodiode (spot 4D). The angular motion of the 
tube scanner when actuating in the Z direction was 1.4 
X10"5 rad over 8000 nm and 1.7X10"7 rad/100nm. The 
tilting motion of the mirror in the Z direction during its 3 /an 
travel in the X direction was 30 nm. 

3. Geometric error 

The combined machining and assembling error is typi- 
cally better than 0.1° (1/600 rad), and the sample setting 
error, which occurs only in the horizontal direction, is within 
1° (1/60 rad). 

JVST B - Microelectronics and Nanometer Structures 



1496 Fujii et al.: Error budget of step height and pitch using STM 1496 

Scanning direction 

Probe 

Contour 
of probe 

Gs1 Gs2 

FIG. 3. Exaggerated error caused by the feedback system and the tip shape. 
Gt—Vertical interaction gap at the top of the pattern; Gb—vertical interac- 
tion gap at the bottom; Gsl, 2—lateral interaction gaps at the side wall. 

4. Feedback error 

The interaction gap fluctuates especially around a step 
edge because the feedback response is finite. This fluctuation 
has to be estimated when a sample has a complicated shape. 
A contour of the probe scanned on a periodic pattern is 
shown in Fig. 3. The overshoot, undershoot, and deviation of 
the contour are exaggerated. Gsl and Gs2 are lateral gaps at 
half-maximum. Gt and Gb are gaps at the top and the bot- 
tom, respectively. The pitch measurement of the cyclic pat- 
tern is not affected by the feedback response because the 
repeated feedback motion can maintain the same gap at ev- 
ery half-maximum point (Gsl — Gs2). The gap distance de- 
pends on the change of probe height in the linear feedback 
control system. In this experiment, the unity gain of the feed- 
back system was given at about 300 Hz. The effective gain 
of this measurement was 103 at 0.3 Hz, and deviation of the 
tunneling gap between the top and bottom of the pattern (i.e., 
Gb-Gt) was 100nm/103=0.1 nm. 

5. Interferometer error 

It is well known that interferometer measurements utiliz- 
ing polarization show a small periodic error of the phase; 
here, 20 nmp-p was measured without using a balanced de- 
tection method.8 This periodic error was reduced to 1.00 
nmp-p, i.e., 0.35 nm rms, by balanced detection as calculated 
in Ref. 9. 

6. Tip shape error 

A pitch and step height measurement is the most suitable 
for estimating the performance of a SPM for a dimensional 
measurement because the measurement of cyclic patterns 
seen in Fig. 3 is free of the tip shape problem. This problem 
has been discussed since Stedmann.11 

B. Height and pitch measurements 

The standard deviation of the measured step height dis- 
cussed in Sec. II suggests that even if there were a contami- 
nation layer thickness, it would be uniform. Contamination 

TABLE I. Errors in the step height measurement (in nm). 

Abbe error of the parallel spring 
Error of the tube scanner 
Geometric error 
Thermal drift 
Interferometer error 
Total (rms) 
(Std. deviation of measurement) 

0.03 
0.18 
0.014 
0.12 
0.35 
0.41 

(0.44) 

does not change the value of step height and pitch. More- 
over, a STM tip modulation of 0.35 nm in the Z direction 
could change a tunneling current of one decade in this ex- 
periment. The displacement was very accurate because it was 
measured by the interferometer, and suggested that condition 
of the tunneling junction was good. We assume that contami- 
nation effects5 are negligible in our measurements. 

The shape of the mechanical ground STM tip used in this 
experiment was observed by scanning electron microscopy 
(SEM). The SEM photograph showed that the tip stiffness 
was more than 100 times harder than the contamination sty- 
lus for AFM,12 which bent less than 5 nm. We also assume 
that the tip bending effect12'13 was negligible. 

Tables I and II show the total errors calculated in the 
height and the pitch measurements, respectively. Two of the 
total errors were calculated based on the sum of the square of 
the individual errors by means of the root mean square value 
method. In the pitch measurement, the standard deviation of 
the measured data is dominant; however, in the step height 
measurement, both are comparable and a sum of the two is 
0.60 nm rms. 

C. Comparison with other methods 

To evaluate differences between the STM data and the 
certificate value of the standard pattern, step height and pitch 
of the standard were measured using a SEM (Akashi Beam 
Technology Co. CL-130) and a Mirau interferometer.14 Val- 
ues of the pitch measured by the SEM and the Mirau inter- 
ferometer were 3.12±0.04 and 3.08 /im, respectively. The 
resolution of the SEM photograph was about 10 nm. Mea- 
surement between half-maximum points, which is the same 
method used in the STM measurement, was used for the 
Wyko, image. Because the sampling spacing of the Mirau 
interferometer is as large as 0.2 /on, the measured pitch was 
1/10 for 10 line-and-spaces. The distance of the 10 line-and- 
spaces was measured four times and was 30.8 /mi each time. 

The depth was also measured from the Mirau interferom- 
eter image. A value of 100.97 ± 1.45 nm was obtained from 

TABLE II. Errors in the pitch measurement (in nm). 

Abbe error of the parallel spring 
Error of the tube scanner 
Geometric error 
Thermal drift 
Interferometer error 
Total (rms) 
(Std. deviation of measurement) 

0.45 
0.77 
0.42 

0.005 
0.35 
1.05 
(16) 
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19 data runs. The digit resolution in this direction of the 
Mirau interferometer was 0.01 nm. The flat part of the bot- 
tom of the pattern could not be observed in the Wyko image 
whereas it could be clearly seen in the STM image. A com- 
parison of the methods for pitch and step height follows. 

Pitch 

STM: 

Wyko: 
SEM: 
certificate value: 

Step height 

STM: 

Wyko: 
certificate value: 

3.027± 0.016 fim, « = 33, and 
uncertainty of 1.05 nm; 
3.08±0.00 urn, « = 4 (4X 10 pitches); 
3.12±0.04 yum, « = 25; 
3.00±0.02 fim. 

100.31 ±0.44 nm, « = 36, and 
uncertainty of 0.41 nm; 
100.97±1.45 nm, « = 19; 
97.8±1.5 nm. 

The SEM and Wyko measurements indicated that the val- 
ues measured by both instruments were larger than the cer- 
tificate values. 

IV. CONCLUSION 

Errors of the step height and pitch measurements with the 
STM equipped with a high accuracy interferometer were es- 
timated. The uncertainty of the 3 fim pitch and 100 nm step 

height measurements was 1.05 and 0.41 nm, respectively. 
The uncertainties are caused by thermal expansion, motion 
of the scanners, the nonlinearity of the interferometer, and 
geometrical error. In the step height measurement of 100 nm, 
the sum of the standard deviation of the measured data and 
the total error is still in the subnanometer range. 
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McWaid, J. Alexander, and B. P. Wilfley, J. Vac. Sei. Technol. B 12, 
3561 (1994). 
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Principle of atomic grating and its application in nanotechnology 
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We present here a new method using atomic grating fringe to achieve resolution as high as one-tenth 
of an atomic lattice in nanometrology system. The principle of this method is as follows: by 
superposing two scanning probe microscope (SPM) atomic images, when one is rotated to a specific 
small angle, moire fringes will be observed. These moire fringes have symmetry and larger 
periodicity than atomic lattice. Comparing the difference of the fringes obtained before and after 
sample displacement, we can determine the direction and quantity of movement of the sample 
within one-tenth of the lattice spacing. This method is suitable to characterizing the stability of the 
SPM instrument and to single atom location and manufacturing. © 7997 American Vacuum 
Society. [S0734-211X(97)04804-X] 

I. INTRODUCTION 

Since the first report of the scanning tunneling micros- 
copy (STM) by Binning et al.l the surprising ability of STM 
to reveal the surface topography in atomic scale has attracted 
much attention. Within the last few years, the techniques of 
the STM have made rapid progress, and they are applied to 
various fields, one of them is to nanometrology. STM was 
used to measure the surface roughness2 and microhardness,3 

the STM was used as a high resolution locating, and the 
atomic lattice obtained by STM was used as a scale to cali- 
brate the other images.4 All these applications show the great 
potential in the field of nanometrology. But the application 
of STM to metrology is still in its infancy. For instance, in 
order to get accuracy on nanometer or atomic scale, the sen- 
sitivity of the measuring system must reach one-tenth of the 
accuracy. This problem is not perfectly solved until now. 

In this article, we propose a subatomic measuring system 
using atomic grating. Atomic grating system consists of an 
STM and image processing techniques. We found that when 
two identical STM images of highly oriented pyrolytic 
graphite (HOPG) are rotated from each other for a specific 
small angle and then superposed, moire fringes will be ob- 
served over the usual atomic pattern of graphite. These moire 
fringes have hexagonal symmetry and larger periodicity than 
atomic lattice. When one above two images is moved rela- 

tively to the other for one atomic spacing, moire fringes will 
move for one period along the direction perpendicular to the 
direction which image moves along. Moire fringes have 
function of magnifying the displacement. The magnification 
is dependent on the angle rotated. Based on this characteris- 
tic, atomic grating can reach the sensitivity of one-tenth of 
atomic resolution. This atomic grating system is suitable to 
characterizing the stability of the scanning probe microscopy 
(SPM) instrument and to single atom locating and manufac- 
turing. 

II. THEORY 

When two plane waves, whose directions differ by a small 
angle of S, are superposed, then a moire pattern can be ob- 
served. The superposition of these two plane waves can be 
written in the form:5 

z=2 COS{2TT(X COS {-S+y sin £<.)} 

+ \ COS{2TT(X COS {~8— y sin \S)} 

= COS{277JC cos \S\cos{27ry sin \8} 

~cos(2-n-x)cos(27r>4<5)    if S<1. (1) 
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FIG. 1. The contours of two plane waves of Eq. (1), where z = 0.9 and S 
= 0.1. 

FIG. 2. Cross sections of Fig. 1 at X= 10 marked with plus signs, and at 
7= 10 in solid lines. 
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FIG. 3. Profiles of Eq. (2) at X= 10 marked with plus signs, and Y= 10 in 
solid lines where 5=0.1. The displacement Ax equals 0 and 0.1, respec- 
tively. 

Here the wave number vectors of the two form angle 
+ 8/2 and - 812 with the x axis, respectively. Figure 1 shows 
the 0.9 contours of Eq. (1), where 5=0.1. Figure 2 is the 
cross section of Fig. 1 at x= 10 and y = 10. From Figs. 1 and 
2, we can see when two waves with directions which differ 
by 0.1 rad superposed, moire fringes will be produced. The 
period of moire patterns is A. = 2/8 and the axis of the moire 
pattern is perpendicular to wave number vectors of the plane 
waves. But if we consider the average effect in a small win- 
dow, the period of moire patterns will be X = 1/8. 

From Eq. (1), it can be seen that along the y axis the 
moire pattern cos(2iry 1/2 8) appears. The period of the 
moire pattern is 2/8 while the plane waves' period is 1. In 
Eq. (1), if the second plane wave has a displacement, say 
Ax, then Eq. (1) should be written as 

z=2 cos{2-n-(x cos \S+y sin \8)} 

+ \ cos{27r[(x + Ax)cos \8-y sin \8~\} 

= cos{2irx cos \8+TTAX COS JS} 

*COS{2T7V sin \8— TTAX COS \8] 

sscos(277-x+TrAx)cos(T75>'-'n-Ax)    if 8<l. 

From Eq. (2), it is found that when one plane wave has a 
displacement of Ax, the moire pattern has a displacement of 
2Ax/<5. Figure 3 shows when one plane has a small displace- 
ment of 0.1, and two planes have an slight angle 0.1, the 
moire pattern displacement is 2, which is more than that of 
the plane wave. It suggests that moire fringes have the func- 
tion of magnifying displacement. Also if we consider the 

/ / / / / r/ / / > v / / / 
COMPUTER IMAGE 

FIG. 4. Schematic of the atomic grating system based on STM. 
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Combined STM Pattern, no displacement 
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FIG. 5. Simulation result of superposing of two HOPG images. The refer- 
ence image has rotated 9.8° and there is no displacement of the second 
image. The numbers on axes represent atoms. 

average effect in a small window, the moire pattern displace- 
ment will be Ax/ 8 when one plane wave has a displacement 
of Ax. 

The atomic grating system consists of an STM and makes 
use of image processing techniques. Figure 4 is the sche- 
matic of the atomic grating system. In engineering practice, 
only one piece of HOPG is needed to be attached to a mov- 
able workpiece. Before the workpiece moves, a STM image 
is obtained first and then rotated for a specific angle. This 
rotated image will be stored as the reference. While the 
workpiece moves, another new STM image is obtained and 
added to the reference STM image. By calculating the 
change of distance of the two moire fringes, we can know the 
quantity of the workpiece's movement. Because moire 
fringes have the function of magnifying displacement, for 
instance by the factor 10, we can achieve subatomic resolu- 
tion measurement by atomic grating. 

(2)       III. COMPUTER SIMULATION 

A HOPG liked image was generated by computer, and 
then rotated to a specific angle. This image was used as a 

FIG. 6. Cross section of Fig. 5 at Y = 0. The numbers on the horizontal axis 
represents atoms, and the numbers on the vertical axis are arbitrary units. 



1500 Hao et al.: Principle of atomic grating in nanotechnology 1500 
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FIG. 7. Simulation result of superposing of two HOPG images. The refer- 
ence image has rotated 9.8° and the second image has a displacement of 0.5 
atomic lattice spacing in the x direction. The moire fringe has a displace- 
ment of three atomic lattice spacings in the y direction. The numbers on 
axes represent atoms. 

reference image. Then the second HOPG liked image was 
generated and superposed to the reference image. Moire 
fringes would be observed over the usual atomic pattern of 
graphite, as shown in Fig. 5. The numbers on axes represent 
atoms. This moire fringes have hexagonal symmetry and 
larger periodicity than atomic lattice. The profile was shown 
in Fig. 6. This moire fringes indicate the initial position of 
the workpiece. When the second HOPG image was moved 
half lattice in x direction and then superposed to the refer- 
ence image, the second moire fringes would be gotten, as 
shown in Fig. 7. The whole pattern moves in y direction by 
half of big period. Its profile along Y = 0 was shown in Fig. 
8. Comparing these two moire fringes' changes, the move- 
ment of the workpiece can be obtained in subatomic sensi- 
tivity. 

»:::'<*i.i 

.*' 

*■# '* 

FIG. 9. Moire fringes of superposing of two real STM images in the initial 
position, where the relative rotation angle is 19.6°. 

IV. EXPERIMENT 

Our experiment was done with a homemade STM. When 
two STM images of HOPG were rotated clockwise and an- 
ticlockwise relative to axis X of the angle of 9.8°, respec- 
tively, we got images A and B. Images A and B were super- 
posed. Moire fringes resulted, see Fig. 9. Then image A was 
moved a displacement of four pixels along x direction and 
superposed to image B. Here the length of 50 pixels equals 1 
nm. The second moire fringes were got in Fig. 10. We used 
an image processing method, which we call the template- 
matching method (TMM), to calculate the displacement of 
the moire fringes between Figs. 9 and 10. We first selected a 
window Wa of a specific size in Fig. 9 as a reference win- 
dow, and another window Wb of the same size in Fig. 10. 
The similarity between Wa and Wb was defined as Cmn in 
Eq. (3): 

FIG. 8. Cross section of Fig. 7 at Y=0. The numbers on the horizontal axis 
represents atoms, and the numbers on the vertical axis are arbitrary units. 

FIG. 10. Moire fringes of superposing two real STM images at the second 
position, where one image has a displacement of four pixels along horizon- 
tal direction. The moire fringes have a movement of 12 pixels along the 
vertical direction. 
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FIG. 11. C,'„s„ contour of the TMM method, where the units of the x and y 
axis are both pixels and the length of 50 pixels is 1 nm. The global mini- 
mum locates at (0,12). 

-= V^ i^aij     ^bij) (3) 

where Zaij and Zbij are pixel values in Wa and Wb, respec- 
tively, m and n are coordinates ofWbs center. Cm„'s contour 
was shown in Fig. 11, where the units of the x and y axis are 
both pixels. From Fig. 11, we could see that Cmn'& global 
minimum located at (0,12). It implied that the displacement 

of the moire patterns moved 12 pixels along the y direction. 
Thus the magnification of the moire fringes was three. This 
agreed with Eq. (2). 

V. DISCUSSION 

In this article, we proposed the idea of atomic grating. 
TMM method was used to identify the quantity and direction 
of images' shift at subatomic sensitivity. It can be used in 
characterizing the stability of SPM instrument and single 
atom location system. With a feedback control system, the 
thermal shift can be compensated. The experiment result was 
in agreement with the theory. Of course, several key tech- 
niques should be well solved before atomic grating's being 
put into engineering application. There are lots of sources 
which affect SPM measurement, such as noise, thermal drift, 
and piezo scanner imperfections. Usually piezo scanners are 
neither linear nor stable, but we can use available calibration 
and compensation techniques to minimize errors below 2%. 
As well, grating averaging effect makes the measurement not 
very sensitive to the errors mentioned above. 
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4H. Kawatatsu et al, J. Vac. Sei. Technol. B 12, 1681 (1994). 
5T. Mori, H. Abe, K. Saiki, and A. Koma, Jpn. J. Appl. Phys. 32, 2945 
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Scanning tunneling microscopy (STM) was used to investigate the ultrastructure of cellulose. The 
materials used in the experiments were cotton fiber, dewaxed cotton fiber, and microcrystalline 
cellulose. The results showed that the elementary fibrils in all these kinds of cellulose could be 
directly observed from the surface and cross-sectional view with high resolution. The elementary 
fibrils assembled together in parallel, and their lateral dimension showed a great variability in 
different kinds of cellulose, but was uniform in the same kind of cellulose. Elementary fibrils were 
the smallest structural units of cellulose, and they further aggregated into microfibrils, and the 
microfibrils constituted fibrils. In each gradation, the fibers piled up in parallel. STM was useful in 
studying the fine structure of cellulose. © 7997 American Vacuum Society. 
[S0734-211X(97) 12704-4] 

I. INTRODUCTION 

Cellulose is the major polysaccharide component of plant 
cell wall and is the most abundant organic compound on the 
planet. It plays a very important role in the carbon and en- 
ergy cycles of the biosphere. Thus, more and more attention 
has been paid to studying its structure, function, and 
biodegradation.1 The existence of an elementary cellulose 
fibril (ECF), as the structural units of cellulose, was proposed 
a long time ago.2'3 Since then, the size of the smallest crys- 
talline unit has been measured in cellulose from valonia,4-8 

bacteria,4-8 cotton,2'7-9 flax,2 jute,2 and ramie,2'4"8'10'11 by 
transmission electron microscopy (TEM), wide-angle x-ray 
scattering (WAXS), and small-angle x-ray scattering 
(SAXS). It is evident from the reported data that the size of 
these crystalline regions showed a great variability. In some 
cases, this was interpreted as being due to the agglomeration 
of elementary subunits of about 35 A in size,11 and in other 
cases this interpretation was refuted and the existence of an 
ECF was questioned altogether.8 However, Jakob et al. re- 
ported that the wood cell wall was built with elementary 
cellulose fibrils having a uniform thickness of 25 ± 2 A, 
which was shown by investigating the same sample indepen- 
dently with three different experimental techniques, TEM, 
WAXS, and SAXS.9 But to date, to the best of our knowl- 
edge, the ultrastructure of cellulose has not yet been known 
completely. 

The appearance of the scanning probe microscopy (SPM) 
technique has principally opened new possibilities for the 

"'Author to whom correspondence should be addressed. 

studying of biological objects, such as macromolecules. 
Compared with other structure analytical tools, SPM can be 
performed in ambient condition, and its resolution is very 
high. It has been widely used to image the topography of 
DNA, protein, and membranes.12 In the past, atomic force 
microscopy has been used to study the structure of algal 
cellulose.13'14 Here, scanning tunneling microscopy (STM) 
was used to investigate the ultrastructure of three kinds of 
cellulose, and high-resolution STM images have been ob- 
tained. 

II. MATERIALS AND METHODS 

Cotton fiber, dewaxed cotton fiber, and microcrystalline 
cellulose were used as the materials. The cotton fiber was 
from the cultivated cotton variety HI23 A. The dewaxed 
fibers and microcrystalline cellulose Sigma cell type 50 were 
purchased as commercial reagents. The cotton fiber and de- 
waxed cotton fiber were made into powder by smashing, 
washed with distilled water, and then heated to dry at 50 °C. 
For the STM experiments, the cellulose powder was sus- 
pended in anhydrous ethanol, 20 /nl of suspension was 
dropped on newly cleaved highly oriented pyrolytic graphite, 
and then dried in air. The STM experiments were carried out 
in ambient environment with a domestic STM setup CSPM- 
930a (manufactured by the Institute of Chemistry, Academia 
Sinica). The normal STM constant current mode was used, 
with tungsten tips made by electrochemical etching. Tunnel- 
ing current and bias voltage were indicated in the relevant 
legends of the photographs. 
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FIG. 1. The STM images of cotton fiber of the variety HI23 A. Vbias 

32nmX32nm, and (d) 16nmX16nm. 

= 740 mV, /ref=0.18nA, scan area: (a) 320nmX320nm, (b) 64nmX64nm, (c) 

III. RESULTS AND DISCUSSION 

Cotton fiber is the only native pure cellulose material with 
an amount of cellulose up to 95%-97%. After being dew- 
axed, it is a good kind of substrate for structure and biodeg- 
radation researchers. 

Because the dimension of the cotton fiber with 10-100 
fim in diameter was greatly beyond the STM maximum 
scanning scale, the STM tip could only scan in a part area of 
the cotton fiber surface. Figure 1 shows the STM images of 
the HI23 A cotton fiber. The cellulose fibrils were clearly 

observed [Fig. 1(a)]. The lateral diameter ranged from 90 to 
120 nm, and their length was greatly beyond the scanning 
scale. It could be also seen that the cellulose fibrils were 
composed of thinner fibers, which was called microfibril, 
with 25-35 nm in diameter. With higher resolution, the mi- 
crofibrils could be seen more clearly [Fig. 1(b)]. It was also 
shown that the microfibrils consisted of much thinner fibers 
with a 25 ± 3 Ä diam. The thinner fibers were elementary 
fibrils, which were made up of cellulose molecules. Their 
structures were shown in Figs. 1(c) and 1(d). Some of the 
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FIG. 2.  The STM image of the dewaxed cotton fiber, 
/ref=0.18 nA, and scan area, 32 nmX32 nm. 

= 830 mV, 
FIG. 3. The STM image of microcrystalline cellulose Sigma cell type 50. 
^bia,,=475 mV, /ref=0.81 nA. Scan area 40 nmX40 nm. 

elementary fibrils were agglomerated tightly, some of them 
were dissociated from others. It could be concluded that the 
cotton fiber was built with elementary fibrils. Cellulose, as 
the native macromolecule, was constituted in the stepping 
mode. The cellulose molecule was ß-1, four-linked 
D-glucose monomers with cellobiose as repeat units; they 
aggregated together to form elementary fibrils depending on 
intra- and intermolecular hydrogen bonds. Elementary fibrils 
were the smallest structural units of cellulose. Elementary 
fibrils further assembled into microfibrils, and microfibrils 
constituted fibrils. In each gradation, the fibers were parallel 
to each other. 

Figure 2 shows the STM image of dewaxed cotton fiber 
with high resolution. The surface structure of the dewaxed 
cotton fiber could be observed, and was similar to that of the 
HI23 A cotton fiber; the elementary fibrils could be seen 
directly. The thinnest elementary fibril assembled in parallel 
with a diameter of of 30 ± 3 Ä, the chains in the elementary 
fibrils with a 7-10 A diam might be the cellulose molecule. 

In order to understand the size and arrangement of the 
elementary fibrils in the crystalline cellulose comprehen- 
sively, the surface and transverse section structures of the 
highly crystallized microcrystalline cellulose were studied 
with STM. The STM image is shown in the Fig. 3. It could 
be seen from the cross-sectional view that the elementary 
fibrils piled up, which was consistent with that observed 
from the surface view. The cross section of the elementary 
fibril was oval in shape, the diameters of the elementary 
fibrils were 18 ± 2Ä. 

The elementary fibril diameters of these three kinds of 
cellulose used above are summarized in Table I. The results 
suggested that the diameter of the elementary fibrils in the 
same kinds of cellulose was uniform. This was consistent 

with the results reported by Jakob et al. Otherwise, its actual 
value varied with the materials. It is evident from the re- 
ported data that the size of these crystalline regions showed a 
great variability. This might be due to the agglomeration of 
elementary subunits,11 just like the observed results in this 
article. 

The ultrastructure of cellulose has been studied with elec- 
tron microscopy, and a lot of information about this complex 
biological system was gained. However, to date, to the best 
of our knowledge relatively little is known about its detailed 
structure at the microscopic level. This is, in part, due to the 
fiber structure of the cellulose with crystalline and amor- 
phous domains at the microscopic level. Transmission elec- 
tron microscopy requires tedious sample preparation proce- 
dures and staining methods, which contain the danger of 
altering the structure of the sample, it is difficult to directly 
observe the structure of the elementary fibrils with higher 
resolution. Small-angle x-ray scattering has widely been ap- 
plied to the study of cellulose fibril, and some parameters, 
such as the diameter of elementary fibril, might be deter- 
mined with higher accuracy.15 However, SAXS does not pro- 
vide direct images of the structure, and the information 
gained with SAXS is averages. Compared with TEM and 

TABLE I. The elementary fibril diameter measured in three types of cellulo- 
ses. 

Types of cellulose 
Diameter of the 

elementary fibrils (Ä) 

Cotton fiber of HI23 A 25± 3 Ä 
Dewaxed cotton fiber 30 ± 3 Ä 
Microcyrstalline cellulose Sigma cell type 50 18± 2 Ä 
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SAXS, the sample preparation for STM is very simple, and 
the STM now available can process data almost immediately 
using relatively compact equipment and can provide three- 
dimensional structural information with atomic resolution, so 
STM could be used to investigate the surface structure from 
real time and real space. From the results above, we can 
concluded that it is possible to directly observe the fine struc- 
ture of cellulose of a crystalline region, such as the arrange- 
ment of microfibrils and elementary fibrils; it is especially 
possible to observe the structure and size of the individual 
elementary fibril and compare the differences between them. 
More over, STM is able to directly investigate the structure 
of biomolecules under physiological conditions; it can be 
applied to observing the dynamic process of biodegradation 
of cellulose by cellulase, such as the adsorption of cellulase 
on a cellulose surface. 

IV. CONCLUSION 

To sum up, STM was used to investigate the ultrastructure 
of cellulose of cotton fiber, dewaxed cotton fiber, and micro- 
crystalline cellulose. The existence of an elementary fibril 
could be demonstrated by STM with high resolution. More- 
over, the size and arrangement of the elementary fibrils in the 
cellulose could also be clearly observed. All the results 
showed that STM is a useful technique for investigating the 
fine structure of cellulose. 
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Nanomechanical surface characterization by atomic force 
acoustic microscopy 
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We constructed an atomic force acoustic microscope that enables one to detect out-of-plane and 
in-plane sample surface vibrations in a wide frequency range from about 100 kHz to several MHz. 
From the point of view of acoustics, an AFM cantilever is a miniaturized elastic beam that can 
vibrate in different types of modes as, for example, flexural, torsional, and extensional. We present 
a method of how to calculate the vibrational behavior of a cantilever with its sensor tip in contact 
with or near a sample surface, and how to deduce surface properties like the Young's modulus from 
the vibrations induced in the cantilever. Further, we present single-point measurements in which we 
compare ultrasonic cantilever vibration spectra where the tip is in contact with surface areas with 
different stiffnesses to force calibration curves. Finally, we present ultrasonic images taken with our 
microscope.   © 1997 American Vacuum Society. [S0734-211X(97)10604-7] 

I. INTRODUCTION 

Atomic force microscope (AFM)1 cantilevers are small 
elastic beams 100-400 /am in length and a few /jm in thick- 
ness. They often have an almost rectangular or triangular 
shape.2,3 One end of the beam is fixed to a chip of mm 
dimensions; the other free end holds the sensor tip. Often the 
cantilever is regarded as a point mass m* with a massless 
spring with stiffness kc and one resonance frequency <o0 

= yjkjm*. However, from the point of view of acoustics the 
same models can be applied to an AFM cantilever as to a 
macroscopic beam.4"6 If the beam has a homogeneous cross 
section, its most important free acoustical vibrations are flex- 
ural, extensional, and torsional modes.7'8 Table I shows the 
first ten resonance frequencies for a rectangular clamp-free 
cantilever made of monocrystalline silicon.9,10 While the 
lowest flexural and torsional resonance frequencies of soft 
cantilevers are often in the kHz range, the longitudinal 
modes have considerably higher frequencies. 

When the sensor tip fixed to the cantilever is brought into 
contact with a sample surface, flexural or torsional cantilever 
vibrations can be excited (Fig. 1). A piezoelectric ultrasonic 
transducer excites longitudinal or shear acoustic waves in the 
sample under examination. Longitudinal waves generate out- 
of-plane vibrations a{t) of the sample surface [Fig. 1(a)]. 
The elastic contact and the adhesion interaction between the 
tip and the surface force the tip to vibrate. Since the acoustic 
wavelength is much larger than the tip, one can argue that 
the forces acting on the tip act as a point force to the free 
cantilever end and therefore the tip and the free end of the 
cantilever vibrate at the same amplitude and flexural modes 
are excited. When a shear wave transducer polarized perpen- 
dicularly to the cantilever length axis is coupled to the 
sample [Fig. 1(b)], primarily the torsional cantilever vibra- 
tions will be excited.11 If the sensor tip follows the in-plane 
surface vibration as{t) with a lateral tip amplitude dM(t), 
the corresponding torsion of the cantilever end will be 6 
<** tan 6 = dlm(t)/h, where h is the tip height. This means that 

the sensitivity of the AFM to lateral surface displacements 
depends not only on the torsional stiffness of the cantilever 
but also on the length of the sensor tip. 

II. IMAGING 

The cantilever vibrations forced by a vibrating sample 
surface can be used for imaging.12'13 In our atomic force 
acoustic microscope, we use a commercial AFM with a beam 
deflection position sensor. For generating acoustical vibra- 
tions we use conventional shear and longitudinal wave trans- 
ducers with resonance frequencies between ~1 and 
~ 10 MHz. The sample, with the transducer coupled to it, is 
imaged in the contact mode. While the topography image is 
acquired and the feedback loop is activated, the transducer is, 
for example, excited by tone bursts of 20-50 cycles and 
several volts of amplitude. The resulting surface displace- 
ment generates high-frequency flexural or torsional cantile- 
ver vibrations in addition to the low-frequency movements 
due to topography or friction. These high-frequency pulses 
are measured by a fast external position detector, a knife- 
edge detector,14 that we added to the AFM.13 By rotation of 
the knife edge by 90° either flexural or torsional cantilever 
vibrations can be detected. At each image point, the mea- 
sured amplitude or phase of the cantilever vibration signal is 
fed into the second channel of the AFM, digitized, and dis- 
played as a color coded acoustic image. 

As an example of these images, Fig. 2 shows a layered 
polymer sample that was cut with a microtome; it is com- 
posed of two phases with different mechanical properties. 
Figure 2(a) shows the topography and Fig. 2(b) the acousti- 
cal flexural vibration image of the same 15 X 15 pan1 surface 
area. The excitation signal for the longitudinal wave trans- 
ducer under the sample was a tone burst at 900 kHz carrier 
frequency. A rectangular cantilever made of silicon with a 
spring constant of 22 N/m was used. In Fig. 2(c) the sample 
topography of a larger 40X40 fim2 surface area can be seen 
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TABLE I. Flexural, torsional, and extensional resonance frequencies of a 
clamp-free AFM cantilever made of silicon with the dimensions of 
260 fimXSl /xmX 1.5 yu,m (lengthXwidthXthicknes) and a stiffness kc of 
about 0.6 N/m. For the dispersive flexural modes the wave number k„ mul- 
tiplied by the cantilever length L are also shown. 

Flexural waves 

Torsional waves 
Extensional 

number n knL Frequency waves 

1 1.875 31 kHz 331 kHz 8.19 MHz 
2 4.694 192 kHz 992 kHz 24.57 MHz 
3 7.885 543 kHz 1.65 MHz 40.95 MHz 
4 10.996 1.06 MHz 2.31 MHz 57.32 MHz 
5 14.137 1.75 MHz 2.98 MHz 73.70 MHz 
6 17.279 2.61 MHz 3.64 MHz 90.08 MHz 
7 20.420 3.64 MHz 4.30 MHz 106.46 MHz 
8 23.562 4.85 MHz 4.96 MHz 122.84 MHz 

9 26.704 6.23 MHz 5.62 MHz 139.21 MHz 
10 29.845 7.78 MHz 6.28 MHz 155.59 MHz 

and Fig. 2(d) shows the corresponding torsional vibration 
image. The shear wave transducer was excited with tone 
bursts of 10 cycles at 1.07 MHz carrier frequency and 5 V 
amplitude. A triangular cantilever made of Si3N4 was used. 
The stripes that protrude several /j,m high [material (1)] show 
a higher signal level than the matrix [material (2)] in the 
flexural vibration image as well as in the torsional vibration 
image. 

III. FORCED FLEXURAL VIBRATIONS: THEORY 

If one assumes that the vibration amplitude and frequency 
of the sample surface are known, the theoretical problem is 
to calculate the resulting cantilever vibration signal. The 
equation of motion for flexural vibrations in a beam with 
uniform cross section is a differential equation of fourth 
order.7'8 When the sensor tip is not in contact with a sample 
surface, the situation of a clamp-free cantilever arises which 
is well known.7'8'15 When the sensor tip approaches the 
sample surface, forces are acting between the end, which was 
free before, and the sample surface. These forces, which 
originate from elastic (plastic) deformation and different 
forces of adhesion, are the subject of investigation because 
they contain information about, for example, local sample 
surface elasticity or adhesion. These forces influence canti- 
lever vibration because they transmit acoustic energy from 
the surface to the tip and they change the boundary condi- 
tions at the previously free cantilever. 

Although only in a few cases do analytical formulas for 
tip-sample interaction forces exist, in principle all interac- 
tion forces can be attributed to a force curve F(z) which 
gives the net interaction force at a given tip-sample separa- 
tion z. F(z) can also display hysteresis. Generally, it is a 
nonlinear function of z. One possible theoretical approach is 
to solve the equation of motion numerically taking the full 
nonlinear interaction force F(z) into account. This was done 
recently by our group.16 Figure 3 shows one example where 

Excitation of 
flexural vibrations 

(a) 

Excitation of 
torsional vibrations 

c^~-  

as(t)   h 

5^e(Utj) 
diat(t) 

(b) 

Shear wave 
transducer 

FIG. 1. (a) Excitation of flexural cantilever vibration by a sample insonified 
with longitudinal waves and (b) shear waves polarized perpendicular to the 
length axis of the cantilever causing an in-plane vibration of the sample 
surface, lateral tip movement, and excitation of torsional cantilever vibra- 
tions. 

the vibration amplitude of a rectangular cantilever in contact 
with a chromium surface was calculated by analytical deri- 
vation of an equation of motion for the surface-coupled end 
of the cantilever which was then numerically integrated in 
time. The cantilever data were similar to those used for cal- 
culation of the resonance frequencies in Table I. A sample 
surface vibration at 1.6 MHz carrier frequency with an enve- 
lope shown in Fig. 3(a) was the excitation pulse. The force 
curve F(z) used for the calculation was composed of three 
different empirical analytical functions and fitted to experi- 
mental conditions using a force calibration curve.17 The re- 
sulting cantilever amplitude signal shown in Fig. 3(b) repre- 
sents a low-frequency deflection away from the sample 
surface superimposed by a high-frequency vibration. By 
low-pass and high-pass filtering the two different compo- 
nents of the vibration can be separated and there is very good 
agreement with experimental results.18-20 

Analytical solutions for cantilever vibration can be ob- 
tained if vibrations of the sensor tip relative to the sample 
surface are small. In this case F(z) can be approximated by 
using its derivative —k at the equilibrium tip-sample dis- 
tance z that was adjusted before the acoustical vibration 
started. This means that the interaction force is modeled by a 

linear spring with stiffness k fixed between the free canti- 
lever end and the sample surface (Fig. 4). Whereas in the 
case of a nonlinear interaction force subharmonic or higher 
harmonic excitation is possible,21 in the linear case, when the 
surface vibrates harmonically out-of-plane with an amplitude 
a(t) = a0e'°", the cantilever will vibrate at the same fre- 
quency (O/2IT as the sample surface. The remaining theoret- 
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o 
(b) 

ultrasonic amplitude       15.0 m 
flexural vibration 

Height 
3.74 MM (d) 

ultrasonic amplitude 
torsional vibration 

40. 

FIG. 2. A polymer sample composed of materials (1) and (2) with different stiffnesses was imaged using flexural cantilever vibrations at a frequency of 900 
kHz (b), and using torsional cantilever vibrations at 1.07 MHz (d). (a), (c) Corresponding topography images acquired simultaneously with the acoustical 
images. 

ical problem is, therefore, to calculate the local vibration 
amplitude and the phase along the cantilever. 

