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Preface

This volume contains the Proceedings of the symposium on "Gas-Phase and Surface
Chemistry in Electronic Materials Processing," held during the 1993 Fall Meeting of the
Materials Research Society in Boston, Massachusetts. The invited and contributed papers
included in this volume address the current state of the art in vapor-phase thin film
processing for microelectronics with emphasis on chemistry and its effects on film quality.
As is clearly manifested by the variety of topics and areas of specialization of the authors,
the symposium provided a forum for effective interdisciplinary communication among
chemists, physicists, materials scientists and engineers. This exchange of ideas is essential
for rapid advancement of the many critical technologies that depend on thin films
processing.

The papers are organized in six sections. Part I contains papers on silicon and carbon
systems. In addition to papers discussing silicon and silicon oxide deposition it includes
several papers on diamond film growth. The chemistry underlying the growth and doping
of III-V and Il-VI compound semiconductors is covered in Part II together with several
studies discussing new precursors. Part Ill contains papers on metallization. The
deposition of dielectric and transitional layers is the topic of Part IV. Part V contains
papers on etching of thin films. Finally, Part VI covers special topics, such as deposition
on patterned substrates, reactor design, heteroepitaxy and selective epitaxy.

The symposium consisted of four days of invited and contributed oral presentations and
included two evening poster sessions. All the papers appearing in this volume have
undergone peer review, and the authors had the opportunity to revise their manuscripts
based on the reviewers' comments. We believe that this volume will he useful to scientists
and engineers currently working in, or interested in entering, the challenging and
technologically important field of electronic materials processing.

T.J. Mountziaris
G.R. Paz-Pujalt
F.T.J. Smith
P.R. Westmoreland

January 1994
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GAS-PHASE SILICON ATOM DENSITIES IN THE
CHEMICAL VAPOR DEPOSITION OF SILICON FROM SILANE

MICHAEL E. COLTRIN, WILLIAM G. BREILAND, AND PAULINE HO
Sandia National Laboratories, Albuquerque, NM 87175

ABSTRACT

Silicon atom number density profiles have been measured using laser-induced fluorescence
during the chemical vapor deposition of silicon from silane. Measurements were obtained in a
rotating-disk reactor as a function of silane partial pressure and the amount of hydrogen added
to the carrier gas. Absolute number densities were obtained using an atomic absorption
technique. Results were compared with calculated density profiles from a model of the coupled
fluid flow, gas-phase and surface chemistry for an infinite-radius rotating disk. An analysis of
the reaction mechanism showed that the unimolecular decomposition of SiH2 is not the
dominant source of Si atoms. Profile shapes and positions, and all experimental trends are well
matched by the calculations. However, the calculated number density is up to 100 times
smaller than measured.

INTRODUCTION

The chemical vapor deposition (CVD) of silicon from silane is the simplest system of use in the
microelectronics industry. As such, it is a system often chosen for research into the
fundamental mechanisms of CVD. Under the usual conditions for low-pressure CVD
(LPCVD), homogeneous decomposition of silane is negligible. However, at higher pressures
homogeneous pyrolysis and subsequent gas-phase reactions of intermediate species can occur
quite readily.

Studying the fundamental chemistry occurring in a CVD system using a commercial reactor is
very difficult. The chemical kinetics is strongly coupled to the gas-phase temperature and
velocity fields, which can be quite complicated in commonly used commercial CVD reactors.
In addition, modeling detailed chemical kinetics coupled to complex fluid flow is still
computationally prohibitive. Several years ago, we presented comparisons between a 2-
dimensional boundary layer flow model of the silane CVD system [1] and in situ measurements
of gas-phase temperatures [2], silane density profiles [2), silicon dimer density profiles [2], and
silicon atom density profiles [3] under a wide range of conditions. Generally, good agreement
was obtained between model and experiment. However, the idealized 2-D flow in the model
was a crude approximation to the actual experimental reactor in which the measurements were
performed (which contained various viewing ports). Therefore, when discrepancies occurred
between model and experiment it was difficult to be sure that the errors were due to errors in the
chemical kinetics portion of the model, or to inaccurate modeling of the fluid flow.

Very simple fluid flow for CVD is found in the rotating disk reactor (RDR). Von Karman
showed that the flow above an infinite-radius rotating disk can be reduced to just one
mathematical dimension, the distance above the disk. Breiland and Evans [4] presented an
analysis and experimental design of a trmite-radius RDR which mimics the ideal, I -D behavior
from the von Karman (similarity) solution. Coltrin, Kee. and Evans [5,6] developed a I -D
computer model (SPIN) of the coupled fluid flow, gas-phase and surface chemistry using the
rotating-disk similarity solution.

This paper discusses measurement of Si-atom density profiles in a rotating disk reactor and
comparisons with calculations using the I-D model. As has been shown before [41, the fluid
flow in this reactor is well-understood and easily modeled; gas-phase temperature profiles

0 I match the I-D solution essentially exactly. The present comparisons of Si-atom profiles
provide a well-controlled test of the chemical kinetics portion of the model, with the fluid flow
taken as a "given."
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EXPERIMENT

The experimental RDR has been described elsewhere 141. The cylindrical reactor is built with
double quartz walls (- 10 cm i.d.) through which cooling water flows. The rotating disk
consists of a 75-mm-diameter stainless steel, resistively heated canister, on which a 51--mm-
diameter silicon wafer is placed. The gases (SiH4, He, or H2) enter the reactor through a
diffuser screen and exit the cell at the bottom. The flow rate is set to match the amount required
by the ideal 1-D flow [4] for a desired operating pressure, rotation rate, and disk temperature.
Si atoms are detected using laser-induced fluorescence (LIF), essentially as described elsewhere
13]. The excitation source was the frequency doubled and mixed output near 250 nm from a
pulsed YAG-pumped dye laser. The fluorescence was collected at 900, spectrally selected with
a 0.5 meter monochromator, and detected with a photomultiplier tube. Tkie Si atom density
measurements were done by tuning the laser to the 1=2 -- 1 line of the 40- P0 --.3p2 3 P
transition at 250.7 nm while monitoring the signal at the J=2-+2 transition at 251.6 nm. Spatial
profiles of Si atom densities were obtained by moving the RDR vertically relative to the laser
beam and collection optics. A UV absorption measurement was performed to calibrate the LIF
signal, and thus obtain absolute number densities. More detail about the experiment will be
given elsewhere [7].

MODEL

The SPIN computer code f 6] solves the I-D equations for the three velocity components, the
gas temperature profile, gas-phase mole fractions, surface species site fractions, and deposition
rates. The model accounts for homogeneous decomposition of the silane reactant and
subsequent reactions of the gas-phase intermediates that are produced. The complete gas-phase
silane pyrolysis reaction mechanism used in this study is given in Table 1. The complex
temperature and pressure dependence of many of these reactions was parameterized in a Troe
form [8,91. The low-pressure and high-pressure limits of the rate constants are given by

ko = AVTPexp(-E 0 / RT),

k. = A.T'" exp(-E. / RT).

The rate constant as a function of pressure is then

p
k = k_ (_-Ap) F,

lP,

k_
and [M] is the total concentration of species in the mixture. In the Troe form, F is given by

ioF +[ l og P.÷c ' F-

The constants am

c = -0.4 -0.671og F,,,

n = 0.75 - 127 log F.,
d=0.14

and F, =(l-a)exp(-TI T***)+aexp(-TIT*)+exp(-T**I T).
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The four parameters a, T*** T*, and T** are specified as the third line of coefficients for
reactions G1,2,3,5,6, and 8.

The rate expressions for reactions GI through G7 represent the best summary of silane, disilane,
and trisilane kinetics available from the literature [10-12]. Moffat, Jensen, and Carr have
performed a non-linear regression to summarize the available kinetic data available for these
systems. The rate constants differ slightly from those reported in [10-121 because they were
refit using a heat of formation for SiH2 of 64.8. The rate constants for these reactions were not
varied in any of the calculations reported here. In actuality there are uncertainties of factors of
3 or more in each of these rate constants, which lead to potential errors in our calculated Si
atom densities. The isomerization reaction G8 connects the two forms of Si2H4. There is no
reported rate constant for this reaction. Reaction G9 is the main production / destruction route
for Si atoms in the mechanism. Reaction GIO is the main production / destruction route for Si
when disilane is used as a starting gas [71, but plays little role in the calculations reported here.
If not given explicitly in the table, the reverse rate constants were calculated from the reaction
thermochemistry. Thermochemical data from references [5] and [131 were used.

TABLE 1
Reaction Rate coefficients (see notes) Notes

G1 SiH4(+M) +-* SiH2+H2(+M) 3.12109 1.7 54710 a, b
5.214E29 -3.545 57550 c
-0.4984 888.3 209.4 2760 d

G2 Si2H6(+M) +-* H2+H3SiSiH(+M) 9.09E9 1.8 54197 a,e
1.945F44 -7.772 59023 c
-0.1224 793.3 2400 11.39 d

G3 Si2H6(+M) -4 SiH4+SiH2(+M) 1.81E10 1.7 50203 a,e
5.09E53 -10.37 56034 c
4.375E-5 438.5 2726 438.2 d

G4 H2+H3SiSiH +-* SiH4+SiH2 9.41E13 0 4092.3 a,e
9.43E10 1.1 5790.3 f

G5 Si3H8(+M) +-*"SiH4+H3SiSiH(+M) 3.73E12 1 50850 a,g
4.36176 -17.26 59303 c
0.4157 365.3 3102 9.724 d

G6 Si3H8(+M),4-SiH2+Si2H6(+M) 6.97E12 1 52677 a,g
1.73E69 -15.07 60491 c
-3.47E-5 442 2412 128.3 d

G7 SiH4+H3SiSiH +4 SiH2+Si2H6 1.73E14 0.4 8898.7 a,g
2.65E15 0.1 8473.4 f

G8 H3SiSiH(+M) +-*H2SiSiH2(+M) 2.54E13 -0.2 5381 a,h
1.099E33 -5.765 9152 c
-0.4202 214.5 103 136.3 d

G9 SiH4+Si -- H3SiSiH 1.0E12 0 5000 a,h
GI0 Si2H6+Si --•H3SiSiH+SiH2 1.3E15 0 12600 a,h

Notes:
a Arrhenius coefficients for the high-pressure limit: A.. (units depend of reaction order, but are
given in terms of moles, sec, and cm3 ), .. (unitless), E_ (cal/mole)
b Fitsto datain Ref. 10
c Arrhenius coefficients for the low-p ure limit: A4 (units depend of reaction order, but are
given in terms of moles, sec. and cmJ), &o (unitless), E, (cal/mole)
d Troe parameters (see text): a, T***,T*, and T**
e Fits todata inRef. 12
f Airtheius coefficients for the reverse reaction (units as in note a, above)
g Fits to data in Ref. 13
h Estimated, this work
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Our earlier modeling studies of silane CVD [ 1,5] included many more reactions and chemical

species. In particular the reaction

SiH 2 "- Si + H2

was included, and it was the major production route for Si atoms in the gas phase. A primary
result of this paper is that the reaction of SiH2 cannot be an important route for Si production.
It has also been found that species and reactions containing an odd number of hydrogen atoms
play little role in the thermal decomposition, and they were thus eliminated from the
mechanism. (This, however, would definitely not be the case for plasma-enhanced CVD.) The
reaction mechanism has been simplified as much as possible to identify the main pathways for
Si atom creation and destruction.

The DAH (dissociative-adsorption/hydrogen desorption) mechanism [ 14] for heterogeneous
reaction of silane at the deposition surface is used in the model. It consists of a two-site
dissociative adsorption of silane, followed by first-order elimination of H2 to the gas [15].
Disilane and trisilane were assumed to react 10 times faster than the silane rate in [14]; SiH2,
Si, H2SiSiH2, and H3SiSiH were assumed to react with the surface with unit probability.

Figure I shows the rate of production (and destruction) of Si due to the reverse of reaction G9
as a function of height above the disk. The peak production rate occurs at roughly 1 mm above
the disk. The production drops as the reactive precursor species H3SiSiH is destroyed at the
surface. The production rate drops off with increasing distance from the surface as the gas
temperature drops. The Si atoms that are produced diffuse both toward and away from the disk.
Further from the disk, Si encounters higher concentrations of unreacted silane, and Si is
destroyed via reaction G9 (in the forward direction). Thus the same gas-phase reaction is both
the dominant production and destruction route for Si in this model.

COMPARISONS BETWEEN MODEL AND EXPERIMENT

Figure 2 compares measured and calculated Si atom density profiles for a baseline set of
conditions (200 Torr total pressure, 0.33 Torr silane in He carrier, 450 rpm, 6500 C disk
temperature). It is significant that the measured Si density profiles have a maximum in the gas
phase. This clearly shows that they must be produced via a gas-phase reaction; if they were
somehow formed on the surface and then diffused into the gas, the density profile would have
its maximum at zero height.

01 2

E 0Experiment

. 0 Model

C

00 02 0. 00 O8 10 0 2 4 6 a '0
Hoot (crrj height above disk (mm)

Fig. 1 Production / destruction rate of Si Fig. 2 Measured and calculated Si density
atoms due to reaction G9 as a function of profiles.
height above the disk.
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Fig. 5 Shapes of the calculated Si density Fig. 6 Shapes of the calculated Si density
profiles upon addition of H2. (Curves are profiles upon addition of H2 when SiH2
normalized. Amounts of added H2 same as reaction GI l produces gas-phase Si.
in Fig. 4)

The effect on the calculated H2-dependence of adding the reaction (which we will call Gi l)

SiH, +4 Si + H2

to the gas-phase mechanism is shown in Figure 6. A pre-exponential constant of 2x10" and an
activation energy of 42600 cal/mol was used for this calculation. (We define this set of
reactions and rate constants as Case 2, and the nominal mechanism in Table I as Case 1). The
peak Si density for the baseline conditions when G Il is included is 1.2x10' , much closer to the
experimental value. However, the calculated Si density profiles narrow significantly as H2 is
added to the He carrier. (The broadest profile in Fig. 6 is for the baseline case; the narrowest is
for 10 Torn H2 added, with the intermediate curves corresponding to the amounts listed in Fig.
4). The profiles become narrower because, as the amount of hydrogen in the gas increases, the
reverse of GI I becomes more important in destroying Si atoms. That is, the Si atoms are
produced close to the surface and diffuse away. The higher the hydrogen concentration, the
shorter the distance before a Si atom collides with an H2 and is destroyed, thus the narrower
profile.

Generally speaking, the rate of the forward direction of G Il is independent of added H2, but as
(H21 gets larger, the more quickly the Si atoms that are produced will collide with hydrogen and
be destroyed by the back reaction. This will be a fundamental behavior of reaction G 11; the
behavior depends on the equilibrium constant for GI 1 (ratio of forward to reverse rate
constants) no matter what the value of the forward rate constant k. itself. The equilibrium
constant, in turn, depends on the reaction thermochemistry, which is well established for these
species. For a given kp, the reverse rate constant would have to be decreased by roughly a
factor of 100 for the narrowing in Si density profile with additional hydrogen to go away. This
factor of 100 would require that AG for the reaction be in error by roughly 8500 cal/mol (at
6500 C). The estimated error in AH is less than 1000 cal/mol. It would require an error of
about 9 entropy units for k, to be in error by a factor of 100, which is also too large.

Due to the marked H2-effect on profile widths, reaction G I could only be the dominant Si
atom production route if there is some other reaction that can compete with the reverse of G Il
for Si-atom destruction. Because the H2 concentration is so great at 10 Toff (relative to most
other species in the gas), the only plausible collision partner with a concentration large enough
to compete with H2 is SiH4, i.e., in reaction G9. To test this possibility, a mechanism including
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Fig. 7 Shapes of the calculated Si density Fig. 8 Dependence of calculated Si density
profiles upon addition of H2 when SiH2 on inlet silane partial pressure. See text for
reaction GI l produces gas-phase Si and G9 explanation of curves.
is increased by a factor of 50. (Case 3)

Si production by GI l and increasing the rate for G9 by a factor of 50 over that which is
reported in Table 1 was used to test the effect of H2 on the predicted density profile shapes.
(We will refer to this combination of reactions and rate constants as Case 3). The results are
plotted in Fig. 7.

Figure 7 shows that the calculated Si density profiles shapes become insensitive to added
hydrogen when reaction G9 is increased to become the dominant Si-destruction route.
However, the profile widths themselves become too narrow, about a factor of three less than
experiment. In addition, with these rate constants the calculated Si density (at the profile peaks)
becomes virtually independent of inlet SiH4 partial pressure, as illustrated in Fig. 8.

An almost linear increase in Si-atom density with increasing inlet SiH4 is seen experimentally,
as given in Fig. 8. For the combination of rate constants in Case 3, immediately above, there is
essentially no increase in the calculated Si density with increasing silane. For this case, the
amount of the precursor SiH2 increases strongly with silane partial pressure, and so the Si
production rate from G Il does, too. However, the rate of destruction of Si also goes up roughly
linearly with increasing silane due to reaction G9. The net result is an extremely weak
dependence on silane partial pressure. The results calculated for Case 2 (Table I mechanism
plus reaction G 11) also exhibit a very weak dependence of Si density upon inlet silane.

The combination of results just presented essentially rule out reaction G Il as the important
producer of Si atoms. Namely, the dramatic narrowing of the Si density profiles with addition
of H2 to the carrier seen in Fig. 6, when experimentally the shapes do not change (Fig. 4). The
thermochemistry is known too well to allow the needed decrease of the reverse rate constant for
reaction GI 1 by the necessary factor of 100. When a fast reaction with SiH4 is allowed to
compete with the H2 for the destruction of Si, the profiles become too narrow (Fig. 7) and the
Si density becomes independent of silane partial pressure (Fig. 8).

The dependence on silane partial pressure for the nominal mechanism in Table I (labeled Case
1 in Fig. 8) shows a slight sub-linea behavior. Earlier in the paper, it was mentioned that the
calculated Si density could not be increased by arbitrarily increasing rate constants in the
mechanism. This is illustrated by the curve labeled Case 4 in Fig. 8. This calculation starts
with the mechanism just as given in Table 1, but increases the rate of 09 by a factor of 10.
With this change, the calculated Si density increases by a factor of 3.5, but at the expense of

rdeviation from the nearly linear dependence on silane partial pressure seen
experimentally.
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The absolute number density calculated with the nominal mechanism is roughly 100 times
lower than measured experimentally. There are a number of contributing sources of error, the
largest of which will be summarized here. A very high activation enelgy for Si production was
observed, about 135 kcal/mol (7]. This high activation energy coupled with an uncertainty in
our measured surface temperature of about 150 leads to a factor of 3 uncertainty in the Si
density. The estimated uncertainty in the UV absorption calibration of the absolute number
density is a factor of 2. In the model, we know that the rate constant for the initial silane
decomposition is uncertain to within about a factor of 3. In all of the calculations presented
here, the rate constants for reactions GI-8 were held fixed. But, for example, if the rate
constant for G I is increased by a factor of 3, the calculated Si density increases by almost
exactly the same factor of 3. Each of the other rate constants in the mechanism are also subject
to similar uncertainties in their values. With the combination of uncertainties from these
sources, the calculated and experimental Si densities are nearly within their joint error ranges.
Still, the large discrepancy is not satisfying.

CONCLUSION

The controlled environment of the rotating-disk reactor allowed careful tests of the chemical
mechanism for creation of gas-phase Si atoms during CVD from silane. A 10-step reaction
mechanism was presented which does a good job in matching experimental density profile
shapes, the suppression of Si by hydrogen with the profile shapes unchanged, and the
dependence upon silane partial pressure. An important conclusion of this work is that the
unimolecular decomposition of SiH2 is not the primary route to Si-atom formation.
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GAS PHASE AND GAS SURFACE KINETICS OF TRANSIENT SILICOIN4
HYDRIDE SPECIES

JOSEPH M. JASINSKI
IBM Research Division, Thomas 1. Watson Research Center, Yorktown Heights
NY 10598

ABSTRACT

This paper presents a summary of the current state of our understanding of
the absolute reactivity of transient silicon hydride spccies, such as SiH, SiH 2 and
SiH 3 in the gas phase and at the surface of thin films.

INTRODUCTION

Over the past decade, substantial progress has been made in understanding the
absolute reactivity of transient silicon hydride species. The goal of such activities
has been to provide a general, transferable set of rate data for use in modelling
and understanding various types of silicon CVD processes. The philosophy be-
hind this effort is summarized in a recent review article [I ].