In the situation shown in Fig. 4, the relative tip-sample 
vibration y(L,t)-a(t) gives rise to an elastic force and a 
damping force summed in Fww : 

Fwn-\k* + yww—j[y(L,t)-a(t)] 

= (k* + ifoyww)[y(L,t)-a(t)], (1) 

where y(L,t) describes the vibration of the cantilever at 
x = L and yww is a damping constant that takes into account 
energy losses due to the tip-sample movement. The static 
cantilever deflection is chosen to be zero (see Fig. 4). The 
wave number k=2Tr/\, where X is the acoustical wave- 
length, obeys the dispersion relation for flexural vibrations in 
bars:7"9 

(2) 

Here, E is the modulus of elasticity, p is the mass density, 
A is the cross section, and / is the area moment of inertia of 
the rectangular cantilever. Fww can now be expressed as 

k* ,    /   1 
ww        \EI    lJwwli   V EIpA [y(L,t)-a(t)l   (3) 

If this force is added to the appropriate boundary condition, 
the following complex local vibration amplitude y(k,x) can 
be calculated: 
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a) Sample surface vibration c) Average cantilever deflection 

fus = 1.6 MHz 

47 us 

b) Resulting cantilever vibration at x = L d) High frequency cantilever vibration 

n    high 
pass    s .„„, 

FIG. 3. Result of a numerical calculation of the cantilever vibration using a nonlinear force curve. Vibration amplitude (a) of the sample surface, (b) as an input 
signal ensuring vibration amplitude at the free end of the cantilever, (c) the low frequency component of (b), and (d) high-frequency component of the 
cantilever vibration. 

y(k,x)-- 
-(sin &L + sinh kL)(cos £x-cosh kx) + (cos fcL + cosh &L)(sin kx-smh kx) 

(1 + cos kL cosh kL) 4- cosh kL sin kh - sinh kh cos kL 

(4) 

k*/EI + i ywwk2 yjllEIpA 

The local spectral cantilever amplitude y(w,x) is obtained 
by taking the absolute value of the complex amplitude and 
by using the dispersion relation [Eq. (2)]. Figures 5(a) and 
5(b) show two examples where the local vibration amplitude 
along the cantilever was calculated and plotted for two dif- 
ferent contact stiffnesses k* using Mathematical2 The ver- 
tical axis shows the local vibration amplitude y(x) normal- 
ized to the amplitude of the harmonic sample surface 
vibration a0. The frequency of the sample surface vibration 
is plotted from left to right. The frequency axis is normalized 
to the lowest flexural vibration frequency w0=27r/0 of the 
free cantilever. The third axis is the coordinate along the 
cantilever. 

If k* is low compared to the cantilever stiffness, the vi- 
bration amplitude is maximal at x = L. The cantilever be- 
haves like a nearly clamp-free one. If k* is increased, the 
resonance is shifted towards higher frequencies. Now the 
maximum of the vibration amplitude is not at x = L but in the 
middle of the cantilever, which means that the cantilever 
now vibrates more like a flexible string fixed at two ends. 

Figure 6 shows the normalized cantilever vibration ampli- 
tude y(x)/a0 at x = L as a function of the normalized surface 
vibration frequency a)/a)0. The spectral range is larger than 

in Fig. 5 because three resonances are now included. Thus 
one can see again that the resonance frequencies move to 
higher values if k* is increased. However, the resonance 
frequency of every mode remains within a spectral range, 

x = 0 x = L 

Cantilever tjle 

ww 

x Sample surface ■ 

FIG. 4. Linear model for the cantilever vibrating in contact with a sample 
surface. The clamped end of the cantilever is at A:=0 and the other end is at 
x = L. The force interaction is approximated by the linear spring k*. The 
dashpot yww represents damping forces due to tip-sample movement. Can- 
tilever vibrations are excited by the sample surface vibrating out-of-plane 
with an amplitude a(t). 
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FIG. 5. Three-dimensional plot of the analytical solution for the cantilever 
vibration obtained with the linear model shown in Fig. 4. (a) k*/kc= 1, (b) 
k*/kc = 50. Please note that the frequency and amplitude scales are different 
in (a) and (b). 

shown by the shaded area. The amplitudes of the resonance 
peaks increase with increasing k*. This means the suffer the 
spring k* the better the coupling between the sample surface 

k7kc=10 

10 15 20 25 30 

Angular Frequency co / co0 

FIG. 6. Vibration amplitude at x = L as a function of the surface vibration 
frequency a normalized to the fundamental frequency o;0 of the free canti- 
lever. The spectral range is chosen so that the first three modes can be seen. 
Depending on the stiffness k* every resonance frequency can shift within a 
fixed spectral range, shown as shaded area. 

c 
""*-*    —5 I !U J 
i_ T3 „«r*- \M A > a 
CD — 

—■*—*%. ~~~, 
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r F (o\ 
co as 

Frequency 200 kHz/div 

FIG. 7. Experimental spectra measured on the polymer sample shown in Fig. 
2. The upper signal was measured on the protruding stripes [material (1)] 
and the lower signal was measured on the surrounding matrix [material (2)]. 

and the cantilever that causes a higher cantilever vibration 
amplitude. Additionally, for the mode n= 1, mode n = 2, and 
the values of k*/kc assumed, one observes crossing of the 
spectra which leads to a contrast reversal20 because not only 
the amplitude but also the resonance frequency of the peaks 
depend on k*. 

IV. EXPERIMENTAL DETERMINATION OF THE 
CONTACT STIFFNESS 

Figure 7 shows the cantilever vibration spectra obtained 
experimentally if the tip is in contact with the polymer 
sample surface as was seen in Fig. 2. The second and the 
third resonance frequencies of a rectangular cantilever made 
of silicon with a spring constant kc of 22 N/m can be seen. 
On the striped material (1) which showed higher amplitudes 
in the acoustical images the resonance maxima have higher 
amplitude and the resonances are slightly higher in fre- 
quency in comparison to those of matrix material (2). The 
contact stiffness k* can be calculated from the resonance 
frequencies9 and are listed in Table II. 

On samples with a relatively low Young's modulus, like 
polymer samples, the contact stiffness can also be deter- 
mined from force calibration curves (Fig. 8). The same can- 
tilever used for the vibration experiment was used here. The 
vertical axis which displays the cantilever deflection was 

TABLE II. Comparison of the values for the contact stiffness k* of a silicon 
tip on a polymer sample obtained from force calibration curves and from the 
resonance frequencies of the cantilever. 

k* calculated k* calculated 
from the force Resonance from the resonance 

Material curve frequencies frequencies 

(1) 21 N/m 655 kHz 100-200 N/m 
Stripe 1.705 MHz 

(2) 4 N/m 615 kHz 10-20 N/m 
Matrix 1.695 MHz 
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z position 22 nm/div z position 22 nm/div 

FIG. 8. Force calibration curves from the sample and the same cantilever 
used in Fig. 7. The two components of the polymer sample are again labeled 
(1) and (2), the same as image (a) of Fig. 2. 

calibrated using a SiC sample with kfk>kc. A difference in 
slope in the contact region can clearly be seen. The contact 
stiffness kf of the polymer can then be calculated by con- 
sidering the cantilever spring kc and kf as springs in series 
leading to the formula: 

*,* = 
kcMs 

AL-AL 
(5) 

Here, i = 1,2 stands for the striped and for the matrix material 
of the polymer sample, respectively, and Al,- is the required 
z displacement to obtain the cantilever deflection Als (see 
Fig. 8). In accordance with the results from the acoustic ex- 
periment, the slope is higher on the striped material (1) 
which means that the contact stiffness k* is higher than on 
the matrix material (2). In Table II the values obtained from 
the force calibration curves are compared with the values 
obtained from the resonance frequencies. The fact that k* 
calculated from the resonance frequencies is much higher 
can be attributed to various reasons. The cantilevers are not 
perfect rectangular beams and damping forces were not con- 
sidered when evaluating the frequencies. Although care was 
taken to make the acoustical vibration amplitudes as small as 
possible, nonlinearities of the force curve might have 
changed the resonance frequencies. Errors may also arise due 
to the low spectral resolution that we obtained with the 
present experimental setup. It is also very possible that poly- 
mers show a higher stiffness at higher frequencies. Further 
experiments and calculations are planned to explain the high 
k* values. 

From the contact stiffness k* the Young's modulus of the 
sample surface can be calculated if, as an approximation, 
contact models like Hertzian contact mechanics23 are used. 
The adhesion forces can be treated like an external force 
added to the cantilever force. The complete force curve 
F(z) should be known in principle however. One problem in 
quantitative determination of surface properties is the un- 
known shape of the sensor tip. Stable sensor tips with a 
well-defined radius of curvature and a low cost are still not 
available. 

V. SUMMARY 

Apart from the simple contact mode, different AFM im- 
aging techniques were developed where the sample surface 
or the cantilever is vibrated while the sample surface is 
scanned. When the AFM cantilever is regarded not only as a 

point mass with a massless spring but as a beam that can 
vibrate in different acoustical modes, a broader theoretical 
understanding can be obtained for many of these techniques. 
Furthermore, flexural and torsional vibrations with frequen- 
cies up to the MHz range can be used for acoustical imaging. 
In order to calculate the excitation of flexural cantilever vi- 
brations excited by out-of-plane surface vibrations, the equa- 
tion of motion of a cantilever coupled to a sample surface 
with a nonlinear interaction force was solved numerically. 
With a linear approximation of the interaction force an ana- 
lytical solution for the cantilever vibration was obtained. 
From the resonance frequencies of a cantilever vibrating with 
its sensor tip in contact with a sample surface, the tip- 
sample interaction stiffness k* was determined experimen- 
tally and compared to values obtained from force calibration 
curves. 
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By using the noncontact atomic force microscope with a frequency modulation detection method, 
the force gradient induced by the optical evanescent field was detected in a high vacuum. We 
succeeded in measuring the exponential distance dependence of the force gradient induced by the 
optical evanescent field. Furthermore, we investigated the incident beam intensity and bias voltage 
dependence of the force gradient induced by the optical evanescent field. We confirmed that the 
detection mechanism is not photofhermal effect but the surface photovoltage effect. © 1997 
American Vacuum Society. [S0734-211X(97)13504-1] 

I. INTRODUCTION 

Various types of scanning near-field optical microscopes 
(SNOMs)1 with subwavelength resolution have been devel- 
oped as alternatives to a conventional optical microscope. 
SNOM is one typical application using evanescent fields. As 
an usual technique in SNOM, the (optical) evanescent field 
has been usually detected by using a tapered optical fiber 
with a subwavelength sized aperture2'3 or small scattering 
tip4'5 

Recently, as an alternative method to detect the evanes- 
cent field, detection of image force between a semiconductor 
atomic force microscope (AFM) tip and a glass surface was 
proposed.6 In that experiment, modulation frequency of an 
incident beam was set to the resonance frequency of the can- 
tilever to make use of the resonance enhancement, and the 
force induced by the evanescent filed was estimated from the 
cantilever deflection. It was clarified that the origin of force 
is based on the phenomenon called surface photovoltage 
(SPV). Furthermore, the performance of this novel method 
as near-field optical microscopy was preliminary demon- 
strated by imaging the standing evanescent wave in a mod- 
erate vacuum or in ambient.7 

Recently, by using the noncontact mode AFM with the 
frequency modulation (FM) detection method,8"10 we mea- 
sured the distance and polarization dependence of the force 
gradient induced by the evanescent field.11 In this novel 
method, there are two advantages: One is extreme high sen- 
sitivity for force detection, because of the sensitivity en- 
hancement due to a very high Q value of the cantilever in a 
vacuum.12 The other is the possibility of accurate estimation 
of the local force gradient, because capillary forces caused 
by the water film on the sample surface can be completely 
removed in a high vacuum (~ 106 Torr). 

In this article, we investigate the force gradient induced 

by the evanescent field. Further, from the measurements of 
the incident beam intensity and bias voltage dependence, we 
also examine the SPV model for the force mechanism in 
SNOM. 

II. EXPERIMENT 

Figure 1 shows the schematic diagram of the noncontact 
mode AFM to detect the evanescent field. The evanescent 
field was generated by total internal reflection of a laser 
beam at the interface between a glass prism and a vacuum. 
The force gradient F' acting on the silicon AFM tip was 
measured using the FM detection method. In this method, the 
piezoelectric tube scanner was used to vibrate the cantilever 
at its mechanical resonance frequency, v0. The positive feed- 
back system with an automatic gain control (AGC) circuit 
was used to maintain the vibration amplitude of the cantile- 
ver at a constant level. The frequency shift A v of the canti- 
lever was detected by a tunable analog FM demodulator. 
Here, the force gradient F' acting on the AFM tip is approxi- 
mately given by the following equation8: 

F'i 
Av 

ilk —, (1) 

"'Electronic mail: masa@ele.eng.osaka-u.ac.jp 

where k is the spring constant of the cantilever. When the 
AFM tip approaches the glass prism surface, both van der 
Waals attractive force and the image force due to the eva- 
nescent field exerts on the AFM tip. Here, the incident beam 
was modulated at a frequency vchop by the optical chopper, 
and the force due to the evanescent field was detected as an 
ac component of the force gradient at a frequency vchop. On 
the other hand, the van der Waals force was measured from 
the dc component of the force gradient. 

The detection of the evanescent field using the AFM tip 
was performed in a high vacuum (10"6-10"4 Torr). A 
triangle-shaped prism was used to generate the evanescent 
field. Light beam from laser diode (\=690 nm, 30 mW), 
He-Ne laser (\=633 nm, 7 mW), or Ar laser (\=488 nm, 
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FIG. 2. FFT spectrum of the FM demodulator output when He-Ne laser 
without focusing was incident at a modulation frequency vchop= 100 Hz. 
Using a mechanical chopper to modulate the incident beam, it resulted in 
peaks at frequencies of 100, 300, and 500 Hz. These peaks indicate the force 
gradient induced by the evanescent field. 

FIG. 1. Schematic diagram of noncontact mode AFM with the FM detection 
to detect the optical evanescent field. 

25 mW) was incident through a viewpoint of a vacuum 
chamber. Incident angle with the glass prism surface was 
60°. 

Sb-doped conductive silicon cantilevers with a sharp tip 
were used as a force sensor. When the attractive force gra- 
dient F' acting on the AFM tip exceeds the spring constant 
k of the cantilever, the cantilever jumps into the sample sur- 
face. So, for a force sensor, stiff silicon cantilevers were used 
to suppress the jump of the cantilever and to avoid the crush 
of the initial sharp tip.10 The resistivity of the cantilever was 
p=0.01-0.02 Ü cm. The spring constant k and the resonance 
frequency v0 of the cantilever were k= 35-57 N/m and v0 

= 150-170 kHz, respectively. The radius of curvature, the 
apex angle, and the height of the tip were 5-15 nm and 
40-45° and 10-15 jjm, respectively. 

III. RESULTS AND DISCUSSIONS 

When the AFM tip approaches the prism surface without 
irradiation of the incident beam, the dc component of the 
force gradient F' due to the van der Waals force remained 
zero for the AFM tip to prism surface distance larger than 
2-3 nm, and also the ac component was at noise level. How- 
ever, with irradiation of the incident beam, the ac component 
of the force gradient F' was observed even in the far region 
more than 2-3 nm. Here, we define that z = 0 is the distance 
where the AFM tip begins to be in contact with the surface; 
at z = 0, the positive feedback system with the AGC circuit 
for vibrating the cantilever starts to be unstable. Figure 2 
shows the fast Fourier transform (FFT) spectrum of the FM 
demodulator when He-Ne laser was incident at a modulation 
frequency vchop= 100 Hz. We can see that the force gradient 
acting on the AFM tip was modulated at frequencies of 100, 
300, and 500 Hz by the incident beam. Peaks at 300 and 500 
Hz are harmonics induced by the harmonics of the incident 
beam because the mechanical chopper was used to modulate 
the incident beam. 

Figure 3 shows the force gradient F' distance curve in- 
duced by the evanescent field as a function of the distance 
between the prism and the AFM tip. Incident beam from 
laser diode at modulation frequency 1 kHz was used. Spec- 
trum analyzer with analog output was used to measure the 
force gradient F'. Bias voltage at -10 V was applied to the 
prism to enhance the signal. As the tip approaches the prism 
surface, the force gradient F' increased. From this experi- 
ment, we confirmed the exponential distance dependence of 
the force gradient. 

There are two possibilities for the light-induced force in- 
teraction mechanism between the incident beam and the 
AFM tip. One is the thermal expansion effect for the prism 
surface and/or the tip apex due to the photothermal effect of 

FIG. 3. Force gradient F'distance curve induced by the evanescent field. The 
measurement took about 5 s. The horizontal axis corresponds to the distance 
between the prism and the AFM tip (10 nm/div). Vertical axis corresponds 
to the force gradient F' (arbitrary unit) induced by the evanescent field. 
Laser diode was used for incident beam modulated at a frequency of 1 kHz. 
Spectrum analyzer with analog output was used to measure the force gradi- 
ent induced by the evanescent field. Resolution bandwidth and video band- 
width of the spectrum analyzer were 300 and 10 Hz, respectively. -10 V 
was applied to the prism to enhance the signal. 
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FIG. 4. Incident beam intensity dependence of the force gradient induced by 
the evanescent field. Ar laser without focusing was used for incident beam. 
Horizontal axis corresponds to the incident beam intensity. Vertical axis 
corresponds to the force gradient F'. Circles (•) indicate the measured 
force gradient. Solid line indicates the fitted result of measured data as a 
function a + b In (1) where / is incident beam intensity, and a and b are 
fitting parameters. 
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FIG. 5. Bias voltage dependence of the force gradient induced by the eva- 
nescent field. He-Ne laser without focusing was used for incident beam. 
Horizontal axis corresponds to the bias voltage applied to the sample as 
shown in Fig. 1. Vertical axis corresponds to the force gradient F'. Circles 
(•) indicate the measured force gradient. The measured force gradient de- 
creased linearly with bias voltage from -10 to 0 V. This result agreed with 
the SPV model. However, force gradient could not be detected at applied 
voltage larger than +3 V. 

the incident beam. The other is the SPV effect induced by 
the band bending on the silicon AFM tip surface suggested 
by Mertz et al.6 

In order to confirm the SPV model, the incident beam 
intensity and bias voltage dependence of the force gradient 
F' were investigated. In the SPV model, force induced by 
the evanescent field became saturated with the increase of 
incident beam intensity,6 and varies linearly with bias 
voltage.7 Figure 4 shows the measured incident beam inten- 
sity dependence of the force gradient F'. Circles (•) indi- 
cate the measured force gradient. Solid lines indicate the 
calculated result by least square method. The force gradient 
F' seems to be saturated with the increase of incident beam 
intensity. This tendency agrees well with the SPV model. 
Figure 5 shows the measured bias voltage dependence of the 
force gradient F' induced by the evanescent field. Circles 
(•) indicate the measured force gradient. Dotted lines indi- 
cate the noise level of the force gradient. The force gradient 
F' varied almost linearly with bias voltage from -10 to 0 V, 
and agrees well with the SPV model in this regime. How- 
ever, the force gradient F' could not be detected at applied 
voltage larger than +3 V. In the experiments of Figs. 4 and 
5, we have obtained the same results in different glass 
prisms. Tentatively, we attributed the reason why the force 
interaction was not observed, to the effect due to the surface 
state density of the semiconductor AFM tip. That is, in the 
Hipp et al.'s experiment,7 surface state density of the semi- 
conductor AFM tip with oxide layer was high and the Fermi 
level was pinned. In their experiment, bias voltage was ap- 
plied to the tip through an ohmic contact. Hence the force 
induced by the evanescent field varied linearly with the ap- 
plied bias voltage. However, in the present experiment, the 
oxide layer on the AFM tip seems to be removed due to the 
slight contact with the prism surface in a high vacuum, and 
surface state density of the semiconductor AFM tip seems to 
be low and the Fermi level was unpinned. In this condition, 
band bending and hence barrier capacitance are dependent on 

the bias voltage. Barrier capacitance is increased with de- 
crease of the bias voltage in the negative bias region, while 
that is almost constant in the positive bias region. As a result, 
in the positive bias region, although the semiconductor AFM 
tip is positioned in the near-field region and electron-hole 
pairs are created, SPV will be unchanged. Namely, the force 
gradient seems not to be detected at the voltage larger than 
+ 3 V. 

IV. CONCLUSION 

By using the noncontact mode AFM with FM detection 
method in a high vacuum, the force gradient induced by the 
evanescent field was detected. There are two advantages of 
this method. One is high sensitivity as a force sensor. The 
other is that the local force gradient can be estimated without 
influence of capillary force due to water film on the prism 
surface. Using this method, we measured the force gradient 
distance curve induced by the evanescent field. We measured 
the incident beam intensity and bias voltage dependences of 
the force gradient induced by the evanescent field. As a re- 
sult, we confirmed the SPV model suggested by Mertz et al.6 

In the future, the SPV model needs to be modified to explain 
the results of the distance and polarization dependence of the 
force gradient.11 
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Work is described on the fabrication of uncoated probe tips for reflection scanning near-field optical 
microscopes. A chemical etching process with a rotator, and a simple device to make the tips by a 
heating-pulling method without a heating laser are introduced. Both techniques allow some 
manipulation of the tips. Merits and demerits of these two methods are discussed. Finally, it is 
suggested that observation of the far field scattering pattern of the tips can be used to check the 
usefulness of the tips.   © 1997 American Vacuum Society. [S0734-211X(97)04004-3] 

I. INTRODUCTION 

In scanning near field optical microscopy (SNOM),1 the 
mainstream is still to use an optical fiber tip scanning above 
the sample surface to pick up the optical near field.2 In the 
microscopy, the signals received by the probe tip contain 
both the evanescent field and the propagating waves. To en- 
sure a high proportion of the evanescent field collection, the 
probe tip has to be extremely small and close to the surface. 
The smallness of the probe tip enables the field components 
with higher spatial frequencies to be collected. The probe 
tips are commonly made of tapered optical fiber with end 
sizes in the range of <100 nm. In the so called transmission 
mode SNOM (TSNOM),3 the tips are coated with metal to 
form a 20-50 nm aperture at the very end of the tip, while 
uncoated tips are widely used in the reflection mode SNOM 
(RSNOM).4"7 Both single mode and multimode optical fi- 
bers have been in use. 

There have been two methods to fabricate the fiber tips, 
namely the chemical etching2'8 and heating-pulling 
process.3'9'10 The chemical etching method is easy to imple- 
ment with low cost and is still in use. The smallest tips can 
be made by carefully choosing the chemical solvent8 and 
high optical transmission efficiency is realizable.11 However, 
the acids used to etch the fibers are highly poisonous, which 
limits the use of the method. In SNOM, the widely used 
method to form tips is the heating-pulling process.3'9 The 
pulling is usually realized by a commercial puller and is 
controlled by a computer. The heating is performed by a 
laser (C02 or other type) with a typical laser power 10-30 
W and beam spot sizes of 2-3 mm. The laser may also be 
controlled by the computer. A sophisticatedly designed 
heating-pulling setup provides tips suitable for most of the 
applications in SNOM. However, an obvious disadvantage of 

a)Mailing address: Institute of Physics—UNAM, P. O. Box 439036, San 
Ysidro, California 92143; Electronic mail: mufei@ifisicaen.unam.mx 

b)On Sabbatical leave from IFUNAM, Lab. Ensenada. 

the setup is that the high cost may prevent small research 
groups from being equipped with it. 

In the present article, we report our work on both chemi- 
cal etching and heating-pulling processes. We have devel- 
oped a controllable etching process. In the process, we rotate 
the etching acid, which brings about several advantages: 
faster etching, smoother tip surface, better symmetry, and a 
controllable length of the tip inside the acid. In order to 
better control the tip size, we used a multistep etching 
scheme. The tips are washed with purified water and checked 
by optical microscopy every 5-10 min so that the fabrication 
is more accurately controlled. 

Despite the simplicity of the chemical etching process, the 
setup is not desired in the work place mainly because of the 
hazardous acid. The chemical etching takes a long time, and 
also, the remains of acid on the tip surface are difficult to be 
washed away completely. In order to realize a fast, reliable 
and in situ tip forming, we have designed a simple heating- 
pulling device for making fiber tips. A resistance coil re- 
places the laser, while the puller is driven by a mechanical 
spring. Comparing with the common laser-pull systems, the 
cost of our setup is actually negligible and the tip fabrication 
can be realized in any place, even with the fiber aligned on 
the microscope. Despite its simplicity, the device is able to 
produce equally good tips in comparison with the conven- 
tional laser-pull systems. 

The above two techniques are comparatively discussed in 
this article. Advantages and technical restrictions are out- 
lined. Finally, we discuss how to check the tips before use in 
microscopes. We propose to measure the far field scattering 
patterns. Based on the far field pattern, the usefulness of the 
tips may be estimated, especially for RSNOM applications. 

The organization of the article is as follows. In Sec. II, we 
describe the novel features of the chemical etching process. 
In Sec. Ill, we describe the setup and process for heating- 
pulling. In Sec. IV, we take notes on advantages and general 
technical restrictions of both processes. We discuss the char- 
acterization of the tips by measuring the far field patterns. 
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FIG. 1. Schematic of the etching setup with a magnetic rotator. 

II. THE ETCHING 

In this section, we present technical notes on our chemical 
etching process. Chemical etching has for a long time been 
used to form SNOM tips. The technique was used in the first 
SNOM experiments using optical fiber tips.2 Since then 
many groups have used and improved the process. In Ref. 8, 
some important aspects in the chemical etching process were 
discussed, and in particular, it was pointed out that selective 
etching may be realized with a composed etching solution 
and it would be helpful to etch the fiber in two steps with 
different chemical solutions. In the present article, we em- 
phasize some novel features we have introduced in our ex- 
periments. We have previously described in general the etch- 
ing process with some manipulation of the tip shape. 
Progress has been made recently by employing a rotator in 
the etching solution and a multistep etching scheme. 

The use of a rotator in the etching is schematically shown 
in Fig. 1. We have used earlier in our experiments a rotating 
motor to hold the acid container. Recently, we have replaced 
the motor by a rotator, which is easier to operate with. The 
rotator is a magnetic cylinder sank in the etching solution. 
The rotator is driven magnetically by a stirrer-hot plate 
(VWR502 by DYLA-DUAL). The rotation speed can be 
controlled by the plate. The rotation results in eddy flow of 
the liquid surface. In the center of the liquid surface, the 
surface height goes down with the increase of the rotation 
speed (see in Fig. 1). The higher the speed, the lower the 
surface height. The optical fiber is introduced vertically into 
the acid at the center of the liquid surface. During the pro- 
cess, a red light is coupled into the fiber from the other end 
(or the fiber is already aligned in the microscope). The vis- 
ible light spot at the fiber end is helpful to determine the 
immersion length of the tip. The light spot is also important 
to monitor the process, which will be discussed in Sec. IV in 
this article. When the fiber end is immersed into the liquid, 
due to surface tension, the liquid tends to creep up along the 
fiber. This problem can be partially avoided by the rotation 
of the liquid. Also, the fine adjustment of the immersion 
length may be realized by changing the rotation speed. Gen- 

erally speaking, by using the rotation technique, we have 
improved the etching in the following aspects. First of all, 
the etching time is shortened considerably. To form a tip 
with end size —50 nm, the etching can be done in 20-30 
min, instead of 120-240 min if the liquid is kept static. Sec- 
ond, the fabricated tips come out smoother and more sym- 
metric compared to the static etching. It is worth mentioning 
that we have checked a few fabricated tips with a scanning 
electron microscope (SEM) and we have not found tips with 
end sizes smaller than ~20 nm, which seemed to be the size 
limit of our etching process. Note that in Ref. 8, tips with end 
sizes of a few nanometers were reported. We stress that in 
the RSNOM configuration, if the fiber is used both as the 
light emitter and the collector, one has to ensure sufficient 
incident light.5 Extremely small tips may not be useful in 
RSNOM (see discussions in Sec. IV). 

A difficulty in the etching was that the etching time ap- 
pears not to be an accurate controllable parameter for the 
process even with all other conditions fixed in the experi- 
ments. In a certain range of time, the formed tips vary in size 
and shape. In light of this, we have designed a practical 
multistep etching scheme. During the etching, the tip is 
washed in purified water every 5-10 min and, from time to 
time, checked with a X25 optical microscope, so that prom- 
ising tips may be identified. The change of the scattering 
pattern, observed in a dark room or photographed with the 
microscope, is a good indication of the usefulness of the tips. 
Note that SEM photography may allow better evaluation of 
the tip, but the method is unfortunately destructive and more 
importantly, the relation between the tip shape and the im- 
aging quality remains, to a large extent, an open question 
both in theory and in experiment. 

In the experiments, we have used 50% HF acid and New- 
port F-MSD fibers (core 50 yurn and cladding 125 fim). Us- 
ing the etching process, we have fabricated tips ranging from 
20 to 200 nm in size. A photograph of a fabricated tip is 
presented in Sec. IV, where we also discuss the estimated 
usefulness of the tips by observing the far field scattering 
pattern. 

III. THE HEATING PULLING 

As already mentioned in the introduction, despite the sim- 
plicity of using the above described etching process to make 
the tips particularly useful for RSNOM, the etching acid is 
not desirable in the laboratory, especially if the tip has to be 
made on the spot. Motivated by the absence of the high 
power laser and the multistage puller in our laboratory, we 
have designed and fabricated a simple heating-pulling device 
for making fiber tips. We have been able to substitute the 
laser and multistage puller that have been widely used in the 
field. 

In Fig. 2, the device is depicted. The fiber end is firmly 
held by two identical holders made of teflon. The holder can 
move smoothly inside a fixed aluminum tube. The two hold- 
ers are pulled by a spring through a fishing thread of nylon 
(<£=0.5 mm). The spring is fixed at one end, and the fishing 
thread is fixed at the free end of the spring. The free end of 
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FIG. 2. Schematic of the heating-pulling setup. 

the spring can be contracted to provide the pulling force. The 
contracted length controls the initial pulling force. A nickel- 
chrome wire ((£=0.5 mm) forms a one turn coil of diameter 
2.5 mm, which is driven by a power supply. The temperature 
distribution in the center of the coil is, therefore, a simple 
function of the driving current. 

In the device, the pulling is driven by a mechanical 
spring. We have carefully chosen the spring (1.6 cm long, 
1.5 cm diameter, five turns of steel wire with <£=0.9 mm), 
and calibrated the contraction range, so that the pulling is 
performed by the well known spring potential which de- 
creases gradually during the thinning process. 

Let us now describe the experimental steps. First of all, 
one fixes the fiber and contracts the spring. One then in- 
creases the current to set the highest temperature, which 
takes ~1 min to have the temperature established. For most 
fibers, 1100-1200 °C is sufficient. The fiber breaks apart 
eventually after about 2-3 min. The setup has to be mounted 
vertically to avoid forming asymmetric tips. We have 
checked the tips with an optical microscope of X25 for a 
rough estimation and with a SEM for final characterizing. 
The shape and size can be varied by changing the contraction 
length of the spring and the current of the coil. For a specific 
fiber, once the setup is adjusted for making desirable tips, the 
fabrication is reliable. 

A tip formed by the device is shown in Fig. 3. The optical 
fiber was F-MSD from Newport with a 50 /jm core and a 
125 /xm cladding. The tip size is well within 50 nm [see Fig. 
3(b)]. 

IV. SOME DISCUSSIONS 

In this sectipn, we first present a comparative analysis on 
the advantages and disadvantages of the above two methods. 
As far as uncoated tips in RSNOM are concerned, it seems 
desirable that the very end of the fiber tip acts like a pointlike 

(a) 

FIG. 3. SEM photos of a pulled tip, (a) 10 fan bar; (b) 0.1 fan bar. The dots 
are guide of eyes. 

emitter5 and the light leakage before the very end should be 
avoided. For a workable fiber tip, one is able to experimen- 
tally determine such a scattering center.5'12 Our experiences 
with the above two fabrication processes have shown that the 
chemical etching makes tips more like a point scatter. This is 
because the etching can make tips with larger taper angles 
(typically 20°-50°) and the tip surface is smoother in com- 
parison to the pulled tips. In the light of the above analysis, 
we particularly recommend our etching process for making 
interactive mode fiber tips that are often used in RSNOM. 
The developed heating-pulling process can also make work- 
able tips but the leakage of the light through the sidewall of 
the tips may complicate the received signals. The pulled tips, 
which have usually small taper angles, are however suitable 
to be coated and used in other configurations in SNOM. 

The primary disadvantage of using the etching technique 
is the harmful environment it creates, and also the longer 
etching time. The choice between the two methods should be 
made in consistence with specific experimental conditions. 

In the following, we discuss how to estimate the useful- 
ness of the fabricated tips. Apparently, one may want to 
know the accurate physical shape of the tip, which may be 
realized with high resolution microscopes, such as a SEM. 
However, the microscopes may be either destructive or too 
remote for in situ tip checking. Even if one can have the 
accurate photograph of the tips without destroying them, one 
still does not know whether the tip can have a good imaging 
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(b) 

FIG. 4. Photos of an etched fiber tip with (a) and without (b) light scattering. 
The diameter of the tip is 50 /xm. 

quality in RSNOM applications. So far, the relations be- 
tween the tip shape and the resolution of RSNOM are un- 
known both theoretically and experimentally. Some prelimi- 
nary experiments results in SNOM configuration to 
determine the polarization state were reported in Ref. 13. 
Theoretically, three dimensional modeling to relate the tip 
shape and light scattering to the near field imaging quality 
has not been reported. To determine the usefulness of the 
tips, one may use the tip in RSNOM with known samples. 
However, the estimation is rough because there are many 
parameters involved in the interactive RSNOM 
configuration.14 Also, it should be convenient to have the 
estimation before the use of the tips. For this purpose, we 
have been attempting to relate the far field scattering to the 
imaging quality. The far field scattering is easy to observe 

FIG. 5. Schematic of far field scattering pattern of a tapered fiber tip, vertical 
(a), circle (b), and parallel (c). 

and record, which can be done during the fabrication pro- 
cess. We keep the light coupled into the fiber during the 
etching (or after the pulling for pulled tips). Different scat- 
tering patterns may be observed in a dark environment, en- 
suring that the scattering occurs only at the very end of the 
tip (pointlike scatterer). Identified tips are further checked 
with the X25 microscope, and if necessary, recorded by 
camera. In Fig. 4, a fabricated tip is photographed under the 
X25 microscope with [Fig. 4(a)] and without [Fig. 4(b)] the 
light scattering. From the photographs, one realizes that 
though the very end of the tip is not completely resolved by 
the microscope, the light scattering pattern has been re- 
corded, and looks like a circle. In summary, the scattering 
pattern of a tip acting as a pointlike scatterer can be identi- 
fied by simple observation. 

The remaining question is how to determine which kind 
of the scattering pattern is desired in the RSNOM experi- 
ments. A preliminary discussion of this problem may be 
found in Ref. 12. Generally speaking, three typical patterns 
may be easily identified, which are schematically drawn in 
Fig. 5. In Fig. 5(a), the light is concentrated toward the 
sample surface, while in Fig. 5(c) the light goes along the 
surface, and in Fig. 5(b) the scattering is a circle (as in the 
case of Fig. 4). Supposing the tips are small enough, one 
may consider the scattering as a point dipolar field.15 One 
understands that the case in Fig. 5(a) is likely to be caused by 
a parallel (to the sample surface) exciting field at the very 
end of the tip, while the case in Fig. 5(c) corresponds to a 
vertical exciting field, and the case in Fig. 5(b) is a mix of 
the two polarizations. This understanding can be verified by 
the well known dipole field 

E(r) = 
o»1eiw/c°l 

4ire0c0 
2   3 \U 

-1    3ic0     3c*; 
cor 2   3 colr 

nn P. (1) 

where to is the light angular frequency, c0 the light speed in 
vacuum, U a unit tensor, n a unit vector in r direction, and p 
the dipole moment induced at the source point. However, in 
the above dipole field, there are two components: the homo- 
geneous (propagating) field and the evanescent field. In the 
far field scattering, only propagating waves may be ob- 
served. In contrary, in near field optics, the desired part is the 
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evanescent field which dominates the field near the scatterer. 
Recently, one of us (M.X.) has realized an exact decompo- 
sition of the dipole field.    The resulting evanescent field can 
be written as 

Eev(r) = 
4TT€0CI 

1 

Yr 2   3 U + 
2r 

34 
o>2r3 nn P 

(2) 

The homogeneous field can be obtained either by a direct 
integration or by Eh = E - Eev (see Ref. 16 for details). The 
importance of the above decomposed formalism to the tip 
testing is that the field distribution calculated with the above 
formulas are helpful to estimate the possible evanescent field 
distribution from the measured far field scattering pattern. It 
can be readily proven that the strongest evanescent field ex- 
ists in the direction parallel to the exciting field. Therefore, 
the case in Fig. 5(a) means little evanescent field may inter- 
act with the sample features, while the case in Fig. 5(c) of- 
fers a strong concentration of the evanescent field towards 
the sample. In light of this, the tip in Fig. 5(c) may provide 
the best resolution in imaging. In practice, since the tip acts 
interactively with the sample features, the situation is more 
complicated than what we understand with simple dipole ra- 
diation and there is a need to have sufficient incident light. It 
has been found in our experiments that the tips between Figs. 
5(b) and (c) would be the desired probes.12 A detailed nu- 
merical study on the polarization effects in RSNOM is pub- 
lished elsewhere.17 

In conclusion, in the present work we have developed a 
chemical etching process with a rotating chemical solution 
and multistep etching control, and we have made a new 
heating-pulling device to substitute the common laser-puller 
system. It is pointed out that as far as tips in RSNOM are 
concerned, chemical etching makes better tips. We have also 

proposed a practical method to monitor the tip fabrication 
and to determine the usefulness of the tips by measuring the 
far field scattering pattern emitted from the very end of the 
fiber tip. 
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Near-field optical microscopy with uncoated tips: Calibration, chemical 
contrast on organic crystals, and photolithography 

G. Kaupp,a) A. Herrmann, and M. Haak 
University of Oldenburg, FB9 Organic Chemistry I, D-26111 Oldenburg, Germany 

(Received 12 August 1996; accepted 14 April 1997) 

Reflection-back-through-the-fiber scanning near-field optical microscopy (SNOM) measurements 
with uncoated tapered fiber tips, that remain cold, were performed under shear-force distance 
control for opaque and transparent rough samples. The feedback dynamics of the commercial 
(DME) RASTERSCOPE SNOM were tested with a 3000/500 nm gold grating at very high scan 
rates. Slow rates give rise to thermal broadening due to heating of the gold surface by partial light 
absorption. Enhancement of the light intensity at the base by reflection from steep walls on four 
sides is reported, the steepness contrast being less important. Doped gallium arsenide substrates give 
materials contrast. Extremely rough porous silicon has been probed. Organic chemical contrast is 
seen for the first time with SNOM on partly oxidized anthracene at large dislocations. Anthracene, 
anfhraquinone, and their charge-transfer complex are clearly discriminated by different reflectivities. 
Irradiated a-cinnamic acid exhibits a chemically uniform surface and, thus, no SNOM contrast 
despite the anisotropic ^im high features that are observed. Photolithography on light-absorbing 
2,5-dibenzylidene-cyclopentanone crystals with the tip illuminated at an «* 10 nm distance provides 
an easy, inexpensive, and rapid performance test of single tips. Very long local irradiation creates 
features that widen and reach heights of 300 nm. © 7997 American Vacuum Society. 
[S0734-211X(97) 14504-8] 

I. INTRODUCTION 

Scanning near-field optical microscopy (SNOM) includ- 
ing light tunneling1 was performed with eight basically dif- 
ferent configurations.2 The three most popular devices re- 
quire very blunt metal coated tapered fiber tips that become 
very hot even at low light intensities and eventually melt at 
higher intensities.3'4 Such behavior is unsuitable for organic 
and biological samples that do not allow for temperature 
gradients of 100 K over distances of 10 nm or less and ex- 
hibit roughness. Therefore, cold, i.e., uncoated, tips are es- 
sential for organic samples. The best choice is the reflection- 
back-through-the-fiber mode5 if the feedback dynamics 
under shear-force control6 are high. Resolution below the 
diffraction limit is high even in very rough organic samples 
which cannot be probed by the more recent Lecher wave- 
guide tetraprobe.7 Chemical and physical-state contrast may 
be obtained on natural samples if the reflectivity is discrimi- 
nated. 

II. EXPERIMENT 

A RASTERSCOPE SNOM from DME (Copenhagen) 
was used with single mode uncoated tapered fiber tips (ra- 
dius at the end 10-15 nm) that do not maintain polarization 
and that were pulled in a laser based P-2000 micropipette 
puller (Sutter Instruments, Novato, CA). Q factors were 
=«100 and dither amplitudes were 10-30 nm at frequencies 
of 140-200 kHz near the mechanical resonance of the tips. 
Damping force settings were chosen as low as possible 
(0.012-0.017 nN), and loop gains of 0.125-0.177 were ap- 
plied. The light intensity from an Ar+ laser (model 161 LGS 
from Laser Graphics) at 488 nm was measured with a Spec- 

a)Electronic mail: kaupp@kaupp.chemie.uni-oldenburg.de 

tra Physics powermeter model 404. The intensity that arrived 
at the end of the tip was 60-80 /ULW, the one coming back 
after passing the crossed polarizers to eliminate all unwanted 
reflections of primary light from lenses, interfaces, etc. was 
up to 1 fiW. The scan rate was optimized between 10 and 
120 fim/s at a resolution of 512X512 points. The feedback 
dynamics were checked with a porous silicon sample that 
was covered with 50 nm of silica (nominal depth 2 /nm, 
diameter 1.5 fim) and that gave only tip imaging when 
scanned with pyramidal Si3N4 tips. However, the fiber tip 
under shear-force control went down to more than a 1 /jm 
depth between symmetrically traced hills at a 1.5 /xm peak 
distance (50 of them in an area of 121 yum2) at a scan rate of 
40 fim/s without significant overshooting. The measured 
roughnesses Rms and maximum heights were 215 nm and 1.4 
fjm, respectively. The photomultiplier was from 
Hamamatzu, model H5783-01. Calibration for the width and 
height was done with an interferometric fabricated three- 
dimensional (3D) gold double grating (200 nm gold layer on 
silicon) type CAL 3000/500-A from IMS, Roskilde. The raw 
data were processed and imaged with Digital Instruments 
NanoScope III software.8 

Single crystals of anthracene (1) were obtained from eth- 
anol in the form of scales [i^/a, mainface (001)], the 
thickness of which was microscopically determined to be 
8-10 fim. Monoclinic prisms of anthracene (1) were ob- 
tained from 1,2-dichloroethane [Pl^a, mainfaces {110}]. 
The crystals were stored in air in closed bottles for 2 and 1 
years, respectively (the prisms also for 2 months for com- 
parison) prior to the SNOM measurements. The only prod- 
uct, anfhraquinone (2), is well known and was identified by 
high-performance liquid chromatography (HPLC), and ultra- 
violet (UV), Fourier transform infrared (FTIR), 'H-nuclear 
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magnetic resonance (NMR) spectroscopy after chromatogra- 
phy of 1 g samples. 

The charge-transfer complex (formula 3) was obtained by 
briefly melting a 1:1 mixture of compounds 1 and 2. After 
cooling, a homogeneous brown crystalline mass was ob- 
tained. The color disappeared upon solubilization, however 
solid state diffuse reflection spectra (Perkin-Elmer 55IS UV/ 
vis spectrometer with a reflection sphere and MgO as the 
white standard) indicated strong absorption at 488 nm for 
complex 3, whereas crystals of compounds 1 and 2 or ground 
mixtures therefrom were transparent. 

Irradiations of crystals of a-cinnamic acid (4) were per- 
formed with a water-cooled mercury high-pressure lamp 
through a Pyrex filter from a 5 cm distance in vacuum or at 
365 nm and a band pass of 6.4 nm. In photolithography the 
vibrating tip was kept at a damping force setting of 0.14 nN 
under shear-force control and positioned by proper offsets 
within a previously chosen area, prior to illumination for the 
times given. 

III. RESULTS AND DISCUSSION 

A. Gold and gallium arsenide substrates 

Gold gratings are frequently used for calibration purposes. 
Light from illuminating fiber tips will however, locally heat 
up gold surfaces that absorb strongly at 488 nm. The stan- 
dard reflectance for massive gold and vacuum deposited gold 
is 36.5% (480 nm) and 25.3% (490 nm).9 The thermal ex- 
pansion effects that ensue decrease the resolution of the fea- 
tures and have to be minimized by very rapid measurements, 
which, of course, require high feedback dynamics. Figures 
1(a)-1(c) show a selection of shear-force images of a 
3000/500 nm gold double grating (prior to the final adjust- 
ment of the x,y,z piezos) with an illuminating tip at 100, 63, 
and 32 /mi/s scanning rates, respectively; the true shape of 
the features is shown in the perspective image of Fig. 1(d). 
Both types of images were taken for all rates with the same 
tip at the same settings with and without light in order to 
show that sharp features are obtained at high and at low rates 
in the absence of thermal effects. It can be seen that the very 
fast recordings do not exhibit overshoots. While the features 
in Fig. 1(a) approach, but do not fully reach, the sharpness of 
those measured with a nonilluminated tip [Fig. 1(d)], it is 
clearly seen in Figs. 1(b) and 1(c) that the shape of the fea- 
tures becomes more and more fuzzy the slower the scan rate 
is. Thus, even at rather dense features of 500 nm in height 
the very high scan rates are essential on gold surfaces if the 
quality of the SNOM image has to equal that of nonillumi- 
nated shear-force traces. Such heating problems do not oc- 
cur, of course, with transparent or weakly absorbing samples. 

The gold double grating, which is scanned down to the 
flat base by our setup, is a valuable tool for calibration and 
for assessing topographic artifacts in reflection-back- 
through-the-fiber SNOM with slim uncoated tips. Figures 
1(a) and 1(e) indicate attainment of the constant distance 
mode over all the grating. Thus, no SNOM contrast should 
occur on the rough gold surface. Figures 1(e) and 1(f) (ther- 
mal loss of resolution at the rate of only 70 fim/s) show, 

however, that increased light pickup occurs if the tip is down 
above the flat regions between four adjacent steeply sloping 
gold planes that reflect light to it. Thus an increase of light 
intensity is observed due to far-field reflection from the 55° 
steep sides10 into the center. A steepness artifact will de- 
crease the reflection into the fiber while scanning the slopes 
at constant distance because of sidewise reflection. But such 
artifacts are minor, with the bright SNOM features in Fig. 
1(f) being only about five times as high as the peaks that are 
hard to see that correspond to reflections from the tops of the 
grating features in the low intensity regions. Important is the 
fact that in true constant distance mode with very slim tips, 
no topographic signals occur at 55° slopes or in features 500 
nm in height. The far-field reflection from regularly fabri- 
cated gold surfaces is a unique feature. 

In a similar way, a highly reflecting gallium arsenide sub- 
strate with dots of indium phosphide on it was very easily 
scanned with the RASTERSCOPE SNOM. Fewer reflecting 
and more reflecting spots side-by-side were detected indicat- 
ing materials' contrast and its as yet unclear local chemistry 
(e.g., several phases, corrosion, etc.).11 The relative reflec- 
tivities of materials will likely become available as soon as 
the technique matures. 

B. Partially autoxidized anthracene 

It appears to be advantageous to use the versatile SNOM 
setup for probing transparent organic crystals despite their 
low reflectivity. In the absence of thermal effects reflectivity 
differences of unlike molecules should give rise to chemical 
contrast. This has been achieved with crystalline anthracene, 

o 

+ 1.5 0a 

-HüO 

anthracene 1 anthraquinone [j 2 

0 

charge-transfer complex jj 3 

which autoxidizes to give polar anthraquinone when large 
prisms from 1,2-dichloroethane (2 mm long and 0.5 mm 
thick) are exposed to oxygen, whereas very thin scales (8-10 
fjm) from ethanol (both have the space group P2X la) do not 
autoxidize. 

Product 2 was analytically identified and further products 
were not found; however, we have synthesized the brown 1:1 
charge-transfer complex (formula 3) that may be an interme- 
diate and that absorbs the 488 nm laser light. Oxygen pre- 
treated scales (2 years) or prisms (1 year) of anthracene do 
not give SNOM contrast on their (001) and (110) faces. 
Thus, the flat surfaces with corrugations in the 10-30 nm 
range exhibit chemical uniformity and were not locally au- 
toxidized. The reason for the nonreactivity towards oxygen 
on (001) and (110) is apparently the molecular packing of 
molecules 1. On (001) all molecules 1 stand steeply (67°) on 
their short edge.12 Thus both central carbon atoms (the reac- 
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FIG. 1. 3000/500 nm gold double grating; shear-force topography with illuminating tip (488 nm, 60 fiW) at (a) 100, (b) 63, and (c) 32 fim/s scan rates, 
showing the decrease in resolution due to a thermal effect; (d) shape of the undisturbed features measured with a dark shear-force tip at 40 /im/s; (e) and (f) 
simultaneous shear-force AFM/SNOM images at 488 nm and a 70 /ira/s scan rate showing thermal broadening of the features and increased reflection yield 
when the tip is down between the features. All measurements were performed with the same tip. 

tion centers) are completely hidden. On (110) molecules 1 
stand on their long edge and are tilted at 76° and 23°,12(a) 

with the steep molecules shielding the ones lying flat. At 
best, one of the reaction centers is available from the mol- 
ecules in the topmost layer and the multicenter reaction via 
the labile anthracene-9,10-endoperoxide also cannot begin. 
For geometric reasons, both reaction centers of anthracene 
will be available at faces that are skewed with respect to their 
natural {110} faces. That situation occurs at large disloca- 
tions, which are rather frequent on (110) of anthracene. One 
of them (1 year exposure to air) is shown in Fig. 2(a). The 

height of the dislocation is 400 nm at a slope of 20°-25°. 
Shear-force atomic force microscopy (AFM) reports only to- 
pography but cannot discriminate chemical identities, there- 
fore the features at the base of the slopes of Fig. 2(a) do not 
appear unusual in AFM. It is only SNOM [Fig. 2(b)] that can 
determine chemical differences due to different efficiencies 
of reflectivity. The slightly corrugated planes (both levels) 
exhibit intermediate reflectivity. The features at the lower 
parts of the slopes and halfway up give enhanced reflectivity. 
Decreased reflectivity occurs at the upper parts of the slopes. 
So we have three different situations at the sites of chemical 

JVST B - Microelectronics and Nanometer Structures 



1524 Kaupp, Herrmann, and Haak: SNOM with uncoated tips 1524 

FIG. 2. (a) Simultaneous shear-force AFM and (b) 488 nm SNOM images at a large dislocation on a (110) face of 1 (P2, la) showing topography and 
chemical contrast, respectively; the scan rate was 50 /jm/s. 

reaction and correlation with the crystal structure is perfect. 
Assignment to the analytically identified species is straight- 
forward. Unpolar anthracene (1) exhibits intermediate near- 
field reflectance. Polar anthraquinone (2) is more reflective in 
the near field. The light-consuming brown charge-transfer 
complex (formula 3) reflects into the tip the least. We are 
able to discriminate the sites of nonoxidation, full oxidation, 
and half-oxidation with submicroscopic resolution, and what 
we see is true chemical contrast. Similar behavior was found 
in prisms of anthracene that were exposed to air for 2 months 
at large (diameter 3 or 5.5 /j,m, depth 400 nm) or smaller 
craters in their (110) face. In those cases, the decreased near- 
field reflectance due to the sites of the charge-transfer com- 
plex (3) was more pronounced since the local oxidation was 
less complete. The bright SNOM features are very wide, 
however, and we can differentiate details of 100 nm in size 
in the increased reflectivity areas of the large scans. 

The question of near-field reflectance efficiency is now 
being studied by Keller.13 Almost nothing is known yet, ex- 
cept that it is not the bulk refractive index that is important 
(quantum electrodynamics leads to the consideration of 
spacelike and timelike couplings). Answers to these prob- 
lems have to be determined both theoretically and by reliable 
empiric measurements. That also requires local near-field 
spectroscopy, which cannot presently be performed on very 
rough organic crystals, but will probably emerge from the 
now commercial Courjon SNOM technique.5'12(b) 

C. SNOM on photolyzed o-cinnamic acid 

Feature-forming photolysis of a-cinnamic acid (4) gives 
rise to a-truxillic acid (5) in a nontopotactic reaction.14'15 

H00C. 

Ph. 

"Ph hv H00C 

crystal 
-\ 

C00H 
C00H I*      " 5 

The reflectivities of conjugated compound 4 and nonconju- 
gated compound 5 must be different. It was therefore of in- 

terest to check if chemical contrast would be seen at and 
around /xm high features that grow out of the bulk above the 
flat (010) surface, or if the chemical composition is uniform 
all over the surface. It can be seen from Fig. 3(a) that /mm 
high features have built up anisotropically, with the slopes 
under the rims reaching 45°-55°, as reported.14'15 The 
SNOM image, however, does not show significant contrast: 
the traces at the rims' location do not exceed the random 
roughness of the image. Again, we did not produce an opti- 
cal image by scanning over topographical features which are 
more than 1 /xm high. The same is true for 300-nm-high 
parallel ridges that were formed at a 365 nm tail irradiation 
and that do not exhibit SNOM contrast.15 These observations 
support the view that the photodimerization occurs every- 
where in the surface region initially down through about 
1300 molecular layers and that the primary feature-forming 
phase rebuilding is the result of pressure relief from the crys- 
tal bulk by long-range molecular movements along cleavage 
planes. Furthermore, it was shown that the very high features 
result from a secondary transformation. Nevertheless, the ab- 
sence of a SNOM contrast indicates chemical uniformity all 
over the rough topography at least in the topmost layers of 
compounds 4 and 5. But chemical contrast is expected with 
all solid systems that choose an island mechanism.15 

D. Photolithography with uncoated SNOM tips 

As uncoated tapered tips remain cold, it is possible to 
produce photochemical feature-forming transformations with 
light-absorbing organic crystals15'16 rather than by ablating4 

or melting of organic materials with hot coated tips. Thus, 
crystals of 2,5-dibenzylidene-cyclopentanone (6) photo- 
dimerize and -trimerize at 488 nm irradiation. 

Such photochemistry with uncoated tips is certainly not a 
means for high-density data storage, because the illuminated 
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FIG. 3. (a) Simultaneous shear-force AFM and (b) 488 nm SNOM image of 
«■-cinnamic acid on its (010) face after 15 min irradiation at \>290nm 
showing up to 1.5 /im high features that grew anisotropically but do not 
exhibit significant SNOM contrast; the parallel fissures cut the c axis of the 
crystal at an angle of 40°. 

spot is rather large. However, it does provide an easy and 
rapid means to judge the quality of single tips by the width 
of the features obtained (that is also important for metal- 
coated tips). 

Furthermore, the directly obtained width of the illumi- 
nated area is important and was important for the interpreta- 
tion of Fig. 1. Two hills have been created in Fig. 4 at dif- 
ferent preselected offset positions. The large one grew to 1.4 
lim diameter at 30 min irradiation by the nonscanning tip 
under shear-force control, while the smaller one acquired a 
700 nm diameter after 5 min irradiation at a different prese- 
lected spot on a natural (001) face of compound 6. These 
features are indicative of a good tip. It is also shown in Fig. 
4(b) that the large hills collected their material by forming a 
groove and by leveling down previously present features. 
Such lateral and vertical long-range molecular movements 
are common to organic solid state photochemistry. They 
choose the easiest ways that are offered by the crystal pack- 
ing (e.g., along glide planes, etc.) and have been comprehen- 
sively elucidated by correlating AFM results with x-ray crys- 
tal structure data.15'16 Thus, for tip quality measurements a 2 
min irradiation at 70 /uCW 488 nm output appears to be the 
best choice in our low cost, rapid test. Similar photolithog- 
raphy was reported recently using photodimerizing 
9-chloroanthracene.15'16 It appears, however, that the easily 
available crystals of compound 6 are more versatile. The 
photochemical features may be also of interest for high- 
density data storage, but only if high-quality crystals are lo- 
cally irradiated with low-aperture or apertureless7 tips. The 
features need not reach the enormous heights as in Fig. 4(b) 
and 3D data storage (location and height) should be feasible. 

IV. CONCLUSIONS 

SNOM with uncoated cold tips is a versatile tool that 
gives reproducible chemical contrast and chemically inter- 
pretable images at submicroscopic resolution beyond the dif- 
fraction limit. Very detailed conclusions can be drawn on 
rough surfaces just by recording relative reflectance. This 
technique will be quite important for use in organic and bio- 
logical chemistry, in physics, and with inorganic materials. 
The light intensities that are collected at the recorder are 
probably high enough to use the reflection-back-through-the- 

FIG. 4. (a) Shear-force AFM topography of a fresh (001) surface of compound 6; (b) the same surface after 30 min (large hill) and 5 min (small hill) irradiation 
at two preselected spots using an offset device under shear-force constant distance control showing an increase of the feature at long irradiation and the 
collection of material from the environment. The images were turned 90° with imaging software to show the groove that was also formed. 
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fiber SNOM in diffracting devices for local fluorescence and 
Raman spectroscopy of very high spatial resolution at fast 
recording while avoiding detrimental thermal effects and to- 
pology influences.12(b) It is most important to have a tech- 
nique that can be run without liquids, which, of course, 
change all kinds of solid organic surfaces by swelling, sol- 
vation, and dissolution at least on the molecular level. 
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Preparation of probe tips with well-defined spherical apexes 
for quantitative scanning force spectroscopy 
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A method for the preparation of scanning force microscopy (SFM) tips with spherically shaped tip 
apexes and known tip radii by exposing commercially available silicon cantilevers to the electron 
beam of a transmission electron microscope is presented. The spherical shape of the tip apexes was 
achieved by growth of a contamination layer at the end of the tip using the electron-beam deposition 
process. Well-defined radii between 7 and 120 nm could be produced. The importance of such tips 
for quantitative SFM measurements is discussed. Topographical measurements on a special test 
sample are shown as well as measurements of the frictional force as a function of the loading force 
as an example for quantitative spectroscopical measurements. © 1997 American Vacuum Society. 
[S0734-211X(97)02004-0] 

I. INTRODUCTION 

The principle of scanning force microscopy (SFM), origi- 
nally developed by Binnig et al.1 in 1986, relies on the ac- 
curate measurement of the forces interacting between a 
sharp, pointlike tip and a suitable sample. These forces can 
be of quite different nature such as attractive van der Waals 
forces, ion-ion repulsion, electrical, magnetical, capillary 
forces, etc.2 In the years after the invention of SFM, the 
method was predominantly applied as a tool for spatially 
resolved mapping of forces. The main requirements for tips 
used in SFM experiments were stability during scanning 
(against wear and flexing) and a sharp tip apex (i.e., a small 
radius of curvature) in order to obtain a high lateral resolu- 
tion and to prevent the occurrence of tip artefacts (see, e.g., 
Refs. 3-7). 

In recent years, much effort was made towards exact 
quantitative measurements of the force acting between tip 
and sample (cf., e.g., Refs. 8-12). The most frequently used 
model for the comparison of such experimental quantitative 
force microscopy results with theoretical calculations is one 
of a perfect sphere with radius R interacting with an atomi- 
cally flat surface; examples and illustrations of this issue can 
be found, among many others, in Refs. 2, 8, 13, and 14. 

However, SFM tips, which are commonly used today, of- 
ten show a significant deviation from the assumed sphere-on- 
flat model. It is obvious that a slightly truncated pyramidal 
tip will have a completely different contact area-load depen- 
dence than it will be if it is obtained from the sphere-on-flat 
model.15'16 This makes it difficult to obtain detailed quanti- 
tative information from SFM experiments on forces which 
depend on the actual contact area of tip and sample, as is the 
case, e.g., for adhesive, capillary, elastic, or frictional forces. 
Similar arguments also complicate the analysis of long-range 
forces such as van der Waals, electrostatic, or magnetic 
forces, which are mostly measured using noncontact modes. 
Therefore, many results from SFM measurements have so far 
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been restricted to qualitative imaging, keeping some param- 
eters constant rather than reaching the goal of an absolute 
determination of the measured forces with a subsequent 
analysis in terms of a quantitative theory.17 

The consequence of the issues discussed above is that for 
many quantitative SFM investigations, the use of tips with a 
known shape of the tip apexes is mandatory. Since the tip/ 
sample interaction area in force microscopy is often very 
small (contact areas below 1 nm2 are possible even in contact 
mode measurements13), the tip shape should be exactly de- 
fined down to the nanometer scale. For the sake of easy 
comparison with theoretical calculations, a spherical tip apex 
is preferable. In this article, we will describe the preparation 
of SFM tips with a well-defined spherical shape of the tip 
apexes and known tip radii which come quite close to the 
requirements mentioned above. 

II. TIP PREPARATION 

The preparation of tips with a well-defined spherical 
shape of the tip apexes was realized by the contamination of 
doped single-crystalline silicon tips18 with amorphous carbon 
in a transmission electron microscope (TEM)19 by means of 
electron-beam deposition. The use of electron-beam deposi- 
tion for the preparation of SFM tips is well known and many 
articles were already published describing various aspects of 
preparation and imaging properties of such tips (see, e.g., 
Refs. 20-24). These tips were always needlelike grown tips. 
The method presented in this article, however, includes the 
coating of a tip with a layer of amorphous carbon, as will be 
described. 

To carry out the coating, the tips were positioned edge-on 
in the electron beam so that the complete cantilever was 
visible at low magnification in side view. This allows for the 
accurate measurement of the cantilever thickness, the canti- 
lever length, and the tip length. These dimensions are, be- 
sides the width of the cantilever, important for a correct de- 
termination of the vertical and torsional spring constants of 
the cantilever.12 Then, the electron beam was focused on the 
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a b) 

FIG. 1. Growth of a contamination layer on the apex of a commercially available SEM tip etched from doped single-crystalline silicon during the examination 
of the tip in the TEM. The micrograph presented in (a) was taken after 10 min exposure of the tip to the electron beam, (b) after 17 min (c) after 24 min, and 
(d) after 34 min. The radius of the tip at the beginning of the coating was estimated to =«8 nm, the final radius was determined to (48±4) nm. 

very tip end at typical magnifications of about 430 000 X. 
The typical parameters of the microscope during imaging 
and coating were 60 kV acceleration voltage, 10-20 /nA 
emission current of the filament, 2-4 X 10~4 Pa background 
pressure, and a spot size of =1 fjum in diameter. 

During the imaging of the tip apex, the growth of a con- 
tamination layer can be observed (Fig. 1). Molecules from 
the residual gas are ionized in the electron beam and accel- 
erated towards the tip end.20'22'23 There, the molecules spread 
out evenly due to their charge, forming a tip apex which 
comes very close to the shape of a perfect sphere. The final 
radius of the tip could be varied by the variation of total 
exposure time. Figure 1 shows the growth of a contamination 
layer after (a) 10 min, (b) 17 min, (c) 24 min, and (d) 34 min. 
Immediately after taking the electron micrograph shown in 
Fig. 1(d) the tip was removed from the electron beam to 
prevent further change of the shape of the tip apex. The tip 
radius can then accurately be determined from the electron 
micrograph. In the present example, the radius was estimated 
to be about 8 nm at the beginning and (48 ±4) nm at the final 
stage. 

Using the method described above, SFM tips with spheri- 
cal tip ends possessing tip radii of 7-120 nm were succes- 
fully produced (cf. Fig. 2). This enables SFM investigations 
not only with tips of known geometry, but also with the tip 
radius as an additional parameter which can be varied repro- 
ducibly within a large range. However, the production of tips 

with large tip radii requires long exposure times of more than 
1 h. Not only does the electric potential at the tip end de- 
crease for larger radii, but also more material has to be ac- 
cumulated to form a layer with a bigger radius. 

Additionally, for the fabrication of tips possessing tip 
apexes which come close to the shape of a perfect sphere, it 
turned out to be essential that the original tip was conducting 
and sharp (tip radius =£10 nm). Therefore, only tips etched 
from doped single-crystalline silicon18 were used for coating. 
If the tip was already slightly truncated at the beginning, all 
efforts failed to produce tips with a satisfactory spherical 
shape of the tip end. Therefore, it was not possible to recover 
formerly spherical tips which got truncated during extensive 
scanning by a second exposition to the electron beam either. 

III. SFM MEASUREMENTS 

In order to check the quality of the produced tips, we 
routinely imaged a special test sample. Small amorphous 
FeOOH particles, produced in an emulsion applying the 
preparation scheme described in Ref. 25, were precipitated 
from solution on a mica substrate. Subsequent heating to 
«200 °C was necessary to decompose residuals of surfac- 
tants used during the production of the FeOOH particles in 
the emulsion. The resulting FeOOH particles, which are dis- 
tributed all over the mica substrate, are of excellent spherical 
shape (except some small ones which can be slightly de- 

b) c) 
FIG. 2. TEM micrographs of some tip apexes coated with a contamination layer produced by the described method. All tip apexes show nearly perfect 
spherical shape. The individual tip radii were determined to (a) (7±2) nm, (b) (21 ±5) nm, (c) (35±5) nm, and (d) (112±5) nm. 
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FIG. 3. SFM micrograph (image size: 900 nnX900 nm) of a test sample 
consisting of spherical FeOOH particles with diameters of 8-25 nm depos- 
ited on a mica substrate. The micrograph was acquired with a tip prepared as 
described in Sec. II; the tip radius was determined to (41 ±5) nm. It can be 
seen that most particles are imaged with excellent circular shape, demon- 
strating the rotational symmetry of the tip apex. 

formed) with diameters of about 8-25 nm. This test sample 
was well suited to check the shape of the tip apex and for a 
rapid estimation of the apex radius.26 

Figure 3 shows an SFM micrograph of the sample. The 
total image size is 900 nmX900 nm. It can be seen that most 
particles appear to be circularly shaped, which proves that 
the resulting tip apex has rotational symmetry despite the 
fact that the electron beam hits the tip from the side and the 
tip is not rotated during exposition. This was found for all 
tips prepared and can additionally be confirmed by taking 
cross sections in various directions through an individual 
particle. 

A further test for the quality of the tip apex was per- 
formed by means of friction force spectroscopy. It Can be 
shown that for a sphere with a small radius being in contact 
with a flat surface, the contact area-load dependence A{Fn) 
follows A — F2/3,13-15 Assuming a shear stress S = Ff/A, 
which does not depend on the mean contact pressure 
p = FnIA, the frictional force Ff being observed when the 
tip is moved over the sample surface is also proportional to 
Fn to the power of 2/3:13 

72/3 Ff~Fi (1) 

We observed that this 2/3-power law is fulfilled very well on 
many materials (e.g., diamond, amorphous carbon, C60 thin 
films, and germanium sulfide) as long as the tip apex shows 
no deviation from the spherical shape down to the nanometer 
scale in both electron micrographs and cross sections of the 
FeOOH test sample described above. An example is shown 
in Fig. 4. There, the (001) oriented surface of a single dia- 
mond grain of a diamond film epitaxially grown on silicon 
by chemical vapor deposition was investigated. However, as 

5        10       15       20       25 

normal force F   [nN] 

FIG. 4. Dependence of the frictional force Ff on the loading force F„, 
measured on (OOl)-oriented diamond. Experimental and data analysis pro- 
cedure are described in detail in Ref. 12. The Ff(Fn) dependence follows in 
good approximation an Ff~F%3 law, as it is predicted for a small sphere 
over a flat surface in the case of a constant shear stress S (see Ref. 13). 

soon as small truncations of the tip occur, significant devia- 
tions from the expected 2/3-power law are obtained. Addi- 
tionally, all untreated tips which were used for friction force 
spectroscopy measurements also showed deviations from the 
2/3-power law. This points to a tip-sample contact of the 
specially prepared tips which is close to the theoretical case 
of an ideal sphere over a flat surface and will be discussed in 
detail in a forthcoming publication.27 

A disadvantage for exact quantitative SFM investigations 
using these types of tips is the fact that the exact crystallo- 
graphic structure and chemical composition of the tips are 
not known. The contamination layer is commonly assumed 
to be amorphous, which enables the formation of a spherical 
shape even on the nanometer scale. Its chemical composition 
depends on the composition of the residual gas in the micro- 
scope chamber. In Ref. 23, a contamination film of an elec- 
tron microscope was investigated by electron probe mi- 
croanalysis (EPMA), showing almost 100% carbon content 
and only small traces of oxygen. The presence of hydrogen is 
probable, but cannot be detected by EPMA. Consequently, 
the numerical values of Young's modulus E and Poisson's 
number v, which are important for the determination of the 
tip/sample contact area using contact mechanical models 
such as the one described above, are unknown. 

The wear resistance of the produced tips was found to be 
good: Tips could normally be used for some days even in 
contact mode before deviations from the spherical shape 
could be observed if the instrument was run in the regime of 
very low loading forces. This is in agreement with findings 
of other groups which also reported on a quite good wear 
resistance of tips which were produced by electron-beam 
deposition.22'24 

IV. CONCLUSIONS 

To summarize, we presented a preparation procedure 
which allows the easy preparation of SFM tips with spherical 
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tip apexes by coating the tip end of commercially available 
silicon tips with a layer of amorphous carbon in a TEM by 
means of electron-beam deposition. Tip radii of 7-120 nm 
could be produced, which enables quantitative SFM mea- 
surements with tips of known geometry and the tip radius as 
an additional parameter. The application of such tips in to- 
pographical measurements is exemplified by scanning a spe- 
cial test sample of FeOOH particles which are deposited on a 
mica substrate; spectroscopical data of the frictional force 
Ff as a function of the loading force F„ are shown as an 
example for quantitative SFM measurements. 
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vacuum-scanning tunneling microscope/atomic force microscope 
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Fabrication techniques for a sharp Si tip on a cantilever have been developed by using an ultrahigh 
vacuum-scanning tunneling microscope/atomic force microscope. The Si tip growth was performed 
by applying a voltage at a constant current between a Si substrate and the cantilever. It is considered 
that Si atoms were field evaporated on the substrate, and deposited onto the cantilever with this 
procedure. The sharp Si tip was successfully grown when a 3000 A gold coated cantilever was used, 
and not grown when the gold film was absent. The cantilever that formed the tip may have 
applications in scanning probe microscopy. © 1997 American Vacuum Society. 
[S0734-21 lX(97)02504-3] 

I. INTRODUCTION 

To obtain high resolution scanning probe microscopy 
(SPM) images, and to minimize a distortion of images de- 
pending on the tip shape, sharp tips are needed. Some tech- 
niques to fabricate sharp Si tips have been reported. The 
approaches to fabricate a sharp tip are divided into two meth- 
ods, one is by etching and the other is by depositing. Batch 
fabrication of a Si structure based on an anisotropic etching, 
isotropic etching, dry etching, and oxidation for sharpening, 
is convenient to construct a sharp tip.1-3 Techniques based 
on an electron beam deposition have also been reported.4 A 
high aspect ratio tip has been fabricated by using these tech- 
niques. 

Recently, true atomic resolution has been demonstrated in 
noncontact atomic force microscopy (AFM).5 For atomic 
resolution in ultrahigh vacuum (UHV), we have developed a 
novel technique for fabricating a sharp tip in UHV. The tips 
were fabricated by depositing Si atoms by field evaporation 
with the UHV-scanning tunneling microscope (STM)/AFM. 
By using this technique, a sharp tip can be formed at the 
apex of the cantilever. Since this process is carried out in 
UHV, it can be used in the same chamber as the SPM probe, 
thus the probe doesn't have to be transported in the air for 
measurements. The Si tip is conducting, thus this probe can 
be applied to STM. In the case of noncontact measurement, 
the small curvature of the tip and high aspect ratio will en- 
able high-resolution imaging. 

II. EXPERIMENTS AND RESULTS 

A. Ultrahigh-vacuum scanning tunneling microscope 
and atomic force microscope 

All experiments of tip growth were performed with a 
JOEL JSTM/JAXFM4500XT unit. The substrate mounted on 
a holder is attached to a piezo actuator. This piezo actuator 
can be moved in the direction perpendicular to the substrate 
for up to 3 /im, and it is thermally insulated by ceramics, so 
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thermal drift is minimized. The growth of the tip can be 
monitored by a scanning electron microscope (SEM) com- 
bined with the UHV chamber. 

B. Preparation of the Si substrate and the STM tip 

A Si(100) substrate (P doped «-type 0.02 ücm) was 
heated by flowing direct current. Surface oxide was removed 
by heating the substrate at 1400 K for 30 s in UHV. The Au 
or W tips were electrochemically etched, and cleaned by 
heating in UHV. The temperature of the substrate was moni- 
tored by a pyrometer. 

C. Growth of the Si nano-wire 

A high aspect ratio structure could be formed on the tip 
by depositing atoms owing to a field evaporation of materials 
with the UHV-STM/AFM. First, experiments were per- 
formed by applying an appropriate voltage between the tip 
and substrate, and the substrate was heated, and then the 
tip-substrate distance was held to flow at constant tunnel 
current for a few minutes. Usually, the deposition occurs on 
the tip, and not on the substrate. Some combinations of sub- 
strate and tip material were tried as described below. 

1. Gold tip and a Si(100) substrate 

A Au tip and a Si(100) as a substrate were used in the first 
experiments. The substrate was heated to 700 °C. The ap- 
plied sample voltage was 5 V and the tunneling current was 
10 nA. The voltage was applied for a period of 15 min. 
Under the above conditions, the tip-sample distance was 
about 6 Ä. The deposition on the Au tip could be monitored 
by the in situ SEM. The deposition shows a wirelike struc- 
ture. The growth rate of the wire was not reproducible, how- 
ever, the reason for these variation was unclear. The maxi- 
mum growth rate was 6.0 nm/s with 150 nm diameter of the 
wire. The minimum diameter was below 150 nm with 3 /^m 
length as shown in a transmission electron microscope 
(TEM) image in Fig. 1. It was revealed that the deposition 
consists of Si atoms by energy-dispersive x-ray analysis 
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Carbon 

Silicon 

.-.%■> 

400nm 

FIG. 1. TEM image of the wirelike structure grown on the gold tip. The 
deposit is longer than 3 (im, and a diameter is less than 150 nm. By EDX 
analysis, the deposit mainly consists of silicon. It is found to be crystallized 
by evacuation of the electron diffraction pattern. 

(EDX) and TEM as mentioned later. When a Si(lll) sub- 
strate was used as a substrate in the same experiment, depo- 
sition was also observed on the tip. 

2. Tungsten STM tip and a Au thin film formed on a 
Si(100) substrate 

Au sputtered Si(100) substrate was used. The Au thick- 
ness was —3000 A. Before forming the Au film, natural ox- 
ide was removed by ion gun sputtering. Using this substrate 
and the W tip, experiments were performed under similar 
conditions in which the sample bias and the tunnel current 
were 5 V and 10 nA, respectively. The growth of deposition 
was observed on the W tip. Figure 2 shows the SEM image 
of the deposition which was grown for 15 min. 

FIG. 2. SEM image of the deposit on the tungsten tip: The gold film formed 
on the Si substrate and tungsten tip were used for growth. 

Gold 

lOOnm 

FIG. 3. TEM image of the deposit: It shows a solid cylindrical structure; the 
core and tube consist of silicon and carbon, respectively. 

3. Tungsten STM tip and a clean Si substrate 

When a W tip and a clean Si(100) substrate were used, 
deposition could not be observed by SEM. The experiment 
was performed under the same conditions as described in 
experiments (a) and (b). It is suggested that the Au atoms 
play important roles in the formation of the wirelike struc- 
ture. 

D. Evaluation of the Si nano-wire with transmission 
electron microscope 

By observation with TEM (200 kV TEM HITACHI HF- 
2000), it was found that the maximum length of deposition 
was longer than 3 /um. In most cases, the diameter of the 
deposition becomes narrower as the growth continues. Depo- 
sition shown in Fig. 1 has been investigated by EDX. It was 
found that the deposition mainly consists of silicon. From 
electron diffraction analysis, diffraction patterns obtained at 
200 keV show diamond structure. The lattice constant is 
within 1% of that of bulk silicon. 

Figure 3 shows the TEM image of deposition grown on 
the Au tip. This deposition shows a filled cylindrical struc- 
ture which is composed of a core and a tube. EDX analysis 
revealed that the core and tube consist of silicon and carbon, 
respectively. It is not clear if the cylindrical structure was 
formed. There is a possibility that the structure was caused 
by contamination of the Au STM tip. By using a clean Au 
tip, such cylindrical structure was not observed. Neverthe- 
less, this long wire is useful for observation of STEM im- 
ages. We have obtained stable atomic images of Si(l 11)7X7 
using this wire as a STM tip. 

E. Fabrication of SPM probe 

Fabrication of the tip on the Si cantilever by field evapo- 
ration deposition was carried out in our UHV-STM/AFM. 
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1. Silicon cantilever 

2. Au deposition on cantilever 

3. Heating substrate and biasing 

Cantilever 

4. Growth of nano-wire 

Si nano-wire 

FIG. 4. Schematic diagram of fabrication of the tip: A gold film of 3000 Ä 
thickness was formed on the cantilever, and the substrate was biased at 5 V 
and a tunnel current of 10 nA with a heating substrate at 700 °C. 

Commercial Si cantilevers and fabricated ones were used. In 
both cases, the tips were successfully grown on the cantile- 
vers by procedures described below. 