Thus far, time resolved gas phase kinetic techniques such as flash photolysis
with laser absorption, laser induced fluorescence (LIF), laser magnetic resonance
(LMR), and photoionization mass spectrometry have been brought to bear on
understanding the absolute reactivity of SiH, SiH 2 and SiH 3 in the gas phase.
More recently, LIF, resonance enhanced multiphoton ionization (REMPI) and
low energy electron impact ionization mass spectrometry have been used to detect
these species as they are consumed at surfaces, thereby allowing the direct dctcr-
mination of fl, the overall surface loss coefficient. Individual measurements with
appropriate references are presented below.

ABSOLUTE GAS PHASE RATE DATA FOR MONOSILICON HYDRIDE
RADICALS

Available absolute rate constants for Sill, SiH 2 and Sill 3 reacting in the gas
phase with a range of reaction partners are presented in Table I, Table II and
Table Ill. For comparison the rate constants arc given for a specific pressure in
a specific buffer gas. All measurements are reported at room temperature unless
otherwise noted. Individual references should be consulted for rate constants

* over broader temperature and pressure ranges. The data are comprehensive
through July 1993, and summarize the available kinetic data base for the gas
phase reactions of these radicals. It should be noted that in many cases, partic-
ularly for reactions of SiH and SiH 2, the rate constants are pressure dependent
because the reactions are three body association reactions in the fall off or low
premurc regimes. Nothing is known about the temperature dependence of the
rate constants for SiH. There is some temperature dependent data for SiH 2. In
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particular it should be recognized that the rate constant for insertion of SiH 2 into
the Si-H bonds of silane has a negative temperature dependence (i.e. the reaction
becomes slower as temperature increases). The silyl radical SiH 3 has perhaps
been the most thoroughly characterized kinetically, with a number of temperature
dependent studies. A noteable exception is the reaction of silyl with silane
(SiD 4), which was studied only at room temperature, and was too slow to be ob-
served under those conditions.

Table I Absolute Rate Constants for SiH Reactions

Reactant Rate Constant Conditions Reference
(cm 3 molecule-' s-')

H, • (J.2-±0.2)× 10- 14 5 Torr He [2]

D2 (l.8±0.2)xl0- 14 5 Torr He [2]

NO (2.5±0.3)xl10- 1 2 Torr Ar [3]

02 (I.7±0.2)x 10- 10 2 Torr Ar [3]

C6 HSSiH 3  ~3x10- 10  2 Torr Ar [3]

SiH 4  (4.3±0.3)xl0- 10 5 Torr He [2]
(2.7±0.5)x 10- 10 2 Torr He [2]
(2.8+0.6)xl0- 10 2 Torr Ar [3]
(3.3±0.5)x 1- 12 4-50 mTorr, [4]

500 K

H12 (I.6±0.1)x10"- 1 SiH v = I [2]
5 Torr Hc
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Table 2 Absolute Rate Constants for SiH 2 Reactions

Reactant Rate Constant Conditions Reference
(cm 3 molcculc-1 s-1)

112 (l.0+0.4)xI0- 13 1.8 Torr He [5]
(2.6+0.6)x 10- 13 2 Torr He [6]

D2 (2.6-±10.7)x 10- 12 5 Torr He [7]
(I.9±0.2)xl0- 12 5 Torr SF 6, [8]

268-330K

Sill 4  (6.7+0.7)x 10-'' I Torr He [6]
(l.1-±0.2)x10-10 I Torr He [5]
1.3x10- In I Tort He [9]
4x10- " I Torr He [10]
2.5x!0- '0 I Torr SF, [24]

SiD 4  2.6x0- I 2 Torr He [26]

CH 3SiH 3  (3.7+0.2)xIO- 10 5 Torr SF 6  [9]

(CH3 )2SiH 3  (3.3±0.3)x 10- to 5 Torr SF( [9]

(CH3)3SiH (2.5+0.l)x10- 10 5 Torr SF 6  [9]

Si 2 H6  (5.7+0.2)x 10- 1n I Torr He [5]
(1.5±0.2)xl0- 10 I Torr He [6]
(2.8±0.3)x 10- In 5 Torr He [6]
(4.6±0.7)x 10- 5 Torr Ai- [9]
1.7x10- "o I Torr He [10]

CH 4  • (2.5±0.5)xi0- 14 5 Torr Hie [II]

C 2 H6, • (1.2±0.5)x 10- 14 5 Torr He [II]

C 2H 4  (9.7±I1.2)xI0 II I Tort He [5]
(2.6±0.3)x10- I Torr He [Ei]
3.9x0- I I Torr Ar [23]
6.7x10- I Torr SF(, [23]

C3 H6  (I.2±0.1)xlO- 10 5 Torr He [II]
(propylene) 2.4x I- 10 _ [9]
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C4 H, (I.9±0.2)xl0- - 5 Torr tic [I1]
(bu tad iene)

C2H 2  (9.9+-1.2)x10- 5 Torr He [II]

HCI (6.8 +l.0)x 10- 12 .5 Torr He [12]

C12  (I.4+0.2)xlO- 10 5 Torr He [12]

NO (1.7-0.2)x I0- 5 Torr tic [12]

02 (7.7+1.0)xl0- 12 5 Torr fie [12]

CO < 10- 13 5 Torr He [12]

N2  < 10- 13 5 Torr He [12]

N 20 (1.90+0.0)9)x10- 12 10-100 Torr Ar [13]

In summary, the monosilicon hydride radicals SiH and SiH 2 are extremely reac-
tive with the Si-H bonds of silane. As a result, their gas phase concentrations in
most typical silane or disilane CVD processes will be low and their ability to dif-
fuse from the bulk gas volume to film growth surfaces will be minimal. The silyl
radical, on the other hand is readily reactive only with other radicals or stable
molecules with unpaired electrons. This order of relative reactivities readily ex-
plains the observed steady state monosilicon hydride radical concentrations in
silane plasmas[27], regardless of the relative production rates of each radical by
electron induced dissociation of silane. Thus, in plasma or photochemical CVD
systems, where all possible monosilicon hydride radicals can be formed, silyl will
be the dominant gas phase monosilicon hydride radical at steady state, and will
easily reach film growth surfaces. In thermal systems where only silylene, SiH 2,
is likely to be formed in the initial dissociation of silane, its gas phase concen-
tration will be limited by its subsequent reaction with silane [I].

While the data summarized here provide a consistent qualitative picture,
careful inspection of the rate constants, especially in the case of Sill2, reveals the
need for further work. For example, while all studies agree that silylene reacts
rapidly (in the sense of nearly gas kinetic) with silane, the rate constants are
scattered over a factor of two to three in value, while the error bars tend to be
±10-20% for any given study.
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Table 3 Absolute Rate Constants ror SiH 3 Reactions

Reactant Rate Constant Conditions Reference
(cm 3 molecule-3 sr-)

Silt 3  < (6.1+3.5)xl0- 9.5 Torr He [14]
(1.5+0.6)x 10- 0.9 Torr H2  [15]
(7.9+2.9)x 10-' 9.5 Torr He [16]
(1.2-0.4)x10- 10 5 Torr He [17]

Ii (2.0±-1.0)x 10- 11 9.5 Torr tie [16]

02 (9.71.1.0)xl0- 12 1-27 Torr Ar [18]
(I.3±0.4)x 10- 11 1-6 Torr He [19]
(I.3_+0.3)xl0- 11 1-10 Tort N 2  [20]
1.2x10-- 11 [25]

NO (2.5+0.5)x 10- 32 9.5 Tort Hie [14]
(8.2±0.9)x 10- -1 a 3-I1 Torr N2  [20]

N20 5x10- [19]

NO 2  (5.1±0.9)x 10- 1 3-10 Torr N2  [20]
5.05x 10- 11 [25]

C2 114  _< (3+3)x 10- 15 9.5 Torr tic [14]

C3 H, _ (I.5±0.5)xlO- 14 9.5 Torr He [14]
(propylene)

C 3H 4  < (1.8±0.4)x 10- 14 9.5 Tort He [14]
(propyne)

NOCI (I.3±0.3)x 10- 5 Tort Ar [18]

S2C12  (2.4±-0.5)x10- 4-7 Torr He, [21]
326K

CCI4  • (5±2)x 10- 14 9.5 Torr He [16]

SiD 4  < (4±2)xl0- 14 9.5 Torr He [16]

Si 2 H6  < (7±4)x10- IS 9.5 Torr He [16]
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HBr (1.77+0.29)xlO- 12 4.7 Torr He [22]

!-i (1.79±0.21 )x 10- 11 1.8 Torr He [22]

a Rate constant is linear in total pressure. Units are cm 6 molCculc-2s-I

This type of discrepency in kinetic results is not uncommon in early phases of
absolute rate constant measurements for new classes of gas phase radical re-
actions, but is unsatisfactory from the viewpoint of providing a database for
CVD modelling. Substantial additional kinetic work will be required to achieve
an accuracy comparable to that of databases used in hydrocarbon combustion
modelling.

TRANSIENT SPECIES CONTAINING MORE TIHAN ONE SILICON
ATOM

Very little experimental information is available on transient silicon hydride
species containing more than one silicon atom. The family of molecules Si 2Hx,
x = 1-5 has been extensively studied by ah initio theoretical techniques. Ground
state structures and the energetics of the ground state potential surfaces have
been characterized. This work, along with photoionization data for some of these
species is summarized in references [28,29]. To date, only Si 2H2 in two of its
isomeric forms has been detected by high resolution spectroscopy [30,31,32]. The
results confirm the ab initio predictions, but provide no kinetic data. .asinski
[33] has observed some transient absorption in the near ultraviolet following
photolysis of disilane and has argued that this absorption is due to one or more
of the disilicon hydride species. It is not clear whether these transients aie the
same as those reported earlier in a silane flash photolysis experiment [34].
Jasinski 133,35] has also reported gas phase nucleation and growth of particles
following excimer laser photolysis of disilane, and has demonstrated the utility
of this method for preparing crystalline silicon nanoparticles [35].

SURFACE LOSS COEFFICIENTS FOR MONOSILICON HYDRIDE RAD-
ICALS

Techniques have now been demonstrated for direct measurements of the total
surface loss coefficient for all three monosilicon hydride radicals. Ho et al. [36]
have reported a value of 1?=0.94 for the loss of SiH on the surface of a growing
amorphous silicon film. This value was determined using a spatially resolved LIF
technique. Robertson and Rossi [37,38] have used REMPI in a static bulb ex-
periment to determine a value of//=0.15 for silylene. Most recently Jasinski
[39] has used a discharge flow method to determine a value of P=0.05 for silyl
on a surface containing silicon, hydrogen and chlorine. Krasnopcrov et al. [40]
have reported a similar experimcnt, using LMR to detect silyl and report surface
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loss coefficients as a function of temperature which arc in the same range as
Jasinski's result. However, the flow dynamics in Krasnopcrov's experiment, and
hence the determination of fl from the experiment, are complicated by thermal
gradients which were not fully modelled [41]. While the qualitative ordering of
these coefficients appears to reflect the relative gas phase reactivity of the re-
spective radicals towards Si-H bonds, there is as yet no "universal" agreement as
to the accuracy or relevance of these values to CVD. The SiH result is the least
controversial, while the Sill3 result is not in good agreement with values derived
from PECVD film growth studies [39,42,43].
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Theoretical Prediction of Gas-Phase Nucleation Kinetics of SiO

Michael R. Zachariah and Wing Tsang,
National Institute of Standards and Technology, Gaithersburg, MD 20899

Abstract
This paper describes the application of ab-initio molecular orbital (MO) theories in conjunction
with reaction rate theory to obtain thermochemistry and energetics of nucleation processes. The
specific example used for the illustration of this approach is the nucleation of SiO. MO
computations on the equilibrium structures have shown the polymers up to the tetramer to be
planar rings and exothermic to addition of the monomer. Transition state analysis has shown that
subsequent addition of the monomer (SiO) most likely proceeds without an energy barrier.
Reaction rate theory analysis of the polymerization shows the rate coefficients to be very pressure
dependent, with the dimer formation process rate limiting. Oxidation of clusters however showed
a substantial barrier which should result in oxygen deficient clusters.

Introduction
One of the prominent issues in the formation of fine particles from the gas phase. particularly as it
relates to the synthesis of ceramics and semiconductors (or any very low vapor pressure solid), is
how to model such processes. Current models encompass a variety of complex processes.
including nucleation, coagulation. coalescence, transport, and sintering (1-41. Naturally, the
quality of the output of these models depends heavily on the quality of the fundamental data
inputs to such models. These might include chemical kinetic data for monomer formation rates.
nucleation rates, sintering rates, etc. Unfortunately, such data are extremely difficult to obtain.

In this paper, we look at the issues related to the first principles prediction of nucleation rate data.
There are several issues and limitations to be addressed. First. it has been recognized for some
time that the application of classical nucleation theories 13] for predicting nucleation rates for
materials such as ceramics and semiconductors under typical flame and flow reactor conditions
are inappropriate. The reason is that the calculated critical cluster size for nucleation is on the
order of the size of an atom. Since such calculations employ a bulk quantity (surface tension) to
obtain the surface free energy, which is used to obtain a free energy barrier to nucleation via a
competition between bulk and surface energetics, it becomes clear that an atomistic approach is
needed. These results do suggest that there is no thermodynamic barrier to nucleation and
therefore we must look to a kinetics approach.

Calculation Procedure

a. Molecular Orbital Calculation Procedure
All molecular orbital (MO) calculations employed the Gaussian9O 15.61 program for the
determination of geometries, energies and vibrational frequencies. Because some of the species
of interest have a large number of heavy atoms ( > 5 ) large basis set computations such as the G2
method are not applicable. In order to obtain accuracies sufficient to entertain calculation of kinetic
properties we have chosen a procedure which applies a bond additivity correction (BAC) scheme,
calibrated against a very high level computation.

Calibration of BAC factors for the O-H and Si-H bonds were computed against the known
energies for H20 and SiH 4 [71. Because so little is known of an experimental nature of gas phase
silicon-oxyhydrides, calibration had to be made against higher level ab-initio calculations. The
procedure was to calibrate the Si-O bond against H2SiO and H3SiOH using a very high level
computation (G2 procedure outlined in reference (8] ) and extract corrections needed for the Si-O
bond using established bond additivity correction procedures [7]. The correction factor is
expressed as E(Si-0) = 628.3(exp -2.42r); where r is the Si-O bond distance calculated at the
HF/6-3 IG(d) level and E is the energy correction in kcal's calculated at the MP4/6-3 IG(d.p)
level. Spin contamination effects for open shell species have been corrected using the procedure
outlined by Schlegel (91 and employed extensively by Melius :E(spin ) = E(UMP3)
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E(PUMP3).

b. Reaction Rate Theory Approach to Nucleation
One of the first steps to understanding nucleation kinetics is an appreciation of the energetics of
small molecule energy transfer, its influence on kinetics of nucleation, and how such processes
can be accounted for in the framework of a nucleation model.

When two reactive fragments combine, the newly formed molecule will most likely have excess
energy. Unless it is removed via collisions or through other chemical transformations, the excess
energy will inevitably lead to the redissociation of the hot species. The consequence of the
adduct possessing excess energy, is that at sufficiently low pressures the bimolecular
recombination rate constant is dependent on pressure. As the pressure is increased, this
dependence becomes weaker until at some limiting value the combination product assumes the
standard Boltzman distribution. The pressure at which the rate constant becomes independent of
pressure is termed the high-pressure limit of the reaction and is used in the formulation of reaction
rate theory. The high pressure limit is unique to a given chemical reaction, bath gas and
temperature. The reverse of this process is unimolecular decomposition and the rate constants
are related through the equilibrium constant or k(recombination)/k(dissociation)=equilibrium
constant. The equilibrium constants are calculated from the microscopic properties determined by
the molecular orbital calculations and through standard statistical mechanical formulas.

Based on the assumptions above it is clear that one can apply the already well established
procedures employed by unimolecular reaction rate theory (RRKM) to obtain the reverse process
of nucleation [10. 11).

The individual kinetic steps in a nucleation event can be expressed as follows:

A,, + A = A,#
An# + M An + M :where M is the third body stabilizer.

RRKM formalism provides a general framework for the determination of rate constants for
treating nucleation kinetics in the pressure dependent region or equivalently the extent of the
departures from the limiting high pressure values. In principle, all the required inputs necessary
for RRKM analysis can be obtained via identification of the transition state for a reaction from the
MO calculation. However, problems can arise if no defined transition state can be identified by
the MO computation. Typically such a condition would be most often encountered if no reaction
barrier can be found (no saddle point). If no transition state could be calculated the procedure
involved deriving the properties of stable species from MO theory and to use an essentially semi-
empirical approach to the application of RRKM for the determination of the rate constants. The
empirical contributions involve the selection of high pressure rate expressions for combination
and the step-size down parameters derived from experimental studies on organic compounds and
other substances in the first row of the periodical table (121. Since there are no experimental
kinetic data for the (SiO)x systems under consideration, this is a serious approximation.
Justification is provided by the observation that the parameters that have been selected are
remarkably invariant to molecular type and structure.

Reaction rate coefficients were calculated using the computed thermochemistry, transition state
barriers, vibrational frequencies (scaled by 0.89) and rotational constants (obtained from the MO
calculations). Due to the high temperatures, energy transfer effects are very important. Thus
calculated infinite- pressure rate constants for unimolecular and related processes have been
corrected for pressure effects through RRKM calculations under the assumption of weak
collisions. This involves the calculation of the specific rate of excited molecules at each particular
energy level, based on the solution of the master equation assuming a step- ladder model of the
transition probability and a step size down per collision of 400 cm-1. The last number is based on
hi-teiorpeta studies of the decompwtion of organic molecules l
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Equilibrium Structures and Energetics of SiO Nucleation
Based on prior experimental and detailed chemical kinetic modeling for a silicon/silica mixed
stoichiometry system, it was concluded that SiO should play a significant role in the nucleation
process during silane oxidation [13-14]. Two issues remained paramount, however: 1) What
would the nuclei look like and what are their energetics: 2) What is a reasonable reaction rate for
nucleation. The calculated equilibrium structures for the polymers of SiO are shown to be cyclic
and planar as illustrated in Fig. 1.

.•-I-2060sio sio __ .. ., ,

AKl -- 225.3 Fig 1. Equilibrium structures and
S.2 ,,1 energetics for SiO polymerization.

S .. MP4/6-3 lG(dp)IIHFI6-3 IG(d)

AL- - 156.7

Straight chain or non-planar ring structures were found to be unstable in agreement with the work
of Hastie et. al. who conducted I.R. spectroscopy studies on matrix isolated SiO species
concluding that (SiO)2 , (SiO)3 and possibly (SiO)5 rings were polymerizing from monomeric SiO
[ 151. Our higher level computations for the energetics of the process show that insertion of SiO
to form cyclic polymers is highly exothermic. The relative stability of the SiO mer's based on the
computed exothermicity would suggest that the trimer is the most stable. Si-O bond lengths get
progressively shorter with increasing ring size and would indicate increased bond strength.
However, the fact that formation of the larger ring results in a decrease in heat release, particularly
for the tetramer, suggests that the large Si-O-Si bond angle in the tetramer contributes to ring
strain. Computations for a pentamer were not attempted due to the computational requirements.

Nucleation Kinetics
Nucleation kinetics based on the reaction rate theory previously described were computed for the
polymerization of SiO. MO computation for the transition state for each subsequent reaction
indicated that ring insertion probably proceeds without a potential bamer. The reaction potential
energy for dimer formation as a function of monomer separation distance showed that the
interaction potential is essentially flat till the monomer-monomer separation is decreased to about
2.8 A at which point the monomer feels a strong attractive force. This is in qualitative agreement
with the Hastie et. al. [ 181 matrix isolation experiments in which the dimer was observed to form
at temperatures as low as 5 K.

The rate coefficient for dimer formation as a function of pressure and temperature is shown in Fig
2a. Clearly the rate coefficient itself is pressure dependent in the manner discussed previously
regarding reaction rate theory. Note that we are not referring to the nucleation rate itself, which
will have pressure dependence simply from a monomer density consideration, but rather the rate
constant (clearly not constant here) which has pressure dependence because of energy transfer
effects. At the high pressure limit of the reaction (not calculated here) the rate coefficient would
be independent of pressure.