The cantilever was fabricated by anisotropic etching of 
Si(100) wafer. After having been oxidized and prestructured 
by photolithography, the cantilevers were etched for cantile- 
ver thickness in tetramethyl ammonium hydroxide [TMAH, 
(CH3)4NOH] solution. The wafers were reoxidized and pat- 
terned with photolithography, and etched in TMAH solution 
to release the structures. The experiments were carried out 
using two methods. In method I, the cantilever was coated 
with gold while the substrate was not. In method II, the 
substrate was coated with gold while the cantilever was not. 
The experimental procedures of the two methods are de- 
scribed below. 

Method I. The process flow chart for this method is shown 
in Fig. 4. Before Au deposition, natural oxide was removed 
from the Si cantilever by ion milling. 3000-Ä-thick Au film 
was deposited on the surface of the Si cantilever. The tip was 
then transferred to the UHV-STM/AFM chamber with a 
probe holder for the tip fabrication. Bias voltage applied to 
the substrate was 5 V and a tunnel current was 10 nA. The 
substrate was heated to 700 °C for 10 min during the tip 
fabrication. In this procedure, the deposition was observed 
on the flat cantilever. The length, width, and thickness of the 
fabricated cantilever are 90, 20, and 2 /xm, respectively. The 
spring constant is 7.13 N/m, and the resonant frequency is 
299 kHz. The SEM images of the cantilever and the tip are 
shown in Figs. 5(a), 5(b), and 5(c). In these images, a tip 
with a height of 300 nm and a diameter less than 100 nm, is 
observed. In Fig. 6, another image of the fabricated tip is 
shown. This tip is grown on a commercially available canti- 
lever. This picture suggests that the deposits were grown at 
protruding locations where the field evaporation occurs. 

FIG. 5. (a) SEM image of cantilever which has a length of 90 /xm, a width 
of 20 fim, and a thickness of 2 /im. Thin gold film was formed on the 
cantilever before tip growing, (b) Magnified image of the tip region of the 
cantilever, (c) The tip fabricated on the flat cantilever, which shows a height 
of 300 nm, and a diameter of less than 100 nm. 

Method II. The procedure similar to method I is carried 
out with an Au deposited substrate. The cantilever was not 
coated with Au. It was observed that the deposition was 
grown. However, the deposition formed with method II was 
rather big or forming a lump that is grown at other locations. 
It is considered that the formation and condensation of sui- 
cide at 700 °C have caused such shapes. Another possibility 
is that the areas surrounding the cantilever may occasionally 
be touched since the cantilever is relatively flat. The deposi- 
tion tip becomes sharper as the grown continues. Such a tip 
shape seems to be quite suitable for the SPM probe applica- 
tion. Comparing the results of the two experimental methods, 
method I seems to be appropriate for fabrication of the Si tip. 
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FIG. 6. The deposit was grown on the tip fabricated cantilever on which gold 
film was formed. The deposit is grown on the protruding point of the tip 
close to the Si substrate. 

III. DISCUSSIONS 

A. Electric field evaporation 

Field evaporation is a phenomenon in which atoms are 
ionized and extracted from a surface by a high electric field. 
It is thought that there is some probability of deposition on a 
tip of the extracted atoms.6 Thus, the structure may be fab- 
ricated by depositing field evaporation. However, field 
evaporation is improbable, thus the deposition rate must be 
small. Field evaporation rate is expressed with an Arrhenius 
equation, R = v e\p(-Q/kT), where v is the vibration fre- 
quency, Q the activation energy, k the Bolzmann constant, 
and T the temperature. Thus it is found that the field evapo- 
ration rate should increase with decreasing activation energy 
and increasing temperature. 

B. Si nano-wire growth mechanism 

When voltage is applied between an Au tip and a Si sub- 
strate, because of field evaporation the atoms from the Au tip 
are transferred to the substrate while the atoms from the sub- 
strate are transferred to the tip. In this case, the Au atoms 
deposited on the substrate form Au suicide. Au silicide prob- 
ably decreases activation energy, thus many Si atoms are 
deposited on the tip. In addition, if temperatures of the tip 
and substrate are different, the field evaporation rate be- 

comes higher at the high temperature side than that at the 
low temperature side. For this reason, atoms will be depos- 
ited only at the low temperature side. 

C. Applications as an SPM probe 

For the methods described above, the tip can be grown on 
the cantilever adjacent to the substrate in a self-assembly 
manner. It is believed that the fabricated tip can be used as a 
high resolution SPM probe. Some potential advantages for 
using this probe are: 

(a) It can be used for an STM tip because the tip is con- 
ductive. 

(b) High aspect ratio tip can be obtained. It is expected to 
obtain a high resolution image by using the tip. 

(c) The tip can be fabricated at relatively low temperature 
in the UHV chamber which is used for SPM. 

(d) An extremely small cantilever will be fabricated. If the 
cantilever beam is small, the resonant frequency be- 
comes higher, thus high speed image will be obtained. 

IV. CONCLUSION 

We developed novel technique to fabricate the Si tip by 
depositing with UHV-STM/AFM. The deposits of Si atoms 
having a wirelike structure have been formed on the Au tip 
by using the field evaporation method. It is found that the Au 
atoms contribute to the deposition of the Si atoms. By using 
this technique, the SPM probe can be fabricated by growth of 
the Si tip on the Au-coated cantilever. 
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Materials machining with the scanning tunneling microscope suffers from poor linewidth compared 
to the atomic resolution power of the microscope. The trace of the emitted beam is widened due to 
electron or ion field emission from many tip locations having a low work function. To improve the 
result emission from a single site that delivers a beam in a confined emission angle is required. Such 
an emitter is obtained if a supertip is used. It consists of a blunt base tip and an attached supertip 
of a few nanometers in diameter and height. The supertip delivers the current from one point of field 
instability only. The attached miniaturized tip generates the high field required for field emission. 
Electron-beam induced deposition from organometallic gold compounds and a heated substrate is 
used to build the attached nanocrystalline supertip. Confinement of the emission angle of the emitted 
beam is confirmed by field emission microscope investigations. An angular confinement of ±7.2° 
is obtained. Supertips deliver an emission of 0.2 mA/sr as measured, and have therefore at least a 
tenfold higher angular emission density than conventionally etched tips. Deposited supertips require 
no single crystalline base and can be placed on any base material. They successfully operate in a 
scanning tunneling microscope in air. © 7997 American Vacuum Society. 
[S0734-21 lX(97)04904-4] 

I. INTRODUCTION 

Scanning tunneling microscopy (STM) applications for 
materials analysis and machining as well as for lithography 
employ field emission to use the highest brightness obtain- 
able. All field emission tips suffer from low angular emission 
density, which is due to electron or ion emission from many 
emission sites on the tip operating in parallel. The current is 
emitted from areas of low work function and microprotru- 
sions which generate local field enhancement. These sites are 
distributed over the sphere of the tip and produce the wide- 
spread angular emission. This results in poor resolution of 
STM lithography compared to the atomic resolution obtained 
in imaging. A much higher voltage than in the scanning 
probe techniques must be used to obtain a beam with field- 
electron emission or field ionization. For lithography a beam 
having a few eV of energy is required in order to introduce 
radiation damage in a resist film covering the sample. For a 
spherical tip especially both conditions result in a wider tip 
to sample separation and allow parallel emission of several 
points of the tip surface. This widens the profile of the emit- 
ted beam. A further spread of the beam occurs since the 
beam has to travel a few nm in air or in vacuum to reach the 
sample.1 If the tip is formed while cutting a wire, a ridge that 
can operate as a tip is obtained; see Fig. 1(a). This results in 
astigmatic performance in lithography as is seen by the ex- 
posture of hydrogen activated silicon with a 4 eV beam from 
a Pt/Ir tip in air; see Fig. 1(b). To improve resolution of the 
STM lithography it is necessary to use sharper tips that pro- 
duce confined beams. 

*No proof corrections received from author prior to publication. 
''Author to whom correspondence should be addressed. 

This article describes the reproducible construction of 
conducting nanocrystalline supertips on top of convention- 
ally etched base tips. The emissions characteristics are inves- 
tigated and an application for STM is shown. 

II. SUPERTIPS BY NANOLITHOGRAPHY WITH 
ELECTRON-BEAM INDUCED DEPOSITION 

To build three-dimensional nanostructures electron-beam 
induced deposition is employed.2 The electron beam of a 
scanning electron microscope with a field emission cathode 
is used to destroy organometallic molecules that are issued 
from a reservoir with a nozzle of low conductance to the 
sample and are adsorbed at its surface. The reservoir and 
nozzle are attached to the sample holder and both are in- 
serted into the microscope via the specimen exchange air- 
lock. By employing organometallic materials that contain 
gold, resistors and field emitter tips are deposited. High reso- 
lution and high aspect ratio structures are grown by this 
technique.3 The resistivity of gold containing resistors can be 
controlled over seven orders of magnitude by changing the 
beam current and the sample temperature. The metal content 
normally is in the range of 1-15 at. %, but can be increased 
using a higher substrate temperature than room temperature. 
The mechanism of conduction is electron hopping from crys- 
tallite to crystallite in the nanocrystalline material.4 The 
highest resolution obtainable is achieved using the electron 
beam of a scanning electron microscope equipped with a 
cold field emission cathode. Having computer control and 
image processing attached to the microscope three- 
dimensional nanostructures are generated using a unique 
macrocontrol of the beam position and exposure time for 
each pixel. Field emitters are deposited from dimethylgold- 
(trifluoro)-acetylacetonate [Me2Au(tfac)]. Earlier investiga- 

1535     J. Vac. Sei. Technol. B 15(4), Jul/Aug 1997       0734-211X/97/15(4)/1535/4/$10.00       ©1997 American Vacuum Society     1535 



1536 Schössler, Urban, and Koops: Conductive supertips for scanning probe applications 1536 

(b) 200 nm 

producible conductive connection to the substrate. This, 
however, was observed using platinum deposits to repair 
gated field emitters.6 

A. Deposition of supertips on etched tungsten tips at 
elevated temperature 

To investigate the emission image of the deposited tips, 
thin needles are produced from Me2Au(tfac) on short etched 
tips made from tungsten wire. The tips are welded to a di- 
rectly heated tungsten hairpin or are clamped into a carbon 
vise. A hairpin or a vise is used for resistive heating of the 
tip. The welded wires had mechanical imperfections that 
could not corrected so they could not be used in the STM tip 
holders. Clamping the etched wire tips in a carbon vise ren- 
dered them easy to handle and produced good results. Before 
deposition, a 2000 °C thermal treatment of the tip is per- 
formed to remove the oxide from the tungsten tip. Since the 
flash treatment is performed in the presence of the organo- 
metallic molecular stream impinging on the tip, this is coated 
with a thin film of pyrolytic gold. This ensures good electri- 
cal contact between the deposited tip and the tungsten tip. 
Deposition was carried out at a sample temperature ranging 
from 20 to 100 °C; however, at the elevated temperature the 
growth rate of deposits is reduced. With this treatment at 
higher temperature electrical conducting deposits are rou- 
tinely obtained. They were measured from the resistivity of 
the deposited wires. Energy-dispersive x-ray analysis of ma- 
terials deposited at higher substrate temperatures revealed an 
increase in the gold content and a decrease in the carbon 
content. A comparative study of the deposited tips was per- 
formed with a high voltage and high resolution transmission 
electron microscope. The observations reveal that tips depos- 
ited at room temperature have a fine grain polymeric foot 
that is topped by a nanocrystalline tip with crystals of 4 nm 

FIG. 1. (a) Scanning electron microscopy micrograph of the top part of a 
freshly cut Pt/Ir wire to be used for STM lithography in air. (b) Lithography 
with a cut Pt/Ir wire tip on hydrogen passivated silicon in air is possible 
using a positive tip voltage. The thickness of the oxide deposit is 1.2 nm. 

tions of deposited tips in a transmission electron microscope 
revealed that single crystallites of nanometer size of the re- 
spective metal are embedded in an amorphous carbon con- 
taining matrix.4 For special deposition conditions the depos- 
its form crystallites which protrude from the tip itself like 
teton tips. This leads to an increased field enhancement fac- 
tor and lowers the extraction voltage for field-electron emis- 
sion. A high emission current is accomplished due to the 
multiple emission centers available at the front of the tip.5 

Deposited tips emit high field emission currents at low ex- 
traction voltages. Using a special arrangement with a only a 
300 nm distance between the emitter and anode, earlier ex- 
periments showed field emission starting at a voltage as low 
as 10 V. At 22 V extraction voltage the emission current was 
in excess of 180 /JLA for several minutes before the wire 
recrystallized and bent due to the high power load.4 The 
deposition of supertips at room temperature showed no re- 

FIG. 2. Deposited supertip from Me2-Au-tfac on top of an etched tungsten 
wire. The tip radius is less than 15 nm. 
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FIG. 3. Emission pattern of an etched W (110) tip imaged in a field-emission 
microscope. The emission fills an angle of ±30°. The inset shows an emis- 
sion pattern of a gold supertip deposited at 25 kV and 100 pA at a sample 
temperature >100 °C. The beam fills an angle of ±7.2°. 
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FIG. 5. Fowler-Nordheim graph of the emission current of a deposited gold 
supertip. 

diameter. Tips deposited at 80 °C and higher temperature 
have a nanocrystalline appearance with crystals of 4 nm di- 
ameter all over the tip shank and up to the top of the tip. 
Gold-containing supertips with radii of curvature of some 
nm are deposited in this way. Figure 2 shows a supertip with 
a tip radius of 15 nm. 

B. Field-electron emission characteristics 

Conductive tips deposited as supertips on top of etched 
tungsten tips were analyzed in a field electron microscope. 
Emission patterns were observed operating the field-electron 
microscope in near ultrahigh vacuum. The emission images 
produced on a phosphor screen 25 mm from the tip are re- 

corded with a charge coupled device (CCD) camera. An ap- 
erture of 2 mm bore diameter is used as the extractor. The tip 
is centered to the bore and located at its front plane, that is, a 
ring-shaped electrode is operated at higher positive voltage 
than the screen anode placed at half the distance between the 
tip and the screen. This arrangement acts as an ion mirror by 
producing a positive saddle point for the potential between 
the cathode and the screen. If it keeps ions that are produced 
at the anode from running into the emitter tip. 

Ordinary tungsten tips were imaged to test the arrange- 
ment. The experiment showed the well known emission im- 
age of (110) oriented tungsten tips at 2.5 kV extraction volt- 
age, which is characterized by twofold symmetry. The 
diameter of the image was 40 mm corresponding to + 30° 
emission angle; see Fig. 3. 

FIG. 4. The high resolution transmission electron micrograph of the tip of a 
supertip reveals the nanocrystallinity of the material. Perfect single crystals 
grow under the influence of substrate temperature and beam impact. 

50 nm 

return scan JIT'S 

FIG. 6. STM image of a vacuum deposited gold surface taken in air at 500 
mV using a gold supertip on a tungsten wire shows the stable action of the 
supertip. 

JVST B - Microelectronics and Nanometer Structures 



1538        Schössler, Urban, and Koops: Conductive supertips for scanning probe applications 1538 

C. Field-emission microscope characterization of 
deposited supertips 

To characterize deposited supertips prior to STM use we 
have selected a field-emission microscope to investigate the 
electron emission properties. A system with an airlock for 
the fast exchange of tips was employed. Deposited supertips 
with nanocrystalline field emitters start field-electron emis- 
sion at 800 V and reach a stable emission at voltages as low 
as 210 V by a forming process.7 Tips imaged in a SEM after 
field formation exhibit a deposit that is reduced in height and 
has a rounded apex radius. The lifetime of deposited field- 
emission tips was more than 2 h, which was the duration of 
the measurements. A stable field emitter with stable emission 
characteristics was obtained. The emission from one single 
site was regularly confined to an angle of ±7.2°, as was 
observed on the screen; see inset of Fig. 3. This beam con- 
finement to one emission site with a narrow angle is demon- 
strated for the first time for a deposited supertip. Similar 
confinement was reported earlier for field ion emission 
sources8"10 and for field electron emission.11 

The high resolution transmission electron micrograph of 
the tip of a supertip reveals the nanocrystallinity of the ma- 
terial, shown in Fig. 4. Perfect single crystals grow under the 
influence of substrate temperature and beam impact. 

Emission currents ranged up to 10 fiA from the confined 
emission site which corresponds to an angular emission of 
0.20 mA/sr. This means that employing deposited supertips 
provides cold, single emission site field emitters with an an- 
gular emission density increased by a factor of 10 compared 
to conventional tips. The emission current was recorded and 
it generally followed Fowler-Nordheim characteristics; see 
Fig. 5. A measurement of the emission current of 1 //A ver- 
sus time displays short-time variations of the order of 10% 
after forming the tip. 

A sputtered gold surface was imaged with a STM in air at 
500 mV using a deposited supertip. Figure 6 shows the stable 
action of the supertip displayed in Fig. 2 after its use. 

Scanning electron microscopy inspection of the deposited 
STM tip before and after use in the STM showed no visible 
changes of the supertip due to erosion or tip squeezing, 
which could take place during the approach or the raster 
motion of the tip. The tip operated successfully at both 100 
and 500 mV. 

If a tip 250 nm long is used employing a voltage of 1500 
mV, the high resolution image of the gold crystals shows 
jitters at the edges of the crystals; jitters are reached first in 
the scan. This indicates that the emission stability changes. 
This effect was observed in forward and backward scanning. 
The jitters may also be explained by additional field emission 

from sidewise located emission centers of the tip, which are 
activated when the tip approaches a step in the object struc- 
ture. 

III. CONCLUSIONS 

A reproducible recipe for the fabrication of conductive 
supertips for STM lithography, field electron emission was 
obtained. Supertips built by additive lithography at high 
sample temperatures were characterized in a field-emission 
microscope and show confined emission. An ion mirror pro- 
tects the cathode from ions generated at the screen and im- 
proves the stability of the emission. Deposited tips undergo a 
strong forming process but generate a stable field emitter 
with angular emission density increased to 0.2 mA/sr. Due to 
the use of deposited supertips on etched wires, there is no 
need to employ single crystalline wires as emitters in the 
STM. These deposited conductive tips are applicable to STM 
imaging. They may also work in STM lithography since they 
have the advantage of confining the emitted beam to one 
emission site delivered from a 4-nm-diam nanocrystal at the 
very top of the tip. Very high resolution STM lithography 
can be anticipated when using these tips. 
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In dynamic mode control of scanning force microscopy (SFM), optical beam deflection and 
interferometry are the techniques most used for detection of force gradients by means of a tip and 
a microcantilever that usually vibrates at the first resonant mode. In order to increase the sensitivity 
of these kinds of microscopes, one possible means is to investigate the potential of the highest 
resonance modes which allow an increase in the operating frequencies. For these two detection 
techniques, according to the local displacement slope, care must be taken in the choice of an 
appropriate microcantilever point where the laser beam is focused. In this article, an original 
technique based on simultaneous detection, interferometry, and the beam deflection method is 
introduced. These techniques are able to characterize within two degrees of freedom, normal 
displacement and angular deflection, thus resonating the SFM cantilever. © 7997 American 
Vacuum Society. [S0734-211X(97) 10104-4] 

I. INTRODUCTION 

Atomic force microscopy1 (AFM) is a nondestructive 
method for imaging surface roughness of conducting and 
nonconducting materials with high spatial resolution. The 
AFM was introduced in 1986 by Binnig et al, and is 
complementary to scanning tunneling microscopy (STM) 
which is limited to conducting materials. The forces between 
a sample and a sharp tip are sensed using a soft cantilever 
spring. In dynamic mode AFM, a cantilever with the small 
tip at its end is driven at its resonant frequency <w0 

ar»d 
scanned without contact above the surface. The resonant 
natural frequency is given by 

2_ 
k0 

m" 
(1) 

where k0 is the spring constant and m* the effective mass of 
the cantilever. Due to tip-sample interaction at small dis- 
tances (mainly van Der Waals type force in noncontact 
mode), the force gradients acting on the cantilever induce a 
shift in the resonant frequency: 

W2=Wn- 
1   dF 

m* dz ' 
(2) 

To measure the cantilever deflection in scanning force 
microscopy, the optical detection techniques most used are 
interferometry3,4 and optical beam deflection5 (OBD). Where 
the first is sensitive to normal surface displacement, the sec- 
ond one is sensitive to cantilever angular deflection. The 
minimum detectable force gradient in attractive mode AFM3 

varies according to (Qo)0)'
m where Q is the quality factor. 

Working under a vacuum environment is one way to im- 
prove the sensitivity of the microscope thus increasing the 
Q factor.6 Otherwise, it is possible to work at high frequency 
driving the conventional cantilever at a higher flexural mode. 
We show that simultaneous interferometric and OBD mea- 
surements optimize the detection sensitivity when nodes and 

antinodes appear. Moreover, simultaneous probing provides 
complementary information that can be useful in determining 
the origin of the forces acting on the cantilever.7 

II. MECHANICAL MODEL 

For our experiments we have been using a rectangular 
shape silicon nitride microcantilever from Olympus Optical 
Co., Ltd. The microcantilever has a length / of 200 pm, a 
width a of 20 /mm, and a thickness of 8000 A. To calculate 
the resonant frequencies of flexural modes, we assume that 
the microcantilever is homogeneous and its cross section is 
uniform. The equation of motion is 

El 
dx 

dh 
+ PA^ = 0, (3) 

where E, I, p, and A are, respectively, Young's modulus, the 
area moment of inertia, the density, and the cross section of 
the beam. A solution of the type 

Zn(x,t) = Zn(x)cos((o„t+0) (4) 

is inserted into Eq. (3) and allows one to determine the reso- 
nant frequencies as the following: 

ca„ -ßl 
EI 

PÄ' 
(5) 

where ßn is a constant depending on both the mode order 
n and on the length I. Taking the boundary conditions (can- 
tilever fixed at one end and free at the other) into account, we 
deduce the possible values of ßn as a function of the length 
/: 

ßj= 1.875, ß2l = 4.694, /33Z = 7.855, 

ß4l= 10.996,...,  ßnl = (2n-l)ir/2. 

Relating them to local displacement, it can be deduced 
from:8 
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FIG. 1. Theoretical displacement for modes 1, 2, and 3. x is the position of 
the laser spot on the cantilever. 

Zn(x) = Z0n[cos(ßnx) - cosh(/3„x) + Cn sin(/3„x) 

-C„ sinh(yS„x)], (6) 

where Z0„ is determined by the vibration amplitude of the 
mode and C„ is a factor depending on the mode order: Cx 

=-0.7341, C2=-1.0185, C3=-0.9992....C„=-l. 
In Fig. 1, local displacements are plotted for the three first 

modes. We will show in Sees. Ill and IV how optical meth- 
ods are able to detect this kind of displacement. 

III. OPTICAL BEAM DEFLECTION 

Optical beam deflection was first introduced in AFM by 
Meyer and Amer5 in 1988. This technique was previously 
successfully implemented in photothermal spectroscopy9 ear- 
lier and was used widely in scanning force microscopy as a 
highly sensitive optical probe. A laser beam is focused onto 
the sample by means of a microscope objective. The re- 
flected beam reaches a segmented photodiode that is used as 
a position sensitive detector (PSD). A deflection 6 of the 
sample produces a shift in the optical power onto the PSD:10 

reflected intensity (a.u.) 

Z,0+200    I0+400       IQ+600     I0+800 
cavity length (nm) 

FIG. 2. Reflected intensity as a function of cavity length for the Fabry-Perot 
interferometer. L0 is the static cavity length. 

R=100%- 
R = 65%- 
R=10%- 

Lo+200       L0+400 L0+6OO 

cavity length (nm) 

L0+800 

FIG. 3. The slope as a function of cavity length for the Fabry-Perot inter- 
ferometer. L0 is the static cavity length. 

AP(x,t) = 
i— Ptd0 
jlTT-^- 6{x,t), (7) 

where P{ and X are, respectively, the incident power and the 
wavelength of the laser source, and d0 is the beam diameter 
on the sample. Equation (7) shows that OBD is sensitive to 
gradient surface displacement: 

0(x,t) = 
dZ(x,t) 

dx (8) 

The minimum detectable displacement for the first mode is 
of the order of 10~4 A/VHZ. For the higher modes, the 
model shows that the angular deflection increases at the ex- 
tremity of the cantilever. At this point, the main limitation is 
usually due to the driving piezoelectric transducer (PZT). 

IV. INTERFEROMETRY 

We have been using a Fabry-Perot interferometer4 be- 
cause of its high sensitivity. For this type of interferometer, 
the reflected intensity may be expressed as a function of the 
length of the cavity as follows:11 

/(*) = 
R(l-Rp)2+2(1-Rp)\ jRR~p COS -^| -RR, 

I + RR„-2yfRRZ cos 
4irx\ 

(9) 

where x is the cavity length, X the wavelength, Rp the semi- 
reflecting plate coefficient of reflection, and R the sample 
coefficient of reflection. Figure 2 shows the reflected inten- 
sity for different values of R. The Fabry-Perot interferom- 
eter sensitivity is optimized when the slope is at a maximum. 
This slope strongly depends on the sample coefficient of re- 
flection R. In Fig. 2, R = 100% represents a perfect mirror; 
R = 65% is our experimental condition (a metallized cantile- 
ver with a microscope objective between the semireflecting 
plate and the sample). When the laser spot is focused onto a 
node of vibration, the relatively large deflection at this point 
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FIG. 6. Experimental angular deflection along the cantilever (OBD detec- 
tion) for flexural modes 1, 2, and 3. 

FIG. 4. Experimental setup: simultaneous interferometric and optical beam 
deflection detection. The Fabry-Perot cavity is between elements III and V. 

acts as a perturbation in the beam's alignment. This case 
corresponds to R = 10%. Figure 3 shows the slope as a func- 
tion of the cavity length. A low value for R corresponds to a 
loss of sensitivity. With ideal experimental conditions, the 
minimum detectable displacement using Fabry-Perot inter- 
ferometry is 10""5 Ä/>/Hz. 

V. EXPERIMENTAL SETUP AND RESULTS 

The experimental setup for simultaneous interferometric 
and deflection detection is shown in Fig. 4. The laser (1) and 
photodiode (1) are used for the interferometer while laser (2) 
and photodiode (2) are used for optical beam deflection. 
Figure 5 shows the experimental results obtained with 
the interferometric method. The laser spot is scanned along 
the cantilever for flexural modes 1-3 (25.6, 160.6, and 449 
kHz, respectively). According to theoretical calculation, 
the optimized points are located on an antinode of vibration. 

With the same experimental parameter, OBD measurement 
(Fig. 6) shows that maximum sensitivity occurs when 
the laser beam is focused on a node of vibration. In this 
case, angular deflection at the extremity of the cantilever 
increases with the chosen mode, improving the detection 
sensitivity. 

In Figs. 7 and 8, the frequency is swept around the third 
mode (449 kHz) by means of a PZT translator, showing that 
the signal level is strongly altered by the position of the spot 
on the cantilever. The interferometric signal (Fig. 7) is ob- 
tained with the laser spot focused on the end of the cantilever 
and on the second antinode. In this case, the signal amplitude 
is divided by two. This effect is due to misalignment of 
incident and reflected beams. Sensitivity is then decreasing. 
Figure 8 shows the difference between signals measured with 
the OBD method for the same points. Comparing Figs. 5-8, 
we can deduce that the results with two optical detection are 
complementary. Both interferometric and OBD detection 
provide a method for characterizing vibrating structures and 
allow measurement of both displacement and angular deflec- 
tion at the same time. 

signal (mV) 
 r  

0 50        100       150       200 
spot position (um) 

FIG. 5. Experimental displacement along the cantilever (interferometric de- 
tection) for fjexura] modes I. 2, and 3. 
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FIG. 8. OBD signal for mode 3 (449 kHz). 

VI. CONCLUSION 

As is well known in dynamic mode control of scanning 
force microscopy that the working frequency is an important 
factor of sensitivity for detection of gradient forces, we in- 
vestigated the possibility of using a conventional cantilever 
(commercially available) driven at high flexural mode. An 
analytical mechanical model determines the position of 
nodes and antinodes along the cantilever. Thus experimental 
measurements with a combined interferometric and optical 

beam deflection method are optimized according to the ex- 
cited mode. With simultaneous optical methods, the dis- 
placement and displacement gradient (angular deflection) of 
the cantilever are characterized. This makes measurement 
possible within two degrees of freedom. This method pro- 
vides a new tool for scanning force microscopy enhance- 
ment. 

ACKNOWLEDGMENTS 

The authors wish to thank Akitoshi Toda of Olympus Op- 
tical Co., Ltd. for the cantilevers that were used and Chris- 
tian Pieralli and Bernard Cretin for useful discussions. 

'G. Binnig, C. F. Quate, and Ch. Gerber, Phys. Rev. Lett. 56, 930 (1986). 
2G. Binnig, H. Rohrer, Ch. Gerber, and E. Weibel, Phys. Rev. Lett. 49, 57 
(1982). 

3Y. Martin, C. C. Williams, and H. K. Wickramasinghe, J. Appl. Phys. 61, 
4723 (1987). 

4R. Erlandsson, G. M. McClelland, C. M. Mate, and S. Chiang, J. Vac. Sei. 
Technol. A 6, 266 (1988). 

5G. Meyer and N. M. Amer, Appl. Phys. Lett. 53, 1045 (1988). 
6T. R. Albrecht, P. Griitter, D. Home, and D. Rugar, J. Appl. Phys. 69, 668 
(1991). 

7S. Fujisawa, M. Ohta, T. Konishi, Y. Sugawara, and S. Morita, Rev. Sei. 
Instrum. 65, 664 (1994). 

8C. M. Harris and C. E. Crede, Shock and Vibration Handbook (McGraw- 
Hill, New York, 1976). 

9W. B. Jackson, N. M. Amer, A. C. Boccara, and D. Fournier, Appl. Opt. 
20, 1333 (1981). 

10T. W. Wagner, Physical Acoustics (Academic, New York, 1990), Vol. 
XIX, p. 201. 

"M. Francon, Optical Interferometry (Academic, New York, 1966), p. 108. 

J. Vac. Sei. Technol. B, Vol. 15, No. 4, Jul/Aug 1997 



Development of ultrahigh vacuum-atomic force microscopy with frequency 
modulation detection and its application to electrostatic force 
measurement 

Takayuki Uchihashia) 

Department of Physics, Faculty of Science, Hiroshima University, Higashi-Hiroshima, Hiroshima 739, 
Japan 

Masahiro Ohta and Yasuhiro Sugawara 
Department of Electronic Engineering, Faculty of Engineering, Osaka University, Suita, Osaka 565, Japan 

Yoshio Yanase 
Silicon R&D Center, Sumitomo SiTix Company, Kohoku-cho, Kishima-gun, Saga 849-05, Japan 

849-05, 
Tatsuhiko Sigematsu 
Silicon Engineering Control Center, Sumitomo SiTix Company, Kohoku-cho, Kishima-gun, Saga 
Japan 

Mineharu Suzuki 
NTT Advanced Technology Company, Atsugi, Kanagawa 243-01, Japan 

Seizo Morita 
Department of Electronic Engineering, Faculty of Engineering, Osaka University, Suita, Osaka 565, Japan 

(Received 8 September 1996; accepted 21 April 1997) 

We succeeded in high resolution force measurements by using a noncontact ultrahigh 
vacuum-atomic force microscope (UHV-AFM) with frequency modulation (FM) detection. We 
clearly observed adatoms and corner holes on the Si(lll)7X7 reconstructed surface. Then we 
applied the noncontact UHV-AFM with FM detection to the high resolution measurement of the 
electrostatic force. We prevented deterioration of the spatial resolution of the topography by 
isolating the electrostatic interaction from van der Waals interaction. By simultaneous 
measurements of the topography and electrostatic force on a silicon oxide, a spatial resolution 
-15Ä of the electrostatic force was achieved. © 1997 American Vacuum Society. 

[S0734-211X(97)10204-9] 

I. INTRODUCTION 

Atomic force microscopy (AFM) operating under noncon- 
tact mode is demonstrated to detect weak forces such as van 
der Waals,1'2 electrostatic,3'4 and magnetic forces5'6 on the 
sample surface. Noncontact AFM has an advantage in that it 
avoids destruction of the sample surface and the tip because 
of the noncontact. There are two operating modes that detect 
the weak force between the tip and the sample. One is the 
static mode which can directly detect cantilever deflection 
with a displacement sensor.7 The other is the dynamic mode 
using a mechanical oscillation of the cantilever. In the dy- 
namic mode, there are two modes, one is the nonresonant 
mode,8 which measures the cantilever amplitude at lower 
enough frequency than the mechanical resonant frequency of 
the cantilever by applying force modulation between the tip 
and the sample. The other is the resonant mode, which mea- 
sures frequency shift of the mechanical resonant frequency 
of the cantilever that is due to the force gradient between the 

tip and the sample.9-11 

At the dynamic-resonant mode, the sensitivity of force 
detection is increased dramatically because the high Q value 
of the cantilever reduces the thermal noise effect relative for 

the cantilever oscillation.9"11 On the other hand, at the static 
mode and the dynamic-nonresonant mode, there is no en- 
hancement effect on the sensitivity of the force detection 
such as that due to the high Q value. 

In the dynamic-resonant mode, a higher Q value results in 
higher sensitivity. In practice, the sensitivity of force detec- 
tion increases in a high vacuum, because the Q value be- 
comes higher by about several orders in high vacuum with- 
out air damping than it does in air.9,12'13 In addition, the 
spatial resolution can be improved by decreasing the separa- 
tion between the tip and the sample surface.14 This small 
separation was realized by using a suffer cantilever which 
suppresses any jumping of the tip onto the sample surface. 

We were recently successful in measuring a weak van der 
Waals force with high sensitivity and high spatial resolution 
on various surfaces with ultrahigh vacuum-AFM (UHV- 
AFM) operating under the noncontact mode by using fre- 
quency modulation (FM) detection. 2,15-18 Specifically, the 

"'Electronic mail: uchi@ele.eng.osaka-u.ac.jp 

atomic structure and atomic scale point defects were ob- 
served with true atomic resolution on a Si(l 11)7X7 recon- 
structed surface2,15 and on an InP(lOO) cleaved surface.16'17 It 
is now expected that even the electrostatic force can be mea- 
sured with higher sensitivity and better resolution by using 
noncontact UHV-AFM with FM detection. 

In this article, we first present atomic resolution measure- 
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ments on a Si(l 11)7X7 reconstructed surface by noncontact 
UHV-AFM with FM detection. Then application of the high 
resolution measurement of the electrostatic force on a silicon 
oxide is demonstrated. 

II. METHOD OF SIMULTANEOUS MEASUREMENTS 
OF VAN DER WAALS AND ELECTROSTATIC 
INTERACTIONS 

We assume that the conductive tip is positioned at a dis- 
tance Z above an insulating film on a conductive substrate. 
When an ac bias voltage Vac sin(wr) is applied between the 
conductive tip and the substrate, the force gradient F' acting 
on the tip is described by the sum of the van der Waals 
interaction and the electrostatic interaction. Using a parallel 
capacitor approximation,4 force gradient F' is expressed by 
the following: 

F' = 
Q l(d2C\     2 

2776nZ3 + 4  UZ1 +F" 

CQS 

vdw 

1 ld2C\   , 
■ 2™0Z* Vac Sin(wf)" 4 W) V- C0S{2(0t) 

= F'     +F'   +F's +F'+F* (1) 

Here, Qs are the charges on the insulating film, C is the 
tip-to-sample capacitance, and e0 is the permittivity in a 
vacuum. The dc components in Eq. (1) are composed of the 
electrostatic interaction F'image due to the image charge 
- Qs on the tip, the electrostatic interaction F^ due to ca- 
pacitance (capacitive force), and the van der Waals interac- 
tion F^dw. The w component F'w originates from the electro- 
static interaction between charges Qs on the surface and bias 
tip. The 2(0 component F2(0 originates from electrostatic in- 
teraction due to the capacitance. 

In FM detection, the dc component is used to control the 
tip-to-sample distance. Without applying the ac bias voltage, 
the dc component contains F'ydvi and F!mage, whereas with 
applying the ac bias voltage, it is a mixture of F'ydvj, 
^i'mage» and ^cap • Atomic resolution images by noncontact 
UHV-AFM with FM detection utilize the F^dw because of its 
stronger distance dependence compared with the others. By 
applying the ac bias voltage, it prevents accurate control of 
the tip-to-sample distance Z and causes an error in the mea- 
sured topography.18 F;'mage is experimentally negligible in 
comparison with F^dw. So, in order to measure the topogra- 
phy with high resolution, subtraction of F' in the dc com- 
ponent in Eq. (1) is required. We can see from Eq. (1) that 
F^ap is equal to F2w expect for cos(2ürf). Therefore, by sub- 
tracting the amplitude of the 2<w component from the dc 
component, /\dw contributes mainly to the dc component. 

III. EXPERIMENT 

Figure 1 shows the experimental setup for simultaneous 
measurements of the topography and electrostatic force by 
the noncontact UHV-AFM with FM detection. Force gradi- 
ent F' acting on the tip was measured by the frequency shift 
Av of the cantilever. The cantilever was oscillated by the 
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FIG. 1. Schematic diagram of the simultaneous measurement of the topog- 
raphy and the electrostatic force by noncontact UHV-AFM with FM detec- 
tion. The part surrounded by the dotted line is used at electrostatic measure- 
ment. 

piezoelectric tube scanner at the mechanical resonant fre- 
quency v0 under a positive feedback condition. Here, in or- 
der to avoid an unexpected fluctuation of the vibrating am- 
plitude, a constant voltage was applied to the piezoelectric 
scanner using an autogain control (AGC) circuit.15 The os- 
cillation of the cantilever was detected by fiber-optical inter- 
ferometer. The frequency shifts Av of the cantilever were 
detected by a tunable FM demodulator. 

The ac bias voltage Vac sin(wf) was applied between the 
conductive cantilever and the electrically grounded substrate, 
and the amplitudes of the w and 2co components of the force 
gradient F' were measured by lock-in amplifiers. Here, to- 
pography was taken by using the dc component in Eq. (1), in 
which the amplitudes of the 2w component F' were sub- 
tracted as was described in Sec. II. The charge image was 
measured by the amplitude of the u> component F'a. 

Conductive silicon cantilevers were used as force sensors. 
Their spring constant and mechanical resonant frequency 
were fc = 34-36N/m and v0= 167-169 kHz, respectively. 
The nominal radius of the tip curvature was 5-10 nm. The 
Q factor of the cantilever was estimated to be about 38 000 
in an UHV environment. Since the native silicon oxide layer 
on the Si tip surface was not removed, the surface of the tip 
should be covered with a nonconductive native silicon oxide 
layer. 

Noncontact UHV-AFM measurements were performed at 
room temperature under a pressure lower than 2-4 
x iQ-io -porr j0 measure the atomic resolution image of the 
Si( 111)7X7 reconstructed surface, the Si(lll) sample was 
annealed at about 1200 °C by direct current flow for surface 
cleaning. On the other hand, for the electrostatic force mea- 
surement, a thin silicon oxide with an oxide thickness 
— 70 Ä formed on a single crystal Si(lll) wafer was used. 
The silicon oxide sample was placed on the sample holder in 
air and then it was transferred into vacuum. 
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FIG. 2. Noncontact UHV-AFM images of the Si(lll) 7X7 reconstructed 
surface and cross sectional profiles indicated by arrows. The vibration am- 
plitude of the cantilever A 0 is 164 Ä. (a) The variable force gradient image. 
The frequency shift Av is -17 Hz and the scan area is 72 ÄX72 Ä. (b) 
The constant force gradient image. AJ*=-28HZ and the scan area is 
89ÄX89Ä. 

IV. EXPERIMENTAL RESULTS AND DISCUSSION 

A. Atomic resolution images of the 
Si(111)7x7 reconstructed surface 

The Si( 111)7X7 reconstructed surface has 19 dangling 
bonds in one unit cell and is very reactive.19 So far a few 
groups have succeeded in obtaining atomic resolution images 
on Si( 111)7X7 reconstructed surfaces with noncontact 
UHV-AFM with FM detection.2'15 But stable imaging has 
not been achieved. So we tried measurements of the 
Si( 111)7X7 reconstructed surface. In this measurement, it 
does not utilize the ac bias voltage or the part surrounded by 
the dotted line in Fig. 1. 

Figure 2 shows atomic resolution images of the 7X7 
structure of Si(l 11) obtained by noncontact UHV-AFM. Fig- 
ure 2(a) was taken under the variable frequency shift mode. 
The mean frequency shift was set as (A v) = - 17 Hz and the 
vibration amplitude A0 was about 164 A. On the other hand, 
Fig. 2(b) was taken under the constant frequency shift mode. 
The frequency shift was set as Av= -28 Hz and the vibra- 
tion amplitude A0 was about 164 Ä. In both Figs. 2(a) and 
2(b), the adatoms and the corner holes according to the 
dimer-adatom-stacking fault (DAS) model were clearly 
resolved.19 The contrast in the images is similar to that of a 
well-known filled-state scanning tunneling microscopy 
(STM) image. Furthermore, atomic scale defects where ada- 
toms were missing were observed. In Fig. 2(a), the image 
contrast suddenly changes halfway on the slow scans. Since 
the position of the adatoms is slightly shifted at that spot, this 
contrast change seems to be caused by the sudden change of 
the atom position on the tip apex. 

Half of the unit cell surrounded by white triangle is 
brighter than the other half in Fig. 2(a). In Fig. 2(b), the same 
contrast can be also seen. There is a contrast difference be- 
tween the halves with faults and the halves without faults. 
Similar results were found by Nakagiri et al.20 Since we did 
not perform STM measurement simultaneously, we could 
not identify the halves we observed both with and without 
faults. Further, from the cross sections of Figs. 2(a) and 2(b), 
we can see that the height of the corner adatoms is slightly 
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FIG. 3. The frequency shift Av as a function of the tip-to-sample distance 
Z on the Si(lll) surface. (•), (A) The distance dependence of the fre- 
quency shift Av with and without the ac voltage, respectively. Amplitude 
Vac and frequency WIITT of the ac bias voltage are Vac=l V and <OI2TT 

= 300 Hz, respectively. (A) The 2<u component. (O) The frequency shift Av 
after subtraction of the 2a component (A) from the frequency shift (A) at 
V,„=1V. 

higher than that of the center adatoms. These phenomenon 
indicates the possibility that the images of the noncontact 
AFM include not only information on surface corrugation 
but also other local physical information, although the reason 
for this contrast is not yet clear. 

B. Novel electrostatic force measurement with FM 
detection 

1. Separation of the capacitive force from the 
distance regulation 

Figure 3 shows the frequency shift Av as a function of the 
tip-to-sample distance Z on the Si(lll) surface. Upward and 
downward movements on the vertical axis of the frequency 
shift Av correspond to an increase and decrease in the attrac- 
tive force gradient. Z=0 was defined at the position where 
the vibration amplitude of the cantilever began to be un- 
stable. The closed circles correspond to the distance depen- 
dence of the frequency shift A v at an ac bias voltage of Vac 

= 0 V. The closed triangles correspond to that at Vac= 1 V 
and frequency all TT= 300 Hz to the cantilever. At the same 
tip-to-sample distance Z, the frequency shift Av at Vac 

= 1 V is larger than that at Vac=0 V because of the contri- 
bution from the capacitive force F'cap in Eq. (1). The open 
triangles correspond to the 2<w component, which corre- 
sponds to F'2ül. The open circles correspond to the frequency 
shift Av after subtracting the open triangles from closed tri- 
angles at Vac= 1 V. The variation in the open circles is al- 
most coincident with that of the closed circles. This result 
suggests that the separation F'cap from the dc component in 
Eq. (1) is realized. 

2. Simultaneous imaging of the topography and the 
electrostatic force distribution of SiOz 

Figures 4(a) and 4(b) show simultaneously obtained im- 
ages of the topography and the <w component F'^, respec- 
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FIG. 4. (a) Topographic and (b) electrostatic force (from the w component) 
images obtained simultaneously and cross sectional profiles on the position 
indicated by white lines. Vac=2 V. CO/2IT= 1 kHz. The scan area is 150 Ä 
X150Ä. 

tively. A Silicon oxide with thickness —70Ä was used as 
the sample. The scan area was 150 A X 150 Ä. From Fig. 
4(a), we can see that the corrugation amplitude of the topog- 
raphy is less than 8.5 Ä. We can see the contrast clearly on 
the w component image in Fig. 4(b). We conclude that the w 
component image of Fig. 4(b) is not caused by the change of 
the tip-to-sample distance due to the topography and that it 
shows electrostatic force distribution for the following rea- 
sons. First, the u> component was reproducible. Second, as 
seen from the cross sectional profiles, the contrast of the w 
component image in Fig. 4(b) is not synchronized with that 
of the topography in Fig. 4(a). The lateral resolution of the 
electrostatic force image in Fig. 4(b) reaches to about 15 Ä. 
It should be noted that the spatial resolution is improved one 
order of magnitude in comparison with the conventional 
electrostatic force measurement.21 The contrast in Fig. 4(b) 
seems to be caused by the electric charges trapped in silicon 
oxide,22 but this must be investigated in more detail in the 
future. 

V. CONCLUSIONS 

We have developed noncontact UHV-AFM with FM de- 
tection. We demonstrated atomic resolution images on a 
Si( 111)7X7 reconstructed surface and a high resolution 
electrostatic force image on the silicon oxide surface. On the 
Si( 111)7 X 7 reconstructed surface, we could clearly observe 
the adatoms, corner holes, and defects missing adatoms. 
Other interesting phenomena such as the contrast change cor- 
responding to the difference between halves with faults and 
halves without faults and between corner and center ada- 

toms. For the electrostatic force measurement, we proposed a 
novel method based on FM detection that separates the van 
der Waals force from the electrostatic force and prevents 
deterioration of the spatial resolution of the electrostatic 
measurement. Using this method, we obtained the topo- 
graphic and the electrostatic force images simultaneously on 
a silicon oxide surface. From the result, the lateral resolution 
of the electrostatic force measurement reached about 15 Ä. 
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Development of a metal patterned cantilever for scanning capacitance 
microscopy and its application to the observation of semiconductor devices 
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The performance of scanning capacitance microscopy (SCM) strongly depends on the probe used. 
We have developed an original probe suitable for SCM (SCM probe), which uses a pyramid-shaped 
metal tip and metal lead line patterned on a silicon nitride cantilever. We installed the SCM probe 
on a SCM based on a commercial atomic force microscope (AFM). Differences in silicon oxide 
thickness and differences of dopant types and densities in a silicon substrate with a thermal oxide 
layer were successfully imaged by SCM simultaneously with AFM using the SCM probe. 
Boundaries between different dopant types and densities, which were not recognizable by AFM, 
were clearly observed by SCM. Signal-to-noise ratio and reproducibility were improved in the SCM 
images obtained with the SCM probe when compared with images obtained with a metal-coated 
silicon nitride cantilever.   © 1997 American Vacuum Society. [S0734-211X(97)04604-0] 

I. INTRODUCTION 

Scanning capacitance microscopy (SCM),1""3 which has 
been demonstrated as a tool for observing local capacitance, 
has the potential to be the most effective analysis technique 
for measuring the properties of nanometer-size semiconduc- 
tor devices, such as dopant density or defects in an insulator 
layer, since it can nondestructively observe inner structures 
with high spatial resolution. 

Several applications of SCM to semiconductors have been 
reported. Dopant profiling of cross-sectioned silicon samples 
was reported by Huang and Williams4 and by Neubauer 
et al.5 Their SCM data was inverted to dopant profiles and 
compared with profiles obtained by process simulation and 
secondary-ion-mass spectroscopy (SIMS). Silicon p-n junc- 
tions and gallium-arsenide p-n junctions were observed 
from above by Kopanski et al.6 The application of SCM to 
nitride-oxide-silicon (NOS) memory was demonstrated for 
the first time by Barrett and Quate.7 Further investigations of 
this application were reported by Dreyer and Wiesendanger.8 

We have observed a buried structure comprised of metal 
lines covered with an insulator on a silicon substrate and 
demonstrated that SCM can detect the failure of such buried 
metal lines and gates in semiconductor devices. We have 
also demonstrated the ability of SCM to recognize differ- 
ences in silicon oxide thickness.10 As indicated by these ap- 
plications, SCM would be highly effective as an observation 
tool for semiconductor devices, the scale of which is ever 
shrinking. 

In our previous system, the SCM signal was unstable due 
to damage, which occurred easily to the metal at the tip of its 
completely metal-coated silicon nitride probe. In order to 
improve the performance of SCM, a better probe satisfying 

"'Electronic mail: yamamoto@tsukubagw.nikon.co.jp 
b)Also at Optomechatronics R&D Dept., Nikon Co., 1-6-3 Nishi-ohi, Shina- 

gawa, Tokyo 140, Japan. 
c)SPM Promotion Section, Nikon Co., 471  Nagaodai-machi, Sakae-ku, 

Yokohama 244, Japan. 

the following four requirements is demanded. First, it must 
have low stray capacitance with its surroundings, especially 
with the sample. A change in the amount of stray capacitance 
shifts the resonance frequency of the sensor and changes the 
level of the SCM signal. Any change of stray capacitance 
due to tip position change would appear in the SCM images. 
A part of the ac modulation voltage to the sample transmits 
to the probe due to the stray capacitance between them. This 
voltage then travels to the capacitance measurement sensor 
and offsets the SCM signal. A change in this offset signal 
due to generator fluctuation or for any other reason would 
increase the noise level. Thus, a reduction of the stray ca- 
pacitance between the probe and the sample is desirable. 
Second, the structure of the tip end must be stable, as any 
damage here will degrade the final SCM image. Third, the 
probe must function to accurately trace the sample surface. 
Simultaneous atomic force microscope (AFM) imaging is the 
most desirable, since the force feedback of the AFM func- 
tions as a means to trace the sample surface at a constant 
force. Finally, the probe should be producible by a microfab- 
rication process such as that used to make the silicon nitride 
cantilever widely used in AFM. 

An entirely metal-coated probe does not satisfy the first 
and second requirements. Since both the cantilever and the 
probe's body are entirely coated with metal, stray capaci- 
tance is large. Furthermore, the metal at the tip end is often 
damaged during SCM measurement and, consequently, non- 
conductive silicon nitride might appear here. This is a major 
reason why the SCM signal is unstable. A mechanically bent, 
etched tungsten wire cantilever, which has sometimes been 
used in the past, has the advantages of small stray capaci- 
tance and tip end stability.4 However, it is not compatible 
with a commercial AFM and it is difficult to consistently 
fabricate many tungsten probes with the same qualities. 

In order to overcome these problems, we have developed 
a novel metal-patterned microcantilever for SCM using a 
microfabrication process. We have termed it the "SCM 
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FIG. 1. Schematic diagrams of the SCM probe. 

probe." The SCM probe has a patterned metal lead line and 
pad in order to reduce stray capacitance. Its tip is entirely 
made of metal to solve the problem of damage encountered 
with a coated-metal tip. 

II. DEVELOPMENT OF THE SCM PROBE 

Figure 1 shows a schematic diagram. The SCM probe 
consists of a silicon body, a nonconductive thin film which 
forms a triangular cantilever, a metal lead line and pad, and a 
metal tip. Since the tip is entirely made of metal, the tip end 
can maintain conductivity in spite of a certain amount of 
damage. The pad on the body, which is electrically con- 
nected to the tip through the lead line patterned on the can- 
tilever, is used for the electrical connection to the capaci- 
tance sensor circuit. The cantilever is 680 /jxa long and its 
base is 700 /am wide. Its force constant is estimated at 
0.0014 N/m. Its measured resonant frequency is 1.6 kHz. 
The lead line is 6 fim wide at the cantilever and 40 fjm at the 
body. The pad is 300 /AmX400 /urn. We also coated the 
regions on both sides of the lead line on the cantilever with 
metal in order to reflect the AFM laser beam. These regions 
are electrically independent from the metal lead line at the 
center. 

Figure 2 shows the fabrication process for the SCM 
probe. A 3-in. (100) oriented «-type silicon wafer of 250 /urn 
thickness was used. First, silicon nitride (SiN,.) film was de- 
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FIG. 2. Fabrication of the SCM probe. 
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FIG. 3. Scanning electron micrographs of the SCM probe from the top (a) 
and from the bottom, i.e., tip side (b). 

posited to a thickness of 0.7 fim by low-pressure chemical 
vapor deposition (LPCVD). Next, the film was patterned 
photolithographically to form 6 /mm square openings for mi- 
crotip patterns. The exposed silicon was etched with an an- 
isotropic etchant, tetramethyl ammonium hydroxide 
[TMAH; (CH3)4NOH], to form pyramidal micropits [Fig. 
2(a)]. After these micropits were formed, the exposed silicon 
was oxidized by thermal oxidation [Fig. 2(b)]. The wafer 
was then patterned and aligned so that the end of each can- 
tilever was positioned around a single micropit. The SiN, 
film on the bottom of the wafer was patterned to define the 
shape of the body [Fig. 2(c)]. Next, spin-coated photoresist 
film was patterned photolithographically to form the pattern 
for the metal tip, lead line, and pad. First, nickel chromium 
(NiCr) 2 nm thick, and then gold (Au) 200 nm thick were 
deposited by the electron beam evaporation method. Unnec- 
essary resist film having a metal layer was then removed in 
acetone [Fig. 2(d)]. Finally, in order to form the free- 
standing cantilever, the wafer was dipped in potassium hy- 
droxide [KOH] aqueous solution to etch away the exposed 
silicon [Fig. 2(e)]. 

Figure 3 shows scanning electron micrographs of the 
SCM probe. The radius of the pyramidal tip was estimated to 
be less than 50 nm. Figure 3(a) was taken from the top side 
of the cantilever and Fig. 3(b) was taken from the bottom, 
that is, tip side. The SCM probe shown here does not have 
the metal-coated regions designed to reflect the AFM laser 
beam, as described above. We fabricated versions of the 
SCM probe both with the beam reflection regions and with- 
out, in order to judge the effect of the stray capacitance be- 
tween the lead line and the reflection regions. However, no 
such effect was observed and we therefore took simultaneous 
SCM and AFM images using the SCM probe with the beam 
reflection regions. 

III. SCM OBSERVATION WITH THE SCM PROBE 

Figure 4 shows a schematic diagram of our SCM com- 
bined with an AFM. We constructed our SCM by adding a 
capacitance sensor and other electronic circuits to a commer- 
cial AFM (CP, Park Scientific Instruments). An ac modula- 
tion voltage and a variable dc bias voltage were applied to 
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FIG. 4. Schematic diagram of the scanning capacitance microscope. 

the sample which was placed upon a piezotube scanner. The 
ac component of the modulation frequency in the output sig- 
nal (dC/dV) was detected using a lock-in amplifier and used 
as the SCM data. 

In SCM, the capacitance between the conductive tip and 
the sample is detected by a capacitance sensor which was 
originally developed by RCA as a detective circuit for their 
Video Disk.11 The tip is electrically connected to the LC 
resonator in the sensor. Tip-sample capacitance change shifts 
the resonant frequency of the resonator. As a result, the ca- 
pacitance or its change is detected by the sensor. We used 
this same type of sensor, in our case, one which had been 
manufactured for JVCs Video Disk system. The capacitance 
of a metal-oxide-silicon (MOS) structure constructed by the 
metal tip of the SCM and a semiconductor sample with an 
insulator layer is much smaller than that of an ordinary MOS 
structure with a metal gate. Therefore, SCM measures not 
the capacitance itself but derivatives of it, mostly to elimi- 
nate the effect of stray capacitance. 

We imaged two types of samples by SCM. Figure 5(a) is 
a cross section of the first sample, which consisted of silicon 
oxide locations of different thickness on silicon. A (100)- 

(a)       ,\-2fim 50 nm thick 

0.8 /<m /    20 nm thick     Si02 

W///////////////////w^^^^^ 

FIG. 5. (a) Cross section of a sample having an oxide layer of different 
thicknesses, (b) AFM image taken with the SCM probe, (c) Simultaneously 
acquired SCM image. In the SCM image, the data was adjusted so that the 
maximum and minimum values were normalized to 255 and 0, respectively. 
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FIG. 6. Simultaneously obtained AFM image (a) and SCM image (b) of a 
sample with different dopant types and densities. In the SCM image, the 
data was adjusted so that the maximum and minimum values were normal- 
ized to 255 and 0, respectively. 

oriented 4-6 Ü cm n-type Si wafer was cleaned by the con- 
ventional RCA method and thermally oxidized at 900 °C 
(H2/02: 19 min 20 s; 02: 1 min; N2: 2 min) to grow a 50- 
nm-thick Si02 layer. A l-/im-thick aluminum layer was de- 
posited by vacuum evaporation on the bottom side of the Si 
wafer to act as an electrode. A resist pattern of lines and 
spaces was made on the oxide layer, after which the oxide 
was partly etched by 1% HF for 6 min. The sample was then 
washed in acetone to remove the resist. Consequently, a line- 
shaped structure was fabricated on the oxide. Figure 5(b) is 
an AFM image of the sample. The oxide thickness difference 
of 30 nm was clearly imaged by the SCM probe. Figure 5(c) 
is a SCM image of the same sample taken simultaneously 
with the AFM image. A modulation voltage (80 kHz, 4 
Vp p) was applied to the sample. The dc bias was 0 V in this 
case. The scan area was 12 ,u,mXl2 fim. The AFM image 
and the SCM image in Fig. 5 are consistent. The low (i.e., 
thin) oxide regions are dark in the SCM image due to the 
large negative dC/dV value of the n-type silicon substrate. 

The second sample was an n-type silicon wafer of 4-6 
Q, cm which had regions of different doping. Simultaneously 
taken SCM and AFM images of the sample are shown in Fig. 
6. A donor, P+ was partly implanted at a dose of 2X 1013 

atoms/cm2 at 100 keV. Silicon nitride was used as a mask in 
this process. As+ was then partly implanted at a dose of 
3X1015 atoms/cm2 at 120 keV and annealed (1000 °C, 30 
min) to form high density n-type regions, p-type regions 
were made by partly implanting BF2+ at a dose of 7 X 1012 

atoms/cm2 at 100 keV and annealed at 950 °C for 30 min. 
No additional dopant was implanted at the darkest areas in 
Fig. 6(b). The surface of the sample was entirely covered 
with a thermal oxide layer. As shown in Fig. 6(b), differ- 
ences of dopant types and densities of silicon were success- 
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fully imaged by the SCM. For example, the contrast between 
the n- and p-type regions, which cannot be seen in the AFM 
image [Fig. 6(a)], is clearly recognizable in the SCM image. 
The SCM image in Fig. 6(b) was taken with an 80 kHz, 4 
Vp p modulation voltage and 0 V dc bias. The scan area was 
20 /imX20 /mi. In this image, the BF2+ implanted p-type 
regions were bright due to their positive dC/dV values and 
the no-dose n-type regions were dark due to their negative 
dC/dV values. The dC/dV signal of the high density n-type 
regions was not detectable. 

It took about 5 min to take the simultaneous SCM and 
AFM images shown in Figs. 5 and 6. The time constant of 
the lock-in amplifier was 3 ms in these cases. The longer the 
time constant is, the better the signal-to-noise (S/N) ratio 
becomes. However, the amount of time necessary to acquire 
the SCM image increases proportionately. 

order to achieve a reduction of stray capacitance with the 
sample. A glass body as used in a conventional silicon ni- 
tride cantilever would be one candidate. Second, the dimen- 
sions of the cantilever should be optimized. The SCM 
probe's cantilever is very long compared with commercially 
available cantilevers and is not ideal for AFM due to its low 
resonant frequency. A shorter, thicker cantilever would pro- 
vide a higher resonant frequency. Third, other materials 
should be considered for the patterned metal. It's likely that 
there is a more suitable pattern material for the SCM probe 
than gold. Harder metals would more strongly resist defor- 
mation at the tip end. Finally, a metal tip covered with an 
insulator layer would be necessary to measure a sample with- 
out an insulator layer. The oxide layer of a metal, like TiO or 
A1203, might be suitable as a stable insulator layer for such 
applications. 

IV. DISCUSSION 

In our previous experiments employing an entirely metal- 
coated silicon nitride probe,9'10 the capacitance between the 
tip and the sample was in the order of 10~18 F. The capaci- 
tance between the lever and the sample was about 10"n F 
and that between the body and the sample was more than 2 
X 10"14 F. Since the capacitance is proportional to the area 
of the metal coating, stray capacitance can be effectively 
reduced by not coating the entire lever and body with metal, 
and instead employing a patterned metal lead line and pad. 
The total capacitance between the new SCM probe and a 
sample is roughly estimated to be 2X 10"15 F. This value is 
about one-fiftieth of the estimated stray capacitance between 
an entirely metal-coated probe and sample. However, in our 
experiment, the amplitude of the undesired signal detected 
by the capacitance sensor due to the transmission of ac 
modulation voltage from the sample to the probe through the 
capacitance between them did not reduce. This unwanted 
signal had the same frequency as, but a different phase from, 
the dC/dV signal. The fact that the stray capacitance did not 
reduce was probably due to the conductivity of the silicon 
body. The silicon body formed capacitances of more than 
10"13 F both with the pad and with the sample. 

Although the stray capacitance did not reduce as ex- 
pected, the reproducibility and the S/N ratio of the SCM 
were unmistakably improved by the SCM probe most likely 
due to the stability of its entirely metal tip. Previously, when 
using an entirely metal-coated cantilever for SCM/AFM, the 
coated metal often peeled off at the tip end. This was prob- 
ably due to the weak adhesion of the coated metal to the end 
of the sharp tip. Residual stress in the coated metal at the tip 
might cause such peeling off when the tip contacted and 
scanned a sample surface. The SCM probe does not suffer 
from such a problem, since its tip is entirely made of metal. 

Several changes would improve the performance of the 
SCM probe. First, the body should be made of an insulator in 

V. SUMMARY 

We have developed the SCM probe which uses a 
pyramid-shaped metal tip and metal lead line patterned on a 
silicon nitride cantilever and body. We installed it on our 
SCM and conducted simultaneous SCM/AFM imaging of 
two different samples. Differences in silicon oxide layer 
thickness and in the dopant types and densities of silicon 
were successfully recognized. Stray capacitance between the 
SCM probe and the sample did not reduce as expected, prob- 
ably due to the conductivity of the silicon body. However, 
contrast and repeatability improved probably due to the SCM 
probe's entirely metal tip. Several improvements would in- 
crease both the capabilities and applications of the SCM 
probe. 
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A novel high vacuum scanning force microscope (HV-SFM) using a piezoelectric cantilever and the 
phase detection method was developed. A self-excited force sensing PZT microcantilever with 
dimensions of 125X50X3.58 fxm is vibrated in vacuum at its resonance frequency by applying an 
ac voltage to its PZT layer. The piezoelectric microcantilever possesses a spring constant of 16.7 
N/m and a vibrational quality factor of 300 in air and 807 in vacuum. As we know, force gradients 
acting on the vibrating cantilever cause changes in vibration amplitude and phase. The change of the 
phase of the output piezoelectric current, which corresponds to the phase variation of cantilever 
vibration, is measured as the controlling signal in this method. The piezoelectric HV-SFM that was 
constructed has been proved to be stable and easy to handle in vacuum. Its vertical resolution is 
higher than 1.1 A. High resolution images of an evaporated Au film can be obtained in vacuum by 
this new dynamic HV-SFM. Grains of about 5 nm can be seen clearly. The theoretical sensitivity of 
phase detection with piezoelectric cantilevers is also analyzed and compared with that of amplitude 
slope detection in this article.   © 1997 American Vacuum Society. [S0734-211X(97)03604-4] 

I. INTRODUCTION 

The scanning force microscope (SFM) has been widely 
used for observing a variety of samples, including insulators 
which cannot be imaged in a scanning tunneling microscope 
(STM). Most of the SFMs currently in use are only capable 
of observing samples in air. Because measurement is per- 
formed in ambient conditions, the sample surface is covered 
with a thin layer of water. Due to the adhesive force of the 
water layer, it is rather difficult to control the loading force 
on the sample surface. In order to reduce the loading force, 
the dynamic mode of operation, which includes the cyclic- 
contact mode and the noncontact mode, is used for organic 
and biological samples to prevent surface damage. 

The main reason that a vacuum SFM has not become a 
standard technique is that the structures of the force sensing 
units in traditional SFMs are too complicated. Generally, a 
SFM measures forces by determining the deflection of a can- 
tilever beam. The cantilever deflection is sensed by electron 
tunneling, interferometry, or optical beam bouncing. In all 
these deflection sensing methods, the deflection detection el- 
ements must be precisely aligned to the cantilevers. These 
elements are too complex and cumbersome to be operated in 
a vacuum chamber. Another problem for the most commonly 
used optical beam bouncing method is that in vacuum the 
energy of the laser beam propagating on the end of the can- 
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tilever will heat the cantilever and cause higher thermal 
noise. 

So force sensing microcantilevers, such as the piezoresis- 
tive type,1"3 the piezoelectric type,4-6 and the capacitive 
type,7 have been proposed to construct scanning force micro- 
scopes without an external deflection sensor. Among those 
sensing schemes, the piezoelectric scheme is the most prom- 
ising one for constructing a compact and easily operating 
dynamic HV-SFM because the piezoelectric cantilever can 
be excited directly by an imposed ac voltage without any 
disturbance of the sensing action or extra noise from the 
external oscillator. The capacitive cantilever can be excited 
as well; however, the resonance frequency of the cantilever 
is affected by the imposed ac voltage. The first type, the 
piezoresistive cantilever, only possesses a sensing function. 
Furthermore, the piezoelectric microcantilever has even been 
proved to be able to work as a Z scanner. 

The noncontact mode of the dynamic SFM is based on the 
measurement of the cantilever resonance shift due to the 
force gradient acting on the tip. In the methods used to detect 
the force gradient in the noncontact SFM, slope detection in 
ambient is the most commonly used one due to its simple 
control logic.9'10 Frequency modulation detection is also at- 
tractive because it can work well in ultrahigh vacuum (UHV) 
with a cantilever of high mechanical quality (typically a fac- 
tor higher than 104 for a commercial Si3N4 cantilever in 
UHV) and can keep away from low frequency 
disturbance.11'12 This article will show that the phase detec- 
tion method is a good choice when the cantilever has a qual- 
ity factor in the range that gives acceptable responding speed 
(for example, piezoelectric cantilevers that have typical qual- 
ity factors no higher than 3000 in the high vacuum condi- 
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SiO,(0.2<xm) 

FIG. 2. SEM photograph of the piezoelectric cantilevers. 

FIG. 1. Schematic drawing of a piezoelectric cantilever. 

tion), because phase detection can give higher sensitivity 
than amplitude slope detection with a simple control logic. 

In our previous study, we studied the SFM using a piezo- 
electric cantilever for use in the ambient condition. In this 
article, we report the development of a noncontact SFM us- 
ing a self-excited PZT microcantilever for use in high 
vacuum, in which a newly developed phase detection method 
for cantilever vibration sensing and feedback control is used. 

II. HIGH-VACUUM SFM USING A PIEZOELECTRIC 
CANTILEVER AND THE PHASE DETECTION 
METHOD 

A. Structure and microfabrication of the piezoelectric 
cantilever 

The piezoelectric cantilever developed consists of a 1.8- 
/im-thick thermal Si02 layer, a 1.0-/U,m-thick piezoelectric 
layer sandwiched between 0.2-/xm-thick Au/Cr and 0.38- 
/um-thick Pt/Ti electrodes, and a 0.2-^m-thick passivation 
layer of Si02. The schematic drawing of the cantilever is 
shown in Fig. 1. The piezoelectric layer is a PZT 
[Pb(Ti052Zr048)O3] thin film that was fabricated by sol-gel 
method. Details of the PZT thin film preparation are de- 
scribed elsewhere.6 In the micromachining processes, the 
metal and PZT layers were patterned by an Ar ion beam. The 
reactive ion beam of C3F8 and 02 is used for etching the 
Si02 layer. Finally, freestanding cantilevers are formed 
by removing the underneath bulk silicon by immersion 
in KOH solution. The dimensions of the levers are 
125X50X3.58 fim. In order to offset capacitance current 
and resistance current from the cantilever current, a reference 
pattern with the same area as the cantilever is prepared on 
the die of the chip. A scanning electron microscopy (SEM) 
micrograph of 125-/um-long piezoelectric cantilevers is 
shown in Fig. 2. Anyone of the cantilevers can be used for 
force microscopy. Table I shows the characteristics of the 
cantilevers fabricated. The spring constant is the value cal- 
culated from the cantilever dimensions and layer materials 
with the formula described by Itoh and Suga.13'14 

B. Instrumentation of the novel HV-SFM system 

When we excite the cantilever near its resonance fre- 
quency, the phase of the cantilever vibration can be ex- 
pressed as a function of the ratio of the driving frequency 
and the resonance frequency of the cantilever. For a large 
space between tip and sample, where the effect of the sample 
on the tip can be neglected, the phase of the tip vibration <3E> 
can be written as11 

<3> = tan" 
2(1 ■r2) 

(1) 

where r = (odlo)0, o)0 is the resonance frequency of the can- 
tilever during free vibration, and <ad is the driving frequency. 
Clearly, in order to get the biggest change in phase of lever 
vibration for a given change in resonance frequency Aw0, 
one would work on the steepest portion of the $ vs r curve 
[Eq. (1)]. With the limit of large Q, the maximum slope of 
the $ vsr curve is found to be at r= 1 - l/(8g2), as op- 
posed to r= 1 ± l/(8ß) in amplitude slope detection, and at 
this point on the curve 

dr 
;2ß (2) 

when a small force gradient F' (F'<k) acts on the free end 
of the lever, the resonance frequency will be shifted by 
d(0O=(ooF'/(2k), and thus cause a phase change A<I> given 
by 

A<J> = 
QF' 

(3) 

TABLE I. Characteristics of the piezoelectric microcantilever for the HV- 
SFM. 

Lever 
length 

Resonance 
frequency 

Spring 
constant8 

Quality factor 
(in vacuum) 

125 /xm 

Sensitivity 
0.76 nA/nm 

163.6 kHz 16.7 N/m 

Capacitance 
56 pF 

807 

Resistance 
of the PZT layer 

46Mft 

"Calculated value. 
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Eq. (3) means that the force gradient acting on the oscillating 
cantilever can be sensed by detecting the phase of cantilever 
vibration. 

In order to excite the cantilever and detect its displace- 
ment with the piezoelectric cantilever, ac voltage is applied 
directly to the piezoelectric layer and the displacement is 
detected by measuring the current produced. The piezoelec- 
tric charge current reflects the mechanical resonance prop- 
erty near the lever resonance frequency.5 When the ac volt- 
age V= V0 cos(wr) (w is the driving frequency; t is the time) 
is applied to the piezoelectric layer of the uniform unimorph 
cantilever, the output charge induced by the piezoelectric 
effect is given by5 

d3lYp(yp + hp/2)w 

Kf Jo 
M{x)dx, (4) 

where w is the width of the lever; d3l is the piezoelectric 
strain constant of the length expansion; Yp and hp are 
Young's modulus and the thickness of the piezoelectric 
layer, respectively; yp is the distance between the plane of 
the zero strain and the bottom of the piezoelectric layer; Kf is 
the flexural rigidity of the lever; and M(x) is the bending 
moment which is determined by the vibration mode. The 
current from the piezoelectric layer, which is dependent on 
the piezoelectric charge output, the capacitance C, and the 
resistance R of the layer, is expressed by the following: 

dqc V 
Y= -T- cos(ü)t+$>c) + C(o cos(wf + 90°)+ - cos(wr), 

at ti 
(5) 

then the phase of the current from the cantilever is given by 

$ = tan" 
(dqc/dt)sin <&C + Cü)V 

(dqc/dt)cos<$>c+(V/R)' 
(6a) 

where <&c is the phase of the piezoelectric charge current, 
which is the reflection of the phase of the cantilever vibra- 
tion. The changing range of <!>c is 180°. But because of the 
existence of C and R, the range of the detected phase <£> is 
reduced. In the case of a 1.0-yum-thick PZT layer the resis- 
tance R and the capacitance C were measured as 46 MCI and 
56 pF, respectively. In this case, the range of phase <& de- 
tected is only about half that of <J>C and the sensitivity will be 
greatly affected. In order to solve this problem, we designed 
a PZT film (reference pattern) with the same area as the 
cantilever on the die to subtract the C and R current from the 
cantilever current. After that, Eq. (6a) becomes 

$ = 4> (6b) 

The influence of capacitance and resistance of the cantilever 
on the detected phase signal can thus be eliminated and the 
detected phase reflects the phase of the cantilever vibration. 

Figure 3 is a schematic diagram of the dynamic HV-SFM 
using a PZT microcantilever and the phase detection method. 
The excitation ac voltage signal is applied to the cantilever 
and to the reference pattern. The piezoelectric charge current, 
which was obtained by subtracting the current of the refer- 
ence pattern from the current of the cantilever, is used as the 

piezoelectric 
current  <3H 

current from cantilever 

current from ref. pattern 

phase detection 
board 

frequency 
synthesizer 

phase of . 
piezoelectric current    i i 

pre-setted 
phase 

driving 
volt. 

PC 
computer 

T^ 

Three axis 
scanner 

u 
j i  , i      t \    vacuum 

chamber 

X,Y driver 

A/D Converter 

FIG. 3. Schematic diagram of the HV-SFM using the self-excited PZT can- 
tilever and the phase detection method. The excitation voltage is applied to 
the PZT layer and to the reference pattern on the die. The phase of the 
vibration of the cantilever is used as the feedback signal to keep the distance 
between the cantilever and the sample surface constant during X and Y 
scanning. 

input signal of the phase detection circuits. The phase detec- 
tion circuit was built with a phase-locked loop IC 
CD54HCT7046A (Harris Semiconductor). That is an 
exclusive-OR network. Its characteristic is VA§ = (VCC/TT) 

X(<J>sigin-<l>ref), where VA<j> is the output voltage, Vcc is the 
supply voltage, <E>sigin and 3>ref are the phases of input signal 
and reference signal, respectively. The converting ratio of the 
phase detection circuit is 55.5 mV/deg. The phase measured 
from the above phase detection circuit is compared with the 
phase of the set point set by the computer through a digital/ 
analog (D/A) converter. The error signal is amplified and 
sent to the scanner for actuating in the Z axis to keep the 
phase of the cantilever vibration at the set point during 
X- Y scanning. The xyz scanner is a tube-type piezo scanner 
(scanning area xy: 20 /mm; z: 2 /mi), which is placed in the 
vacuum chamber. 

C. Microscopy with the HV-SFM constructed 
Figure 4 shows the amplitude and the phase spectra of the 

piezoelectric current taken in vacuum of 6.5X10-7 Torr 
with 125-/U,m-long cantilever. The applied ac voltage was 
kept at 13 mV during frequency scanning. Comparing the 
phase curve and the amplitude curve in Fig. 4, we can find 
that the noise obtained from the phase signal is much smaller 
than that from the amplitude signal when the piezoelectric 
charge current is as small as several nA. The signal to noise 
ratio of the former is estimated as two times of the latter. 
This may be attributed to the fact that low frequency distur- 
bance, such as temperature change, environmental vibration, 
and power supply fluctuation, will superimpose noises to the 
output current signal, whereas the measured phase signal of 
the output current will be free of those influences. 

Figure 5 shows a SFM image obtained by the HV-SFM 
using a piezoelectric cantilever with the phase detection 
method. The sample is an evaporated Au film that was de- 
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162.496 [KHz] 164.589 

FIG. 4. Phase and amplitude spectra of the piezoelectric current for the 
125-,u,m-long PZT microcantilever. The ac voltage applied to the PZT thin 
film layer was kept constant during frequency scanning. 

noise is A4>„ = A7A0, where A0 is the amplitude of the can- 
tilever vibration. The smallest detectable force gradient F' is 
found by setting A<£ = A5>„, where A<3> is expressed in Eq. 
(3) as 

F'       ~ min- th 

4KBTBk 
(7) 

In the case where the SFM is constructed using the piezo- 
electric cantilever, A$„ may be dependent on the electrical 
noise of the piezoelectric layer. The electric charge noise can 
be determined by the resistive Johnson noise (q2

n), which is 
the mean square amplitude of the generated charge caused by 
Johnson noise (jn). When the minimum and maximum fre- 
quency of the bandwidth B are (o1( = (od— TTB) and <o2 

( = cod+irB), respectively, (q2
n) can be written as13 

(<ll)=-KBTC 
,f«2_ 
L, i 

R 

+ {o)CRY 
1(0, (8) 

posited on the Si substrate at 100 °C. During scanning of this 
image, the cantilever is driven at its natural frequency. The 
free vibrational amplitude was estimated as 22 nm. The mor- 
phology of undulatory agglomerated grains as small as 5 nm 
can be seen clearly. The vertical resolution of the instrument 
can be derived from the slope of the phase versus tip-sample 
separation curve (force curve) and the noise of the phase 
signal; they were measured as 3.5 deg/1 nm and 20 mV, 
respectively. The vertical resolution is calculated as about 
1.1 Ä. 