Following the rate coefficient's behavior as a function of temperature, we see that even at low
temperatures. 400K, the reaction rate is large. This is due to the absence of an energy barrier to
dimer formation. As the temperature is increased, for a given pressure, we observe a gradual
decrease in the rate constant. This results from a decrease in the ratio of stabilization to
decomposition. Behavior for the trimer and tetramer have similar characteristics and are shown in
Figs. 2bc. although the dwes body effects are mast pronounced for the dimerization due to the

21

S.. ..--. r............ . . . ._-



smaller size of the molecule and the relatively
SHO +- SIO => Si202 low activation energy for the dissociation. The

magnitudes of the nucleation rates are
2 " ... significantly different as are the temperature

"dependencies. The rate of trimer formation via
reaction of monomer with the dimer is two

o 101 orders of magnitude higher than for dimer
formation. This behavior is due again to
collision efficiency effects and the energetics
of the overall reaction. These results

A. 101 ---- t demonstrate that the initial stage of
SD.Atm -3 condensation process is dependent not only on

0.5 1.0 1.5 2.0 X10- the concentration of the reactive species but
I/T also directly on the pressure of the bath gas or

Sit +- Si202 => S303 equivalently a (p)
2

+n dependence where n is
less than 1. With everything else being equal.
the increase in molecular size will lead to a

-1013 gradual reduction of n.

For the tetramer the rate constant at room
S1011 temperature is at the high pressure limit .ie.

pressure independent). This results from a
combination of high third body density and the

13 0.01 A-- m fact that the tetramer has sufficient number of
I 1 - .0^Atm internal oscillators to dispose of the excess
0.5 1.0 1.5 2.0 Xo0-3 energy more efficiently than the dimer or

trimer. As the temperature is increased, the
l/T nucleation rate declines again due to third body

SM + S003 => S1404 collision effectiveness and to a relatively small
density of states for the tetramer (as compared

13 to the trimer with a much deeper well depth).
1013  As such. the pressure dependence of the

reaction becomes more pronounced as the
S1,12 temperature increases.

1011 If there are no changes in the general pattern of
-1-.-- 0.0t AM the chemistry then as one proceeds to higher111 -- 0.-.• 01 Atm

1.0 Ai mers the increasing size of the molecule will
lead to values of the rate constant approaching

0.5 1.0 1.5 2.0 x10"3 the high pressure limit. Of course this will also
ln'r be the consequence if an exothermic

decomposition reaction should occur after
Equlbrlan Constant insertion during any step of the overall process.

It is clear, however, that the rate coefficients
.. ' . . . . . for association are far below the gas kinetic

30 a S1202 /collision rate that has at times been used for
S: -modeling purposes. This is in contrast to large

20 scluster growth calculated by molecular
dynamics methods which shows unity sticking

1 -coefficient resulting from the large number of
available oscillators [16].

S0~.5 1.5 2.5 e"

SIVT

FIg. 2a,b,c. Nucleation rate constants as a function of T and P. d. Equlibrium constant
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We know from experience and from the nomenclature of classical nucleation theory that for a
nucleating system, increases in temperature result in a lowering of the supersaturation ratio and
therefore a lowering in the net nucleation rate. This is clearly evident in the results presented here,
albeit from a different perspective. Fig. 2d shows the equlibrium constant for the three reactions.
From detailed balancing the cluster fragmentation rate can be obtained, which should only be
important at high temperatures.

Cluster Oxidation
During the formation of silicon oxides, as with almost all metal oxides, experimental observation
has shown that only partial oxidation takes place during the gas phase synthesis process. In many
cases. full oxidation requires post high temperature oxidation to reach stoichometic conversion.
In many cases high concentrations of water vapor are either present or required and even under
these circumstances oxidation may be incomplete. We investigated cluster oxidation with water
vapor by calculating the interaction between H20 and the dimer and trimer. The initial complex
forms through an overlap of the lone pair on oxygen and the empty p orbital on Si ( as an out of
plane bent structure ) at a Si-O bond distance of 2.5 A. One of the hydrogens on H 20 is
stabilized by the adjacent 0 atom in the dimer. The remaining H atom can then migrate through the
transition state to the silicon atom as the Si-O bond distance decreases. The analogous reaction
with the trimer proceeds in the same manner. Fig. 3 shows the calculated potential energy diagram
showing activation barriers 67.3 and 69.0 ki/mol for the dimer and trimer respectively.

filAIIOC)M p4t4.S (;;d.p)SIt. C ,

,..sm Fig. 3Cluster Oxidation Reaction Potential Pathway
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Qualitatively we can see that the reason for the low oxygen content of metal oxides is that the
polymerization of the mono-oxide proceeds without an energy barrier, and whose rate constant is
limited only by the collisional stabilization rate. The fits to the computed rate constants for dimer
and trimer oxidation are 27.0 T3.15 exp(8256/T) and 92.5 T3.02 exp(8832/T) respectively. By
contrast subsequent oxidation is slow requiring a high temperature for a sustained period.

Calculation of Nucleation and Cluster Oxidation Process
In order to clearly see the effect of the computed rate constants on nucleation a simple mechanism
is constructed in which silicon and oxygen are present at time zero in concentrations of 0.05 mole
fraction in an argon background at 1000K and I atm. For the purposes of the illustration SiO is
assumed to be formed by the atomic recombination of Si and 0 with a rate(moles/cm 3-s) =
I.0E09[Si][OJ and the final product in the simulation is SiSOs formed by reaction of SiO with
Si4O 4 at a rate = l.OEl2[SiOl[Si 4O4]. Simulation results are summarised in Fig. 4 and show that
the predominant product is the pentamer (SisOs) followed by the dimer and trimer oxide. As the
temperature is increased (T> 1500K) the oxides of the dimer and trimer become favored over the
pentamer.
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Conclusions

To sum up, a structure exists to describe in detail the initial steps of condensation processes which
involve formation of strong covalent bonds. For the specific problem studies here. we have
shown the equilibrium structures of SiO mers to be cyclic, planar and relatively stable. The rate
coefficients for polymerization are pressure dependent over the temperature regimes of interest in
typical processes and proceed without an energy barrier. The primary determining factors in the
magnitude of the A factor in the rate coefficient, is the stability of the mer relative to the fragments
(a density of states consideration) and the relative number of oscillators in the molecule. Increasing
either of these two parameters will increase the rate coefficient for recombination by forcing the
activated complex closer to the high pressure limit of the reaction. It is expected that other ceramic
oxides would behave in an analogous manner. Cluster oxidation is slow due to the high activation
barrier required and qualitatively explains the experimental observation of incomplete cluster
oxidation.
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ATOMIC LAYER GROWTH OF SiO 2 ON Si(100) USING THE SEQUENTIAL
DEPOSITION OF SiCI4 AND H20

OFER SNEK, MICHAEL L WISE, LYNNE A. OKADA, ANDREW W. 07T AND STEVEN M. GEORGE
University of Colorado, Department of Chemistry and Biochemistry, Boulder, CO 80309.

ABSTRACT

This study explored the surface chemistry and the promise of the binary reaction scheme:
(A) Si-OH+ SiC1 -- Si-Cl + HCI
(B) Si-Cl + H20 -+ Si-OH + HCI

for controlled SiO2 film deposition. In this binary ABAB... sequence, each surface reaction may
he self-terminating and ABAB... repetitive cycles may produce layer-by-layer controlled
deposition. Using this approach, the growth of SiO2 thin films on Si(100) with atomic layer
control was achieved at 600 K with pressures in the 1 to 50 Torr range. The experiments were
performed in a small high pressure cell situated in a UHV chamber. This design couples CVD
conditions for film growth with a UHV environment for surface analysis using laser-induced
thermal desorption (LITD), temperature-programmed desorption (TPD) and Auger electron
spectroscopy (AES). The controlled layer-by-layer deposition of SiO2 on Si(100) was
demonstrated and optimized using these techniques. A stoichiometric and chlorine-free SiO2 filmwas also produced as revealed by TPD and AES analysis. SiO 2 growth rates of approximately 1
ML of oxygen per AB cycle were obtained at 600 K. These studies demonstrate the methodology
of using the combined UHV/high pressure experimental apparatus for optimizing a binary
reaction CVD process.

INTRODUCTION

Many future developments in microelectronics will be closely linked to progress in thin film
technology1. 2. The emergence of the future gigahertz silicon technology requires nanoscale sizes
of components on a ULSI chip. This size reduction depends on improving process control, better
definition and quality of interfacial regions and developing lower temperature procedures to
prevent thermal degradation by diffusion. Central in silicon technology is the growing of silicon
oxide - SiO 2. It is expected that future technology will require the deposition of gate oxide films
as thin as 50 A. In addition, three dimensional structures will play a dominant role in future ULSI
technology. Consequently, a growth method is desired for conformal and atomic layer controlled
SiO 2 thin films.

One of the promising solutions for the challenges of future silicon technology is the scheme
of atomic layer epitaxy (ALE)3, or atomic layer processing (ALP) for the growth of an
am.orphous material. This deposition technique involves two separate stages. Each of the
individual stages terminates .itself atr. the deposition of a monolayer (ML) or less. The result isthickness control and a precise definiton of dhe interfacial regime The process is suitable for a
cold-wall CVD reactor. Trench and three-dimensional-structures, as well as porous materials,
should be evenly covered using this procedure. The highly conformal resulting film on high
aet ratio structures compensates for the time-inefficiency of the ALE process. In addition, a
higher capacity for CVD reactors is possible by decreasing waler spacing without creating
uneven deposition profiles3.

The sequential deposition of two precurss A and B is employed in ALE or ALP. Each
shnould compleftly ract with the surface and deposit a stoichiametric layer. This goal

Snot g tforw. and requires the right selection of the "A" and "B" precursors, as well asadjusting e reaction temperature, pressures and the pumping time between the A and B cycles.
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In addition, the reaction time should be long enough that the reactions are never flux-limited.
Atomic layer epitaxy has been demonstrated for several systems. In particular, ALE has been
successful for depositing III-V and H-VI materials 3 , as well as some oxide materials such as
A12034 -6 TiO27 ,8 and ITO3 . Some approaches for silicon ALE have also been suggested9-t1.
The technique has been applied for growing crystalline or amorphous films on a variety of
substrates 3 -8.

SiCl4 and H2 0 have been used to deposit SiO2 films 12 "14 . In one deposition scheme,
physisorbed layers of H 20 react with gas phase SiCI4 at temperatures around 300 K12 . These
reactions were not atomic layer controlled according to the strategy of ALE or ALP. We have
used the sequential deposition of SiCI4 and H2 0 to grow stoichiometric SiO 2 films on Si(100).
The experiments were performed on a Si(100) sample which was cleaned and characterized in an
ultra high vacuum chamber. The CVD reactions were accomplished in a high-pressure cell inside
the UHV chamber. Following the reaction, the cell was evacuated, opened and returned to UHV
conditions. This approach allowed the evaluation of the SiO2 film using Auger electron
spectroscopy (AES), laser induced thermal desorption (LITD) and temperature programmed
desorption (TPD). Stoichiometric and vitreous SiO2 films were grown on Si(100) in the
temperature range of 400-680 K and pressure range between 10-50 Torr.

EXPERIMENTAL

The experiments were performed in a UHV chamber with a base pressure of 2-5x 10-10 Tort.
The chamber was equipped with a LEED/AES optics (Perkin Elmer PHI 15-120) which was used
to characterize the clean Si(100) and the deposited films. The chamber was equipped with a
sputtering gun for surface cleaning. The low pressure exposures were performed using a glass
capillary array doser. A UTI IOOC quadrupole mass spectrometer was used in the LITD and TPD
experiments.

The surface mounting and preparation has been described elsewhere15 . Briefly, a -1 fQ.cm
0Oxl lxO.38 mm Si(100) sample was mounted by means of tantalum/molybdenum clips. A 2000
tantalum film deposited on the back of the sample was used to heat the sample to 1200 0C. The

sample temperature was determined by a Chromel-Alumel thermocouple attached to the crystal.
The samples were cleaned in vacuum by means of high temperature annealing cycles. After
cleaning, the only surface contamination was carbon with levels ranging from <0.2-1 %. The
clean Si(100) surface displayed the expected 2xI LEED pattern.

A necessary bridge between the UHV techniques and the 10-50 Tort pressures used for CVD
deposition is a high pressure chamber inside the UHV chamber. A few schemes have been
proposed 16 "2 1 following the pioneering work of Somoija116 . The common denominator of all the
schemes is minimal surface area exposed to the high pressure to minimize the outgassing
following high pressure processing. Our high pressure doser is illustrated in Fig. 1. A
combination of a sample holder shaped as a knife-edge sealing-flange and a moving cap is used
to seal a -10 cm3 volume having about 20 cm2 of surface area. Once this high pressure cell is
sealed, the cell can be pumped by a turbomolecular pump to pressures below 10-7 Tor. Typically
a pressure of 100 Torr in the high pressure cell will cause a pressure increase in the UHV
chamber of less than 4x1&1 0 0 Tory.

The sample holder is attached to a liquid nitrogen cryostat through a He thermal switch22.
The thermal switch controls thermal conductivity between 0.05 to 1.25 WPC by varying the He
pressure between 5 to 500 mTorr, respectively. Sample temperatures can be achieved as low as
100 K. In addition, the sample-holder temperature can be quickly raised to 300-350 K before
dosing low vapor pressure reactants into the high pressure cell. This temperature rise is
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accomplished by a combination of evacuating the He thermal switch and rapid resistive heating
of the sample holder.

HIGH PRESSURE DOSER
AND SAMPLE

MANIPULATOR

4 10

2 Fig. 1: An illustration of the high pressure dosing
6 0 apparatus. (1) Liquid nitrogen cryostat; (2) He

12 inlet and Pumping line for the He thermal switch;
(3) He thermal switch; (4) Resistive heating
electrical feedthroughs; (5) Thermocouple
electrical feedthroughs; (6) Knife edge; (7)

9 Sample holder heater, (8) Viton gasket, (9)
Si(100) sample; (10) Cap; (11) Translation stage;
(12) Pumping line; (13) High pressure dosing line.

13\
3 5

7 8

Film growth experiments were performed in the high pressure cell. The crystal was cleaned
by annealing at 1320 K for a few minutes before each experiment. The sample was then
regulated at the desired temperature and the high pressure cell was sealed. High pressures of H 20
(up to 20 Torr) and SiCL4 (1-50 Tonr) were introduced into the high pressure cell and allowed to
react for a given time. Following each reaction, the precursors were evacuated before exposure to
the next reactant.

Chlorine coverage was detected by the laser induced thermal desorption (LITD) of SiCl2
species. The total oxygen coverage was determined from SiO temperature programmed
desorption. The integrated SiO mass signals were calibrated by comparison with the SiO signal
obtaine6 from a H2 0 saturation dose. H20 exposures on Si(100) are known to saturate at an
oxygen coverage of 00= 0.5 ML (I ML - 6.9x1014 cm-2 ). The stoichiometry of the film is
qualitatively obtained from AES spectra.

RESULTS AND DISCUSSION

Fig. 2 illustrates the experimental procedure for atomic layer controlled growth. The reaction
sequence was composed of separate high pressure doses of SiCI4 ("A" reaction) and H20 ("B"
reaction). Initially, the experiments were performed at 400 K. At this temperature, the reaction of
H20 with a chlorine-terminated surface saturates after removing only 65% of the surface
chlorine. At temperatures higher than 600 K, both "A" and "B" reactions proceed to completion.
The first three "A" and "B" cycles were studied to determine the time required to obtain

2i saturation coverage. The first chlorination stage is performed at 300 K and I Torr for 30 sec. to
avoid surface etching. The second and third SiCI4 "A" stages saturate after 20 minutes at 50
Ton.. In comparison, 10 minutes were necessary for 10 Ton" of H20 to complete the reaction in
the first second and third "B" stages.

The results of these experiments are summarized in Fig. 3. In this figure. the chlorine
coverage after reaction with SiCI4 is given relative to the first SiCL4 dose. This chlorine is then
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removed by the H20 reaction to deposit oxygen on the surface. Evidence that this stage leaves
surface hydroxyls is the subsequent reaction with SiCL4 to yield a chlorine coverage comparable
to the first SiCL4 exposure. Recent FTIR studies on oxidized porous silicon have also observed
the growth of SiOH surface species concurrent with the loss of SiCl species versus H 20 exposure
at 10 Torr at 600K.

Controlled Siq Growth
S•CI•4JO •nary ReaciW Sequence First Three AB Cycles

A Cl I Cl CI CA o cthwod coverage
sowuan Sim, C3 Adftonsd Oxymen Coverap
.gvm.a.SO• K L.....±5......expaum~~ wO30 Km oxp overap

B H H HH H- s .

_vsIcI. + 140l
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st~KSiI 4 H0 sic,4 HO SiCI% HO

Fig. 2: Atomic layer controlled growth of SiO 2  Fig. 3: The first three AB cycles. Bars illustrate
using SiCL4 and H20. the deposited chlorine and oxygen.
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The saturation conditions described above were used to deposit SiO 2 films vsing up to 10 AB
cycles. The oxygen coverage was determined from SiO TPD spectra. Somr, TPD curves are
displayed in Fig. 4. Note the shift of the TPD peak to higher temperatures with the increaje of the
film thickness. This is a typical behavior of SiO desorption from thick SiO2 films on !ilicon 2 3 .
The results are summarized in Fig. 5. The surface was also thermally oxidized at 600 K by
introducing 10 Torr of H20 for reaction times equivalent to the times of "B"; 2x"B"; 3x"B" and
4x"B". The comparison in Fig. 5 shows that the first "B" reaction is independent o& chlorine on
the surface. The thermal oxidation then proceeds very slowly after depositini, ,wo oxygen
monolayers.

AES spectra taken after each experiment observed the growth of the 63 and 78 eV AES peaks
associated with vitreous silica. After the first AB cycle, only the 83 eV AES peak appears. This
peak is associated with oxygen on the silicon surface. The 83 eV AES peak then continuously
declines and the AES spectrum of the l0x(AB) process resembles the spectrum of a -15 A thick
thermally grown SiO2 film2 4 . Chlorine incorporation into the film is minor (<1%).
Representative AES spectra are displayed in Fig. 6.

S"O2 4.8--

4.4 10 Torr H20

0x(AB) 4.0 o 6s0
:T3.6 - 120s

3x(AB) 3.2 -

l~2.8

lx(AB) 2.4
Wo ,c 2.0

LU 0

Clean 1.2-

0.8

0.4 /

so 100 40 500 600 640 680 720 760
Energy (eV) Surface Temperature (K)

Fig. 6: AES spectra taken after various AB cycles Fig. 7: Oxygen coverage after 60 s and 120 s
during SiO 2 growth on Si(100). H2 0 exposures on Si(100) at 10 Torr as a

function of temperature.

In order to optimize the reaction conditions to obtain shorter reaction times, the first "B"
stage was performed for one minute at 10 Tort in the temperature range of 600-740 K. The
results are summarized in Fig. 7. The temperature range below 700 K is suitable for obtaining a
self-limiting "BI" reaction on a clean Si(100) surface. At temperatures higher than 700 K, the
oxidation proceeds into the silicon bulk in agreement with a previous study2 5 . The reaction
proce .to completion in less than one minute in the temperature ranpe of 640-700 IC A similar
optimization procedure has determined that the "A2" and "A3" reactions saturate in less than I
minute at 10 Torr at 660 K. However, saturation of the "B2" and "B3" reactions after less than I
minute requires a temperature of 680 K.
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CONCLUSIONS

Atomic layer controlled growth of SiO2 has been demonstrated using a binary ABAB...
reaction sequence with SiCL4 and H 20. These studies were facilitated using a high pressure
chamber for the ABAB... SiO2 growth that was internal to the UHV chamber. The SiO2 film
analysis was then performed in the UHV chamber using laser induced thermal desorption.
temperature programmed desorption and Auger electron spectroscopy. Controlled SiO2 atomic
layer growth of approximately 1 ML of oxygen per AB cycle was achieved using high pressures
of 10-50 Torr for 1-20 minutes at surface temperatures of 600-700 K. These studies illustrate the
potential usefulness of the ABAB... binary reaction sequence chemistry for atomic layer
controlled deposition of SiO2 on silicon surfaces.
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INFRARED STUDIES OF OZONE-ORGANOSILICON CHEMISTRIES
FOR SiO 2 DEPOSITION

J. A. MUCHA and J. WASHINGTON

AT&T Bell Laboratories, Murray Hill, N.J. 07974

ABSTRACT

Gas-phase Fourier transform infrared spectroscopy has been used to monitor reactants and
products in the study of 03 decomposition and the reaction of 03 with tetramnethylsilane and

tetraethoxysilane. The results confirm the interpretation that 03 decomposition is heterogene-

ous, and a dominant factor in Si0 2 deposition using these chemistries. Product analysis shows

that the higher reactivity of TEOS with 03 is probably due to the ability of TEOS to undergo a-

hydride elimination of one ethoxy group, per molecule, and one oxidative acetic acid elimina-

tion, per molecule, during the deposition process. Results also suggest elimination via the Si-
center involving a single ethoxy group rather than via a 6-center elimination involving two

ethoxy groups.

INTRODUCTION

Previously [1], we showed that Si0 2 deposition from ozone (03) reactions with

tetramethylsilane (TMS) and tetraethoxysilane (TEOS) exhibited the same activation energy (16
kcallmol). Both systems exhibit [1,2] a saturation (I t- to 0-order kinetics) in deposition rate as

03 concentration is increased. Recent [3] studies with TEOS exhibited an Arrhenius A-factor

about 25 times larger than with TMS, while using less 03 to reach saturation than TMS (1 03-

per-TEOS vs. 5 0 3 -per-TMS at 3300 C). We interpreted these observations by a mechanism in

which heterogeneous decomposition of 03 was rate-limiting, with saturation behavior resulting

from surface coverage saturation or complete consumption of one of the principal reagents.
Here, we report the application of gas-phase Fourier transform infrared (FTIR) spectroscopy as a

Sprobe for reactants and products during deposition of SiO 2. The results provide supporting evi-

dence for the interpretations advanced in our previous deposition experiments.

EXPERIMENTAL

The reactor is a modified Plasma Technology, Ltd. parallel-plate unit with a shower-head

in the upper electrode to mix and disperse gases. TMS was metered directly into the system,
while a bubbler was used to deliver TEOS. For both, He was used as a carrier gas. The resulting
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gas mixtures were blended with an 03/02 mixtur (PCI Ozone ozonizer) near the entrance to
the shower-head. Typical reactor feed consisted of about 70% 02 and 26% He, with a fixed con-

centration of TMS (0.14 v%) or TEOS (0.09 v%) and variable 03 concentrations (0.05-3.4 v%).
The lower electrode (sample platen) was heated to typical SiO 2 deposition temperatures and the
reactor effluent passed through a 15 cm. gas cell for infrared analysis using a Mattson FFIR
spectrometer with I cm-I resolution. Products were identified and quantified by generating

calibration standards for each.

RESULTS and DISCUSSION

All of our previous interpretations were based on observations of only one product (SiO 2 )

of the reaction of 03 with the Si-containing precursors TMS and TEOS. The ability to monitor
reactants and other products should provide complementary data to test our earlier conclusions

and shed light on areas of interpretation that were not definitive. There are several questions that
infrared analysis of gas phase might address. By monitoring 03 loss in a reactor when no Si-
source is present, we might expect gain insight into: 1) whether 03 decomposition or direct reac-
tion with the Si-source initiates SiO 2 deposition; 2) whether initiation occurs homogeneously in
the gas-phase or heterogeneously at the growth surface, and 3) the origin of the factor of 25

increase in deposition rate with TEOS.

Estimating the rate of loss of 03 and its temperature dependence in our experimental

apparatus require a mechanistic construct to convert measured concentrations of 03 to an

apparent rate constant for ozone decomposition. The accepted mechanism for 03 pyrolysis has

been given by Benson and Axworthy [4] as:

1

03 + M -' 0 + 02 + M (1,2)

2

3
0+03-.202 (3)

where M represents represents a third-body that initiates decomposition. In our experiment (a
dilute mixture of O in 02), M is either 02 or a surface to distinguish homogeneous and hetero-

geneous decomposition, respectively. Based on a steady-state analysis of atomic oxygen in the
above mechanism, the overall rate of 03 loss is given by:

d10 31 2ki k k 3 O3 12 [MI
& = k2 1021 [M] + k3 03]1 (4)

FPr dilute 03 MxWs the overall i0S becomes second-order in 03 when
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Figure 1. Arrhenius plot of kko. for 03 decomposition. Dotted lines are scaled, spline fits to

SiO 2 deposition rate data for TMS I ] and TEOS [31 reaction with 03.

k 3 [03] << k 2 [M] 102], and the overall Arrhenius activation energy, E., is associated with

the ratio k I k 3 /k 2 . For purely homogeneous decomposition, the overall E , has been determined

to be 28.8 kcal/mol [4]. When reaction (3) is fast, overall loss of 03 is first-order in 03 with a

temperature dependence governed solely by k 1. Here, an activation energy of about 24 kcal/mol

is expected for homogeneous initiation (reactions 1 & 2, M=0 2 ).

Figure 1 shows an Arrhenius plot of 03 loss based on infrared results and the second-

order scenario presented above. For comparison, dotted lines showing the temperature depen-

dencies observed for 0 3 -induced SiO 2 deposition from TMS and TEOS are included. It is

apparent that second-order 03 kinetics gives excellent linearity in the Arrhenius plot of the
resulting rate constant for overall 03 loss, ki... A weighted [lI/(esL enor)21 least-squares fit

gives an activation energy of 21.2 ±0.3 kcal/mol, while an unweighted fit gives
18 ±2 kcal/mol. Weighting tends to emphasize the points in the middle of the temperature

range mo. heavily since those at lower T corespond to small differences in large 03 concentr-
dions while those at higher T correspond to low absolute 03 concentration. Analyzing the data

as first-order kinetics resulted in a noticeable curvature in the Arrhenius plot suggesting that

under psent experimental conditions k 2 IM] (02] >> k 3 [031.

Several points become clear. First, the activation energy for 03 loss is well below that

expected for homogeneous initiation (M ,02), supporting the interpretation that 03
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decomposition in our system is via a heterogeneous process (M = surface). For surface decom-
position, adsorption of ozone is a likely initial step that would reduce the apparent activation

energy for reaction (I) by the heat of adsorption. Thus, the observed E. (21.2 kcal/mol) for 03
loss here is 7.6 kcal/mol lower than that for homogeneous pyrolysis. Second, these results are

also in good agreement with the activation energies (16 kcal/mol) we determined for SiO 2 depo-
sition from TMS and TEOS[I 1,31. With TMS or TEOS present, the reaction:

0 + TMS(TEOS) -- -- SiO 2  (5)

competes with reaction (3) and a similar steady-state analysis for 0 atoms gives the overall rate

of SiO 2 formation:

dfSi0 2 ] kI k 5 [03] [TXS] [M]

dt k 2 [021 [M] + k3 [031 + k 5 [TXSj

where X = M or EO for TMS and TEOS, respectively. Again, the role of 03 in the overall kinet-

ics is paramount, although we would expect different overall activation energies for SiO 2 depo-

sition from TMS and TEOS, unless the respective E& (k5 ) are accidentally equal or very small.
When k 2 [02 1[ M] is large, SiO 2 deposition is first-order in 0 3 and Si-source, with an effective
rate constant -klk 5 /k2. Attributing the suppression in E. (determined above) to k 1 , and

applying it (24 - 7.6 = 15.5 kcal/mol) to the deposition scheme (Reactions 1-3, 5) yields good
agreement with those measured in our deposition studies [1,3] for this case when 0-atom attack

on the Si-source has a low barrier. When k[02 1[[M] is small, agreement with the deposition
rate temperature dependence requires reactions (3) and (5) to exhibit nearly equal Ea's for both

precursors. In either case, the proximity of the activation energies for 03 decomposition and
SiO2 deposition tends to rule out the possibility that direct reaction of 03 with the Si-source is
initiating deposition.

Using FTMR product analysis, we have gained some insight into the origin of the factor of
25 greater reactivity that TEOS exhibits relative to TMS in 0 3-induced Si0 2 deposition. In pre-
vious work [1,3], it was suggested that this could arise from the ability of TEOS to undergo

spontaneous decomposition by oa- and P-hydride elimination [6,7], for example. Thus, once
activated by initial attack from an ozone-generated species like atomic oxygen, TEOS could

spomaneously eliminate C2 -fragments enhancing the probability of Si0 2 formation. At the
same time, such eliminations would result in the lower demand for 03 with TEOS than TMS.

Figure 2 shows portions of the high-resolution FHIR spectrum of an 0 3 -TEOS reaction

mixture with a low o 3trEOS feed ratio (0.63) and low platen temperature (2470 C). Also
included are reference spectra of H 2 0, acetaldehyde (CH 3 CHO), and acetic acid (CH3 COOH).

Although H20, C0, C0 2 , formaldehyde (H 2 CO) and formic acid (HCOOH) were common
oxidation products in the ozonation of TMS and TEOS, CH3 CHO and CH3 COOH were Unique
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ABSTRACT

Diethyldiethoxysilane (DEDEOS) is a potential single molecular precursor for SiO2
growth. Additionally, DEDEOS may be applicable in a deposition scheme that will allow precise
atomic layer control of SiO2 film thicknesses. Deposition of SiO2 on silicon using DEDEOS was
studied in three regimes. In the first regime, the adsorption and decomposition of DEDEOS were
studied using temperature-programmed desorption (TPD) and Fourier-transform infrared
spectroscopy (FHR) under UHV conditions. TPD and FMIR results indicated that DEDEOS
deposits ethyl and ethoxy species on the surface which decompose by a [,-hydride elimination
mechanism. In the second regime, step-wise SiO2 growth using DEDEOS was studied by laser-
induced thermal desorption (LITD) and TPD as a function of repetitive growth cycles composed
of DEDEOS deposition at 300 K followed by thermal annealing to 820 K. The amount of SiO2
growth per cycle initially decreased as a function of cycle until reaching a constant value after
approximately 10 cycles. Finally, DEDEOS deposition of SiO2 was studied in a high pressure
chamber at surface temperatures between 873 K and 1003 K and at a pressure of 0.5 Torr. The
deposition of SiO2 as a function of exposure was found to display a fast initial growth step
followed by a slower step which continued indefinitely. The activation-energy for SiO2 growth
by DEDEOS in the slower growth step was found to be 49 + 6 kcal/mol This activation energy is
very similar to the activation energy of 45 kcal/mol observed for SiO2 growth by tetraethoxysilane
(TEOS).

INTRODUCTION

Many factors affect the choice of the molecular precursors used for the chemical vapor
deposition (CVD) of SiO2 on silicon. Properties of the resultant dielectric layer, such as step
coverage and dielectric constant, must be considered as well as process related concerns, such as
deposition rate and temperature. Tetraethoxysilane (TEOS) is the most commonly used precursor
for the CVD of SiO2 on silicon substrates. Other molecular precursors have been investigated
such as diethylsilane, tetramethylcyclotetrasilane and tetramethylorthosilicate[11]. These alternate
precursors have shown both better and worse deposition characteristics than TEOS.

In these experiments, the deposition of SiO2 on silicon was studied using a new liquid
source, diethyldiethoxysilane (DRDEOS). DEDEOS may display very different deposition
properties from TEOS because of differences in its size, stoichiometry, reactivity, decomposition
products, and sticking coefficint. Most notable is the possibility that DEDEOS may sustain
reactive silicon atoms during SiO2 growth that are not terminated by oxygen. In addition,
DEDEOS may allow precise control of SiO2 deposition by cycling the adsorption of DEDEOS at
low temperature with thermal annealing to remove the unwanted reaction products.

SiO2 deposition on silicon using DEDEOS was studied in three regimes using laser-
induced thermal desorption (LITD), temperature-programmed desorption (TMD), Fourier-
transform infrared spectroscopy (FrIR), and Auger electron spectroscopy (AES). First, the
adsorption and decomposition of DEDEOS were investigated on Si(100)2xl and porous silicon.
Second, step-wise growth of SiO2 on Si(100)2xl was studied by cycling DEDEOS exposure
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with thermal annealing. Finally, SiO2 deposition was studied at high surface temperatures and
high DEDEOS pressures.

EXPERIMENTAL

Three separate vacuum chambers were used in these experiments. The two vacuum
chambers and crystal mounting designs used for the LrID, FHR, TPD and AES experiments are
identical to those used previously[2,3]. LIID, TPD and AES experiments were carried out under
UHV conditions at base pressures of -4 x 10-10 Torr on flat single-crystal Si(100) samples[31.
The silicon samples were obtained from Virginia Semiconductor and were p-type boron-doped
with resistivities of 0.35 to 0.65 Qi cm. Cleaning of the samples between experiments was
achieved by annealing to T = 1350 K for several minutes.

Transmission FTIR experiments were conducted at base pressures of 8 x 10-8 Tort on
Si(100) samples that had been electrochemically etched in a HFI/C2HsOH solution to increase
their surface area[2]. Previous measurements indicate that the surface area is increased by a factor
of -250 using this method[2]. The high pressure thermal growth experiments were conducted in
a new UHV chamber. By means of a movable cup that fits over the sample holder, the Si(100)
sample could be dosed at high pressure while the remainder of the chamber remained at 10- 10
Torr. The cup could then be removed and TPD and AES experiments could be performed in
UHY conditions.

LIrD was used in some of the experiments to determine the amount of DEDEOS adsorbed
on the silicon sample after a given exposure. Laser-induced thermal desorption is a technique in
which a focused Ruby laser is used to rapidly heat a small spatial area on the silicon sample[3].
Any adsorbates present in this spatial region are thermally desorbed and detected by a quadrupole
mass spectrometer with the ionizer located approximately 5 cm in front of the sample. The ion
signal for mass 27 (ethylene) was used to detect adsorbed DEDEOS with LrFD. This LITD signal
was found to be linear with the area under the SiO TPD peak after varying DEDEOS exposures.

Absolute calibration of the DEDEOS coverage on Si(100) was accomplished by
comparing the area under the SiO TPD peak for a saturation DEDEOS exposure with the SiO TPD
peak area for a saturation H20 exposure at 300 K. The H20 exposure saturates on Si(100)2xI at
an oxygen coverage of 0.5 ML[4,5]. DEDEOS was found to saturate at an oxygen coverage of
0.71 ML for adsorption at temperatures between 200 and 350 K.

RESULTS AND DISCUSSION

Silicon Surface Chnemiarv~

TPD and FTIR techniques were used to characterize the adsorption and decomposition of
DEDEOS on Si(100)2xl and porous silicon. Only signals at masses 2, 26, 27,28, and 44 were
detected by TPD. Figure I shows the TPD spectra at a heating rate of P = 3.8 K/s for masses 2,
27, and 44 after a saturation DEDEOS exposure at 300 K. The peaks for masses 26-28 at -750 K
are from the same desorption species and scale with the electron impact fragmentation products
expected for ethylene, C2H4. The mass 2 desorption peak occurs at 790 K and is characteristic of
H2 desorption. Desorption of mass 44 at -970 K is indicative of SiO desorption.

DEDEOS presumably dissociates upon adsorption on silicon to produce ethyl and ethoxy
species. The production of C2H4, surface hydrogen, and oxide species upon decomposition of
these adsorbates is consistent with a V-hydrkle elimination mechanism. Ethyl and ethoxy groups
deposited on silicon by other related 11MCU!os such as Si(OC2H5)4 (TEOS)[6,71, C2H5OHI71,
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and SiH2(C2H5)2 (DES)[81 have also been shown to decompose by a V-hydride elimination
mechanism at -700 IC

Additionally, transmission FTIR results on porous silicon are consistent with DEDEOS
decomposition by the proposed "-hydride elimination mechanism. After a saturation exposure of
DEDEOS at 300 K, C-O, C-C, and C-H are piesent which are indicative of adsorbed ethyl and
ethoxy species. No Si-H is initially present. Annealing the sample in 20 K increments for 1
minute each produced major changes in the spectrum. Figure 2 shows the evolution of the
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integrated Si-H stretch region at 2090 cm-1 and C-Hx symmetric and asymmetric stretch region
at -2900 cm- I as a function of annealing temperature. From 400 K to 700 K, the C-Hx species
disappear as Si-H grows. The C-O and C-C peaks are difficult to integrate precisely because
they are convoluted with other nearby absorption features. However, they qualitatively appear to
decrease with the C-Hx species. Additionally, a broad peak at -1000 cm-1 assignable to
siloxane bridge species grows as the C-Hx species decompose. No O-H species were detected.
At T = 700 K, the Si-H peaks begin to decrease because of H2 desorption.

Stan-wise Growth of SiO_ on Silicon

In order to study the deposition of DEDEOS after more than one exposure, repeated cycles
of deposition were performed, each consisting of a saturation DEDEOS dose at 300 K followed
by annealing the sample to 820 K for 300 s. The annealing temperature of 820 K was chosen
because it is high enough to desorb H2 from silicon and to decompose ethyl and ethoxy groups on
silicon and silica surfaces. A temperature of 820 K is also low enough to not desorb SiO. The
C2H4 LITD signals were used to measure the amount of DEDEOS that adsorbed on each cycle.
After a number of cycles, SiO TPD and AES were used to characterize how much oxide had
actually been deposited.

Figure 3 shows the amount of DEDEOS that is adsorbing during each cycle for up to 20
cycles. Figure 4 shows the predicted amount of deposited oxygen based on summing the amount
of DEDEOS that adsorbed per cycle and multiplying by a factor of 2 because there are two oxygen
atoms per DEDEOS molecule. Additionally, Fig. 4 shows the integrated SiO TPD peaks
expressed as oxygen coverage whrere one monolayer on Si(100)2xl is 6.78 x 1014 cm"2 .

There is very good agreement between the oxygen coverage predicted by the amount of
adsorbed DEDEOS per cycle and the oxygen coverage measured by SiO TPD. This indicates that
there are no alternative pathways for ethyl or ethoxy loss during adsorption or oxygen loss during
annealing. Additionally, Figs. 3 and 4 indicate that the amount of deposited DEDEOS per cycle
monotonically decreases until leveling off after 10 cycles at 0.03 MXcycle. This behavior

•.1.2
o.0
*" 0.

z:',, 0.4.

5 10 15 20

Cycle
Fig= 3: Tbe amount of ethyl and ethoxy species adsorbed as a function of

the number of cycles. M adsorbed ethyl and ethoxy species were
measuredsg the C2-4 signals.
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corresponds to the rapid deposition of -2.4 ML of oxygen followed by much slower deposition.
These observations indicate that DEDEOS may be much more reactive with silicon sites than with
SiO2-like sites.

Thermal Chemistry of SQQ Growth

The thermal chemistry of SiO2 growth was examined using the UHV chamber capable of
high pressure dosing. The deposited oxygen coverage was measured after exposing Si(100)2xl
to DEDEOS at 0.5 Torr with surface temperatures between 873 K and 1003 K. Figure 5 shows
the results for these experiments. The oxygen coverage is measured in ML relative to Si(100)2x1.

Two regimes am evident from the uptakes displayed in Fig. 5. There is a very rapid initial
step followed by a significantly slower step which extends indefinitely. Data points in the rapid
uptake regime have only been shown for the data at 913 K. The fast initial uptake step may be a
result of the complicated dynamics found in the interfacial region where silicon is being
transformed into SiO2. The oxygen coverage at which the transition from fast to slow steps takes
place in the lower temeperature experiments appears to occur at -4 - 5 ML. The slower growth
step represents SiO2 growth on SiO2 surfaces.

Figure 6 shows the Arrhenius plot for linear fits to the slow growth rates of SiO2 on SiO2
surfaces. The activation energy was found to be 49 ± 6 kcal/moL This activation energy is very
similar to the accepted activation barrier of -45 kcal/mol for thermal SiO2 deposition with
TEOS[9-1 I]. Consequently, similar rate-limiting kinetics for deposition can be inferred for these
two precursors. The exact mechanisms for SiO2 deposition by TEOS are still disputed.
Mechanisms involving homogeneous and heterogeneous reactions have been proposed[9,10,12].
The similar rate-limiting kinetics for DEDEOS and TEOS suggests that the activation energy may
be linked to the ý-hydride elimination of ethyl and ethoxy groups to produce C2H4.
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CONCLUSIONS

Diethyldiethoxysilane (DEDEOS) has been shown to be capable of depositing SiO2 on
silicon. Deposition of SiO2 with DEDEOS was studied in three regimes. For adsorption directly
on Si(100)2xl, DEDEOS dissociatively chemisorbs at 300 K to deposit ethyl and ethoxy groups.
At higher temperatures, these groups decompose by a 1-hydride elimination mechanism resulting
in the deposition of silicon and oxygen on the silicon surface. For controlled deposition of
ultrathin SiO2 layers, step-wise SiO2 deposition on silicon with DEDEOS was achieved by
repeated growth cycles composed of DEDEOS adsorption at 300 K and thermal annealing.
Finally, for deposition of SiO2 thin films, SiO2 deposition was studied at high surface
temperatures and DEDEOS pressures. SiO2 deposition with DEDEOS in this thermal growth
regime displayed an activation barrier very similar to the barrier for SiO2 deposition with TEOS.
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ABSTRACT

Thermal decomposition of tetraethoxysilane(TEOS) has been investigated in a vertical type
LP-CVD reactor. The mass spectrum of reacting gas was found to have a feature corresponding to
hexaethoxysiloxane ((HsC20)3SiOSi(OC2Hs)3). Trapped byproducts were found to include
ethanol and ethoxy-based silica. Kinetic analysis of deposition rate profile indicated the existence
of two intermediates. Feed gas residence time, as well as substrate temperature. directly affected
the film quality.