III. MINIMUM DETECTABLE FORCE GRADIENT 
WITH THE PHASE DETECTION METHOD 

The vertical resolution of the noncontact SFM can be re- 
phrased by the minimum detectable force gradient. In the 
conventional noncontact SFM system with an external dis- 
placement sensor, thermal vibration of the cantilever limits 
the minimum detectable frequency shift under most condi- 
tions. The thermal noise12 excites the lever with a vibration 
noise N= \j4KBTQB/kcod, at a frequency cod and in band- 
width B. The phase measurement uncertainty due to thermal 

FIG. 5. An image of the evaporated Au film on the silicon substrate taken 
with the HV-SFM using a piezoelectric cantilever and the phase feedback 
method. Small grains of 5-10 nm can be seen clearly. 

where R and C are the total resistance and the capacitance of 
the system, respectively, R is calculated from the resistance 
of the piezoelectric layer and the input impedance of the 
preamplifier, and C is calculated from the permittivity of the 
piezoelectric layer and additional capacitance due to the in- 
put cable and preamplifier. AZ due to (q2

n) is given by 
AZjn=(^jn)1/2/5'o, where S0 is output charge amplitude per 
unit vibration amplitude of the lever end. We can express 
S0 at the frequency cod by 

5n = VT+^P s„ (9) 

where T is a time constant of the system and St is the induced 
piezoelectric charge per unit vibration at the lever end. Then, 
the measurement uncertainty of the phase due to Johnson 
noise can be given from A3>„ = AZjn/A0, Eq. (8) and Eq. 
(9), as 

A$;, 
4KBTB 

RSWoAl' 
(10) 

set to A<E> = A$jn, we can get the minimum detectable force 
gradient due to Johnson noise from Eq. (3) and Eq. (10) as 

F' ■  ■ -- * min-jn 

4KBTBk2 

RQ2S2co2
0A

2
0 

(ID 

Comparing Eq. (7) and Eq. (11) with the corresponding 
equations of amplitude slope detection method described in 
Ref. 15, we find that they have identical forms except for the 
coefficients. The coefficient in Eqs. (7) and (11) are smaller 
than those in the corresponding equations in the amplitude 
slope detection. With all parameters same, the F^n in the 
phase detection method is about 39% of that in the amplitude 
slope detection method. This is attributable to the difference 
between the slope of the 3> vs F' curve and the slope of the 
A vs F' curve. Therefore, theoretically, the sensitivity in 
phase detection is about 2.56 times that in amplitude slope 
detection. 
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^min-jn *s dependent on system resistance R. Since the 
impedance of the preamplifier can be large enough, the sys- 
tem resistance can be approximately equal to the resistance 
of the piezoelectric film. Therefore, the resistance of the pi- 
ezoelectric film determines which factor, thermal noise or 
Johnson noise, governs the F^in. From Table I, the resistiv- 
ity of the PZT layer on the cantilever is calculated as 
28.7X 104 Om; according to Fig. 3 in Ref. 15, F^in in this 
instrument is governed by thermal noise. This means that 
this HV-SFM has a theoretical sensitivity equal to the one in 
the conventional system which consists of the cantilever and 
an external displacement sensor. 

IV. CONCLUSIONS 

A novel noncontact HV-SFM using a piezoelectric micro- 
cantilever and the phase detection method was successfully 
developed. Because no external deflection sensing unit and 
no external oscillating element are needed, the structure of 
the HV-SFM constructed is as simple as that of a regular 
HV-STM. The phase detection technique can offer higher 
vertical resolution than amplitude slope detection because 
the slope of the phase versus F' curve is steeper than that of 
the amplitude versus F' curve and, furthermore, the phase 
signal is free from low frequency environmental disturbances 
that oppose the amplitude signal. The HV-SFM constructed 
has been proved to be stable and easy to be handle. Very 
clear images of Au film can be obtained with this instrument. 
The morphology of undulatory agglomerated grains as small 
as 5 nm can be seen clearly. The vertical resolution of this 
instrument is estimated as 1.1 A. 
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New technique for nanocantilever fabrication based on local electrochemical 
etching: Applications to scanning force microscopy 
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We propose a new method to fabricate a nanocantilever with a mechanical oscillating ball on its end. 
The method is based on local electrochemical etching in a very thin electrolyte liquid layer. It allows 
fabrication of a very sharp tip as well as a ball tip that can be used in dynamic mode control of 
atomic force microscopy. The oscillating part measures 50 nm in diameter; the diameter of the ball 
tip is 1.5 fm\. Because of the small mass of the oscillating ball and the small size of the threadlike 
neck, the estimated resonance frequency is around 300 MHz. This technique will help to increase 
the force gradient sensitivity in dynamic mode control of atomic force microscopy. © 7997 
American Vacuum Society. [S0734-211X(97)14404-3] 

I. INTRODUCTION 

During the last decade, the scanning tunneling micros- 
copy (STM),1 invented in 1982, has contributed to the devel- 
opment of several other scanning probe techniques, such as 
atomic force microscopy (AFM) in 1986,2 magnetic force 
microscopy (MFM) in 1987,3 as well as other types of 
microscopy.4 These kinds of microscopes are currently being 
employed and are now considered excellent tools for map- 
ping and profiling surfaces with atomic resolution. More- 
over, they opened the door to new applications such as the 
manipulation of nanostructures, data storage, nanolithogra- 
phy, and more. 

All these techniques depend greatly on the quality of the 
probes. In STM, a sharp metallic tip that is positioned at the 
tunneling distance from sample allows measurement of the 
tip/sample electronic interaction with high lateral and verti- 
cal resolution. The sharpness of the tip is one factor that 
affects the resolution. In AFM contact mode, specifications 
such as sharpness of the tip and spring constant of the can- 
tilever supporting the tip are also important. At atomically 
close separation, interaction between the tip and sample is 
dominated by short range interatomic forces. In noncontact 
mode, it is possible to measure long range interactions, as, 
e.g., van der Waals forces, magnetostatic, and Coulomb 
forces. As reported by Hartmann,5 Garcia and Binh,6 and 
Binh et al.,1 a spherical tip supported by a threadlike neck is 
well suited for this kind of measurement. 

In this article, we propose a new method to fabricate very 
short cantilever with spherical tips for dynamic (oscillating 
cantilever) noncontact AFM. According to the small size of 
the spherical tip and supporting threadlike neck of a few tens 
of nanometers, the resonant frequencies expected are in the 
range of 100 MHz-1 GHz. As the sensitivity of dynamic- 
mode control increases with higher resonant frequency,8 it 
will improve force gradient sensitivity in dynamic-mode 
control of the AFM. 

The fabrication method is based on local electrochemical 
etching/polishing in a very thin electrolyte layer around 1 
fim thick. This technique is suitable for fabrication of both 

sharp tips as well as three-dimensional structures with con- 
volution symmetry such is the case of cylinders, spheres, 
cones, etc. The fabrication method is presented in Sec. II and 
in Sec. Ill we will give a theoretical estimate of the resonant 
frequency of the nanocantilever with the ball tip at its end. 

II. NANOCANTILEVER FABRICATION TECHNIQUE 

For the preparation of the spherical tip, Garcia and Binh 
and Binh et al.6,1 proposed a method based on surface self- 
diffusion. It consists of heating a STM tip in a vacuum en- 
vironment to produce mobility of the atoms towards the apex 
of the tip and then to form a ball at the end of the tip. A 
criticism of this technique is that the mobility of the atoms 
occurs at various regions of the tip, making fabrication very 
difficult to control. On the other hand, electrochemical etch- 
ing techniques are well controlled and are currently used to 
fabricate sharp tips for STM and field ion microscopy 
(FIM).9'10 We propose extending this technique to achieve 
local etching/polishing in a very thin electrolyte layer around 
1 yam thick. 

The experimental setup is presented in Fig. 1. It consists 
of a thin mesh containing an electrolyte liquid that is main- 
tained by surface tension. The wire to be etched is inserted 
into the mesh by means of an X-Y-Z nanotranslator stage. A 
microscope with a magnification factor of 5000 and a charge 
coupled device (CCD) camera are used to control the posi- 
tion of the wire in the electrolyte as well as to visually con- 
trol the size of the wire during the etching procedure. For our 
experiments we used tungsten wire, KOH as the etching so- 
lution, and a platinum mesh as the counterelectrode. A scan- 
ning electron microscope (SEM) image of the mesh used is 
shown in Fig. 2. The size of each hole is 150 X 150 /xm2 in 
area and 4 (jura thick. The size of the mesh is very important 
as it determines the length of the threadlike neck that sup- 
ports the ball tip. 

The W wire, which typically has an initial diameter of 
100 ^m is moved, by means of the nanotranslator stage, 
through one of the mesh holes containing the KOH solution. 
Either ac and dc voltage can be used. Generally, we start by 
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FIG. 1. Experimental setup employed for fabrication of the ball tip. 
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reducing the diameter of the W wire using rapid ac etching 
followed by a dc electropolishing to attain the shape desired. 
Figure 3 shows a simple procedure by which to make a ball 
tip. After reducing the size of the wire, the ball tip is ob- 
tained by a combination etching of the selected region and 
scanning the wire through the electrolyte thin film in order to 
obtain a smooth surface. By controlling the etching time and 
the region to be etched, it is possible to make any structure 
with cylindrical symmetry. In Fig. 4 a perfect ball tip fabri- 
cated by this technique is shown. The diameter of the ball is 
1.5 fim and the diameter of the threadlike neck is around 50 
nm. 

By periodically moving the W tip through the electrolyte 
film, it is also possible to make an array of structures with 
cylindrical symmetry such as that shown in Fig. 5. It is 
mainly an array of constrictions of etched threadlike necks 
spaced from one another by a 10 fim length. 

Due to the small size of the nanocantilever (neck) and the 
small mass of the oscillating ball, the natural frequency typi- 
cally lies in the range of 100 MHz-1 GHz; it will be esti- 
mated more precisely in Sec. III. 

wmmWm 

rQV\              1 

m i 
Mitt 

r  I 
^«Kv^^pr- 5001AM                            0 0 

XL  

FIG. 3. Procedure by which to make a ball tip supported by a nanocantilever. 

III. RESONANT FREQUENCY 

In dynamic-mode AFM, the cantilever plays a key role in 
the measurement of long range forces. The forces acting on 
the resonating cantilever induce a shift in the resonant fre- 
quency. The increase of the operating resonant frequency 
allows the force gradient sensitivity to be improved as shown 
by the following equation:8 

FIG. 2. SEM image showing the mesh used for local electrochemical etch- 
ing. 

FIG. 4. SEM image of the ball tip and the nanocantilever. (a) Low magni- 
fication inspection. The diameter of the ball is 1.5 /ion. (b) High magnifica- 
tion of the nanocantilever. The diameter is around 50 nm. 
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FIG. 5.  Photograph of a microarray of constrictions (threadlike necks) 
spaced from one another by a 10 fim length. 

F' ■ =- min 

4k0KBBT 

wQ (1) 

where a0 is the amplitude of the cantilever vibration, k0 is 
the cantilever spring constant, KB is the Boltzmann constant, 
T is the temperature, and B is the measurement bandwidth; w 
is the cantilever frequency and Q is the resonance quality 
factor. Note that an AFM cantilever with small mass allows 
a reduction of the value of (k0/<o)in, which is the relevant 
figure of merit that is to be minimized. 

To calculate the resonant frequency of a nanocantilever 
with a mass at its end, theoretical modeling of lumped sys- 
tems can be used. For either a cylindrical or a rectangular 
cantilever, the natural frequency is given by11 

a> 2_ k0 

<eff 
(2) 

where k0 is the spring constant and me{{ is the effective mass. 
For the first resonant flexural mode, we can define meff by 

mf,ff=mc +0.24m d (3) 

d is the distributed where mc is concentrated mass and m 
mass of the cantilever. To increase the resonant frequency 
both masses should be very small. For a cylindrical cantile- 
ver, resonant frequency is given by12 

4. 3 77£r4 

4li(mc + 0.24TrrllpY (4) 

where E, p, r, and / are, respectively, the Young's modulus, 
the density, the radius of the constriction part (threadlike 
neck), and its length. 

To estimate the resonant frequency of ball tip supported 
by the nanocantilever using the following typical values of 
mc = 1CT14 g, r = 25 nm, and/ = 200 nm, we found that the 
natural resonant frequency is up to 300 MHz. In comparison 
to conventional resonant frequencies of an actual AFM, our 
probe should significantly improve the sensitivity of the 
AFM. 

IV. CONCLUSION 

A new technique for fabrication of a nanocantilever with 
a ball tip was reported. Based on local electrochemical etch- 
ing, this technique allows realization of the both the STM 
sharp tip as well as the AFM ball tip that can be used to 
detect long range forces such as van der Waals force, etc. 
Moreover, due to the high resonant frequency, this kind of 
probe has the potential to significantly improve the sensitiv- 
ity of the AFM. 
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We report on the first successful operation of a cyclic contact scanning force microscope (SFM) 
using a self-excited cantilever in liquid. Based on a new structure including a PZT reference pattern 
and a free-standing PZT cantilever, the piezoelectric self-excitation and self-detection mechanism 
for a PZT microcantilever was developed successfully. The topography is recorded by measuring 
the piezoelectric current variation, which corresponds to the vibration. Since the acoustic excitation 
from the external oscillator no longer exits, a clear single resonance peak can be obtained by using 
this self-excited force sensing PZT cantilever. Clear grating imaging in liquid was demonstrated, 
and it is compatible with the image taken in air. The future potential of applying this piezoelectric 
SFM to the characterization of biological samples in liquid is very promising. © 7997 American 
Vacuum Society. [S0734-211X(97)05904-0] 

I. INTRODUCTION 

Since scanning force microscopy (SFM) was introduced 
by Binnig et al. in 1986,1 its applications in biological sci- 
ence have progressed rapidly.2 Among those applications, 
imaging of DNA and living cells in solution has become one 
of the most importance. Many researchers have employed 
contact mode SFM in such applications, but the cantilever tip 
acting on the surface could be a major cause of possible 
deformation and the slight modification of soft biological 
samples. The use of the cyclic contact mode SFM, i.e., the 
so-called tapping mode SFM, for imaging soft biological 
samples can reduce the influence of lateral forces and incur 
less deformation on soft biological samples.3'4 In the cyclic 
contact mode, the cantilever is oscillated near its resonance 
frequency and only periodically touches the sample surface 
at the bottom of each swing; then the variation of vibrational 
amplitude is recorded as the image signals for sample topog- 
raphy. A microcantilever, an external piezoelectric oscillator, 
and an optical displacement sensing component are neces- 
sary constituents for a cyclic contact mode SFM system. 

a)Present address: Microsystems Lab., ITRI, Bldg. 52, 195 Sec. 4, Chung 
Hsing Rd., Chutung, Hsinchu, Taiwan 310, R.O.C.; Electronic mail: 
860004@hq.itri.org.tw 

b'Present address: Toto Ltd., 2-8-1, Honson, Chigasaki-city, Kanagawa Pre- 
fecture 253, Japan. 

Three force sensing schemes, i.e., piezoresistive, piezoelec- 
tric, and capacitive, are applied to activate the force sensing 
cantilevers.5""7 Use of these force sensing cantilevers can 
eliminate the optical displacement sensor that occupies most 
of the space in a SFM and that also imposes operational 
difficulty for the SFM due to unavoidable alignment prob- 
lems. An external piezoelectric oscillator will induce a se- 
vere damping influence on the cantilever when it operates in 
a liquid environment because of its relatively large volume. 
Only the self-excited force sensing microcantilever based on 
the piezoelectric scheme can overcome the drawbacks 
caused by the optical sensor and external oscillator without 
loss of performance and resolution in the SFM.8-11 For a 
SFM equipped with a self-excited force sensing piezoelectric 
microcantilever, the essential component for cyclic contact 
mode SFM becomes simply the piezoelectric cantilever it- 
self. 

In this study a piezoelectric PZT microcantilever for the 
cyclic contact SFM in liquid is proposed. Based on the suc- 
cessfully developed piezoelectric self-excitation and self- 
detection mechanism for this PZT microcantilever, the op- 
eration of such cantilevers in liquid is characterized. Clear 
images of a grating sample are obtained by a SFM using this 
self-excited force sensing PZT microcantilever operated in a 
liquid environment. The images are compatible with the im- 
ages taken in an ambient air environment. 
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Upper electrode: 
Au/Cr 0.2um 

Piezoelectric layer: 
PZT1 

Cantilever 

Thermal SiCh layer 
1.8um 

Bonding pad: 
Au/Cr 0.2|jm 

Passivation layer: 
Si02 0.2nm 

Lower electrode: 
Pt/Ti 0.35um 

Upper passivation 
layer: SiO 0.2|jm 

Reference pattern 

FIG. 1. Schematic drawing of the self-excited force sensing PZT microcan- 
tilever for SFM used in liquid. 

II. PIEZOELECTRIC EXCITATION AND DETECTION 
MECHANISM 

The design and structure of the self-excited force sensing 
PZT microcantilever are schematically illustrated in Fig. 1. 
The 1.25-yLtm-thick PZT film is deposited by a sol-gel 
process.12 Ar ion beam etching is used to pattern the elec- 
trodes and the PZT layer, while reactive ion beam etching of 
C3F8/02 is applied to pattern the Si02 layer. Details of the 
microfabrication process of the self-excited force sensing 
PZT microcantilever are reported elsewhere.10 Characteris- 
tics of the microfabricated PZT cantilever are outlined in 
Table I. The piezoelectric PZT cantilever is able to be ex- 
cited by an applied ac voltage via the inverse piezoelectric 
effect, while the force sensing is executed by recording the 
piezoelectric current change due to the fact that the PZT 
layer may give a sensitive field response to weak stress 
through the direct piezoelectric effect. In order to measure 
the piezoelectric current caused by the cantilever vibration 
precisely, the capacitance current output from the piezoelec- 
tric cantilever must be negated because the piezoelectric 
layer of the cantilever is a capacitor as well.8 A piezoelectric 
excitation and detection method for piezoelectric ZnO micro- 
cantilevers was proposed by Itoh and Suga.8 A reference CR 
circuit was used to compensate for the capacitance current 
from the ZnO cantilevers. For these the capacitor and resis- 
tor, which have the same values as the capacitance and re- 
sistance of the ZnO cantilevers, were chosen as the reference 
circuit. 

TABLE I. Characteristics of the self-excited force sensing PZT microcantile- 
ver. 

Lever Lever PZT layer Calculated 
length width length spring constant 

(160 /im) (50 /im) (135 /tm) (10.5 N/m) 

Resonance Resonance Quality Quality 
frequency frequency factor factor 
(in air) (in 2-propanol) (in air) (in 2-propanol) 
112.8 kHz 60 kHz 200 6 

The capacitance of the ZnO layer is about 1 pF, whereas 
the capacitance of the PZT layer is about 50 pF. The capaci- 
tance current from the PZT cantilever is higher than the ca- 
pacitance current from the ZnO cantilever. In addition, the 
capacitance value of the PZT layer is found to be influenced 
by the value and frequency of applied ac voltages in the high 
frequency range.13 The capacitance value of the PZT layer 
also varies slightly for each different PZT cantilever. These 
factors make the offset canceling operation via outside elec- 
tronics difficult and clear piezoelectric current signals for the 
PZT cantilevers become impossible to be read. As a result, in 
the present study the new structure includes a free-standing 
cantilever, and a reference pattern is developed for making 
the offset cancellation. Since this PZT reference pattern is 
the same size as the PZT cantilever, it is expected to possess 
the same capacitance and resistance as the cantilever. A dif- 
ferential current amplifier is used to record the current output 
coming from the reference pattern and the microcantilever 
when they both receive the same ac voltage. The piezoelec- 
tric current signals can then be recorded by deducting the 
capacitance current, which is the output from the reference 
pattern, from the output signals of cantilever. The variation 
of the vibrational amplitude can be measured by recording 
the piezoelectric current signals from the differential current 
amplifier. Figure 2(a) shows the current output versus the 
driving frequency from the cantilever and reference pattern 
when the current output from both is recorded separately. 
The piezoelectric current versus the driving frequency re- 
corded from the output of a differential current amplifier is 
shown in Fig. 2(b). Successful offset cancellation was done 
easily using this cantilever-reference pattern structure. Com- 
pared to use of outside electronics for cancellation of the 
different piezoelectric cantilevers, the outside electronics 
themselves have to be modified depending on the capaci- 
tance and resistance of the different cantilevers. The differ- 
ential current amplifier used here is sufficient for different 
cantilevers. 

III. DYNAMIC PIEZOELECTRIC SFM IN LIQUID 

A. Vibration versus driving frequency characteristics 

For the cyclic contact mode operation in liquid, the can- 
tilever has to be excited at its resonance. Hansma et al. used 
the piezoelectric scanner to excite the cantilever by acoustic 
waves through the surrounding liquid,3 while Putman et al. 
used a cantilever holder with an external piezoelectric oscil- 
lator to oscillate the cantilever.4 Due to the strong viscous 
damping effect caused by the external oscillator, the cantile- 
ver is acoustically excited rather than mechanically excited 
by the oscillator.4 

In present study, in order to compare the two methods to 
each other, the PZT cantilever is either excited by an external 
oscillator or self-excited. The cyclic contact mode SFM us- 
ing the self-excited force sensing PZT cantilever in liquid is 
schematically depicted in Fig. 3. The liquid used is 
2-propanol, CH3CH(OH)CH3, which has a boiling point of 
82.3 °C and a density of 0.78 g/cm3 (from Wako Chemicals, 
Co., Ltd., Tokyo). In Fig. 3 the PZT cantilever is self-excited 
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FIG. 2. (a) Current output of a leO-^m-long PZT cantilever and its reference 
pattern vs the driving frequency. The curves from the cantilever and refer- 
ence pattern are recorded separately when an ac voltage of 12.5 mV is 
applied, (b) Piezoelectric current spectrum of a self-excited force sensing 
160-//.m-long PZT cantilever in air. The excitation ac voltage of 20 mV is 
directly applied to the cantilever and its reference pattern. The piezoelectric 
current is measured by subtracting the reference current from the current 
output of the cantilever via the differential current amplifier. The first me- 
chanical resonance peak is at 112.75 kHz. 

by an applied ac driving voltage. The mechanical vibrational 
amplitude is represented in terms of the piezoelectric current 
signals from the differential current amplifier based on the 
mechanism discussed in Sec. II. However the driving voltage 
can also be applied to a piezoelectric oscillator that is con- 
nected with the cantilever; then the cantilever will be ex- 
cited. Thereafter the piezoelectric charge output will vary 
with the change of mechanical vibrational amplitude; the dif- 
ference between charge output and the setup value is taken as 
the feedback signal to the scanner for z actuation. This is the 
piezoelectric charge detection method.14 Using this method 
the piezoelectric charge output from the cantilever vibrated 
by the oscillator in liquid can be recorded as the function of 
driving voltage frequency. The resulting curve is shown in 
Fig. 4(a). Although we did not immerse the external oscilla- 
tor into the liquid, the substantial vibration from the bulk 
silicon base still imposed a strong damping influence on the 
vibration of the PZT cantilever. The curve is basically simi- 
lar to the curve demonstrated by Putman et al.A Figure 4(b), 
on the other hand, shows the curve of the piezoelectric cur- 
rent signals versus driving frequency that is measured by the 
SFM shown in Fig. 3. A broad, but very clear, resonance 
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Ref.sienals 

Function 
Synthesizer 

Modultion 
ac signals 

Liquid 
(2-Pwpawt) 
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Sample holder 
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FIG. 3. Schematic diagram of a dynamic SFM using the self-excited force 
sensing PZT cantilever in liquid. The xy scanning and feedback actuation of 
tip-sample spacing are executed by the tube scanner. The 2-propanol is 
used as the liquid in the sample holder for imitating the high viscous envi- 
ronment. 

peak near 60 kHz is observed. It indicates that acoustic ex- 
citation is almost avoided by using the self-excited cantile- 
ver. The incremental trend on the piezoelectric current output 
as driving frequency is increased is attributed to the fact that 
the piezoelectric current is proportional to the driving ac 
voltage frequency. A modified current output versus driving 
frequency can be calculated from the curve of Fig. 4(b) by 
deleting the factor ascribed to ac voltage frequency, as 
shown in Fig. 4(c). The quality factor is then calculated as 6 
from Fig. 4(c). Comparing the curve in air, i.e., Fig. 2(b), 
with the one in liquid, i.e., Fig. 4(b), the earlier resonance 
frequency drops from 112.7 to 60 kHz, and the quality factor 
is 200 in air and 6 in liquid, while the driving voltage used in 
liquid is 7.5 times greater than that in air. The vibrational 
amplitude versus driving voltage at the resonance can be 
calculated from the output current based on the method dis- 
cussed in Ref. 10, in which the vibrational amplitude at the 
resonance equals the product of the static actuation ability 
and vibrational quality factor. The corresponding values are 
25.6 nm/mV in air and 0.31 nm/mV in liquid. 

The damping coefficient per unit length of the cantilever 
can be obtained from the mass of per unit length, me, times 
the resonance frequency, fR, divided by the quality factor, 
Q, i.e., C = mefR/Q. The damping coefficient of the PZT 
cantilever in liquid, i.e., 2-propanol, can be calculated as 18 
times larger than the one in air. A strong influence by vis- 
cous damping in liquid can be concluded. 

B. Force curve of the cyclic contact mode and the 
images derived 

Figure 5(a) shows a curve of piezoelectric current signals 
versus driving frequency by another 160-yu.m-long cantilever. 
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FIG. 4. (a) Piezoelectric charge spectrum of a 160-yttm-long PZT cantilever 
in liquid. The cantilever is excited by an external oscillator. Details of the 
experimental setup of the piezoelectric charge detection method can be 
found in Ref. 14. (b) Piezoelectric current spectrum of a self-excited force 
sensing 160-yum-long PZT cantilever in liquid. The excitation ac voltage is 
150 mV. The earlier mechanical resonance peak drops from 112.75 kHz in 
air [Fig. 2(b)] to 60 kHz in liquid. The cantilever used here is the same one 
used in (a), (c) A modified spectrum of (b). The quality factor calculated is 
6. 

A slight shift of resonance frequency is observed between 
Fig. 5(a) and Fig. 4(b), and the piezoelectric current outputs 
are somewhat different from the data in Fig. 4(b). These 
differences may not be due only to the deviation of cantile- 
ver characteristics from different cantilevers, but may also be 
due to the amount of liquid used in experiment setup because 
the initial amount might be different, and this amount may 
decrease depending on an increase in the operation time. The 
force curve derived is shown in Fig. 5(b). It is measured by 
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FIG. 5. (a) Piezoelectric current spectrum of a self-excited force sensing 
160-/mi-long PZT cantilever in liquid with an applied voltage of 375 mV. 
(b) Force curve trace in liquid of the self-excited PZT cantilever used in (a). 

recording the current signals from the current amplifier while 
the dc actuation voltage is applied to the scanner to control 
the spacing between the sample surface and the cantilever 
end. The sensitivity of a 160-yum-long PZT cantilever in liq- 
uid can be defined as the slope of the force curve and its 
value is 1.2 nA/nm. The minimum piezoelectric current out- 
put is also derived from the magnified area of a segment in 
the force curve. Then the amplitude resolution can be esti- 
mated by the minimum detectable current output/slope of 
force curve, i.e., 0.32 nA/1.2 nA/nm=0.27 nm at a band- 
width of 125 Hz. Because there is an apparatus setup angle, 
here, 30°, the vertical resolution equals the vertical vector of 
the amplitude resolution and its value is 2.3 A. This vertical 
resolution is sufficient to image most of the biological 
samples. 

For imaging the sample, a feedback bias is needed to keep 
the vibrational amplitude at the set point. This bias signal is 
then recorded as the trace of sample displacement in the z 
direction, i.e., its topography. Figure 6(a) shows a SFM im- 
age of a Au film coated 1.0 fim pitch Si02 grating in 
2-propanol, taken by cyclic contact SFM with a self-excited 
force sensing 160-/im-long PZT cantilever. Figure 6(b) 
shows an image for a similar sample taken by cyclic contact 
SFM with a self-excited force sensing 125-/mi-long PZT 
cantilever operated in air.10 In general, these images agree. 
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FIG. 6. (a) A cyclic contact SFM image of a Au film coated 1.0 fim pitch 
Si02 grating in 2-propanol. The scanning rate is 2 Hz and the sampling 
points are 256 X 256. (b) A cyclic contact SFM image of a sample similar to 
that used in (a) taken in air. The scanning rate is 0.5 Hz and sampling points 
are256X256. 

IV. CONCLUSIONS 

A new device that includes a PZT reference pattern and a 
free-standing PZT cantilever is proposed for the realization 
of a self-excited force sensing PZT cantilever. Using this 

structure, the piezoelectric current, which corresponds to the 
vibration, can be precisely measured. We also demonstrated 
cyclic contact mode SFM in liquid using this self-excited 
force sensing PZT cantilever. Since the acoustic excitation 
from the external oscillator no longer exists, a clear single 
resonance peak can be observed. A clear grating image in 
liquid was demonstrated, and it is compatible with the image 
taken in air. The potential of applying this piezoelectric SFM 
to the characterization of biological samples in a solution 
environment is optimistic. Because this piezoelectric SFM of 
the cyclic contact mode can offer a fast and convenient way 
for operation in liquid, it may also be possible to reduce the 
influence of lateral forces and limit deformation on soft bio- 
logical samples. 
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Interface imaging by second-harmonic microscopy 
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Second-harmonic microscopy (SHM) is a fast noncontact surface specific imaging technique for the 
quantitative in situ characterization of a large variety of real interfaces including liquid surfaces, 
surfaces in vacuum, and buried interfaces. The conventional surface second-harmonic generation 
experiment reveals the surface order and symmetry averaged over the area illuminated with an 
intense laser beam. In contrast, the SHM experiment probes the interface laterally resolved. Here we 
show that the optical nonlinearity of any local feature resolved in an image can be measured 
quantitatively. The nonlinear optical properties can be interpreted in terms of local surface order and 
symmetry. The lateral resolution limit of the stigmatic microscope is Abbe's resolution for the 
generated SH light with a wavelength of, e.g., 532 nm. The contrast mechanism can also be applied 
to a scanning optical near field microscope. © 1997 American Vacuum Society. 
[S0734-211X(97)04304-7] 

II. THEORY 

The SH intensity 7(2w)generated in a surface analytical 
experiment is given by10 

/(2a>) = . 
2 a2 L2 

enc
3 cos2 Cl 

keff|2(/(W))2 (1) 

I. INTRODUCTION 

Second-order nonlinear optical techniques are efficient re- 
mote sensing methods for the in situ investigation of a large 
variety of real interfaces including liquid surfaces, surfaces 
in vacuum, and buried interfaces.1-7 In the bulk of cen- 
trosymmetric or isotropic media, such as silicon, glass, or 
liquids, the second-order optical processes are symmetry for- 
bidden if the electric-dipole interaction between light and 
matter is the predominant mechanism. Hence, the nonlinear 
optical signal emerges selectively from the surfaces or inter- 
faces where the bulk symmetry is necessarily broken.1 

The nonlinear processes require high intensities of the 
probing light. Such intensities can be provided by readily 
available pulsed laser sources. The simplest experiment is 
second-harmonic generation (SHG) where a single laser 
beam is used to produce frequency-doubled light at the in- 
terface. The generated signal carries information on the sym- 
metry and order of the interface. 

In the conventional surface SHG experiment, the 
frequency-doubled light is measured integrally from the illu- 
minated spot.1"7 Hence, the average surface order and sym-       e      ^ Fresnel factors of the interface multiplied by unit 

with deff the effective susceptibility, 7(<u) the intensity of the 
fundamental beam (frequency co), Q, the angle of incidence, 
L the thickness of the SH active layer, e0 the vacuum per- 
mittivity, and c the speed of light in vacuum. The effective 
susceptibility deff is defined as 

de{(=e^d:^e^= £  e^dIJKe^ 
1,J,K 

MJ<o)_ (2) 

The tensor d reflects the actual macroscopic material prop- 
erties. Its elements are given by dIJK where the index / refers 
to the coordinates of the SH field. The quantities e(2<u) and 

metry within the spot can be determined. SH imaging, how- 
ever, reveals the lateral structure of the interface with far 
field optical resolution.8 The range and changes of orienta- 
tional order can be directly observed. The crystallographic 
structure of any local feature resolved in an image can be 
determined. If the optical nonlinearity of the interface is suf- 
ficiently high, an image can be created applying a single 
laser pulse with a time duration of, e.g., 100 ps.9 Thus, SH 
microscopy is a promising method for the fast, quantitative, 
and remote sensing investigation of surfaces, interfaces, and 
ultrathin films. 
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vectors which describe the orientation of the electric fields of 
the SH and the fundamental light, respectively. The effective 
susceptibility is a scalar which depends on the geometry used 
in an experiment, and on the tensor elements which are rel- 

=s 
evant for this special geometry, d is a third-rank tensor with 
a maximum of 18 independent elements.11 The correspond- 
ing material property in linear optics is given by the dielec- 
tric tensor. 

According to Eq. (1), the susceptibility d cannot be de- 
termined directly in an experiment. The quantity which can 
be measured is the SH intensity radiated from the illuminated 
specimen. From the intensity, the effective susceptibility can 
be calculated. Then, the experimental geometry can be al- 
tered such that an additional effective susceptibility can be 
determined. From N known effective susceptibilities, N ele- 
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ments of the tensor d can be calculated. Finally, the macro- 
=s 

scopic property d can be interpreted on the molecular or 
atomic level. 

The microscopic property corresponding to the suscepti- 

bility as described by d is the hyperpolarizability ß. In the 
simplest case, a molecule possesses a single axis z of high 
hyperpolarizability ßz.

n If molecular interactions can be ne- 
glected, the macroscopic nonlinearities can be calculated 
from the molecular nonlinearity by a simple projection of the 
molecular onto the macroscopic coordinates and by summa- 
tion over all molecules.12 We have 

duK=y   2    (li)(li)(K-i)ßz 
V molecules 

(3) 

with I, J, K, and z the unit vectors of the coordinates, and 
V the volume of the film. The angle brackets refer to an 
orientational average over the molecules. In linear optics, 
there is a similar relation between the dielectric tensor and 
the molecular polarizabilities. Generally however, more in- 
formation on the molecular order can be obtained in nonlin- 
ear optics because the higher order susceptibilities possess 
more independent elements (up to 18 for SHG compared to 
three elements of the diagonalized dielectric tensor in linear 
optics). 

Summarizing, the relevant quantities of a SHG experi- 
ment are determined in the following sequence: 

I(2w)->d eff >d- >ß. 
In the conventional SHG experiment, all these quantities are 
averaged properties describing the entire interface or a large 
section. In the SHM experiment, we treat any local feature 
such as a domain as a sample whose susceptibility tensor can 
be determined and interpreted. 

III. CONVENTIONAL AND MICROSCOPY 
EXPERIMENT 

Various geometries have been used in conventional (inte- 
grating) SH generation experiments in order to determine the 
full susceptibility tensor of a sample. Usually a spot of the 
specimen is illuminated with a laser beam of constant pulse 
intensity (Fig. 1). A defined fundamental polarization is se- 
lected [s or p in Figs. 1(a) and 1(b)]. The generated SH 
signal passes an analyzer which also selects a defined polar- 
ization. The intensity of the SH light in this state is mea- 
sured. The geometry can be modified by the rotation of the 
sample about one of its axes [Figs. 1(a) and 1(b)] such that 
the effective susceptibility can be determined for various 
sample orientations. In the example of a liquid surface, for 
example, [Fig. 1(c)] it is difficult to rotate the specimen. In 
such cases, for instance, the fundamental polarization can be 
rotated. 

From all these geometries of conventional experiments, 
the set up of a SHM experiment can be derived. Here, we use 
a transmitted light geometry (Fig. 2). Scanning of the sample 
with a tightly focused laser beam is not required. The entire 

v 

I _ _01 ► 

2a 

FIG.  1.  Conventional surface second-harmonic generation experiments, 
transmitted (a) and reflected light geometries (b) and (c). 

area of interest with a typical diameter of 400 /im is illumi- 
nated employing a pulsed laser (Spectra Physics GCR 190, 
wavelength 1064 nm, pulse duration 8 ns, repetition rate 30 
Hz, intensity -200 MWcm-2). The SH light is used to 
create a magnified image of the interface structure on the 
target of an intensified CCD camera (Spectroscopy Instru- 
ments ICCD-576 G/RB). The two-dimensional detector mea- 
sures the SH photons with 2.2X 105channels in parallel. The 
response of the camera is calibrated.13 

Applying normal incidence of the fundamental light the 
probe is sensitive to the noncentrosymmetry of the mono- 
layer in the surface plane since the fundamental light is po- 
larized in this plane. Below, the performance of our SHM 
will be demonstrated with the example of a Langmuir mono- 

analyzer 

polarizer 

FIG. 2. Scheme of second-harmonic microscope. Here the order of a Lang- 
muir monolayer at a water surface is probed. The axis of the highest mo- 
lecular hyperpolarizability (charge transfer axis) is indicated with an arrow 
in the inset. 
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FIG. 3. Second-harmonic micrographs of a Langmuir monolayer of 
2-docosylamino-5-nitropyridine (DCANP) at a water surface. The grey scale 
is calibrated in units of the effective susceptibility dcf! of the monofilm 
(pm V~').The polarizer orientations are indicated by the arrows. 

layer of 2-docosylamino-5-nitropyridine (DCANP) at a wa- 
ter surface. The chemical formula is given in Fig. 2. The 
signal from the monofilm proved to be much more intense 
than the signal from the bare water surface. Thus, the latter 
can be neglected. 