A vapor phase reaction model was proposed to explain these results. According to this model.
TEOS decomposes into ethylene and triethoxysilanol. The latter reacts with TEOS to form
hexaethoxysiloxane as observed by mass spectrometry. The triethoxysilanol. hexaethoxysiloxane
and TEOS should be actual deposition precursors. Similar reaction continues to form ethoxy-
based siloxane polymers which are trapped from the exhaust gas.

INTRODUCTION

Thermal CVD of TEOS(tetraethoxysilane) is widely used for silicon dioxide thin film
preparation in integrated circuit fabrication, such as for sidewall spacers of LDD transistors and
for inter conduction layer dielectric films. Furthermore we recently proposed a new process
concerning all CVD ONO film for inter control and floating gate dielectric for flash memories[l].
This process can improve the reliability of flash memories in the sense that the lowered process
temperature can reduce the heat damage to the tunneling oxide and that improved control of the
top oxide thickness can improve the leakage current of the total ONO film. Because this process
requires severe constraints on electric properties for ultra thin silicon dioxide films of several
nanometers thickness, understanding the reaction mechanism is very important to improve the
film quality.

On decomposition of TEOS, Desu and Kalidindi assumed that diethoxysilannone
((C2H50)2Si--O) might be a vapor phase intermediate[2] and calculated the deposition rate profile
utilizing finite element methods[3A] or bond graph methods[t]. Satake et al.[6] detected ethylene
and ethanol by GC/MS measurement and suggested that the vapor phase intermediate might he
triethoxysilanol formed by ethylene desorption from ethoxy base of TEOS. Egashira et al.1 71 also
supported this model in explaining the pressure dependence of step coverage.

In this study we have concluded that TEOS, triethoxysilanol and hexaethoxysiloxanc should be
actual deposition precursors and that their compositions affect the film quality.

EXPERIMENTAL PROCEDURES

The reactor used for experiments was a vertical batch type for actual 6" wafer fabrication,
which means that our experimental results are identical to the actual CVD process in LSI
production. By using this reactor we have examined the mass spectrum of the reacting gas, the
composition of trapped byproducts, the deposition rate profile and the distribution of film quality.
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Mass spectrum of reacting gas.- The reaction gas was directly sampled into the mass
spectrometer(UTI;ISS-325) by introducing a quartz tube into the reactor. Raw TEOS was also
directly sampled through the bypass line. The electron energy was 70keV and detectable mass
range was limited within 300(Mle).

Byproduct analyses.- The atomic composition of byproducts, which were trapped at the outlet
pipe from the exhaust gas, was examined. Their composition was analyzed by IR spectroscopy for
solid components and by 'H-NMR for liquid components.

Deposition rate profile.- The film thickness was measured in the center of wafers using an
optical interferometer. The reactor temperature was maintained isothermal at 675C. The
temperature difference in the bottom region was maintained within 5*C. Reactor pressure at the
inlet was maintained at i .0 torr. TEOS flow rates were varied from 75 to 120 cc/min.

Distribution of film quality.-The film density was calculated from the film thickness and
weight change before and after HF etching. The film deposited wafers were cut into 50 cm2 with
a dicing saw. The film stress was evaluated by the distortion of wafers after the film deposition
using a laser detection method. The film contraction ratio was calculated from the film thickness
change after the heat treatment, whose condition was 900TC in N2 ambient for 30 min.

IN-SITU MEASUREMENT OF REACTING GAS

The mass spectra of raw TEOS and the reacting gas are shown in Fig. I (a) and (b). Although
they are rather complicated, it is apparent that there exist species that have higher mass than the
mass number 208 of TEOS. Specific peaks in the mass spectrum of the reacting gas are
summarized in Table I. They can be well explained as the fragments of several methyl, ethyl or
ethoxy bases cracked from hexaethoxysiloxane ((H5C20)3SiOSi(OC2Hs)3:M=342).
Hexaethoxysiloxane can be regarded as the dimer of raw TEOS. Unfortunately, our measurement
was limited within 300 in mass range. Although higher polymers or origommers will produce the
same spectrum in the observed mass range, we have concluded that no higher polymers were
contained in the reacting gas as deposition precursors from the later kinetic analysis of the
deposition rate profile.

(a) Raw TEOS.- Reacting gas

10

0 50 100 150 200 250 300 0 50 100 150 200 250 300

w /e wie
Fig. I Mass spectrum of (a) raw TEOS and (b) reacting gas.
Table I Specific peaks in the reacting gas mass spectrum.

mass number bases cracked from
(difference from possible structure hexaethoxysiloxane

342) (Si2Ct2Hi3oe:M=342)
I) 298(44) Si2C9H22Os CH3,C*bs
2) 253(89) SiZCsH13O0 4CHC21Hs

SiIC9HI70 CH1KC2HsC2HsO
3) 240(102) Si2csHiaO0 CHs,3CzHs
4) 226(016) 5i 2Cd46O 4C2H3
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BYPRODUCT ANALYSES

The atomic composition of the trapped byproducts was found to be Si(32.9wt%), C(1 5.2wt%),
H(3.59wt%) and O(46.2wt%). The IR spectrum in Fig.2 clearly shows that solid components were
comprised of amorphous silica including ethoxy bases. 'H-NMR results, as shown in Fig.3. show
that the liquid component was ethanol and did not contained raw TEOS. Ethanol seems to be
produced by the decomposition of the ethoxy base of solid components.

Ethoxy-based silica can be regarded as a polymer of TEOS. The existence of dimer and
polymer implies a vapor phase polymerizaition process.

. -si-ot Fig.2 IR spectrum of
byproducts.

4=c 36o 3300 210 2W WW i 16 0

Wavenumbers [cm"']

CH3 CH- OH d)

a) b) c)
H2,0
d) -- j

solvent: DMS0 a)

Fig.3 IH-NMR spectrum of
byproducts.

C)

9 8 7 6 S 4 3 1 i

REACTION MODEL

Figure 4 illustrates the proposed reaction model: TEOS decomposes into silanol and ethylene.
Silanol is well known for its high reactivity, and it easily reacts with ethoxy base of TEOS to
produce hexaethoxysiloxane(TEOS dimer) as observed in the mass spectrum measurement. The
dimer also decomposes into silanol and ethylene. Similar decompositions and condensations also
produce polymers.

This model explains not only the detection of ethylene [61, ethanol [6], TEOS dimer and
siloxane polymer but also the pressure dependence of step coverage [7]. Step coverage decreases
in the low pressure region but increases in the high pressure region. This phenomenon can be
explained through the pressure dependence of the concentration of silanol which causes a drop of
step coverage for high reactivity and high sticking coefficient. The concentration of silanol is
almost proportional to the increase of the total vapor phase reaction amount in the low pressure
region, but it is decreased by the consumption for dimer formation in the high pressure region.

Actual deposition precursors can be shown to be TEOS, triethoxysilanol and
hexaethoxysiloxane from the following kinetic analysis and distribution of film quality.
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DEPOSITION RATE PROFILE

Figure 5 shows the deposition rate profile for varying 5
the feed flow rates as a function of feed gas residence
time. The rapid increase of deposition rate in the small .

residence time region is not due to a temperature effect, E 4
because the actual temperature difference was within 5C.
whereas there must be more than 50"C difference based 3
on calculation from the activation energy of deposition '
rate in the case that the deposition precursor is only c 6751C. .Oorr
TEOS. Therefore. the existence of peak in the profile must M 2 • 75cc/min
be due to the time lag for the accumulation of intermedi- 0, 81 00cc/min

a 100cc/mmiales. a 100ccmin
This profile was well matched with a sum of three ex- o 120cc/min

ponential functions of the feed gas residence time. The
solid line in Fig.5 represents the calculated result. The 01
function can be deduced by the proposed reaction model. 0.0 0.2 0.4 0.6 0.8 1.0 1.2
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KI
T, -.. Sl÷+C2H4 ........ (1)

K2
T1 +St -. T2 +EtOH ........ (2)

JlJ 2 J 3
Tl.S 1 ,T2  -- SiO2  ........ (3)
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Equations (4)-(7) represent the simplified one-dimensional kinetic model, where Ti, Si, and
T2 represent the concentration of TEOS, triethoxysilanol and hexaethoxysiloxane, respectively.

i ,KT - K2TISI - JIT1 . "(Ki+Ji)Ti - K2S.I ........ (4)

as
S= + KiT, - K2TI S1 - J2S I - +KIT I -(K2+J)S ........ (5)

.= +KTS I - J3T2 - K'2 SJ 3 T2  ........ (6)

DR(T) = J ITt) + J2SI(T) + J3T 2 (T) ........ (7)

Because the rate of decrease of TEOS is negligible compared with the rate of increase of
triethoxysilanol, Ti can be regarded constant compared with Si. Therefore. K2TISI can be
represented as K2SI. which is a function of St only .According to this assumption, equations (4)-
(6) can be regarded as linear differential equations composed of three variables, whose solutions
consist of three exponential functions. Therefore. the deposition rate profile should be matched
with a sum of three exponential functions, as represented in equation (8).

DR(T) = A, expi. kT) + A2 exp(- k2t) + A) exp(- k3T) ....... .(8)

Two- or three- dimensional models will also give similar results involving three exponential
functions. Similar results are also obtained when one or two deposition precursors are assumed.
However, the following experiment showed that all three species are deposition precursors.

DEPENDENCE OF FILM QUALITY ON RESIDENCE TIME

Figure 6 (a).(b) and (c) show the dependence on feed gas residence time of the film density, the
film stress, and the film contraction ratio after heat treatment. These results showed that film
quality depends not only on temperature but also on the feed gas residence time. The films
deposited with long residence time have low density, low stress and high film contraction ratio.

With a single deposition precursor, films formed with a higher deposition rate tend to have low
density because of the shorter relaxation time of the surface reaction. However, our experimental
result showed that denser films were formed with a higher deposition rate. The observed
distribution in film quality must be due to the change of the composition of the deposition
precursors as the vapor phase reaction proceeds.

According to the proposed reaction model and the kinetic analysis, the actual deposition
precursors are three species: probably TEOS, triethoxysilanol and hexaethoxysiloxane. TEOS
and hexaethoxysiloxane have similar low reactivity and triethoxysilanol has high reactivity.
Dependence of film density on residence time may be due to the difference of the amount of
hcxaethoxysiloxanes formed by the vapor phase reaction. Difference between TEOS and
hexaethoxysiloxane as a deposition precursor lies in the relaxation time for ethoxy base
decomposition which depend on their structure. Dependence on stress and contraction ratio can be
explained in the same way as the film density, because dense films have high stress and low
contraction ratio.

These results imply that improved control of the vapor phase reaction will result in the
improvement of the film quality.
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CONCLUSION

The results obtained by this work are as follows:
(I) The mass spectrum of the reacting gas shows the features of hexaethoxysiloxane.
(2) The trapped byproducts are found to include ethoxy-based silica which can be regarded as a

polymer of TEOS.
(3) The deposition rate profile can be fitted by a sum of three exponential functions, indicating the

existence of two intermediate species.
(4) The feed gas residence time, as well as the substrate temperature. directly affects the film

density, stress and contraction ratio with heat treatment, implying that the several deposition
precursors change their composition as the reaction proceeds.

The experimental results reported here suggest that the actual deposition precursors are
probably TEOS, hexaethoxysiloxane and triethoxysilanol, and that vapor phase polymerization is
caused by the decomposition of ethoxy base to silanol base and subsequent condensation of silanol
base with ethoxy base.
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DIRECT MEASUREMENT OF THE REACTIVITY OF NH AND OH
ON A SILICON NITRIDE SURFACE

R. J. Buss*, P. Ho*, E. R. Fisher-, and William G. Breiland*"Sandia National Laboratories, Albuquerque, New Mexico, 87185-0367
-Dept. of Chemistry, Colorado State University, Ft. Collins, CO 80523

ABSTRACT

In order to understand and successfully model the plasma processing used in device
fabrication, it is important to determine the role played by plasma-generated radicals. We
have used the IRIS technique (Imaging of Radicals Interacting with Surfaces) to obtain the
reactivity of NH(X 3E") and OH(X211) at a silicon nitride film surface while the film is
exposed to a plasma-type environment. The reactivity of NH was found to be zero both
during exposure of the surface to an NH 3 plasma and during active deposition of silicon
nitride from a SiH 4/NH 3 plasma. No NH surface reaction was detectable for any rotational
states of NH and over a surface temperature range of 300-700 K. OH radicals generated
in an H20 plasma were found to have a reactivity of 0.57 on a room temperature oxidized
silicon nitride surface. The OH reactivity falls to zero as the temperature of the substrate
is raised.

INTRODUCTION

The manufacturing processes used in the fabrication of microelectronic devices, such
as chemical vapor deposition and plasma processing, often rely on very complex chemistries.
With the continuing need to improve the performance of the processes, there is increased
interest in understanding the chemistry so that accurate models can be developed. A
detailed model of even a relatively simple plasma deposition such as a-Si:H from SiH 4'
requires a great body of gas phase reactions, ion reactions, and gas-surface reactions.
Chemists have developed a fairly good understanding of gas phase chemistry which allows
the modeller to make reasonable guesses for reaction mechanisms and rates. In contrast,
much less is known concerning the interaction of molecules at the surfaces of importance
in microelectronics. The bulk of the knowledge about surface reactions concerns adsorption
of stable molecules on metal surfaces. Of much greater concern to the plasma modeller is
the reactivity of free radicals at insulator surfaces.

In 1989, we reported2 results using a new experimental technique which allows direct
measurement of the reactivity of radicals at a surface which is exposed to a plasma-like
environment. Imaging of Radicals Interacting with Surfaces, IRIS involves spatial imaging
of laser-induced-fluorescence (LIF) from a plasma-generated molecular beam incident on
a substrate in a high vacuum. During the experiment, the substrate is bombarded by the full
range of plasma species, so it can be argued that the measured reactivity of a radical
corresponds closely to radical behavior in the plasma itself.

The IRIS technique has been discussed in detail previously.2" Figure 1 shows the
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experimental configuration both as a planar view through the apparatus (upper) and as a
3-D view showing the spatial relationships of the components (lower). The method uses
spatially resolved LF to detect simultaneously molecules in a collimated, near-effusive
molecular beam and molecules coming from a surface. The selectivity of the LIF is used
to monitor one species in a molecular beam made from a rf plasma. Comparison of the LIF
signals observed with the surface in and out of the path of the molecular beam yields the
fraction of the incident molecules (of the species being detected) that react at the surface,

DYE LASER

CEAM

AVACUUM CHAMBER

AUBSTRATE

A OLERLA

ALASEP

Figure 1. Two schematics of the IRIS experimental arrangement. Above is a top view of
the apparatus. Below is a 3-D depiction of the spatial relationships of the components.

We report, here, measurements of the reactivity of NH(X•') and OH(X•Il) at a silicon
nitride film using IRIS. For the NH studies, either a pure ammonia or an NH 3/SiH 4 plasma
is used as the NH source. In the OH reactivity studies, a pure water plasma acts as the OH
source. The samples used for these experiments are 1 x 2 cm pieces of silicon with 158 A
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of thermally grown nitride. The substrate is placed parallel to the laser beam at a 43.3
angle relative to the molecular beam. For complete experimental details see ref 4 (NH)
and ref 5 (OH).

RESULTS AND DISCUSSION

NiH

The NH radical is completely unreactive at the silicon nitride surface under all
experimental conditions. Under steady state bombardment of the substrate by the NH 3
plasma-beam, 100% (->95%) of the NH flux to the surface is observed to rebound without
reaction. The IRIS experiment yields the angular distribution of the desorbing radical. For
all NH experiments, the desorbing NH has a cosine distribution, consistent with complete
energy accomodation with the surface.

IRIS measurements at substrate temperatures ranging from 300-668K result in no
increase in reactivity. The angular distribution of desorbing NH remains cosine over the
entire temperature range. The LIF of NH is rotational state resolved and experiments with
each of the J = 1,3 and 5 states gave identical results (after correction for population changes
resulting from thermal accomodation with the surface).

The pure ammonia plasma is neither an etching nor depositing process environment.
There is continuous bombardment of the surface by ions and neutrals (eg. H, NH, NH 2, and
NH 3) and some transient initial chemistry transforms the surface termination to a steady-
state condition. It is plausible that the surface is predominantly terminated by NH, groups
although unpaired electrons and physisorbed molecules are also expected. Although the
chemistry of NH at surfaces is unknown, it is energetically possible for NH to insert into an
NH bond (AH - -45 kcal/mol) and very favorable to add to an unpaired electron (eg.
NH + SiH 3 - HNSiH 3, AH - -83 kcal/mol). Other possible reaction paths include an NH
molecule physisorbing and migrating to a reactive site or remaining adsorbed until a gas
phase radical collides with it. We estimate, on the basis of the plasma pressure (30 mTorr)
and the distance to the substrate (44 mm), that the collision frequency at a site on the
surface is about 150/sec, thus an exceedingly long residence time would be necessary for
reaction with incoming molecules. Our observation that essentially all the incident NH
desorbs without reaction shows that none of the suggested pathways have significant rates.

When silane is added to the plasma and a film of a-SiN,:H is being deposited, the
steady state surface coverage is expected to include SMHx groups. Insertion of NH into an
X3SiH bond to give X3SiNH 2 is energetically very favorable (AH - -110 kcal/mol). Again
we find that NH is unreactive with this surface, indicating that either the SiHll groups are
in very low steady-state concentrations or the insertion reaction has a very low cross section
regardless of energetics. The insertion reaction for NH(X 3 E-) probably has a potential
energy barrier because of the triplet electronic configuration.

QH

In contrast to the NH results, OH radicals react to a significant extent on the room
temperature substrate. The OH radicals present in the molecular beam generated from a
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pure H20 plasma have a reactivity of 0.57 on the silicon nitride surface. The desorbing OH
radicals (43% of the incident flux) have a cosine angular distribution suggesting complete
thermal accomodation with the surface.

On heating the substrate, the reactivity decreases markedly such that by 475 K,
essentially all of the OH desorbs unreacted. The reactivity remains zero at higher
temperatures (to 723 K). The temperature dependence experiments are performed for each
of six rotational states (0.5 to 5.5). The changes in intensity of scattered signal with
rotational state agree well with a model of complete energy accomodation between adsorbed
OH and the surface. That is, OH arrives at the surface with a rotational temperature
characteristic of the plasma (340 K) and some fraction desorbs at the surface temperature.
Figure 2 shows the temperature dependence of the OH reactivity graphed in Arrhenius
form.
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Figure 2. Reactivity of OH graphed vs inverse temperature. The dashed line is a best-fit
f straight line (Ea=-2.9 kcal/mole). The solid line is a best fit to the data using a model5

which has a competition between desorption and reaction, both of which are thermally
activated.
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The pure H20 plasma, similar to the NH, case, neither etches nor deposits a film on
the silicon nitride. Auger and XPS measurements of the silicon nitride after exposure to
the plasma indicate that the surface has been converted to the more thermodynamically
stable oxide'. The surface reactions between silicon oxide and water have been the subject
of many studies'. It is generally believed that, in vacuum at room temperature, a silica
surface exposed to water is predominantly terminated by silanol groups. During continuous
exposure of the sample to the plasma the surface is apparently converted to an oxide, and,
at steady state, the surface presumably has a high surface coverage of silanol groups.

A simple model to explain the temperature dependence of the reactivity of OH is a
competition between the desorption of physisorbed OH and its loss through reaction on the
substrate5 . The most probable reaction is the abstraction of hydrogen from a silanol group
to give water. The silanol group is later regenerated by reaction with other plasma species
(eg. H atoms). The net effect of this model is a temp. rature-dependent consumption of OH
by reaction at the surface, but no net deposition or etching. At room temperature, the
adsorbed OH remains on the surface long enough for 57% to find silanol groups and react,
whereas, at high temperatures, the residence time becomes shorter and desorption
predominates.

In conclusion, we have found that NH is completely unreactive at a silicon nitride
surface exposed to NH 3 and SiH 4/NH 3 plasmas. The reactivity of OH on a surface exposed
to a water plasma is high, but the reaction does not involve deposition or etching. It is clear
that more work is needed to develop general principles governing the reaction of radicals
at surfaces.
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Surface Chemistry of Boron-Doped SiO 2 CVD: Enhanced Uptake of Tetraethyl
Orthosilicate by Hydroxyl Groups Bonded to Boron

Michael E. Bartram and Harry K. Moffat

Sandia National Laboratory, Albuquerque, NM 87185-5800

Abstract

Insight into how dopants can enhance deposition rates has been obtained by comparing the
reactivities of tetraethyl orthosilicate (TEOS, Si(OCH2CH3)4) with silanol and boranol groups on

SiO 2. This comparison has direct relevance for boron-doped SiQ 2 film growth from TEOS and

trimethyl borate (TMB, B(OCH 3)3) sources since boranols and silanols are expected to be present

on the surface during the thermal chemical vapor deposition (CVD) process. A silica substrate

having coadsorbed deuterated silanols (SiOD) and boranols (BOD) was reacted with TEOS in a

cold-wall reactor in the mTorr pressure regime at 1000K. The reactions were followed with
Fourier transform infrared spectroscopy. The use of deuterated hydroxyls allowed the

consumption of hydroxyls by TEOS chemisorption to be distinguished from the concurrent

formation of SiOH and BOH that results from TEOS decomposition at this temperature. It was

found that TEOS reacts with BOD at twice the rate observed for SiOD, given equivalent
concentrations of BOD and SiOD. This demonstrates that hydroxyl groups bonded to boron
increase the rate of TEOS chemisorption. In contrast, additional results show that surface ethoxy
groups prod-iced by the chemisorption of TEOS decompose at a slower rate in the presence of

TMB decomposition products. Possible dependencies on reactor geometries and other deposition

conditions may determine which of these two competing effects will control deposition rates. This
has significant implications for microelectronics fabrication since the specific dependencies would
be expected to affect process reliability. In addition, this may explain (in part) why the rate

enhancement effect is not always observed in boron-doped Si0 2 CVD processes.

Introduction
The addition of trimethyl borate (TMB, B(OCH 3)3 ) to a thermal tetraethyl orthosilicate

(TEOS, Si(OCH2CH 3)4 ) chemical vapor deposition (CVD) process produces boron-doped oxide

films. I Boron-doped films require a lower temperature than undoped SiO 2 films to achieve reflow
in the surface planarization step during very-large-scale-integrated (VLSI) device fabrication.I

Interestingly, the addition of dopant precursors has been observed to enhance the rate for SiO2
deposition. 2.3 However. this effect is not always observed. 4 Surprisingly, there have not been any
studies designed specifically to determine if there is a chemical basis for the rate enhancement

effect.
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It has been shown that surface boranol groups (BOH) react at a significantly higher rate

than silanols when exposed to trimethoxymethylsilane, a TEOS homologue. 5 In view of this

reactivity, boranol groups may be anticipated to influence the thermal TEOS deposition chemistry

on SiO 2 . This is a relevant consideration since silanols (SiOH) and boranols are expected to be

present on the surface during boron-doped SiO 2 CVD. For example, silanol groups are known to

be consumed and then reformed during the chemisorption and decomposition of TEOS.6 .7 In
addition, boranols as well as silanols can be formed from the decomposition of TMB on SiO 2.8

Boranols can also be produced either by the hydrolysis of TMB chemisorption products9 (water is
produced from TEOS decomposition1 0 ), or by a more direct reaction between the reaction products

of TMB and TEOS chemisorption.10

This study is designed to compare the reactivity of TEOS with surface silanol and boranol

groups. Reactions were carried out in a cold-wall reactor in the mTorr pressure regime at 1000K
using a high surface area silica substrate. The surface contained a mixture of both silanol and

boranol groups, formed by the hydrolysis of the products of an initial TMB chemisorption step.

The reactions were monitored by moving the substrate into adjoining chambers for Fourier

transform infrared spectroscopy (FTIR) and x-ray photoelectron spectroscopy (XPS) analyses.

Experimental

Reactions and surface analyses were carried out in a vertically oriented three-chamber

system. II The ultra-high vacuum (UHV) surface analysis chamber is located at the top of this
system, the reactor is in the middle, and the IR cell is at the bottom. Reactions were carried out in a

static mode (flow rate of zero) in the mTorr pressure regime. Changes on the surface were
followed by interrupting the reaction, allowing the substrate to cool down, and then moving the

substrate into either the UHV chamber for XPS or the IR cell for FTIR. A new background
spectrum was acquired before each IR transmission spectrum. The substrate was then moved back

into the reactor, and the reaction was resumed. 5mg of high surface area silica, supported on a

tungsten screen for resistive heating, was used for the SiO2 substrates. Cleaning and annealing

was accomplished by heating at 900K for 30 minutes in 50 mTort of 0 2.t2 The methods used for

preparing the precursors and verifying their purity have been reported.' t

Results and Discussion

Boranol Formation and the Reactivity of TMB on Silica at 300K

The vibrational spectra associated with the initial step for boranol formation on the silica

substrate is shown in fig. I. Annealing the D20 treated surface at 1200K prior to TMB exposure
forms isolated Si-OD groups (2763 cm-i 7) and two-membered siloxane ((Si-O)2) rings (888 and

908 cm-l). 12 Reaction with 10 mTorr TMB at 300K for 6 sec. results in the formation of methoxy
groups (labeled "'Ome" in the figure). The vibrational features indicate that methoxy groups are
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bonded to boron (B(OCH3 )n) as well as silicon (Si(OCH3)m) on the surface.8 This reaction

diminishes the Si-OD concentration by less than 5% while consuming 95% of the (Si-O) 2 rings.

This suggests that (Si-O) 2 rings are -20 times more reactive than silanols with respect to

SiOD /S" 0\i

Ome

iCo
AX

0 cc

1200K

L ,Anneal

3050 2900 2750 cm' 950 900 850

Figure 1. Vibrational spectra for the reaction of TMB at 300K on silica pre annealed at
1200K. Surface methoxy groups are marked as "Ome".

TMB reactions. Further TMB reaction for 10 sec. removes all evidence of the (Si-O)2 rings.

Although not shown in the figure, TMB reaction at 100 mTorr for 300 sec. decreases the Si-OD

concentration to half of the initial concentration. 9 It has also been shown that subsequent reaction

with H20 at 900K regenerates some of the silanols and produces boranols at the expense of nearly

all of the methoxy groups.9

This study is designed to compare the relative reactivities of silanols and boranols with

TEOS. For this comparison to be valid, it is critical for the relative populations of surface silanols

and boranols to be uniform throughout the porous substrate. Achievement of this requirement will

be determined by the reactivity of TMB, since TMB is used for the initial boranol preparation step.

For example, if the TMB reaction rate with silanols was greater than the TMB diffusion rate, the

reactions would be diffusion-rate limited. This would result in undesirable concentration gradients

of boranols from the outer to the inner surfaces of the porous substrate. In this regard, the relative

reactivities of (Si-O)2 rings and silanols with TMB is particularly significant. Since (Si-O)2 rings

are uniformly distributed throughout the porous substrate, the fact that the greater reactivity of

(Si-O)2 rings can be observed is clear evidence that TMB reaction is not diffusion-rate limited. This

suggests that TMB exposure will produce a uniform distribution of boron methoxy species

throughout the silica substrate for subsequent hydrolysis to form boranols.
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Reactivity of TEOS with Deuterated Silanols and Boranols at 1000 K
The chemisorption of TEOS at 450K followed by heating to progressively higher

temperatures has shown that TEOS first consumes hydroxyls and then reforms hydroxyls as a
result of the decomposition of ethoxy groups on the surface.6 In order to measure the rate of
hydroxyl consumption without the interference of concurrent hydroxyl formation at 1000K, a
surface with deuterated hydroxyls (SiOD and BOD) was used for the TEOS reactions. This surface
was prepared by exposing a substrate with SiOH and BOH groups to 500 mTorr of D20 for 5

minutes at 900K. This was then annealed for 5 minutes in vacuum at 1000K, and then examined
with IR and XPS to ensure that the surface was stable on a time-scale comparable to the longest
reaction with TEOS at 1000K. Neither the formation of (Si-O) 2 rings nor a change in the rMiative
intensities of the hydroxyls, deuterated or otherwise, was observed. As shown by the spectrum at

SiOH

o cc IS 0QHt SiOD

0

UtBOýD

I I I III Iii

4000 3600 3200 2800 2400
cm,

Figure 2. Vibrational spectra representative of the trends observed for fifteen TEOS reaction
segments at 1000K. "Oet" denotes surface ethoxy groups.

the bottom of fig. 2, D20 exposure did not convert all of the SiOH (3748 cm-t 12) and BOH (3703
cm-t 5) to SiOD (2763 cm-1 7) and BOD (2731 cm-" 9). Additional experiments using extended
D20 exposures suggest this incomplete conversion is due to the initial HID exchange being
reversed by secondary reactions with HOD.7

The first reaction segment was carried out at 1000K in 10 mTorr TEOS for 14s.
Subsequent reactions were also performed at 1000K using progressively higher pressures and
longer reaction times. 200 mTorr and 150s were used for the final reaction segment. The middle
spectrum and the top spectrum in fig. 2 are associated with the reaction midpoint and the reaction
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endpoint, respectively, and are representative of the general trends observed during a total of
fifteen reaction segments. As expected, exposure to TEOS clearly reduces the populations of both

SiOD and BOD groups while increasing the number of SiOH groups on the surface. Interestingly,
there is also an increase in the BOH concentration on the surface, as shown in the middle
spectrum. Deuterium-hydrogen exchange reactions could be the cause of the depletion of BOD and
the formation of BOH. This could result from reactions with TEOS decomposition products (water
or ethanol10) formed in the gas-phase or on the surface. However, this possibility is unlikely since
both the BOH and BOD concentrations decrease steadily during the initial reaction segments (as
made evident by vibrational spectra not shown in the figure). It is more likely that the products
from the dissociative chemisorption of TEOS on BOD undergo further reaction and in this way
make boranols again available for reaction with TEOS. Although much lower in concentration, the
spectrum at the top of the figure shows that BOH groups are still present on the surface when all of
the BOD groups have been removed.

At the same time that the BOH concentration reaches a maximum, the ethoxy concentration
also reaches a maximum. Evidence of the ethoxy group accumulation can be seen in the middle
spectrum in the frequency region labeled with "Oet". Since ethoxy groups maintain a low
concentration on a surface which has been exposed to only TEOS at 1000K and not exposed
previously to TMB,7 the relatively high concentration of ethoxy groups seen in the middle
spectrum of fig. 2 is evidence that boron, boranols, or some other product from TMB
chemisorption and hydrolysis decrse the rate of ethoxy group decomposition on Si0 2.

Integrations of the SiOD and BOD vibrational peaks for the initial reaction segments

followed by normalization to compensate for their dissimilar initial concentrations allows the SiOD
and BOD reactivities with TEOS to be compared directly. These data are plotted in fig. 3.
Comparison of the initial slopes shows that the rate constant for TEOS reacting with BOD is twice

I Slope oo =2 SlopeSOO
U)
M 0.8

0.6 SIOD

"- 0.4

E SOD
o00.2
z

0 I
0 10 20 30 40

Exposure (100 mtorr s)
Figure 3. Normalized integrations of the SiOD and BOD vibrational peaks for the initial

TEOS reaction segments at 1000K.
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that of SiOD. This result is the first quantitative determination that boranols increase the rate of
TEOS chemisorption on SiO2 at I000K.

Summary
New information about the deposition of doped SiO2 films from TEOS and TMB sources

has been obtained using FIIR. Specifically, the first direct measurements of the relative reaction
rates of surface silanols and boranols with TEOS at 1000K have been achieved. To circumvent

limitations imposed by the concurrent hydroxyl consumption and reformation which accompany
TEOS reaction at 1000K, coadsorbed deuterated silanol and boranol groups were used to study the
reaction rates. It was determined that the initial chemisorption of TEOS is enhanced by BOD
relative to SiOD by at least a factor of two at this temperature. In contrast, the decomposition rate
of ethoxy groups (the product of TEOS chemisorption) is decreased by the products of TMB
chemisorption. Possible dependencies on reactor geometries and other deposition conditions may

determine which of these two competing effects will control deposition rates. This has significant
implications for microelectronics fabrication since the specific dependencies would be expected to
affect process reliability. In addition, this may explain (in part) why the rate enhancement effect is
not always observed in boron-doped SiO2 CVD processes.
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PREDICTIVE SURFACE KINETIC ANALYSIS:
THE CASE OF TISi2 CVD

M. A. MENDICINO, R. P. SOUTHWELL AND E. G. SEEBAUER
Department of Chemical Engineering, University of Illinois, Urbana, IL 61801

1. INTRODUCTION

Recently, TiSi 2 has been the object of considerable study because of its low resistivity
among the transition metal siicides and its compatibility with existing ULSI technology
[1,2]. Film growth by CVD offers the potential for selective area deposition and high
production throughput. However, selective CVD of TiSi 2 from gas phase SiH 4 and TiCl 4
is usually accompanied by a competing reaction which consumes intolerable amounts of
the Si substrate [3,4]. Controlling this consumption is crucial in TiSi2 growth; however,
no quantitative correlation exists between silicon consumption and growth conditions or
film thickness. Additionally, the reaction mechanism for TiSi 2 growth is poorly
understood, and some disagreement even exists about the reaction stoichiometry [5.6]. The
combined CVD/UHV approach we have developed fills many gaps in the current
understanding of TiSi 2 CVD.

Our studies focus on the selective-area CVD of silicides, particularly TiSi2. Our approach
is unique in that it attempts to predict optimal processing conditions from surface reactivity
measurements under well-characterized ultrahigh vacuum conditions. These predictions are
then tested directly in a CVD chamber, connected to the ultrahigh vacuum system, that
operates at normal processing temperatures and pressures. Our work attempts to find ways
to lower the deposition temperature and to eliminate substrate consumption. Special effort
centers on understanding and controlling the first stages of TiSi 2 film growth on the silicon
surface. In addition to tackling these problems in the particular case of TiSi2 growth, we
are developing a framework of chemical reasoning that will be widely applicable in
deposition technology.

2. EXPERIMENTAL

Our apparatus consists of a CVD (Fig. 1) and UHV chamber connected through a load-
locked sample transfer arrangement. The UHV chamber is equipped with LEED and AES
capabilities for composition and structure analysis before and after growth. The CVD
chamber is turbomolecularly pumped and has teflon coated stainless steel walls [7] to avoid
reaction with the corrosive TiCI4 ambient. Gas compositions are monitored in real-time
by a differentially pumped UTI 100C mass spectrometer which has line of sight to the
sample for detection of unstable species. During growth, the sample is suspended from a
Calm 2000 microbalance which measures the deposition rate in real-time. The sample is
heated by a 1000W Xe arc lamp with a gold plated ellipsoidal reflector for efficient energy
coupling. The sample temperature is monitored by an optical pyrometer detecting 8-14pm
light emitted from the sample through a ZnSe window. The pyrometer was calibrated
against a thermocouple in separate experiments where the microbalance was not used.
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Figure 1 Side view schematic of CVD
apparatus. Transfer arm and UHV
chamber perpendicular to the plane
of the paper (not shown).

3. RESULTS

A. Steady-State Growth on Inert Substrates

Since TiSi2 growth is known to be complicated by Si consumption, polycrystalline tantalum

samples were used as substrates to eliminate diffusion effects. Figure 2 shows the effect

of source gas ratio and temperature on deposition rate for a fixed TiCI4 pressure of 5x10"4

torr. TiSi2 growth displayed both flux-limited behavior at high temperature and reaction

limited behavior at low temperature with the flux-limited regime extending to lower

temperature as the SiH4 pressure was increased. At low SiH4 :TiCI4 ratios, the transition

from reaction to flux-limited regimes was quite smooth and an activation energy for

reaction-limited TiSi 2 growth of 50 to 70 kcal/mole was obtained depending on PSiH4" At

high SiH4 :TiCI4 ratios, this transition became quite abrupt. The reaction could be quenched

from flux-limited growth to no reaction, but only through a substantial hysteresis loop near

700"C. TiSi2 growth could be re-initiated at the flux-limited rate by raising the reaction

temperature by roughly 60WC.

The gas phase data for this set of experiments identified the major volatile reaction

products as H2, HCI, SiC!2, and SiH 3Ci. At temperatures below 800*C H2 and HCI were

the primary products. As the reaction temperature was increased, SiC!2 formed for low

SiH 4 pressures, and SiH3CI formed for high Sill4 pressures. In all flux-limited areas, a

chlorine mass balance was obeyed. As temperature increased, the volatile chlorinated

products shifted from HCI to SiCI2 and SiH3CI. For reaction temperatures near 700°C and

high SiH4 :TiCI4 ratios, the H2 and HCI data showed the abrupt reaction quenching and
hysteresis loops corresponding to the deposition rate data.
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FiPre 2 TiSi2 deposition rate on inert substrates.

B. Transient growth on Si Substrates

The initial condition of the Si samples played an important role in film nucleation. All
samples for the transient growth experiments were 10 0-cm, n-type, phosphorus-doped,
Si(100). Some samples were prepared by degreasing in acetone, etching in 48% HF,
rinsing in deionized water, then slow heating in vacuum to 950*C to remove any residual
oxide. When transferred to UHV, AES of these samples showed only very small amounts
of carbon and LEED showed a sharp 2x I pattern. With such preparation, TiSi2 growth did
not begin until the sample was briefly heated to about 900°C in the source gas mixture.
Growth could then continue at much lower temperatures. Other samples were simply
placed in vacuum and quickly heated to 950°C to remove the native SiO2 , however the
surface of these samples appeared visually to be slightly hazy, indicative of small etch pits.
In these cases, TiSi 2 nucleated even at low temperatures with no special treatment. In the
end, both preparation procedures yielded high quality TiSi2 films with P'Trsj2 = 20 + 5 IQ-
cm.

Figure 3 shows a microbalance trace for a transient growth experiment at 825°C using
PSjH4 = 5x10"4 torr and PSiH4 = 5x10"3 tort. In this experiment, the sample was cleaned
by etching in HF and heating slowly in vacuum to 950*C; therefore, growth did not begin
spontaneously, but only after the reaction temperature was briefly spiked to 9000C. Figure
3 shows that the sample mass remained nearly unchanged at first, but increased
substantially as the film thickened. The gas phase data corresponding to this experiment
show very little hydrogenated products at first with large amounts of SiCI2. As the sample
gained mass, SiCI2 production decreased and H2 and HCI production increased. SiH3 CI
was observed, and did not change appreciably throughout the experiment. TiCI4 conversion
was roughly 95% throughout the experiment indicating flux-limited behavior since no other
volatile Ti-containing species were formed.
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Figure 3 Microbalance trace for a typical
transient growth experiment on Si.

Methodology for measuring the instantaneous Si consumption rate has up to now not been
available for any deposition system. However, in our experiments this quantity could be
easily determined by comparing the TiSi 2 deposition rate calculated from gas phase TiCi4
conversion with the microbalance trace. Integrating the Si consumption rate over time gave
a quantitative measure of the total amount of Si consumed at any film thickness in a single
experiment (Figure 4).
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Figure 4 A continuous measure of Si
consumed and TiSi2 formed for one
transient growth experiment.

It is clear that the relative rates of TiSi 2 forming through heterogeneous reaction with Sill4
and through Si consumption change dramatically as the film thickens. Si is the primary
diffusing species (8] in the TiSi2 film. Our transient data suggest that the flux of Si though
the TiSi2 film can be written by a Fick's law expression,
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where D, and Ediff are the pre-exponential and activation energy for diffusion; kB is
Boltzmann's constant; T is the substrate temperature, and AC/Ax is the Si concentration
gradient across the film. From this expression we see that thin films and high temperatures
facilitate Si diffusion/consumption.

C. UHV Studies

We have constructed a predictive model for CVD by writing mass balances on all atomic
species involved in the two parallel reactions that occur in CVD:

Gaseous: TiCI4 + SiH4(g) -+ TiSi 2, H2, HCI, SiCI2 , SiH 3 CI

Diffusion: TiCI4 + Si(S) --> TiSi 2, SiCI2

If R is an adsorption rate and r is a desorption rate, then the steady state mass balances are:

Ti: RriCI4 = rTi2

Si: RSiH4 + JSi = 
2 rTiSi + r5 iH3Cl + rsi€c,

Cl: 4 RT'C4 = rHCl + rSIH•I + 2rsic'2

H: 4 RSiH4 = 2r.2 + rHc, + 3r&H•ci

Here, Js, is the solid Si diffusion rate, and rTiSi is the film growth rate. Detailed rate
expressions can be written for these various rates in terms of inputs T, PsiH- and PTiCh4 and
of unknowns 0 1i, OH (surface concentrations of Cl and H), RsiH4, and rTiSi4.

Using the UHV technique of temperature programmed desorption, we have measured nearly
all the other kinetic rate parameters needed to complete the model as follows

Table I. Desorption

Product Order Order V_ E(k.almol)
_In iH n CI (s")

H2  2 0 lxl09 30

HCI I I 2x10 17  71

SiCI2  0 2 5x1014 78

SiH3CI 7 ? ? ?
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Table II. Adsorption

Reactant So Cov.
Dependence

TiCI4  1 (1 -0 ci-01)

SiH 4  0.02 (t-ec 1-0e)

Table Ill. Diffusion (Fick's law)

Diffusing DoAC Edmff
Species (em's"1 ) (kcal

/Mol)

Si 5x100" 23

Only the entries with question marks need to be measured before the full-scale predictive
model is complete.