IV. RESULTS AND INTERPRETATION 

SH micrographs of a DCANP monolayer are shown in 
Fig. 3. The monolayer was observed between parallel polar- 
izers whose orientation is indicated. An image was taken 
within 10 s (300 laser pulses). The grey scale is calibrated in 
units of the effective susceptibility (pmV"1) of the film. 
Remember that the generated SH intensity 7(2w) is propor- 
tional to |Jeff|2as given by Eq. (1). The textures seen in the 
images can be described as irregular, elongated, dendritic 
structures. Contrast inversion occurs if the polarizers are ro- 
tated by 90°. Radiation damage due to the high light inten- 
sities was not observed. 

The contrast can originate from different phenomena. In 
the most general case, the molecular order and arrangement 
varies laterally. Another possibility is that all the local struc- 
tural features resolved in the images possess the same or a 
similar crystallographic symmetry and order. This means 
that the susceptibility tensor which describes the local fea- 
tures is identical for all the features. In such an example, the 
lateral variation of the effective susceptibility originates from 
orientational variations of the crystallographic axes. This in- 
terpretation is valid for all polycrystalline surfaces and for 
various liquid crystalline mesophases. 

We assume this interpretation to be also valid in the ex- 
ample of the DCANP monolayers. In addition, we see that 
all the features resolved must be noncentrosymmetric in the 
surface plane, that is, a polar order exists in the plane of the 
film. As a sample, we can define any local feature with, for 
example, a homogeneous effective susceptibility. We assume 
a single polar axis corresponding to a single susceptibility 
tensor element is sufficient to describe the in-plane order of 
all these local features. An example of such an object with its 
polar axis Z and the susceptibility dzzz is depicted in Fig. 4. 
The polarizer orientations are given in a laboratory frame 

FIG. 4. Example of a local feature with its macroscopic polar axis Z and its 
orientation 8 relative to the polarizers. The nonlinear optical data are inter- 
preted such that the charge transfer axes of the molecules in the local feature 
(small arrows) are oriented parallel to the macroscopic polar axis. A labo- 
ratory coordinate system lying in the surface plane is also given. The con- 
trast between different local features in an image originates from the lateral 
variation of the molecular orientation relative to the laboratory frame. 

lying in the surface plane. Using this model, the features 
whose polar axes are oriented favorably with respect to the 
polarizers should appear bright in an image. If all these as- 
sumptions hold, a contrast inversion is expected for a rota- 
tion of the polarizers by 90°. This agrees well with the ob- 
servation indicating that the model is reasonable. 

The interpretation can also be verified quantitatively. If a 
single susceptibility tensor element dzzz is sufficient to de- 
scribe a local feature, Eq. (2) can be written as 

deff=F^\F^)2 cos' 6dzzz, (4) 

where f(26,) and F(w) are the Fresnel factors for the 
interface.10 6 is the angle between the polarizer orientation 
and the Z axis. The cosine factors account for the projection 
of the two fundamental fields from the polarizer orientation 
onto the Z axis of a local feature and for the projection of the 
generated SH field from the polar axis onto the analyzer of 
the microscope. The validity of Eq. (4) can be proven by 
synchronous rotation of the polarizers in an experiment and 
measuring of deff in dependence on 0. These experiments 
will be described in detail elsewhere. The result obtained 
from several experiments with different DCANP Langmuir 
films is that Eq. (4) fits the data well. We obtain the follow- 
ing results: 

(1) The in-plane structure of all the local features can be 
described   with   a   single   predominant   susceptibility 
<^zzz> 

(2) the value of this susceptibility is identical for all the 
features, and 

(3) its magnitude14 is \dzzz\ = 40 ± 4 pm V"1. 

In the following, the measured macroscopic nonlinearities 
will be interpreted molecularly. The hyperpolarizability of a 
molecule like DCANP is due to an intramolecular charge- 
transfer (CT) group:12 a 7r-electron system (pyridine ring) 
that is substituted by an electron donor (amino group) and an 
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microscope 
objective 

FIG. 5. Second-harmonic microscope taking advantage of a noncollinear 
geometry. 

electron acceptor (nitro group). The axis of highest hyperpo- 
larizability corresponds to the CT axis. This molecular axis 
is indicated in Fig. 2 by an arrow. Since there are both a 
single molecular and a single macroscopic nonlinearity, the 
CT axes of all the molecules in a local feature must be ori- 
ented parallel to macroscopic polar axis of this feature. This 
means that the projection factors in Eq. (3) amount to one. 
The local molecular order is indicated in Fig. 4 using the 
small arrows. 

The contrast of the SH micrographs can then be explained 
as follows: The orientation of the molecules (or the bright- 
ness of the images) is maintained over 10 yam dimensions. 
Over longer distances, the orientational order changes either 
abruptly or continuously. Using Eq. (4), the measured two- 
dimensional distribution of the effective susceptibility can be 
readily transformed into the corresponding molecular orien- 
tation field. 

V. DISCUSSION 

The parallel orientation of the molecular Tr-electron sys- 
tem agrees well with electron diffraction data obtained from 
DCANP films which were transferred onto solid substrates.15 

Advantages of the optical technique are: No sample prepara- 
tion is required, interface selectivity is inherently provided, 
and lateral resolution can easily be obtained. SHM is not 
restricted to the characterization of Langmuir films. It can be 
applied to all kinds of interfaces accessible to light. SHM is 
also not restricted to simple cases such as DCANP monolay- 
ers where a single susceptibility is sufficient to describe the 
in-plane structure. In the case of the lowest possible symme- 
try of an acentric feature (C,), there are up to six indepen- 
dent susceptibilities required to describe the in-plane noncen- 
trosymmetry. It can be shown that all these susceptibilities 
can be measured.16 At an interface, however, it is highly 
desirable to be also sensitive to the polar order in normal 
direction. 

Normal dipoles can be probed applying an oblique inci- 
dence of the fundamental light. Then, however, the SH light 
is radiated also under an oblique angle collinearly with the 
reflected fundamental light. [See Figs. 1(b) and 1(c) for the 
conventional experiment.] Hence, the objective axis of a 
stigmatic microscope must also be tilted with respect to the 
surface. As a result, a highly magnified image with high 
resolution can only be obtained from a small stripe in the 
object field. Recently, we have, however, realized a noncol- 
linear geometry where two fundamental beams are used17 

(Fig. 5). Due to the conservation of momentum, the SH pho- 
tons are radiated normal to the surface. This experiment 
combines a number of advantages: 

(1) Additional susceptibilities can be determined quantita- 
tively due to the nonnormal incidence of the fundamen- 
tal light. 

(2) Abbe's resolution for the SH light can be obtained in the 
entire object field due to the objective axis normal to the 
surface. 

(3) Specimen can be probed in reflection. Hence, nontrans- 
parent interfaces such as metal and semiconductor sur- 
faces can be measured. 

In order to obtain higher lateral resolution, the contrast 
mechanism could, in principle, also be applied to a scanning 
optical near field microscope. Very high laser intensities, 
however, are required in order to obtain a sufficient number 
of SH photons from the small areas observed. For an estima- 
tion of the SH signals we assume the detection of the SH 
light through an aperture with a diameter of 50 nm. The 
number of SH photons generated within a surface section 
corresponding to this aperture can be calculated using Eq. 
(1). For the illumination of the surface a freely propagating 
laser beam may be utilized. Also, a total internal reflection 
geometry could be applied. For a fundamental intensity of 
100 TW cm"l, a pulse duration of 400 fs, a repetition rate of 
100 MHz, a wavelength of 1064 nm, a thickness of the SH 
active film of 2 nm, an effective susceptibility of 1 pm 
V-1, an integration time of 10~3 s, and for normal incidence 
of the laser beam we obtain a number of 2.2 X 107 SH pho- 
tons from the area adjacent to the aperture. This number is 
sufficient for imaging. The high fundamental intensities re- 
quired can be applied especially to biological samples if fs 
laser pulses are used. 

In summary, we have shown that the lateral structure of 
an interface, a surface, or an ultrathin film can be imaged by 
SHM. The susceptibility of all the local features resolved in 
the images can be measured quantitatively. The two- 
dimensional distribution of the susceptibilities can be readily 
transformed into the corresponding molecular orientation 
field. The technique can be applied to all kinds of real inter- 
faces accessible to light. 
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Scanning acoustic tunneling microscopy and spectroscopy: A probing tool 
for acoustic surface oscillations 
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A method is presented for the universal probing of surface acoustic waves (SAWs). For measuring 
high frequency SAWs by scanning tunneling microscopy (STM) a stroboscopic snapshot technique 
was employed, named scanning acoustic tunneling microscopy. The amplitude and the phase of a 
state of oscillation within a SAW field are a superposition of the surface topography and the 
oscillation trajectory. Measuring with atomic resolution the observed contrast can be understood by 
a spherical tunneling model. A STM based system is proposed that reaches submicron resolution for 
the quantitative evaluation of elastic constants. With this system the velocity dispersion is obtained 
from the detection of laser generated SAW pulses by a broadband STM. Scanning acoustic 
tunneling spectroscopy using different acoustic modes opens a door for quantitative studies of 
nanoscale structures.   © 1997 American Vacuum Society. [S0734-211X(97)10004-X] 

I. INTRODUCTION 

With miniaturization in electronics a need for mechani- 
cally characterizing the thin films used arose.1 These films 
often limit device durability due to their high inner stresses. 
A well-suited method for the investigation of thin films is 
based on surface acoustic waves (SAWs) since they are con- 
fined within some wavelengths in the vicinity of the surface. 
Although high frequency SAWs (typically MHz to GHz) are 
nondispersive when propagating on an elastic half-space, a 
layer attached to the bulk substrate causes dispersion. The 
dispersion curve is an implicit function of the elastic con- 
stants of substrate and layers. Hence the measurement of the 
frequency dependent phase velocity over a wide frequency 
range, also called SAW spectroscopy,2 offers a unique tool 
for studying the elastic properties of thin films. 

In general, any combination of an acoustic source with an 
acoustic receiver provides a setup for SAW spectroscopy. 
The most desired arrangements are those based on noncon- 
tact broadband transducers delivering the dispersion curve 
out of a single acoustic pulse. But most SAW transducer 
principles are restricted to piezoelectric substrates and to cer- 
tain crystal cuts, or are limited in their bandwidth. The most 
important techniques for SAW generation are laser optical 
excitation and interdigital transducers (IDTs). 

Laser optical excitation allows the generation of either 
broadband acoustic pulses by pulsed lasers or narrow- 
bandwidth waves by scanning interference fringes (SIFs)3 on 
almost arbitrary substrates. The combination of pulsed laser 
excitation with laser probing, piezoelectric foil detectors or 
IDT detectors are standard setups for nondestructive evalua- 
tion purposes.4 Yet these spectroscopy techniques are not 
supposed to attain lateral resolution. Even standard 225 MHz 
line-focus acoustic microscopy, capable of measuring SAW 
velocity, is not heading towards the submicron scale.5 

With the invention of molecular beam epitaxy the genera- 
tion of vertically as well as of laterally confined structures 

"'Electronic mail: hesjedal@pdi.wias-berlin.de 

was accomplished.6 For the study of such very thin layers 
high acoustic frequencies in the super-GHz range are neces- 
sary, and this is offered by ultrafast optical pump-and-probe 
methods involving acoustic bulk waves of up to 100 GHz.7 

For elastically characterizing laterally confined structures 
we propose a SAW dispersion measurement method based 
on the reduction of the size of the excitation source and/or 
the detecting probe by means of scanning probe microscopy. 
The most sophisticated system stage will combine pulsed 
laser excitation with transient scanning tunneling microscopy 
(STM) methods for both conducting and nonconducting sur- 
faces. For two reasons we started with IDT excited SAWs. 
First, IDT excitation guarantees well-defined surface oscilla- 
tion conditions enabling us to model the influence of topog- 
raphy and acoustic modes on the microscope's contrast. Sec- 
ond, the excitation of continuous waves which was recently 
optically realized by SIF allows one to circumvent some of 
the key problems in measuring fast phenomena with band- 
width limited controller electronics. Using the nonlinear 
force and tunneling curves as frequency demodulators or 
mixers in the same way as a crystal radio detector, scanning 
acoustic force microscopy (SAFM) and scanning acoustic 
tunneling microscopy (SATM), respectively, transfer the rf 
wave's information to easy-handling kHz frequencies.8 

In this article heterodyne detection as well as the discus- 
sion of transient STM methods will be presented. Then the 
influence of topographic features on the SATM contrast will 
be discussed, both theoretically and experimentally. Atomic 
resolution measurements show a snapshot of the atomic os- 
cillation trajectories. In addition a system is proposed com- 
bining laser optical pulse excitation with a transient STM; 
this is called scanning acoustic tunneling spectroscopy 
(SATS). 

II. SATM: DETECTION OF ACOUSTIC WAVES 

The nonlinearity describing the tunneling of electrons 
from a sharp tip to a sample surface can be utilized as an 
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effective high-frequency signal mixer. When a propagating 
SAW with the normal component uz at w SAW passes the tip 
modulating the undisturbed tip-to-sample distance d0 in the 
form d = d0+uzsm(wSAWt+(p) the applying of a slightly 
frequency detuned voltage Vx sin(wclockf) at <uclock addition- 
ally to the gap voltage V0 leads to the following tunneling 
current       at       the       lowest       difference       frequency 

'SAW clock! • 

/' 
d0V{ 

(const- d0+ l)cos(Aco?+cpSAW). (1) 

The local SAW phase <p SAW is linearly dependent on the 
propagation length. By analyzing the tunneling current with 
a lock-in amplifier at Aw the obtained images can be seen as 
a stroboscopic snapshot of the oscillating surface. 

Some of the main advantages of such a heterodyning 
technique are the avoidance of transducer-tip crosstalk influ- 
ences and strong displacement currents between the tip and 
the metallized surface by measuring at the difference 
frequency.9 

The need for ultrafast STM microscopes comes generally 
from the fact that small structures exhibit short time scales. 
For SAW detection in the frequency range from MHz to 
some GHz at least nanosecond time resolution should be 
reached. Although the inherent tunneling time was estimated 
to be 10 fs or lower, the electromagnetic feedthrough and 
stray capacities have to be overcome. Adapting ultrafast op- 
tical pump-and-probe techniques a fast gate signal is needed 
to lead through the nonlinearity of the tunneling curve to a 
time averaged and hence conventionally measurable signal. 
For gating several approaches were chosen: magnetostrictive 
mechanical gating,10 optical gating through a photoconduc- 
tive switch at the tip11 and voltage gating through a photo- 
conductive switch at the sample. As SAW excitation by 
pulsed lasers offers a fast trigger signal, photoconductive 
switch techniques can be implemented. 

A different approach is given through the direct high- 
frequency acoustic pulse probing by means of an ac STM.12 

Possibly through the charge transfer from and to the sample 
the imaging of insulating surfaces was achieved. For broad- 
band laser and IDT SAW spectroscopy we constructed a 
Beetle-style13 ac STM for a frequency range from 0 to 3 
GHz.14 

III. SATM: INFLUENCE OF TOPOGRAPHY 

Since the atomic oscillation of a SAW is polarized and the 
STM tip is seeing a snapshot of that oscillation, the direction 
of the tunneling with respect to the normal component of 
surface oscillation is of great importance. Hence, the surface 
topography, as well as the shape of the atomic oscillation, 
influence amplitude and phase contrast. Assuming the tip to 
be a point source tunneling on corrugated surfaces can easily 
be written in spherical coordinates I(d) = I(d0,(£>,®). Intro- 
ducing the wave's displacement components u,- in spherical 
coordinates too, for U[<d0 the tunneling current density can 
be written in a linear approximation as 

j~u 

I cos <& sin 0v 

sin $ sin ©  i Sm 

\ cos 0 

Awr+I  <Py 

0/ 
+ cp SAW (2) 

with <px, <py the phase differences of ux and uy with respect 
to uz.

9 

SAWs are waves that propagate along the surface of an 
elastic solid and that decay in depth within some wave- 
lengths. The various types of SAWs differ in their polariza- 
tion, phase velocity, dispersion and decay behavior. As seen 
from Equation (2) any kind of differently polarized SAWs, 
i.e., particle displacements in all three directions, are in gen- 
eral measurable by SATM. This makes the method unique 
compared with standard optical which is unable to detect 
in-plane oscillation components. 

For calculating the possible acoustic modes in a system 
consisting of a substrate and a certain number of layers a set 
of mechanical and electrical boundary conditions has to be 
solved. A software code based on Adler's matrix method was 
developed to calculate multilayer systems.15 

In the special case of Rayleigh waves on the Y-Z crystal 
plane of LiNb03 the elliptical oscillation is restricted to the 
x-z plane with x being the SAW propagation direction, i.e., 
uy = Q. The phase difference between ux and uz is TT/2. The 
amplitude A and the phase W of the tunneling signal at the 
difference frequency can consequently be written as9 

u
x 

M* = arctan —cos <E> tan 0   + 9 SAW, 
\ uz I 

A=yJuxcos2 <& sin2 0 + w2cos20. 

(3) 

(4) 

For tunneling vectors parallel to the overall surface normal 
the topography related phase tends to 0 and only the ampli- 
tude and the phase of the uz component of the SAW are 
measured. The maximum contrast of amplitude and phase 
occur in the case of topographical gradients oriented perpen- 
dicular and parallel to the propagation direction, respec- 
tively. 

When measuring the topography of a smooth surface with 
atomic resolution, a wave propagating along this surface in- 
fluences the contrast. For wave frequencies much higher than 
the bandwidth of the STM the topography is an average over 
many oscillation cycles. For longitudinal bulk waves the 
atomic contrast simple smears out depending on the wave's 
amplitude.16 As the particle displacement is elliptically po- 
larized for SAWs on thin Au layers on yZ-LiNb03, we 
found a smearing out of the contrast along the wave's propa- 
gation direction as indicated by the arrow in Fig. 1. 

IV. SATM: ATOMIC RESOLUTION 

The following measurements were performed on «100 
nm thick thermally evaporated Au layers on yZ-LiNb03. 
The SAWs with A = 88 /urn were excited using IDTs at 39.50 
MHz. A 10 dBm driving signal was fed without electrical 
matching to the IDT generating sub-A surface oscillation 
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FIG. 1. Undisturbed topography (a) of a Au(lll) surface. An elliptically 
polarized particle displacement due to a propagating SAW (wave vector 
indicated by the arrow) leads to a directed smearing out of the atomic 
contrast (b). 

amplitudes. The electrical clock frequency was chosen to 
39.51 MHz at 1 V rms leading to the signal of interest at the 
lowest mixing frequency at 10 kHz. 

Figure 2(a) shows a 80X80 nm2 constant current image of 
the topography. The gold grains have typical dimensions of 
some tens of nanometers and are oriented almost parallel to 
each other which may be an effect of the piezoelectricity of 
the substrate. The simultaneously measured phase image 
[Fig. 2(b)] first reproduces the grain boundaries with their 
gradients parallel to the wave's propagation direction (ar- 
row). Second, a fine structure, visible on the individual 
grains, reveals almost periodic structural features with a dis- 
tance of 2-5 nm between them. In several areas steps which 
were identified as being of atomic scale in height (not nec- 
essarily monoatomic steps) are visible. The flatter areas es- 
pecially those like in the middle of the images exhibit larger 
step-free terraces that cannot be seen in the topographical 
image. To some extent this measurement mode is similar to 
scanner dithering differential STM which is also being sen- 
sitive on small-scale but steep transitions.17 Differential-type 
STMs further improve the signal-to-noise ratio by transfer- 
ring the relevant signal contributions to a higher frequency 
band that has lower noise contributions. 

The smallest surface feature to be studied is the single 
atom. The atomically flat Au surfaces needed for this type of 
measurements were prepared by annealing the sample in an 
oxygen atmosphere. The resulting (111) facets were a few 
100 nm wide. 

FIG. 2. SATM topography (a) and phase (b) image of a Au surface. The 
phase image clearly reveals a stepped structure even on Au grains. The 
SAW propagation direction is indicated by the arrow. 

FIG. 3. Comparison of the measured and slightly smoothed (a) and (c) with 
the modeled (b) and (d) phase and amplitude, respectively, revealing the 
hexagonal lattice structure. The wave's propagation direction is indicated by 
an arrow (b). 

Although the atomic topography contrast vanishes (Fig. 
1), the phase and the amplitude signal [Figs. 3(a) and 3(c)] 
show defined structures at the positions of the atoms in the 
hexagonal lattice. A slight smoothing was applied to the 
data. In the case of phase the atomic contrast structure 
switches from bright to dark at the atom's equilibrium posi- 
tion in according to the direction of the propagating wave 
(arrow). Due to adsorbate contamination the amplitude im- 
age is much more distorted. Nevertheless ring-type atomic 
structures are visible. The transferring of the model as ex- 
pressed in Equations (3) and (4) to the atomic scale was 
performed by assuming the atoms to be Gaussian-shaped 
electron distributions around the hexagonal lattice positions. 
For a calculated ratio of the axes of the oscillation ellipse of 
uz:ux = 0.6:1 the modeled phase and amplitude images are 
drawn in Figs. 3(b) and 3(d). Now the phase contrast can be 
understood in the following way: when scanning over an 
atom in the propagation direction, the phase reaches a maxi- 
mum for the displacement vector seen by the snapshot and 
tunneling vector being parallel; in front and behind the atom 
the phase is leading and is retarded, respectively. Contrary to 
that the amplitude is reproducing the reciprocal lattice 
around the atom's position with an additional maximum in 
the middle. These aspects were not clearly resolved by the 
experiment. Nevertheless ultrahigh vacuum (UHV) measure- 
ments should reduce the amplitude noise. Since the shape of 
the oscillation trajectory is reflecting the elastic constants of 
the probed volume too, phase and amplitude measurements 
on the atomic scale are also providing a path to elastic 
microscopy. 
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V. SATS: SCANNING ACOUSTIC TUNNELING 
SPECTROSCOPY 

The combination of high-resolution wave probing SATM 
with thin film analysis SAW spectroscopy provides a base 
for future nanometer scale quantitative elastic characteriza- 
tion. 

The excitation of SAWs can be performed in several 
ways, e.g., IDT chirps, vibrating miniaturized objects in con- 
tact with the surface like a STM tip,19 direct piezoelectric 
coupling, bulk wave mode conversion and optical methods. 
The applicability of the system is mainly determined by the 
need of exciting SAWs on any substrate material. Therefore, 
photoacoustics offers well adapted methods of contact-free 
SAW excitation. Then two possible approaches to SATS 
should be discussed: the combination of continuous wave 
SIFs with heterodyne SATM and the combination of pulsed 
laser SAW excitation with broadband STMs. As SIFs are not 
easy to handle, our future work will be dedicated to broad- 
band STMs. 

In our first experimental setup we combined a nitrogen 
pulse laser with a Beetle-type broadband STM. According to 
the relation r- A/« 1 the 2.5 ns pulse laser chosen should be 
able to excite 400 MHz bandwidth acoustic pulses.20 Since 
broadband STMs were demonstrated to work with the 20 
GHz bandwidth,12 the practical limit of such a setup is 
mainly given by the damping of SAWs at very high frequen- 
cies along their propagation path. It is also important to use 
lasers offering high repetition rates with sufficient laser 
power to reduce the measurement time. 

Having obtained the dispersion curve the elastic constants 
are obtained by solving the so-called inverse problem. Un- 
fortunately the expected signal-to-noise ratio should de- 
crease, first, due to the increasing frequency itself, and sec- 
ond, due to the reduced detection area. As it makes no sense 
to loose resolution when trying to evaluate small changes in 
elastic constants, a method was developed to circumvent this 
type of problem to a certain extent. Makarov et al. found that 
accuracy in determining elastic constants can be increased 
when combining the dispersion of different acoustic 
modes.15 

VI. CONCLUSIONS 

The STM based acoustic wave techniques SATM and 
SATS were discussed in experiments and concepts. Due to 

the high frequency of acoustic waves in the range from some 
10 MHz to some GHz a mixing technique that demodulated 
the fast signals was employed. Using an IDT for defined 
Rayleigh wave excitation the phase and the amplitude of 
surface oscillations were measured. On the scale of crystal 
grain structures atomic scale steps were seen even though the 
surface was quite rough, similar to a differential STM. On a 
Au(lll) surface, atomic resolution phase and amplitude im- 
ages were measured and could be modeled starting from the 
topography and assuming atomic elliptical oscillation trajec- 
tories. For obtaining elastic constants of spatially small struc- 
tures SATS, a combination of laser pulse excitation of acous- 
tic waves and broadband STM detection was proposed. The 
initial setup elements realized so far were discussed. 
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This article investigates a novel vacuum microelectronic pressure sensor in which the cathode 
emission array is distributed over a stepped cathode base instead of over a conventional flat cathode 
base. Our computer simulation results indicate that using the stepped field emission array gives the 
potential of increasing the sensor's sensitivity and expanding its measurement range. Computer 
simulations are presented, and some experimental results are briefly reported. © 7997 American 
Vacuum Society. [S0734-211X(97)05304-3] 

I. INTRODUCTION 

The vacuum microelectronic pressure sensor is a rela- 
tively new type of pressure sensor first proposed in 1991.1'2 

It has the advantages of good temperature stability, radiation 
hardness, high sensitivity, and tiny size. It can be used to 
measure not only pressure, but also flow speed, fluid level, 
acoustic intensity, etc., and it is suitable for use in the sens- 
ing system of robot and for work in bad environments. 

Based on the structure of the conventional vacuum micro- 
electronic pressure sensor, we propose a new modified struc- 
ture of the vacuum microelectronic pressure sensor, i.e., a 
sensor with a stepped cathode emission array. The authors 
have calculated and compared the emission current of the 
novel stepped cathode with that of the conventional flat cath- 
ode. The calculation results indicate that the new sensor has 
the advantages of better sensitivity and larger measurement 
range than the conventional vacuum microelectronic pres- 
sure sensor. A stepped cathode emission array was fabricated 
by the authors. The principle and structure of the new sensor, 
computer simulations, and experimental results are presented 
in the following. 

II. PRINCIPLE AND STRUCTURE OF THE NEW 
SENSOR 

The structure of the conventional vacuum microelectronic 
pressure sensor is shown in Fig. 1. It consists of four main 
parts: (1) a pressure sensing film used as the anode, made of 
metal or silicon; (2) a cathode, usually employing a field 
emission array formed by distributing the emission tips over 
a flat cathode base; (3) an insulator between the cathode and 
the anode; and (4) a minivacuum chamber between the cath- 
ode and the anode. The sensor's working principle is as fol- 
lows. When a voltage is applied between the cathode and the 
anode, an electrical field is formed in the vacuum chamber. 
The field at the emission tip can be very strong at a relatively 
low anode voltage because of the tiny tip radius and the very 
small space between the cathode and the anode. Field emis- 

sion usually occurs when an external pressure presses against 
the anode sensing film. The deformation of the anode film, in 
other words, the distance between the cathode and the anode, 
varies with external pressure, causing variation of the field 
strength at the emission tip and resulting in a variation in the 
cathode emission current. Since field emission is very sensi- 
tive to the cathode surface field and the influence of cathode 
temperature can be ignored in the case of field emission, the 
vacuum microelectronic pressure sensor inherently has the 
advantages of high sensitivity, radiation hardness, and tem- 
perature stability. 

In the conventional vacuum microelectronic pressure sen- 
sor, the cathode emission tips are distributed over a flat cath- 
ode base, shown in Fig. 1. This structure can be improved by 
distributing the emission tips over a stepped cathode base, as 
shown in Fig. 2. In order to explain the improvements, let us 
first discuss the factors that affect the sensitivity and the 
measurement range of the vacuum microelectronic pressure 
sensor. 

The sensitivity is mainly affected by two factors, i.e., the 
deformation characteristics of the pressure sensing film and 
the emission characteristics of the cathode. As for the sens- 
ing film, the thinner the film, the easier the deformation oc- 
curs under pressure, and therefore the higher the sensitivity 
of the sensor is. As for the emission current, the higher the 
current density, the higher the sensitivity of the sensor is. 
Increasing the anode voltage, reducing the radius of the cath- 
ode emission tip, and decreasing the distance between the 
cathode and the anode result in an increase of the cathode 
surface field, and therefore enable an increase of the emis- 
sion current density and the sensitivity of the sensor. 

To obtain optimum sensitivity, the space between the an- 
ode sensing film and the cathode emission tips should be as 
small as possible. The sensing film and the emission tips 
must not, however, be touched under any circumstances to 
ensure proper operation of the sensor. Since deformation of 
the sensing film is affected by external pressure, a small 
space between the cathode and the anode allows small defor- 
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Insulator 
Vacuum chamber 

\ 
Anode (pressure sensing film) 

-Cathode (field 
emission array) 

FIG. 1. Principle of the conventional vacuum microelectronic pressure sen- 
sor with the emission tips distributed over a flat cathode base. 

mation of the sensing film and therefore gives a small mea- 
surement range for external pressure. From the above discus- 
sion, it is seen that, for the conventional vacuum 
microelectronic sensor shown in Fig. 1, a contradiction exists 
in adjusting the cathode-anode space in order to increase the 
sensitivity and the measurement ranges. The former requires 
a smaller cathode-anode space while the latter needs a larger 
cathode-anode distance. 

In order to overcome drawbacks of the structure shown in 
Fig. 1, the authors propose a new structure, shown in Fig. 2, 
in which the cathode emission tips are distributed over a 
stepped (concave) cathode base instead of over the conven- 
tional flat cathode base. The height and the width of the step 
are designed according to the deformation characteristics of 
the anode sensing film to obtain optimum sensitivity as well 
as a large measurement range. 

III. CATHODE EMISSION CURRENT 

We now demonstrate the advantages of the stepped cath- 
ode over the conventional flat cathode by computer simula- 
tions. 

The current-pressure relationship, i.e., variation of the 
emission current with the external pressure, is the main char- 
acteristic of the vacuum microelectronic pressure sensor. We 
have computed and compared the total emission current of 
the stepped array with that of the conventional flat array at 
certain anode voltages. The calculation steps are (1) calculate 
the deformation of the anode film under external pressure to 
obtain the distance between each emission tip and the anode; 
(2) calculate the field distribution between the cathode and 
the anode; and (3) calculate the current of each emission tip 
as well as the total emission current. 

In order to simplify the simulation procedure and reduce 
the tedious numerical calculation, the authors have assumed 
that under an external pressure the shape of the anode film is 

Insulato 

Stepped 
Cathode an 

Vacuum chamber 
\ 

Anode (pressure sensing film) 

-Cathode (field 
emission array) 

FIG. 2. Principle of the novel vacuum microelectronic pressure sensor with 
the emission tips distributed over a stepped cathode base. 

approximately a parabola, thus simplifying calculation step 
(1). This simplification does not affect the result of our in- 
vestigation on the sensor's characteristics. 

The potential distribution is computed by solving Pois- 
son's equation V2i/= -p/e0 using the finite element method 
(FEM),3'4 where U is the potential, p is the electron charge 
density, and e0 is the permittivity in vacuum. In using the 
FEM, the corresponding variational functional for axially 
symmetric systems is 

F(U) = JJ{E0/2[(dU/dz)2 + (dU/dr)2]-pU}27rr dz dr. 
(1) 

The minimization of this variational functional yields the 
solution of Poisson's equation. 

The emission current density J (A/cm2) is calculated by 
using Child's law, the Schottky formula, and the Fowler- 
Nordheim formula, respectively, according to the field 
strength at the cathode surface.5 

When the cathode surface field is weak and the cathode 
emission is under space charge limitation, the Child's law is 
used, 

J=[460(2e/m)mVa
3/2]/(9d2) = 233XlO-6Va

m/d 
(2) 

In formula (2), Va(V) is the potential difference between 
the cathode and the anode of a diode, and d (cm) is the 
distance between the cathode and the anode of the diode. A 
pair of curved equipotential surfaces can be approximately 
regarded as a diode as long as these two surfaces are very 
close. In our computer simulation, the cathode surface and its 
nearby equipotential surface are assumed to form a diode. 

When the cathode surface field is in the range of 0<E 
< 106 V/cm, the Schottky formula is used, 

J=AT2- exp(-<f>/kT) Qxp[{e3E47re0)
m/kT] 

=AT2- exp(-cf>/kT) exp[0.4403£1/2/r]. (3) 

In formula (3), A (A cm-2 K~2) is the material constant 
of the cathode, T (K) is the cathode temperature, 4> (eV) is 
the work function, E(V/cm) is the field strength, and k is the 
Boltzmann constant. 

When the cathode surface field is very strong (E 
3=106 V/cm), the cathode is under field emission; therefore 
the Fowler-Nordheim formula is used, 

J={(e3E2)/[8Trh<f>-t2(y)]} exp{-[STT(2m)m/(3he)] 

X[(^/E)-\0(y)}. (4) 

In formula (4), y = (e3E/4ire0)
m/4>, functions t(y) and 

0(y) have been tabulated. In practice, t{y) and 8(y) can be 
approximated as6 

t{y)= 1+0.1107J 1.33 e(y)=l-y 1.69 

In simulating the emission current in the vacuum micro- 
electronic pressure sensor, it is assumed that the total area of 
the cathode emission array is 300X300 yam2, in which 50 
X 50 emission tips are evenly distributed; each tip has a ra- 
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TABLE I. Comparison of the total emission current of the flat cathode array 
and the stepped cathode array. 

Total emission current (/iA) 

1 
1575 

Flat cathode array Stepped cathode array 

Film voltage 2 fim tip- 2.5 fim tip- 2.5 fim space at middle 

deformation (V) film space film space 2 /im space at outside 

No 350 0.96 0.02 0.75 

deformation 400 19.9 0.6 15.4 

450 214.0 9.7 166.9 

Minimum 350 201 134 317 

t-f space 400 2 050 1368 3 164 

1.0 /im 450 12 702 8 486 19 209 

Minimum 350 343 258 416 

t-f space 400 3 394 2 550 4 084 

0.5 /am 450 20 458 15 375 24 433 

dius of curvature of 50 nm, material constant of 
120 A/cm2 K2, temperature of 300 K, and work function of 
3.5 eV. 

For three different sensor structures, the emission currents 
are calculated at three different anode voltages, 300, 400, and 
450 V, respectively. The structures simulated are (1) the fiat 
cathode base, with a 2 /xm space existing between the anode 
film and the cathode emission tips (called the tip-film space) 
with no external pressure applied (i.e., the anode film has no 
deformation); (2) the flat cathode base, with a 2.5 /urn tip- 
film space with the anode film having no deformation; (3) 
the stepped (concave) cathode base, with the middle area 
lower than the rest of the cathode base; 24X24 tips at the 
middle area of the cathode base each having a tip-film space 
of 2.5 /xm, and the rest of the emission tips each having a 
tip-film space of 2 /xm. For each structure, the total emission 
current is calculated at three different anode deformations: 
(1) without external pressure, i.e., the sensing film has no 
deformation; (2) the sensing film turns to parabolic under an 
external pressure, and the distance between the emission tip 
and the bottom of the parabola is 1.0 fim; and (3) the sensing 
film turns to parabolic under an external pressure, and the 
distance between the emission tip and the bottom of the pa- 
rabola is 0.5 /xm. The calculation results are listed in Table I. 

It is seen from Table I that (1) for all the structures simu- 
lated (including both the flat cathode array and the stepped 
cathode array), the emission currents increase with the anode 
voltages (350, 400, and 450 V). (2) When no external pres- 
sure applied, the cathode surface field is relatively weak be- 
cause of the larger tip-film space, and the emission current is 
small. (3) When the anode sensing film is deformed by an 
external pressure, the tip-film space decreases (minimum 
tip-film space 1.0 and 0.5 /xm) and the emission current 
increases. (4) For the sensor with the flat cathode emission 
array (tip-film space 2 and 2.5 fim), it is obvious that the 
smaller the tip-film space, the larger the emission current, 
and therefore the higher the sensor's sensitivity. (5) For the 
stepped cathode emission array (2.5 /xm tip-film space at the 
middle and 2 fim tip-film space at the rest of the cathode 

FIG. 3.  Scanning electron microscopy photographs of a stepped cathode 
array: (a) An overall view of the array; (b) part of the array. 

base), when no external pressure applied, because of larger 
tip-film space in the middle and smaller tip-film space in 
the remaining areas, the total emission current is contributed 
mainly by the tips distributed over the upper step of the 
cathode base. Therefore the value of the emission current is 
close to that of the flat cathode array with the 2 fim tip-film 
space. (6) When the sensing film is deformed by external 
pressure (minimum tip-film space of 1.0 and 0.5 fim), the 
variation of the total emission current of the stepped cathode 
array is obviously larger than that of the flat cathode array; 
therefore the conclusion is that the sensor with the stepped 
cathode array has the highest sensitivity. 

The above computer simulation results indicate that the 
vacuum microelectronic pressure sensor with the stepped 
cathode array has advantages over the conventional sensor 
with the flat cathode array with regard to increasing the sen- 
sor's sensitivity and expanding its measurement range. 

IV. FABRICATION OF THE STEPPED CATHODE 
ARRAY 

Fabrication of the novel stepped cathode array has been 
realized by the authors. Characteristics of the stepped cath- 
ode array are that the surface of the cathode base turns into a 
concave (stepped) shape, i.e., lower at the middle and higher 
at the other areas, and the emission tips are distributed over 
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the upper and lower steps. The height of the step and the size 
of the lower middle area are designed according to the need. 

Figures 3(a) and 3(b) show scanning electron microscopy 
(SEM) photographs of a stepped cathode array: an overall 
view of the array and part of the array, respectively. It can be 
seen that the height of the step is about 5 /xm. The emission 
tips are evenly distributed over the upper and the lower steps, 
and the radius of curvature of each tip is about 50 nm. 

A practical measurement of the emission current from the 
stepped cathode array has not been performed yet. Experi- 
ments are underway to measure and compare the emission 
currents of the novel stepped cathode array and the conven- 
tional flat cathode array. 