This effort will then represent the first-ever construction of a quantitative, predictive rate
model based on individual reaction rate laws in a semiconductor-connected reaction
process.

4. CONCLUSION

A new experimental approach combining analysis during growth and in ultrahigh vacuum
has been used to study the kinetics of TiSi 2 deposition. Steady state growth experiments
have identified H2, HCI, SiCl 2, and SiH 3Ci as volatile reaction products. Increasing the
SiH4 :TiCI4 ratio to 50:1 lowers the flux-limited growth regime near 700°C and gives rise
to multiple steady states defining both fast growth and no growth under identical reaction
conditions. On Si substrates, nucleation kinetics were shown to correlate with the presence
of defects even in the absence of oxide.
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HYDROGEN PAIRING ON Si(100)-(2xl): A SITE-BLOCKING STUDY

WOLF WIDDRA AND W. HENRY WEINBERG
Department of Chemical Engineering and Center for Quantized Electronic Structures (QUEST),
University of California, Santa Barbara, CA 93106

ABSTRACT

The thermal desorption of hydrogen from a Si(100)-(2xl) monohydride surface has been re-
ported previously to follow first-order kinetics. Pairing of hydrogen atoms on a Si-Si dimer prior
to desorption is most likely the cause of this unusual behavior. To examine the degree of hydro-
gen pairing at various surface temperatures, this study examines the blocking of adsorption sites
by hydrogen for subsequent acetylene adsorption. Temperature programmed desorption and
Auger electron spectroscopy were used to measure the absolute saturation coverage of acetylene
for various coverages of preAdsorbed atomic deuterium. The observed linear decrease in satura-
tion coverage of acetylene with deuterium coverage, for atomic deuterium adsorption between
550 and 150 K, indicates that deuterium is paired on Si-Si dimers. The observation that pairing
occurs even at 150 K suggests that the diffusion of chemisorbed hydrogen is not responsible for
pairing.

L INTRODUCTION

The adsorption and desorption of atomic hydrogen on the Si(100)-(2xl) surface has been the
subject of intense research in the past thirty years due to its technologically importance, e.g., for
silicon chemical vapor deposition and semiconductor surface passivation (1]. Furthermore, hydro-
gen on Si(l00)-(2x1) is "in principle" one of the simplest systems for an adsorbate chemisorbed
on a semiconductor surface.

However, only recently Sinniah, et al. discovered that the recombinative desorption of hydro-
gen from the monohydride phase on the Si(100)-(2xl) surface obeys first-order kinetics in the
hydrogen coverage [2]. Further studies by different groups confirmed this result for hydrogen
coverages greater than approximately 0. 1 (3,41 and showed that desorption is second order on the
Si(I l)-(7x7) [31 and first order on the Ge(100)-(2xl) surface [5). Wise, et al. proposed that sur-
face dinerization -- present on the (2xl) reconstructed silicon and germanium (100) surfaces and
absent on the (7x7) surface -- is responsible for these unusual first-order kinetics [3]. The ten-
dency of the two singly occupied dangling bonds on a Si-Si dimer to form a x-bond lowers the
total energy of the Si-Si dimer 161. Adsorption of a hydrogen atom, on the other hand, breaks this
x-bond to form a Si-H bond on one side and a true dangling bond on the other side of the dimer.
Therefore, a partially hydrogen-covered surface can lower the total energy by the pairing of hy-
drogen atoms on dimters, resulting in Si-Si direcrs with either no hydrogen or two hydrogen atoms
bonded to them. This hydrogen prepairing prior to thermal desorption is proposed to lead to the
observed fim-onlr kinetics [3). Scanning tunneling microscopy (STM) studies by Boland have
shown that Partial desorption of hydrogen from a saturated Si(100)-(2x1) monohydride surface
produces, after cooling to room temperature, only Si-Si dimers which bond either two hydrogen
atoms or none [7]. After adsorption of a small hydrogen coverage (0 = 0.08 [8]) at room
temperature, STM images show random hydrogen adsorption. Briefly annealing to 630 K which is
below the desorption temperature reduces the number of unpaired hydrogen atoms. Based on this
work and theoretical studies, it is proposed that hydrogen diffusion prior to desorption establishes
die hydrogen pairing responsible for the observed desorption kinetics [7,9].
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In this w, rk we present a different approach to examine the degree of hydrogen pairing on Si-
Si dimers for various adsorption temperatures and hydrogen coverages between 0.2 and 0.8. The
blocking of adsorption sites by hydrogen for subsequent acetylene adsorption is studied quantita-
tively. Our earlier high-resolution electron energy loss spectroscopy (HREELS) study, supported
also by a STM sudy 1101, showed that acetylene is di-a bonded to the Si-Si dimer on a Si(100)-
(2x1) surface [11]. Acetylene adsorbs on the Si(100)-(2x1) surface between 90 and 300 K with an
initial probability of adsorption near unity [12,131. The coverage-dependent decrease of the prob-
ability of adsorption is temperature dependent. The saturation coverage has been measured to be
approximately 0.8 molecules per nominal Si-Si dimer [12). The adsorption of acetylene is sensi-
tive to the structure of the Si-Si dimer, and the adsorption of hydrocarbons like acetylene, ethyl-
ene and propylene is known to be inhibited if the silicon dangling bonds are saturated by hydrogen
[14,15]. Therefore, we use acetylene to titrate the extent of hydrogen pairing on the Si-Si dimers
after various exposures to atomic hydrogen. The coverages of adsorbed hydrogen and adsorbed
acetylene are determined by temperature programmed desorption (TPD) and Auger electron spec-
troscopy (AES). HREELS measurements show that the effect of preadsorbed hydrogen is limited
to site-blocking only and that no chemical reaction occurs. The measured saturation coverage of
acetylene follows a 1-0 behavior in the preadsorbed hydrogen coverage for all examined hydrogen
adsorption temperatures. This linear dependence is expected if hydrogen atoms are completely
paired on Si-Si dimers. The insensitivity to the adsorption temperature indicates that thermal acti-
vated surface diffusion is not responsible for the hydrogen pairing.

If. EXPERIMENTAL DETAILS

The experimental setup and sample preparation has been described previously [11]. Briefly,
the experiments were carried out in an ultrahigh vacuum (UHV) chamber (base pressure 5 x 10- 11
Torr) equipped with a HREEL spectrometer (LK-2000-14-R), four-grid rear-view LEED optics,
an Auger electron spectrometer with a single-pass cylindrical mirror energy analyzer, an ion sput-
ter gun, a pin-hole gas doser, - tungsten filament to produce atomic hydrogen, and a differentially
pumped quadrupole mass sr,4:trometer (UTI-100C) with a cryo-shroud. The chamber is pumped
by a 1000 Vs turbomolecular pump.

Atomic hydrogen and deuterium were generated by dissociation of the respective molecules
with a hot (1800 K) spiral tungsten filament positioned approximantly 5 cm from the sample. All
reported coverages are relative to the hydrogen coverage for a saturated Si(100)-(2xI) monohy-
dride (6.8 x 1014 atoms/cm 2). For acetylene exposures a 5-1rm pin hole doser was used. An esti-
mated acetylene flux of 8 x 1014 molecules/cm 2 was used for the TPD experiments to saturate
the surface at 100 K and to avoid significant acetylene adsorption on the sample mounting. Higher
fluxes were used to confirm the saturation coverage of acetylene and for AES experiments.

1I11 RESULTS AND DISCUSSION

Before we describe the experiments in detail, we will emphasize the dependence of the acety-
lene saturation coverage on the coverage of preadsorbed hydrogen as result of different site-
blocking models.

For random adsorption the probability to find an adsorbate at a selected adsorption site is
given by the fractional coverage 0. The probability to find no adsorbate at that site is given by 1-0.
Consequently, for random hydrogen adsorption, the probability for a Si-Si dimer to bond 0, 1, or
2 hydrogen atoms is given by (I -0)2, 20(1-0), and 02, respectively. In the case of site blocking for
subsequent acetylene adsorption, two different cases must be distinguished: (a) Both dangling
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bonds on a dimer have to be saturated by hydrogen to inhibit subsequent acetylene adsorption. In
this case acetylene can adsorb on emity dimers as well as on singly hydrogen-occupied dimers.
The acetylene saturation coverage is, in this case, proportional to the added probabilities for both
dimer crecies, 1-02. (b) One hydrogen atom bonded to a Si-Si dimer is sufficient to suppress
acetylene adsorption. In this case acetylene can adsorb only on empty dimers, and the acetylene
coverage is proportional to the probability of finding empty dimers, (1-0)2. However, in the case
of hydrogen pairing on Si-Si dimers, the probability for a Si-Si dir.r to bond 0, 1, or 2 hydrogen
atoms is simply given by 1-0, 0, and 0, respectively. In this case the saturation coverage for
acetylene is proportional to 1-0. The comparison between these three possibilities shows that the
dependence of the acetylene saturation coverage on the coverage of preafIsorbed hydrogen can
distinguish between hydrogen adsorbed on random sites and hydrogen paired on the Si-Si dimers.

Preadsorbed hydrogen -- in the TPD experiments deuterium is used to distinguish the pread-
sorbed layer from hydrogen from decomposed acetylene, as described below -- was prepared
using two different procedures. The clean Si(100)-(2xl) surface was either exposed to atomic
deuterium at surface temperatures of 600, 300, or approximately 150 K, resulting in a surface
with a monodeuteride coverage between 0 and 1, or a saturated monodeuteride overlayer was
annealed using a temperature ramp of 2 K/s to allow for fractional desorption of the
monodeuteride. Subsequently, the surface was exposed to acetylene at 100 K to saturate the
available adsorption sites. The acetylene saturation and deuterium coverages were determined by
TPD using a heating rate of 2 K/s. TPD spectra were recorded for molecular hydrogen in all three
isotopic combinations and for molecular acetylene. Because acetylene largely decomposes upon
heating (> 95%)[16], the hydrogen desorption resulting from acetylene decomposition is used for
a quantitative determination of the acetylene coverage. After careful calibration for the different
quadrupole mass spectrometer sensitivities for H2 , HD, and D2 using saturated monohydride and
monodeuteride overlayers, the deuterium and hydrogen coverages were extracted from the inte-
grated TPD spectra. For selected deuterium coverages AES was used also to determine the
acetylene coverage relative to a saturated acetylene overlayer on a clean surface. Precautions have
been taken to employ identical AES measurement conditions at low electron fluxes to avoid dif-
ferences in the AES carbon intensities due to electron induced desorption or decomposition. AES
spectra were measured at eight different locations on the surface. A detailed description will be
given elsewiere [ 17].

Figure 1 shows the acetylene saturation coverage after preadsorption of atomic deuterium as a
function of the deuterium coverage. Different preparations of the preadsorbed deuterium cover-
age are indicated by different symbols. Triangles are used to denote preadsorbed d&uterium pre-
pared by partial desorption of a saturated monodeuteride overlayer. Adsorption of atomic deute-
rium at 600, 300, and 150 K is marked by circles, diamonds, and squares, respectively. Open and
filled symbols are used to distinguish between TPD and AES results, respectively. The three cov-
erage dependencies for site-blocking that were discussed above are indicated by lines in Fig. 1. All
data for the acetylene saturation coverage are, within the experimental error, described by a linear
1-0 dependence on the deuterium coverage, regardless of the deuterium adsorption temperature.
The data clearly disagree with both the 1-02 and the (1.0)2 dependence. The small deviation from
linear site blocking for a deuterium coverage of 0.82 adsorbed at 150 K is due to the onset of
silicon dideuteride formation, as discussed later. The absolute acetylene saturation coverage of
0.78±0.05 in the absence of hydrogen, as extracted from Fig. I and corrected for 5% molecular
desorption of acetylene, agrees well with earlier studies [12,16).

Figure 2 shows HREEL spectra of deuterated acetylene adsorbed at 100 K (a) on a clean
Si(100)-(2xl) surface and (b) on a Si(100)-(2x]) surface preexposed at 600 K to atomic hydro-
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gen, resulting in a hydrogen coverage of 0.3. The spectrum in Fig. 2(a) is very similar to spectra
of a previous acetylene adsorption study on the Si(100)-(2x1) surface [11]. The different vibra-
tional modes have been assigned there. Briefly, the energy loss peaks at 2230, 1040, and 507 cm-1

are the stretching, the in-plane bending, and the out-of-plane bending C-D modes of the di-G
bonded acetylene molecule, respectively. The energy loss peak at 1420 cm-n is assigned to the
C=C double bond stretching mode which is significantly down-shifted in frequency due to an in-
teraction with the silicon dangling bonds. The loss feature at 670 cm-1 is the Si-C stretching
mode. In comparison, Fig. 2(b) shows two strong additional energy loss peaks at 2100 and 640
cm"1 which are identified as the Si-H stretching and the Si-H bending modes. All other loss fea-
tures are reduced in intensity due to the reduced acetylene coverage but essentially unchanged. A
comparison of the vibrational spectra for acetylene with and without preadsorbed hydrogen shows
clearly that the influence of hydrogen for subsequent acetylene adsorption is limited to site block-
ing only. No chemical reaction occurs between acetylene and hydrogen, as can be seen, for ex-
ample, by the absence of a C-H and Si-D stretching mode in Fig. 2(b). Furthermore, the Si-H
bond seems to be unaffected by the postadsorption of acetylene.

HREEL spectra after different exposures to atomic hydrogen, which are not shown here [17],
were used to verify the formation of the monohydride species only. As judged by the appearance
of the Sill2 scissoring mode, the spectra indicate that at a low adsorption temperature of 150 K
the silicon monohydride phase is populated first with an onset of dihydride formation at a cover-
age of 0.8, in agreement with earlier studies [181. At a coverage of 0.8, the relative intensity of
the Sil 2 scissoring mode is below 0.15 compared to the mode at a higher coverage of 1.3. The
formation of dideuteride at 150 K for a coverage greater than 0.8 leads, for a given deuterium
coverage of 0.78±0.05 in the absence of hydrogen, as extracted from Fig. 1 and corrected for 5%
molecular desorption of acetylene, agrees well with earlier studies [12,161.
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Figure 2: HREEL spectra of
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Preliminary results for ethylene adsorption on Si(100)-(2xl), which will be presented else-
where, indicate a similar hydrogen site-blocking dependence as for acetylene [ 17]. In this case, the
ratio of molecular ethylene desorption to ethylene decomposition on the surface changes with the
preadsorbed hydrogen coverage. This complicates a quantitative study and also explains why a
previous site-blocking study obtained a different site-blocking result for ethylene adsorption [ 15].

Theoretical studies have shown that on the Si(100)-(2xl) surface adsorption of two hydrogen
atoms on a single dimer is energetically favored over adsorption on different dimers [6,19]. The
breaking of the x-bond between the dangling bonds of a clean Si-Si dimer upon hydrogen adsorp-
tion determines the energetics. Therefore, preferential hydrogen pairing is expected in thermody-
nmnical equilibrium. For a hydrogen coverage above 0.95 at room temperature which was pre-
pared by hydrogen desorption at 690 K from a saturated monohydride phase, a STM study by
Boland has clearly shown complete hydrogen pairing [7). Furthermore, he demonstrated that at
low coverages around 0.08 [8] hydrogen adsorption is random and that subsequent annealing to
630 K promotes the hydrogen pairing. Based on these results, he concluded that hydrogen ad-
sorption is random, and thermal activated diffusion is necessary to generate the thermodynami-
cally favored hydrogen pairing. In our study, the observed linear 1-e coverage dependence of the
site blocking, for hydrogen species prepared by partial desorption of a saturated overlayer or by
hydrogen adsorption at 600 K, supports this picture of hydrogen pairing for coverages between
0.2 and 0.8. However, the surprising result that the hydrogen site blocking follows also a 1-0 de-
pendence for atomic hydrogen adsorption at 150 K in the whole observed coverage range indi-
cates hydrogen pairing even in the absence of annealing to higher temperatures. Because of the
high activation barriers for hydrogen diffusion on silicon surfaces [20,21,22], the thermodynami-
cal preference for hydrogen pairing cannot account solely for the observed high degree of pairing
assuming random hydrogen adsorption.

Further experiments with STM, for examnple, need to be done to confirm the hydrogen pairing
at low temperatures and to reveal the mechanism by which the adsorption process itself can pro-
duce the hydrogen pairing at coverages as low as 0.2. Careful examination of the splitting of the
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II

Si-H stretching mode, which is caused by the dipole-dipole interaction between the two Si-H
bonds on a dimer [23], using, for example. Fourier-transform infrared spectroscopy, or STM
studies at intermediate coverages are well suited to gain a more complete understanding of the
hydrogen pairing on dimerized semiconductor surfaces.

IV. CONCLUSIONS

Site blocking of hydrogen for subsequent acetylene adsorption has been employed to examine
the degree of hydrogen pairing on the Si-Si dimers on a Si(100)-(2xl) surface. The observed lin-
ear decrease in acetylene saturation coverage with hydrogen coverage, for different hydrogen ad-
sorption temperatures between 600 and 150 K, indicates pairing of hydrogen on Si-Si dimers at
temperatures as low as 150 K in the coverage range between 0.2 and 0.8. This suggests that this
pairing mechanism does not occur by adatom hoping, which might occur at higher temperatures.
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Molecular Dynamics Simulation of Large Cluster Growth
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Abstract
Classical Molecular dynamics simulation of silicon cluster growth (up to 1000 atoms) have

been conducted using the Stillinger-Weber 3-body interaction potential. The cluster binding
energy has been fit to an expression that separates the surface and bulk contribution to the energy
over a wide temperature and size range. Cluster growth simulations show that large heat release
results from new bond formation at gas kinetic rates (i.e. sticking coefficient = unity).
Temperature was found to be the primary controlling process parameter in the evolution of cluster
morphology from an aggregate to a coalesced cluster below 1000 K, with the impact parameter
playing a secondary role.

Introduction
Nanometer processing is receiving considerable interest from a variety of communities,

including those from microelectronics and advanced materials. One of the challenges in this area
is the processing of very fine particles. This would include their controlled growth, chemical
reactivity and transport properties. Considerable attention has been paid to the growth of particles
in the range of 100nm and up, however process modelers have implicitly assumed that small
particle growth is unimportant. These issues however have reemerged due to the interest in
nanometer particle processing[l]. Several outstanding issues are of primary concern in
phenomenological models and pedagogical approaches to controlling particle formation[2]. This
is true from both the perspective of much of the microelectronics community which hopes to
minimize particle growth in the vapor during chemical vapor deposition and the ceramics
community which hopes to develop the ability to grow from the vapor, spherical,
unagglomerated nanometer scale particles[3,4]. This implies that attention should be addressed
toward understanding the nature of the cluster growth kinetics and their morphology.

In this paper we address the dynamics in the formation of silicon particles up to 3 nm from
an atomistic view.

Computation Method
The approach used in this work is to apply an atomistic simulation using classical molecular

dynamics (MD) methods [5,6]. Computations were conducted using the three body formulation
of the silicon potential proposed by Stillinger and Weber (SW) [7]. The three body formulation
provides the mechanism by which the directional nature of the bonding can be realistically
simulated. While many potentials are available to simulate silicon, the SW potential was chosen
because it accurately predicts bulk melting characteristics. Because most cluster formation
processes occur at high temperatures, liquid like characteristics should play an important role in
any description of cluster growth. Classical MD was conducted by solving the Newtonian
equations of motion with a time step of 5.7 x 10-4 ps. All simulations were started by first
equilibrating the appropriate size cluster to a specified temperature prior to cluster collision. Each
cluster was then given a bulk cluster velocity so that the collision kinetic energy along the line of
centers of the clusters corresponds to twice the thermal energy. Both head-on and large impact
parameter collisions were included.

EAuillbrium Cluster Energsti•s
Because of the large surface to volume ratio, cluster properties vary with size. The approach

to bulk properties as cluster size is increased is in general specific to the property of interest. Fig.
I shows the effect of cluster size on binding energy per atom at various temperatures. As the
cluster size increases the cluster binding energy increases as one would expect for the case where
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the ratio of bulk to surface atoms increases. Freund and Bauer [8] have discussed the effect of
cluster binding energy with cluster size for metal clusters. Their work has the same qualitative
dependence on cluster size, however the effects they observe are approximately twice as great as
those we have seen. One possible explanation is that unlike metals which like to form close
packed structures, silicon has a lower coordination number ( < 4) with highly directional
covalent bonding. This would imply that metallic like clusters would have a larger fraction of
dangling bonds and are therefore more sensitive to cluster size.