V. CONCLUSIONS 

In this article we have proposed and investigated a new 
type of vacuum microelectronic pressure sensor in which the 
cathode emission tips are distributed over a stepped cathode 
base instead of a conventional fiat cathode base. The authors 
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have computed and compared the emission current of the 
stepped cathode array to that of the flat cathode array. The 
computer simulation results indicate that the new sensor has 
the advantages of higher sensitivity and a larger measure- 
ment range over the conventional sensor. Fabrication of the 
novel stepped cathode array was also realized. 
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This article describes the initial phase of the development of a high-level programming system for 
robotic manipulation with a scanning probe microscope (SPM). A SPM server has been developed, 
which runs in the WINDOWS environment of the PC that controls the microscope. Client programs 
running on Unix work stations or other computers connected to the Internet can send remote 
commands to the SPM through the server. The clients can be sophisticated artificial intelligence 
programs that reason about robotic tasks and sensory data acquired by the SPM. A first set of 
intermediate-level commands has also been developed for sensing and manipulation. The system is 
being tested by pushing colloidal gold nanoparticles with dimensions in the order of 15-30 nm on 
a mica substrate in noncontact atomic force microscope mode. The test programs image the sample, 
search for nanoparticles in the presence of thermal drift, turn feedback on and off for pushing, and 
so on. The particles are being moved reliably. © 7997 American Vacuum Society. 
[S0734-211X(97)11004-6] 

I. INTRODUCTION 

The Laboratory for Molecular Robotics at the University 
of Southern California is an interdisciplinary research labo- 
ratory whose ultimate goals are the development of a high- 
level programming system for robotic manipulation with a 
scanning probe microscope (SPM), and its use in challenging 
applications such as building nanomachines or DNA ma- 
nipulation. Ultimately we expect to be able to process very 
high level commands such as "assemble object X with ob- 
ject Y," where X and Y might be, for example, molecules or 
nanoparticles. Robotic systems at the nanoscale must, like 
their macroscopic brethren, sense, "think," and act. The 
SPM is both a sensor and an actuator. But we must provide it 
with the intelligence necessary for reliably executing com- 
plex commands. This requires sophisticated artificial intelli- 
gence programming and software tools that typically run on 
Unix workstations. 

Previous research shows that it is possible to position with 
SPM atoms, molecules, nanoparticles, and liquid droplets.1-4 

The reported approaches exhibit one or more of the follow- 
ing characteristics: 

(i) Careful selection of substrates and objects to be 
moved. 

(ii) Trial-and-error determination of SPM parameters for 
imaging and manipulation. 

(iii) Operation in ultrahigh vacuum (UHV) and/or low 
temperature. 

(iv)     Time-consuming user-interactive manipulation. 
(v) Custom software developed, typically for an IBM- 

compatible PC. 

In the macroworld, robots typically are programmed by 
technicians or bachelor-level engineers, and execute reliably 
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and routinely thousands of tasks per day in industrial envi- 
ronments. In contrast, nanomanipulation today is more of an 
experimental tour-de-force, accomplished in careful experi- 
ments run by Ph.D.-level researchers in a few laboratories, 
than a useful technique that can be used routinely for prac- 
tical purposes. The work in our laboratory seeks to make 
nanomanipulation tasks much easier to program and execute 
reliably, so as to transform nanomanipulation into a main- 
stream technique, much like its macroscopic counterpart. 

Commercially available software for SPMs typically runs 
on stand-alone PCs. The growth of the Internet and the dif- 
ficulty of co-locating personnel in interdisciplinary research 
endeavors (e.g., our own lab is spread across several build- 
ings) both point to the need for distributed software systems. 
PCs are not the platforms of choice for the development of 
intelligent systems in a distributed environment, and research 
institutes tend to have a heterogeneous computing environ- 
ment, with most of the sophisticated programming being 
done in Unix work stations. For these reasons, software that 
makes the SPM behave as a network "peripheral" is very 
desirable. The SPM becomes thus available to programs run- 
ning on any computer in the Internet. This also has the ad- 
vantage of making net resources such as printers and mass 
storage readily available to SPM users. 

Commercial SPM hardware and software are primarily 
directed at imaging. However, manipulation and imaging 
have different requirements. One can envisage at least two 
strategies for developing SPM nanomanipulation facilities. 
The first consists of designing and building from scratch a 
custom instrument, together with its low-level and high-level 
control software for manipulation tasks. This may lead to 
optimal results but requires substantial resources in terms of 
time, money, and personnel. An attractive alternative, dis- 
cussed in this article, starts from commercially available 
hardware and low-level control software, and builds higher- 
level layers of software upon them. 
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The remainder of this article is organized as follows. First 
we describe a SPM server that provides communication fa- 
cilities for using the SPM transparently in a network. Next 
we discuss some of the intermediate-level manipulation com- 
mands we have developed. Then we present experiments in 
nanomanipulation that use our software, and conclude with a 
brief assessment of our current manipulation capabilities and 
open issues. 

II. SPM SERVER 

We are using an AutoProbe CP instrument, a commer- 
cially available SPM developed by PSI (Park Scientific In- 
struments). The SPM software is a 16-bit application that 
runs in IBM-compatible PCs under WINDOWS 3.1 or WIN- 
DOWS 95. It includes a modern graphic user interface, through 
which a user issues commands. These are translated and sent 
to a digital signal processor (DSP) that controls the instru- 
ment. More important, PSI also provides an application pro- 
gramming interface (API) to its software. This API is meant 
to be used by experienced programmers. We think that work- 
ing through a commercial API has significant advantages. It 
lets a programmer issue low-level commands without having 
to get involved in the intricacies of the DSP and real-time 
control, which are best left to the manufacturer. It also 
greatly facilitates software maintenance, since it relies on the 
manufacturer to ensure that new developments in hardware 
and low-level software are smoothly incorporated into the 
system through the API. 

In Unix systems a process running in one machine can 
invoke procedures that reside in a different machine through 
a remote procedure call (RPC). Unfortunately RPCs are not 
supported in the WINDOWS 3.1 or WINDOWS 95 environments. 
To achieve similar functionality one can use a SPM server 
that listens to requests for SPM operations issued by com- 
puters in the network, and takes the appropriate actions. 
Typical commercial computer communication packages, for 
example Sun Microsystems' PC-NFS, are aimed at building 
PC clients, and do not directly support PC servers. Because 
powerful tools such as socket libraries are available, building 
a server is not a large task for a computer scientist versed in 
distributed systems. (A socket is a programming abstraction 
that corresponds to a communication port through which 
messages can be sent or received.) Furthermore, commercial 
systems normally do not provide access to source code, 
which we believe is important for a research group that is 
exploring new approaches and techniques that may require 
intimate knowledge of the software. For these reasons, we 
decided to develop a SPM server, as explained below. 

The PC that controls the SPM is connected to our Ether- 
net Local Area Network through an Ethernet card. The SPM 
server is a WINDOWS application that uses a standard inter- 
process communication library called Winsock. The server 
opens a socket into the network and listens to requests from 
client processes running on other machines. These clients 
issue requests by calling a Unix-standard socket library. Both 
Winsock and the Unix socket library use the standard 
TCP/IP protocols, but they isolate the programmer from the 

low-level details of how communications between computers 
are achieved. Socket programming is a relatively straightfor- 
ward exercise. The clients' requests are decoded, mapped 
into API routines, and appropriate API calls are issued. (Ex- 
amples of API calls are given in Sec. III.) The results of API 
routine execution are received by the server, encoded for 
transmission, and sent back to the requesting process. We 
encode the messages in external data representation (XDR) 
format, which is a de facto standard introduced by Sun Mi- 
crosystems. 

We wrote a library of C procedures that mirror those pro- 
vided in the SPM's API, and run on Unix work stations. 
These procedures exchange information with the PC through 
the network, by using sockets. A client program running in a 
Unix work station invokes procedures in this library, and is 
unaware of the network communications involved. In es- 
sence, the messages sent by a client correspond to API calls, 
and the messages it receives correspond to the results re- 
turned by the API routines called. More sophisticated capa- 
bilities are being built on the client side, on top of the low- 
level API, as explained below. 

III. MANIPULATION COMMANDS 

The graphic user interface supplied by PSI is designed for 
imaging and is not suitable for manipulation. But the API has 
powerful routines that can be used to build manipulation 
commands. An important low-level API procedure serves to 
apply ramp (i.e., linearly increasing or decreasing) signals to 
SPM input ports. A ramp is specified by a list of triplets 
(InitialValue, Slope, Duration). For example, applying two 
ramps with the same slope and duration to the x and y inputs 
of the piezoelectric scanner causes a linear motion at 45° to 
the x axis, with a speed determined by the slope of the 
ramps, and starting at the specified initial point. As a second 
example, a step change in a SPM parameter value can be 
accomplished by applying two successive "ramps" of zero 
(horizontal) slope, starting at appropriate initial values. 

By using these ramps it is easy to construct a fundamental 
command to move the SPM tip from {xx, yx) to (x2, y2) at 
speed s. In turn, this linear motion capability can be used to 
traverse more complex trajectories. For example, a circular 
trajectory can be followed by decomposing it into linear seg- 
ments. More interestingly, imaging scans of arbitrary size 
and orientation can also be built up with sequences of linear 
motions. 

The API also provides procedures for setting SPM param- 
eter values, turning feedback on and off, and so on. Two of 
the most useful commands we have implemented thus far are 
the following: 

(1) Move the tip in a straight line from (x:, yx) to (x2, y2) at 
speed s, turn the z feedback off at some prescribed point 
along the trajectory, and then turn it back on at another 
prescribed point. This command is called Push, since it 
is used to push nanoparticles. 

(2) Move the tip in straight line from (xlt y\) to (x2, v2) at 
speed s and output the z wave form. This is called a 
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FIG. 1. A particle to be moved and five single line scans in the direction of 
motion. 

FIG. 2. Single line scans through the particle before and after motion (left) 
and the resulting particle configuration (right). 

SingleLineScan and is used to search for particles, as 
explained below. 

It is important to note that manipulation commands are 
issued in instrument or robot coordinates, whereas what we 
want to accomplish is best expressed in sample or task co- 
ordinates. The robot and task coordinate systems do not co- 
incide, and their relationship is time-dependent. The major 
cause for this discrepancy is thermal drift. Drift in our SPM 
is large when the instrument is turned on, but stabilizes at 
about 1 Ä/s after a couple of hours of operation. In addition, 
if we command the tip to move to a point (x, y) along a 
straight line, the motion will not be exactly as commanded 
due to piezo nonlinearities, creep, and hysteresis. Nonlinear- 
ity is compensated to some degree by the manufacturer's 
software, but creep and hysteresis cause significant prob- 
lems. 

IV. PUSHING EXPERIMENTS 

We are testing our manipulation software by pushing col- 
loidal gold balls on a mica substrate with the SPM in atomic 
force microscope (AFM) mode, in air, at room temperature. 
We have thus far tried Au balls with diameters of 27 and 15 
nm, with similar results. 

The gold colloidal particles are deposited on a mica sub- 
strate through a procedure normally used for the preparation 
of samples to calibrate AFMs and transmission electron mi- 
croscopes (TEMs).5 The mica surface in water is negatively 
charged,6 as are the gold particles.7 A positive coating of the 
mica surface with Poly-L-Lysine allows the gold particles to 

8—10 be adsorbed onto it. 
We first attempted to image the Au particles in contact 

AFM (C-AFM) mode, with no success. The tip seems to 
disturb the particles significantly. We switched to noncontact 
AFM (NC-AFM) and obtained consistently good images (or 
consistently poor images, for bad probes). We tried to push 
the particles by moving the SPM tip approximately across 
the particles' centers in C-AFM mode, but failed. We finally 
managed to move the nanoparticles by turning off the z feed- 
back in NC-AFM mode, without altering the input vibration 
to the cantilever. (We do not know yet whether the vibration 
helps or hinders the pushing operation.) 

The nanoparticles do not move significantly on their own 
at the time and spatial scales of the experiment, and can be 
used to establish a task coordinate system. Successive im- 

ages of the same sample region differ because of the drift 
between the robot and task coordinate systems. For simplic- 
ity, let us assume that initially the robot coordinates (x, y) 
coincide with the task coordinates (X, Y). Suppose that we 
detect a particle at position (x, y) in an image, and want to 
move it in the X direction by a distance D. The basic strategy 
is to move the tip to (x - Ax, y), where Ax is a small dis- 
placement, turn off the feedback, move along x until x + D, 
and turn the feedback on. However, we found experimentally 
that this often fails, because the robot and task coordinate 
systems no longer coincide when the command is executed. 

This problem can be tackled by either estimating the new 
position of the particle in the robot coordinate system, or by 
using updated measurements. We took the latter tack. 
Through a sequence of quick SingleLineScan commands we 
search for the center of the particle in updated robot coordi- 
nates, and use these coordinates to Push. Figure 1 shows on 
the left a particle to be moved to the location marked by the 
open circle, plus five scan lines used to compute an updated 
position for the particle. On the right is the z data obtained by 
the five single line scans. Line 3 is closest to the center of the 
particle, and selected for the actual motion. Figure 2 shows 
on the left single scans along line 3 before and after the 
pushing operation. Feedback is turned on and off at the ver- 
tical lines. The right image of Figure 2 illustrates the result- 
ing configuration after pushing. 

We have implemented two versions of our manipulation 
software. One version runs only on the PC through a graphic 
user interface, and is used primarily to debug code and strat- 
egies. A user can pick coordinates with a mouse, draw tra- 
jectories graphically, and set points along a trajectory for 
turning feedback on and off. The other version does not have 
a graphic user interface, and consists of a suite of routines 
that can run on remote machines and communicate with the 
SPM server. 

Figure 3 illustrates a manipulation task accomplished with 
the PC version. It took several hours to position the Au balls 
to form the "USC" pattern. Clearly, automation is needed if 
we are to perform more complex tasks routinely. 

The basic algorithm for automating positioning operations 
is the following. 

(1) Scan the sample to obtain an initial image. Set (x, y) = (X, 
Y), i.e., assume that the robot and task coordinate sys- 
tems coincide intially. 

JVST B - Microelectronics and Nanometer Structures 
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5nm Scanner, Ball Diameter ~ 15nm 500 ran 

D ■ stationary balls 

FIG. 3. The random pattern of 15 nm Au balls shown on the left was 
converted into the "USC" pattern on the right by a sequence of pushing 
comands. 

(2) Extract from the image the coordinates of the centers of 
the particles to be moved. 

(3) For each of these particles issue a command to move it 
in straight line from its current position (X, Y) to the 
desired position (X+Dx, Y+Dy) in task coordinates. 

(4) To implement a move command for a particle, search for 
the new (x, y) coordinates of its center, by means of 
SingleLineScans as explained earlier, and then issue a 
Push command in robot coordinates. 

This simple algorithm assumes that the drift is a pure 
translation. Otherwise we would have to compute a more 
complicated relationship between robot and task coordinate 
systems. It also assumes that all particles will indeed move to 
their programmed positions. We will return to this latter is- 
sue in the Sec. V. 

V. DISCUSSION 

We have shown how to move Au balls on a mica sub- 
strate with a SPM in NC-AFM mode by issuing manipula- 
tion commands to a SPM server in a networked computer 
environment. Our approach uses a commercially available 
SPM and a manufacturer-supplied API that hides the com- 
plexities of real-time control from a higher-level robot pro- 
grammer. We built intermediate-level commands for sensing 
and acting on top of this API. We succeed in moving a 
desired particle an estimated 80%-90% of the time. How- 
ever, there is much we don't understand yet. Here are some 
of the issues we are currently grappling with. 

(i) Some particles do not move at all, whereas others 
move only in a few specific directions, and require 
suitably chosen intermediate points to reach a desired 
final position. We do not know why. Particles that are 
imaged clearly tend to be easy to move. 

(ii) Particle motions sometimes fall short of the com- 
manded distances. With additional sensing and push- 
ing the desired positions can still be reached. 

(iii) Can we characterize in a predictive fashion which 
particles are movable on which substrates, or do we 
have to analyze the situations case by case, possibly 
by empirical methods? 

(iv) Do the strategies described here extend to smaller di- 
mensions, say, to 2 nm particles? 

(v) Do they extend to other particle/substrate pairs? If 
not, we will not be able to write "generic" pushing 
software. 

(vi)     Can useful devices be built by pushing operations? 
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We present a new kind of organic complex system of electrical bistability, m-nitrobenzal 
malononitrile and diamine benzene (mNBMN-DAB), which can be employed as ultrahigh density 
data storage devices by scanning tunneling microscopy (STM). The mNBMN-DAB thin film was 
prepared on highly oriented pyrolitic graphite (HOPG) substrates using physical vacuum deposition 
method. A critical voltage pulse between the STM tip and the surface of the HOPG substrate can 
make marks on the thin films. The size of the marks is about 1.3 nm and the corresponding data 
storage density is larger than 1013 bits/cm2. A new mechanism of the charge transfer in the system 
for the data storage is suggested. These results show a great potential of this type of organic 
composite systems in the application of the ultrahigh density data storage. © 1997 American 
Vacuum Society. [S0734-211X(97)04704-5] 

I. INTRODUCTION 

Scanning probe microscopes (SPMs), such as scanning 
tunneling microscope (STM), atomic force microscope 
(AFM), scanning capacitance microscopy (SCM), and near- 
field optics, have been proven powerful to make surface 
modification on the nanometer scale for high density data 
storage.1"5 In these studies, the entire storage function of 
recording, erasing, and reproducing was not considered in 
most studies. Subsequently, it would be extremely important 
to record and reproduce changes in tunneling current without 
any surface amorphous change at the surface of the substrate. 
So far, a few works on the probe-based high density data 
storage using the phase transition principle,6 for example, 
from amorphous to crystalline, or the phase transition in or- 
ganometallic thin films, have been reported in the last few 
years. 

Various materials have been used for preparing thin films 
as storage media, such as Ge2Sb2Te4 and b-NaxV2Os films. 
Sato et al.6 suggested that the main mechanism of recording 
on these films was phase transition from amorphous to crys- 
talline phase. Organic functional complex materials are at- 
tractive in nanoelectronics due to their electrical bistability. 
In this article, we present the high density data storage by 
STM on a kind of organic complex mNBMN-DAB. The pos- 
sible mechanism is attributed to the phase transition in the 
thin films. 

II. EXPERIMENT 

Two kinds of organic materials, m-nitrobenzal malononi- 
trile (mNBMN) and diamine benzene (DAB), were synthe- 
sized by our research group. The chemical structures of the 
mNBMN and DAB can be seen in Fig. 1, respectively. The 

"'Present address: Department of Electronics, Peking University, Beijing 
100871, China. 

b)Present address: Department of Chemistry, Peking University, Beijing 
100871, China. 

two materials were mixed together with nominal composi- 
tion of 1:1. The mixed m-NBMN/DAB powder was depos- 
ited on freshly cleaved highly ordered pyrolytic graphite 
(HOPG) substrates by a vacuum deposition method. At a 
critical deposition condition, insulating mNBMN-DAB films 
can be prepared by this method. We employed the mNBMN- 
DAB films of a few nanometers with the optimum electrical 
property to obtain desired results. In the mNBMN-DAB sys- 
tem, the mNBMN is an acceptor, and the DAB is a donor. 

Experiments were performed with a home-made STM un- 
der ambient conditions. The STM tip were 0.25 mm in di- 
ameter Pt/Ir (80/20) wire that were snipped with a wire cut- 
ter. The STM operated in a constant height mode. Different 
tips and samples were applied for checking the reliability of 
the experiments. STM operates in an ambient environment. 
During imaging the surface of the film, both the constant 
current mode and the constant height mode were used. A 
voltage pulse was applied on the thin film between the STM 
tip and the HOPG substrate. In order to know the electrical 
property of region on the thin film before and after the volt- 
age pulse, current-voltage (/- V) relations of the local re- 
gions on the thin films were measured by STM. 

III. RESULTS AND DISCUSSION 

A typical 30 nmX30 nm STM image of the insulating 
mNBMN-DAB films with recorded marks is shown Fig. 2. A 
flat region with no marks is selected for recording. The scan- 
ning rate is 0.3 Hz/image. The tunneling condition is 
Vb=0.9S V, It=0.l7 nA. The recorded marks are made by 
applying pulse voltages of 4 V for 10 ms. The recorded 
marks are stable during the scanning period for more than a 
few days. The probability of recording is over 90%. The 
recorded mark is 1.3 nm in diameter, which corresponds to a 
data storage density of about 1013 bits/cm2. 

Although the STM works in a constant height mode, the 
feedback circuit is not turned off completely. When the tip is 
scanning over the recovered marks, the distance between the 
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FIG. 1. Chemical structure of (a) mNBMN and (b) DAB. 

tip and film becomes larger due to the higher conductance of 
the marks. It can be seen from Fig. 2 that the recorded marks 
have dark shadows behind them. This is because the scan- 
ning rate and the conductance of the recorded marks are so 
high that the scanning tip cannot immediately recover its 
original height level just behind the recorded marks. 

It is also of great importance that in our experiment, what 
is the formation mechanism of the dark marks, surface modi- 
fication, or phase transition of the thin film from high imped- 
ance to low impedance? Sato et al.6 reported the high density 
data storage by STM on a composite material, a crystalline 
and its glassy, and attributed the recording marks to the 
phase transition of the material from amorphous to crystal- 
line. Mutsumoto et al? used the Cu-TCNQ to carry out high 
density storage, and believed that the possible mechanism 
was also the phase transition. However, they did not give 
further explanations. To understand the formation mecha- 
nism of the formed dark marks, /- V curves of the sites were 
measured by STM before and after the voltage pulses. Before 
the voltage pulse of the thin film, two typical /- V relations 
were obtained as shown in curves (a) and (b) of Fig. 3. Curve 
(c) of Fig. 3 is the I-V relation of the substrate HOPG 
without sample. In the curve (a), the applied voltage is from 
0 to 2.8 V, and the tunneling current is 0 nA when the ap- 

FIG. 2. Data storage on NBMN-DAB organic complex thin film. The size of 
each marks is about 1.3 nm, and the corresponding density of the data 
storage can be 1013 bits/cm2. During the scanning, Vt = 0.98 V, // = 0.17 nA. 
The pulsed voltage is 5 V and 0.5 ms. 
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FIG. 3. Typical current-voltage relations of the unrecorded and recorded 
regimes by STM. Curve (a) shows the I-V relation before the voltage pulse, 
indicating that the media was initially insulator below the voltage threshold 
2.4 V, and became conductive when the voltage excess the 2.4 V. Curve (b) 
represents the /- V relation of the created regime, indicating that the re- 
corded regime is conductive. Curve (c) is the /- V relation of the HOPG 
substrate, showing the straight line and the linear I-V relation. 

plied voltage is below 2.4 V, which means that the 
mNBMN-DAB thin film is initially an insulator below the 
applied voltage of 2.4 V. When the applied voltage increased 
and exceeded 2.4 V, we can see the /- V relation from curve 
(a) of Fig. 3 is very different from that in the initial part of 
curve (a), which suggest that the film was initially an insu- 
lator, and after the voltage threshold of 2.4 V, it changed 
from the insulator to a conductor. After the voltage pulse,the 
/- V relation of the pulsed sites was shown in the curve (b) 
of the Fig. 3, which indicates that the pulsed sites of the thin 
film were conductive. 

On the other hand, in the four-probe (/- V) measurement 
of the sample, we previously found the electrical bistability 
of the thin film.8,9 The films of electrical bistability have an 
electric field threshold. Also, the film is initially in a high 
impedance state, if the applied electric field is below the 
voltage threshold, it would maintain the high impedance, and 
when the applied electric field exceed the threshold, the film 
would become a conductive state. The film transition can be 
described as follows: 

[(mNBMN) + + (DAB)-]„^(mNBMN)x+(DAB)x 

"0"   insulate state 

~109JQ 

+ [(mNBMN) + (DAB)-]„_x 

" 1" conductive state 

~io2 n, 
where A represents heating which can recover the recorded 
regimes from 1 state to 0 state. 

Compared the /- V curves in the STM measurement with 
those in the four-probe /- V measurement, one can find the 
common point, i.e., both the electric field between the STM 
tip and the substrate and the two electrodes in the four-probe 
/- V measurement can cause the transition of the electrical 
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4.5 

Voltage (V) 

FIG. 4. Relation of the size of recording marks with the amplitude of the 
applied voltage pulse, indicating that the recording marks could be created 
on the organic complex by applying 4-5 V voltage pulse for a few micro- 
seconds. 

property of the mNBMN-DAB thin film. In both cases, the 
voltage thresholds are almost in the same order, which sug- 
gests that the electrical property of the pulsed sites of the thin 
film changed greatly from insulator to conductor. To further 
evidence the formation mechanism of the dark sites, we em- 
ployed the different samples with different thickness and dif- 
ferent components of mNBMN and DAB in the thin film, 
and we found that though the voltage pulse from the STM tip 
was the same as that described above, no dark mark could be 
made on the thin films of no electrical bistability. Only the 
thin films with the electrical bistability and at a suitable volt- 
age pulse from the STM tip can form the dark mark, which 
further demonstrate that the possible mechanism of the mark 
formation is caused by the phase transition from a high im- 
pedance to a low impedance of the organic composite thin 
films. 

In this recording experiments, different tips and insulating 
mNBMN-DAB films were used, and it was found that the 
recording mark could be made on the films by applying volt- 
age pulse. The mark size varied with the amplitude and the 
width of the voltage pulse. The size of the mark varied with 
the amplitude and the width of the voltage pulse. At a fixed 
voltage pulse of 10 ms, the relation between the size of the 
mark and the amplitude of the voltage pulse is shown in Fig. 
4. It was found that recording mark could be made on the 
organic complexes by applying 4-5 V voltage pulse for sev- 
eral microseconds. Both positive and negative voltage pulses 
can make the same kind of recording, which means that ma- 
terial evaporation induced by electric field is not the main 
reason for the mark formation. We tried to apply a voltage 
pulse to some conducting mNBMN-DAB films, but no re- 
cording mark could be made. Therefore the recording is an 
intrinsic phenomenon of the insulating mNBMN-DAB films. 
In the experiment, heating can make the recorded films back 
to insulator again. 

In our STM investigation of the ultrahigh data storage, it 
should be noted that, the voltage bias should be set below a 
certain value at the initial scanning of the sample. Otherwise, 
the film would transfer from a high impedance to a low im- 
pedance, and it would become impossible for the film to 
conduct the data storage. So in the STM studies, we initially 
apply a low voltage to prevent the film to become low im- 
pedance (conductor), in other words, to hold the high imped- 
ance of the film in the 0 state. From the above description, it 
is reasonable to induce that it is the conductance transition of 
the mNBMN-DAB thin films that makes the possibility of 
ultrahigh density data storage on the charge-transfer organic 
composite thin film by STM. However, much more research 
work should be paid in the future on this kind of materials 
for the UHDDS by STM both experimentally and theoreti- 
cally. 

IV. CONCLUSION 

We have found a new kind of physical system of electri- 
cal bistability, nitrobenzal malononitrile (NBNM) and di- 
amine benzene (DAB) composite thin film, to carry out the 
ultrahigh density data storage. The storage density is larger 
than 1013 bits/cm2. The possible mechanism of the mark for- 
mation in the STM image is attributed to the phase transition 
of the thin film conductance before and after the voltage 
pulse on the organic thin films. Our results indicate that the 
employment of STM to the functional organic composite 
thin films of electrical bistability may show a great potential 
in the application of ultrahigh density data storage. However, 
in the future, much more research work should be paid on 
controlling over the structural properties,synthesizing more 
stable and reproducible organic complexes, the write/erasure 
mechanism of the electrical bistability in the organic com- 
plex system as well as the effective controlling over the scan- 
ning probe microscopy (SPM). 
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We have developed a technique for both mastering and replicating data patterns for potential use in 
an atomic force microscope (AFM)-based data storage device. The process consists of using 
electron beam lithography to write data features as small as 50 nm and a photopolymerization 
process to faithfully replicate the written marks. The replicas can be read using a contact-mode 
AFM tip on a rotating disk, and no change in the signal is seen after 12 days of continuous reading. 
© 1997 American Vacuum Society. [S0734-211X(97)10504-2] 

I. INTRODUCTION 

The application of the atomic force microscope (AFM) 
and various other scanning probe devices to high density 
data storage has received much attention lately, and numer- 
ous schemes for both writing and reading have been 
investigated.1 While data densities on the order of 10-100 
Gbits/cm2 have been demonstrated, many challenges remain 
in developing a scanning probe memory device. For contact- 
mode AFM readback, where the data rate is limited by the 
lever resonant frequency, progress is being made in develop- 
ing higher frequency levers and a data rate equal to that of 
the original CD-ROM (1.2 Mbits/s) has been demonstrated.2 

While various writing schemes have been demonstrated, 
most of them are still quite slow and are often not erasable. 
An alternate approach to the tip-based data writing is to use 
other high resolution, often very expensive, techniques such 
as electron beam writing to produce a master disk. The mas- 
ter would then be replicated and read using the compact, 
inexpensive AFM-based disk drive. This would be a read- 
only device, similar to the CD-ROM, but would have 100 
times higher data density. For such an approach to be fea- 
sible, an inexpensive method of replicating the high data 
density disks, containing nanometer scale features, must be 
developed. 

Recently, methods for fabricating nanometer-scale struc- 
tures over macroscopic areas have received considerable at- 
tention. In particular, various printing methods have been 
developed where a master is used to pattern a substrate. For 
example, Whitesides and collaborators3 have patterned self- 
assembled monolayers on a variety of surfaces and St. John 
and Craighead4 have used octadecyltrichlorosilane as an ink 
to pattern silicon and metal oxide substrates. Chou and 
co-workers5 have molded 25 nm features in polymethyl- 
methacrylate (PMMA) and then transferred them into silicon 
using reactive ion etching (RIE). All of these methods are 
able to faithfully replicate nanometer-scale features in a 
simple and inexpensive way. 

II. SAMPLE FABRICATION 

One method of producing nanometer-scale replicas suit- 
able for use in an AFM data storage device is to use a pho- 
topolymerization (2P) process. As shown in Fig. 1, an elec- 
tron beam is used to write a master consisting of bits on a 
track pitch of 100 nm (the tracks run vertically). The bits are 
written in a CD-like data pattern and are in increments of 
100 nm in length. The smallest mark size is 
50nmX100nm and this corresponds to a data density of 
10 Gbits/cm2. This is, of course, is not at the resolution limit 
of direct electron beam writing. The substrate is a silicon 
wafer on which approximately 500 nm of oxide is grown. A 
100-nm-thick layer of PMMA is spun onto the silicon oxide 
and baked at 175 °C. The pattern to be replicated is exposed 
using a vector-scan electron beam machine (IBM VS6) at 50 
keV and then developed in a 2:1 mixture of isopropyl alco- 
hol and methyl isobutyl ketone. The pattern is transferred to 
the silicon oxide by RIE in CHF3 for approximately 3 min, 
producing a 60-nm-deep etch pattern. The CHF3 pressure is 
30 mTorr, the rf power density is approximately 
0.4 W/cm2, and the dc bias is 300 V. Any remaining PMMA 
is then removed in an oxygen plasma RIE. The Si02 is then 
either used directly as a master, or can be coated with a thin 
release layer (an amorphous TbFeCo alloy) prior to replica- 
tion. 

This pattern in the silicon oxide master is transferred to a 
replica using the 2P process.6-8 This process has previously 
been shown to faithfully reproduce patterns with a pitch as 
small as 600 nm.9 As shown here, this can be extended down 
to written feature sizes of 50 nm, the smallest features we 
have written. A thin layer of an acrylate based photopolymer 
is formed between the Si02 master and a glass substrate by 
capillary forces. An adhesion promoter is spun onto the glass 
substrate prior to application of the photopolymer. The 2P is 
cured by exposure to ultraviolet (UV) light (365 nm) for 2 
min, after which the master is separated from the 2P coated 
glass substrate. To further crosslink and harden the 2P, the 
replica is baked in a nitrogen atmosphere at 180 °C for 1.5 h. 

The master and replica are compared using both scanning 
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(a) 

500 nm 

500 nm 

FIG. 1. SEM images of the master (a) and replica (b) of electron beam 
written features on a track pitch of 100 nm. The minimum mark length is 
100 nm and the data density would be 10 Gbits/cm2, or 100 times greater 
than current CD-ROM disks. 

electron microscopy (SEM) and AFM. As shown in the SEM 
images in Fig. 1, the 2P process appears to faithfully repro- 
duce the features of the Si02 master, except for a possible 
slight broadening of the feature width. In the AFM images of 
Fig. 2, the replicated marks definitely appear broader than 
those in the master and also higher than the apparent depth of 
the master marks. Much of this apparent width increase is, 
however, due to an AFM imaging artifact. The measured 
width of a bump will be the sum of the actual width and the 
tip width, whereas the measured width of a pit will be the 
actual width minus the tip width. From the line scans in Fig. 
2, it is also apparent that the tip is unable to image to the 
bottom of the narrow marks in the master, and the triangular 
shape of the line scan is indicative of imaging the tip and not 
the actual pit. The line scans in the replica appear much more 
representative of the sample and the bump height is in excel- 
lent agreement with the known etch depth of 60 nm. Except 
for the slight broadening of the feature sizes, the 2P process 
is capable of reproducing marks down to 50 nm in size and 

I 25 nm 

500 nm 

FIG. 2. AFM images of the master (a), a replica cured at 180 °C (b), and a 
replica held at room temperature (c). The right side of each image is an 
AFM line scan taken from the top row of marks. 

periodic patterns down to 100 nm in pitch. The slight broad- 
ening could easily be taken into account when producing a 
master for data storage applications. 

This slight broadening of the feature size can also be con- 
trolled by processing conditions. Shown in Fig. 2 are AFM 
images of 2P replicas, one of which is cured at 180 °C for 
1.5 h and one of which is held at room temperature. The 
room temperature-cured sample shows noticeable broaden- 
ing and the bump heights are a few nm higher than those in 
the 180 °C-cured sample. The additional crosslinking in the 
180 °C-cured sample clearly results in a more faithful repli- 
cation of these small features. It is possible the process could 
be further refined to produce even higher fidelity reproduc- 
tions. 

The replica can also be used as the stamper and a second 
generation replica produced. In this case, it is necessary to 
coat the first generation replica with a release layer of amor- 
phous TbFeCo prior to its use as a stamper. As shown in Fig. 
3, the second generation replica closely resembles the mas- 
ter. Now, since both samples contain pits, any imaging arti- 
facts from the tip are the same in the two samples, and the pit 
widths are in good agreement. Thus, if it is desired that the 
media contain data pits and not bumps, as might be the case 
for AFM-based readout, this can be accomplished by using a 
first generation replica as the stamper. 

JVST B - Microelectronics and Nanometer Structures 
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FIG. 3. AFM images of a master and a second generation 2P replica. 

FIG. 4. SEM image of two of the gratings on the 2P replica sample. 

a 0.5 mm radius from the center of rotation, the maximum 
rotation frequency is around 2 Hz, as a higher frequency 
results in the data rate exceeding the lever's natural resonant 
frequency. This servo control is achieved by mounting the 
lever on a CD actuator, after removing the lens. The mass of 
the lever and holder is approximately equal to that of the 
removed lens and the tip is roughly centered in the lens 

0.10 
In addition to requiring high quality reproduction of writ- 

ten data features, the replication process must not introduce 
unwanted features or surface roughness. Such roughness will 
be a source of noise in any proposed data storage readback 
scheme. The surface roughness measured by AFM is on the 
order of 0.2-0.5 nm rms for both the Si02 master and the 2P 
replica. This level of roughness is below that of the polycar- 
bonate substrates previously used for AFM data storage ex- 
periments in which an acceptable signal-to-noise level was 
achieved.' 

III. WEAR TESTING 

One issue for tip-based data storage is the robustness of 
both the tip and media when the data are read using a 
contact-mode AFM. To investigate this, a 2P replica sample 
is mounted on a rotating air-bearing spindle, and the data 
read continuously for 12 days. A piezoresistive lever with a 
Si tip10 is used and the data are detected as the change in 
piezoresistance as the lever is deflected by the data bumps. 
Since the tip and media wear rates will depend on the tip 
load,1 the load (approximately 10~7 N) is held constant us- 
ing servo control. This requires a servo bandwidth of at least 
several times the rotation frequency. With the tip mounted at 

time (ms) 

FIG. 5. Piezoresistance signal from the four gratings taken while spinning at 
6.25 mm/s. From top to bottom, the grating periods are 200, 300, 400, and 
600 nm. The curves are offset vertically for clarity. 
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FIG. 6. Piezoresistance signal at three points during the life test. The region 
on the left side is from the 200 nm period grating and that on the right side 
is from the 300 nm period grating. 

holder. With this, the open loop response falls to a unity gain 
at around 300 Hz, more than sufficient for the 2 Hz rotation 
frequency. The servo response of the actuator may not be 
fully optimized, as the same actuator does not reach unity 
gain until above 1 kHz when used in an optical servo system. 

The 2P replica consists of mostly smooth, featureless re- 
gions, with short bursts of periodic linear gratings. There are 
four gratings with a short smooth region between each one. 
A SEM image of part of two of the regions is shown in Fig. 
4. The periods of the grating are 600, 400, 300, and 200 nm 
and the depth of the trenches, measured using a silicon ni- 
tride tip on a commercial AFM, are 13, 10, 8, and 6 nm, 
respectively. Shown in Fig. 5 is the piezoresistance signal 
from each region. The values of the amplitudes and periods 
are in good agreement with the expected values. 

The sample was read continuously for 12 days. As shown 
in Fig. 6, the signal is essentially unchanged over that time 
period. This time period represents over 2 X 106 reads, or a 
tip travel distance of 9.75 km. (The rotation frequency was 
10 Hz for the first 43 h.) In this time we saw no degradation 
of the signal, indicating the tip was still capable of reading a 

200 nm period grating. After 12 days, the sample was im- 
aged by optical microscopy (both bright and dark fields) and 
SEM and no indication of wear was seen. However, since 
there is no tracking control, the tip quite likely drifts over an 
area equivalent to many tracks. It is also possible that there 
are wear tracks, but they are narrow enough that we cannot 
find them in the relatively wide gratings. 

IV. CONCLUSION 

In summary, by using mastering and replication tech- 
niques, such as those presented here, it is possible to produce 
high data density replicas that could be used in an AFM- 
based read-only memory device. In addition, initial life test- 
ing suggests that it may be possible to read such disks for 
long periods of time using contact-mode AFM. At the den- 
sities demonstrated, a full CD-ROM of today could be con- 
tained on a 10-mm-diam "AFM-ROM" disk. Producing 
these complex patterns of 100 nm size marks, in circular 
patterns, over a 10 mm size disk, with accurate mark place- 
ment and field stitching, will push the state of the art of 
electron beam writing. While such a master may be expen- 
sive to produce, by using an inexpensive replication process 
such as 2P combined with batch fabricated AFM tips and 
levers, a low cost, extremely high capacity form of data stor- 
age may be possible. 
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