0 00
O3E(2OOOK)= -60.6 + 226.81N- -..330 1600 K -- E(IIOOK). -3a8.6 + 222.0*N**-.33

A 1200 K -- E(1200K). -S370.5 + 212.1*N**-.33

ME600 K -- E(6O0 K) . -3819.2 + 213.6-N*-'.33

E

i . . .. l. . ...... . ...
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30-

C

0

-36

100 200 300 400
Cluster Size (N)

Fig.1 Dependence of cluster binding energy per atom on cluster size (N atoms)

By taking the cluster potential per atom as a function of cluster size we can fit to an expression
for the relative importance of bulk (volume) and surface energy (surface area) contribution.

Binding Energy = -Et, N + E, N2 (la)
Binding Energy/per atom = -Eb + E, N"-13  (lb)

The fits shown in Fig. I are fit to Eq. lb. By fitting to the temperature dependence one can
obtain an expression that encompasses all the data.

Eb - 420.0 -T

E= 196.7 -1

Vibrational energy transfer processes are very important to the mechanism of cluster stabilization
during cluster growth as well as its radiative properties. Fig 2. shows the density of vibrational
states as a function of cluster temperature. A comparison with another calculated phonon spectra
is also included for comparison purposes 19]. It is clear that the phonon spectra are not
significantly altered as a result of the large number of surface atoms. The spectra show the two
dominant modes found in bulk silicon (acoustic - 150cm-; optical- 400 cm-t). As the cluster
temperature Ls increased the phonon density increases, shows broadening and a softening of the
modes to lower frequencies.
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Fig. 2 Phonon density of states for 480 atom cluster as a function of temperature; comparison
with spectra for bulk Si calculated with the Bond Charge Model [91.

Cluster Kinetics
Cluster-cluster collision simulations have been conducted on clusters varying in size from 15

atoms up 480 atoms, as a function of temperature and impact parameter. Fig. 3 shows the result
of the collision of two 60 atom clusters.
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Fig. 3 Dynamics of cluster growth from the collision of two 60 atom clusters at 1200 K

Ile formation of new chemical bonds during the collision results in a decrease in the internal
energy of the resulting cluster with increasing time, as the newly formed cluster finds an
increasing stable configuration, by decreasing its surface area and thus the number of dangling
bonds. Since this is an adiabatic problem the energy release goes into the thermal motion of each
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atom within the cluster and is seen as a rise of the cluster temperature. Note that the cluster
temperature increases by several hundred degrees, such that following growth, new clusters will
be significantly hotter than the surrounding gas. Radiative and conductive cooling will eventually
lead to a return of the cluster temperature back to the ambient environment, on a time scale,
however, significantly slower than the period of the cluster heating.

For all simulations conducted under thermal energy collision energies, cluster-cluster
aggregation kinetics occurred with a sticking coefficient of one. This is an important result in that
it provides evidence for the commonly used assumption in phenominological modeling of particle
growth, of a gas kinetic growth rate[2,31. This is in contrast to small cluster nucleation which
can show nucleation kinetics that are well below gas kinetic rates, with negative temperature
dependence to the rate constants resulting from energy transfer effects [10,11]. Unlike small
cluster growth which requires an external collider to dissipate energy, large clusters have
sufficient number of internal oscillators to redistribute the excess energy. As a result the smaller
clusters experienced the largest temperature rise.

One of the issues of great importance in the formation of nanophase processing of fine
particles is the morphology of the resulting clusters during growth. Many, if not most gas phase
processes result in chained agglomerates of small particles. Minimization of such structures is a
goal to those interested in utilizing the properties of nanoscale particles. The change in
morphology is however a very difficult process to study experimentally, although one that we
can track through MD in a relatively straight forward manner. Fig. 4 shows the temporal
approach to spherical morphology for two colliding (impact parameter =0) 240 atom clusters as a
function of cluster temperature.

1200

[ -- 2000KCIusters
--0-- 1200K Clusters

1000 - 9OOK Clustem
-4- SCoK Clustem

£

WO
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.600

400

0 10 20 30 40

711m (pe)
Fig. 4 Temporal behavior of cluster morphology as a function of temperature for two 120 atom

clusters.

The projected area coefficient is defined as the area of a circle, obtained from the diameter of
the smallest sphere that can be drawn around the two coalescing clusters. The results show that
cluster coalescence is very temperature sensitive. Clusters at temperatures above 1000 K show
coalescence times that are complete within the simulation period, while showing a substantial
decrease in the coalescence rate below 1000 K. Clusters at 600 K shows initial neck growth to be
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rapid but no evidence for coalescence. Coalescence times at the lower temperatures are very size
sensitive, with the larger clusters showing the slowest coalescence rates. At higher temperatures
(above 1200 K) cluster coalescence times are independent of size. In general, melted or near
melted clusters coalesce spontaneously. Data of this nature could eventually be used to develop
scaling relationships for the calculation of sintering rates. An example of the kind of morphology
observed, is shown in Fig. 5 for the collision of two 120 atom clusters at temperatures of 600
and 2000 K at 45 ps after the collision.

600 K Cluster

2000 K Cluster

Fig. 5 Cluster morphology during growth at 600 and 2000 K at 45 ps.

Cluster morphology changes require the movement of atoms via internal cluster diffusion.
Shown below in Fig. 6 is a measure of the extent of atomic mixing defined as the ratio of the
number of nearest neighbors an atom has originating from the other cluster to that of its own
cluster. It is clear that the extent of mixing is very temperature sensitive with the coldest clusters
showing no evidence for atomic mixing. Even at the highest temperatures studied clusters are still
not statistically mixed ( a value of I would be perfectly mixed). It is clear that particle coalescence
is a much faster process than atomic mixing.
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Conclusion
Atomistic simulations utilizing classical MD methods have been used to characterize the

characteristics of equilibrium and kinetic properties of large silicon clusters undergoing growth
via cluster-cluster collisions. The results show that the binding energy of clusters increases with
cluster size and decreases with cluster temperature. Cluster kinetics indicate that significant heat
release occurs as a result of new bond formation. Cluster morphology effects similar to those
observed in nanophase particle processing are also evident. In particular, cluster coalescence is
very sensitive to temperature below 1000 K. Atomic mixing is shown to be a slower process than
the overall process of cluster coalescence. Future work will be aimed at correlating these
observations to scaling laws that can be applied to phenomonological models of particle growth.
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Fig. 6 Atomic mixing as a function of time for various cluster temperatures.
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ROOM TEMPERATURE FABRICATION OF
MICRO-CRYSTALLINE SILICON FILMS

FOR TFT'S BY ECR PECVD

Yoo-Chan Jeon, Seok-Woon Lee, and Seung-Ki Joo
Dept. of Metallurgical Eng., Seoul National University, Seoul, 151-742, Korea

ABSTRACT

Microcrystalline silicon films were formed at room temperature without
hydrogen dilution by ECR PECVD. Microwave power more than 400 W was
necessary to get crystalline films and the crystallinity increased with the power
thereafter. Addition of hydrogen and argon enhanced the crystalline phase
formation and the deposition rate, the reason of which was found that
hydrogen etched silicon films and argon addition drastically increased the etch
rate. Annealing of the films showed that microcrystalline silicon films formed
by ECR PECVD have a small fraction of amorphous phase. TFT's using
silicon nitride and doped/undoped microcrystalline silicon films were
fabricatedd with whole processes at room temperature.

INTRODUCTION

Thin film transistors (TFT's) using silicon films as active layers are popular
in active matrix LCD's[I-31 and SRAM's.[4-51 In LCD production, in which
low temperature process is essential, amorphous silicon TFT's fabricated by
PECVD at 250 - 400 V have bee used for pixel driving.I1-31 In recent years
the number of pixels in a pannel has been increased to get high resolution
display, and it has necesitated the development of new materials to replace
amorphous silicon films with low driving capacity and low switching speed.
Polycrystalline silicon is thought to be a suitable material for these
requirements and the deposition of the crystalline films at a temperature low
enough to use inexpensive glass substrates has been studied intensively.[6-8]
The most popular method to get crystalline silicon films is crystallization of
amorphous films by low temperature furnace annealing or laser annealing.
However, these processes need a long process time or show poor
uniformity.19] Therefore the methods to deposit crystalline films at a low
temperature without following annealing steps have been tried.[10-13] The
results showed that hydrogen radicals enhance the crystallization of silicon
films. Since ECR plasma is known to have high electron energy and the high
energy electrons can generate hydrogen radicals more readily, ECR PECVD
can be thought a desirable method to deposit crystalline silicon films at a low
temperature. In this work, microcrystalline silicon films were deposited by
ECR PECVD and the effects of the process conditions on the crystallinity of
the films were investigated.
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Fig. 1 Effect of microwave power on the Fig. 2. (a) UV reflectance and (b) Raman

crystallinity of silicon film% by ECR spectrum of silicon films by ECR PECVD
I'ECVD.

EXPERIMENTS

ECR PECVD system used in this work was shown elsewhere.1141 H 2 and
Ar were fed to the top of the plasma chamber and flown through ECR zone
to generate high energy species. Pure Sill4 or 25 %-SiH 4 diluted in Ar was
introduced through gas distribution ring above the substrate. Silicon films
were deposited on Coming 7059 glasses and the substrates were not heated
during deposition. The surface crystallinity of 1000 A thick films was
measured mainly by UV reflectance spectroscopy and confirmed by Raman
spectroscopy. The measured reflectance spectra were corrected with a
consideration of surface roughness[151 and the peak areas between 238 rm -
318 nm were calculated. The crystalline fractions were determined as the ratio
of the peak areas to that of single crystalline silicon wafer.116] Using room
temperature ECR PECVD silicon nitridell4l and undoped/P-doped
microcrystalline silicon films TFT's were fabricated with whole processes at
room temperature.

RESULTS ANT) DISCUSSIONS

Fig. 1 shows the effect of microwave power on the crystallinity of silicon
films and the major deposition conditions were listed in the inset. In case of
microwave power higher than 400 W the deposited silicon films showed
crystallinity and the crystalline fraction increased with the power. The UV
reflectance spectra of microcrystalline and amorphous silicon films are shown
in Fig. 2 (a). The peak around 280 nm, which arise from optical interband
transition at X point in Brillouin zone,1161 could be seen for a microcrystalline
film while not for an amorphous film. The crystallinity was also confirmed
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by Raman spectrum. In Fig. 2 (b) Raman spectrum shows a peak at 515 cm]
which is shifted from single crystalline position by 5 cm1. It is noticeable
that the silicon films with crystallinity was obtained without heating and
hydrogen dilution. The effect of total pressure is shown in Fig. 3. At low
pressure up to 3 mTorr the crystallinity was kept constant, but the film
deposited at 5 mTorr was amorphous. Considering the above results it can be
seen that the high electron energy is responsible for the crystallization because
the high microwave power will give high energy to the electrons in the
plasma and the mean free path of electron will be longer at lower pressure.

To enhance the crystallinty hydrogen was added to the process gas and the
results were shown in Fig. 4. As hydrogen flow rate increased the
crystallinity was increased and it means that hydrogen addition helps
crystallization of silicon film during deposition. The role of hydrogen in the
deposition of crystalline film was investigated with etching experiments using
hydrogen gas. As seen in Fig. 5. the etch rate increase with microwave
power and it was higher for amorphous silicon than for single crystalline
silicon. It means that the deposition and etching occurs simutaneously during
silicon film formation and that the higher crystallinity was obtained when the
film was deposited in more equilibrated state. Fig. f shows argon addition
effect. The crystallinity increased monotonically as the argon flow rate
increased. Argon is known to have metastable states and it increases the
plasma density and dissociation of reactants.I17] rhe etch rate of silicon by
hydrogen was increased about three times by argon addition and the
crystallinity improvement by argon addition is thought to be due to enhanced
hydrogen etching.

Amorphous and microcrystalline silicon films deposited by ECR PECVD
were annealed and the results are listed in Table 1. The films deposited at
300 W (amorphous) shows high crystallinity after furnace annealing while
microcrystalline films did not show noticeable increase in crystallinity.
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Amorphous films annealed by RTA shows relatively lower crystallinity than by
furnace annealing. However, in the case of microcrystal line films RTAed
samples showed higher crystallinity than furnace-annealed. These results
inplies that the as-deposited microcrystalline films have only a small amount
of amorphous phase because they would exhibited a considerable increase in
crystallinity after furnace annealing if they contained a large amount of
amorphous phase.

The P-doped silicon films were formed by adding 1 %-PH3 / H2 and it
exhibited conductivity of 0.3 (QŽcm) 1 and Ohmic contact with aluminum
electrodes. Using room temperature ECR PECVD doped and undoped
microcrystalline silicon films, iTT's were ft~bricated. Single crystalline silicon
wafers were used as substrates, which would seri.e as gates in transistors.
Silicon nitride, undoped and P-doped silicon films were sequentially deposited
by 2CR PECVD at room temperature and then aluminum was evaporated to

Table 1. Crystallinity change due to
annealing. Furnace annealing :6(XWt. 30
hrs, RTA :(XlV, 30 sqec

structure amorphous mcro-'iin

As
deposited 0 5
Furnace

annealing 80 % 5

RTA 70 % 64 %
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form electrodes. The transfer characteristic is shown in Fig. 7. The transistor
have high ON state current, high ION/loll and Low threshold voltage. It is
the first report of room temperature fabrication of l-Fr's, in which no heat
cycle was used, to the best of our knowledge.

CONCLUSION

Microcrystalline silicon films were formed at room temperature without
hydrogen dilution by ECR PECVfl. Microwave power more than 400 W was
necessary to get crystalline films and the crystallinity increased with the power
thereafter. It turned out that electron energy in the plasma is an important
parameter determining crystallinity. Addition of hydrogen and argon
enhanced the crystalline phase fermation and the deposition rate, the reason of
which was found that hydrogen etched silicon films and argon addition
drastically increased the etch rate. Annealing of the films showed that
microcrystalline silicon films formed by ECR PECVD have a small fraction of
amorphous phase. I*Fl's using silicon nitride and doped/undoped
microcrystalline silicon films were fabricatedd with whole processes at room
temperature.
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ABSTRACT

Silicon films were deposited on a fluororesin surface. The process was
divided into two steps: surface modification process and silicon CVD onto the
modified parts. In the modification process, Sill4 and B(CH3)3 mixed gases were
used with ArF cxcimer laser. Fluorine atoms of the surface were pulled out by
boron atoms which were photo-dissociated from B(CH3)3 and were replaced with
silicon atoms released from SiH4. In the CVD process, SiH4 gas was used with
high-density excited ArF excimer laser. Silicon films were deposited onto the
nuclei by photodecomposition of SiH4.

Chemical compositions of the modified layers and the deposited parts were
inspected by XPS analysis. 1000 A thickness of the deposited silicon films was
confirmed by the surface roughness interfercnce-meter.

INTRODUCTION

Fluororesins such as the polytetrafluoroethylcne (PTFE) and the copolymer
of tetrafluoroethylene and hexafluoropropylene (FEP) have excellent chemical,
electrical and mechanical properties. Because of the chemical stability, the
surface is difficult to be made conductive.

If the surface of fluororesin is modified to semiconductor or metallic
layers, fluororesin could be employed for a printed circuit for
high-frequencyoptical use or medical use. Some of the modification of the
fluororesin surface to metallic layers reported are carried out by the
electroless plating methodil][2].

We have been studying the substitution of functional groups into the
fluororesin surface by using the ArF excimer laser[31I4II5i. Based on the
photochemical modification method, we tried the deposition of silicon films
onto the fluororesin surface at room temperature in order for the surface to
be semiconducting. In this method, the fabrication process was simplified
because the modification and depsic.tion were performed in the same reaction
cell, compared with the electroless plating process.

METHODOLOGY OF SILICON DEPOSITION

In this method, the deposition process of silicon films onto fluororesin
surface is divided into two steps: first step is the photochemical
modification of the surface; second step, the photo-CVD of silicon films.

Fluororesin is composed of C-F bonds, and its surface shows no affinity
for any atoms. Therefore, defluorination of the surface is required to deposit
silicon films. Even though C-F bonds of 128 kcal/mol are broken by ArF laser
photon of 147 kcal, the fluorine atoms recombine with the carbon atoms since
fluorine has the highest electronegativity. Thus, we have employed boron atoms
to defluorinate the surface effectivcly[3]. As the boron atoms have a high
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bonding energy with the fluorine atoms, the boron atoms easily combine with
the fluorine atoms which are broken by ArF laser light. As a result, the
surface is effectively defluorinated for the substitution of silicon atoms to
become possible. Moreover, the silicon layer of the modified surface functions
as a nucleus for silicon film formation.

In the first step, B(CH3)3 and SiH4 mixed gases arc employed. B(CH3)3 is
photodecomposed by the ArF laser light as follows:

B(CH3)3 + hv - B + 3CH3

The photodissociated boron atoms pull out the fluorine atoms from the
fluororesin surface. On the other hand, Sil-14 is dehydrogenated by the methyl
radicals which are photodissociated from B(CH3)3 gas as follows:

SiH4 + CH3 - SiHx + CH4 (x=0-3)

The SiHx radicals are combined with defluorinated carbon atoms of the
surface[SJ.

In the second step, Sill4 gas is employed to produce silicon atoms. Sill4
has no optical absorption band at the 193 nm wavelength of the ArF laser;
therefore photodecomposition of the gas must be carried out by the
high-density excitation of ArF laser beam[6J. In this study, chemical vapor
deposition was performed by focussed ArF excimer lascr. Silicon films can,
thus, be grown only on the irradiated parts at room temperature.

EXPERIMENTAL PROCEDURE

Schematic diagram of the experimental setup is shown in Figure 1.
A transparent fluororesin film (FEP) with the thickness of 100 jum and the size
of 10X25 mm2 was used. The FEP film was set on the backward surface of the
window since the sample has an optical transmittance of 25 % at the 193 nm
wavelength of the ArF laser[4j. Thus, the laser fluence was not attenuated by
the gas absorption and could be kept constant at the interface between the
sample and reactant gases. The reaction chamber was evacuated; in the chamber,
SilH4 (5 % in He) and B(CH3)3 gases were sealed at the partial pressure ratio
of 40:.100 Tort. Then. the surface was irradiated the ArF laser beam at the
laser fluence of 12.5 mJ/cm2 and the laser shot number of 9000 through

miror m irror8(CH3

Fig.1 Schematic diagram of the
(b) ,J experimental setup

ArF excimer laser (a) is for surface modificarion

Window A - and (b), for silicon CVD

- SiH4

recto call



a mask-pattcrn. After modification, the chamber was re-evacuated and filled
with SiH4 gas at the pressure of 100 Torr. And the ArF laser beam was
irradiated parallel to the surface at the laser fluence of I J/cm2 and the
laser shot number of 90000 in order to decompose the Sill4.

RESULTS AND DISCUSSION

Chemical composition of the modified and deposited surface

In order to inspect the chemical composition of the photo-modified
surface, X-ray photoelectron spectroscopy (XPS) analysis of F Is, Si 2p and
C Is spectra arc carried out, as shown in Figure 2.

(a) exhibits the XPS spectra of the non-irradiated surface.
The strong peak of F Is was measured and was idcntifizd as CF2-CF2 bonds of
fluororesin structure. The C Is peak was positioned at 292 cV, which was also
due to the CF2-CF2 structure bonds. Naturally, the Si 2p peak was not detected
at all.

(b) displays the XPS spectra of the modification surface. The F Is peak
remarkably decreased after modification. The C Is peak was shifted from 292 to
284 cV; the 284 eV peak was identified as Si-C bonds. The Si 2p peak clearly
appeared at 100 eV and was also identified as Si-C bonds. Accordingly, the
surface was defluorinated and was modified into silicon carbide like.

(c) shows the XPS of the deposited surface after modification. The Si 2p
peak was shifted from 100 to 99 cV after the silicon deposition. The 99 cV
peak of Si 21) was determined as Si-Si bonds, which means the silicon atoms
were deposited on the silicon carbide layers of the photo-modified surface.

Fls C Is Si2p
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Binding Energy (eV)

Fig.2 XPS analyses of F ls,C Is and Si 2 p spectra.

(a) is without irradiation, (b) is as modified and (c),as deposited



Thickness measurement of the silicon deposition.

The deposited surface clearly turned to a metallic brown in contrast with
the non-modified surface. Figure 3 indicates the film thickness as a function
of the laser shot number. With the laser pulse repetition the film thickness
linearly increased. And the 1000 A of thickness was obtained at the laser shot
number of 90000. With the 1000 A film thickness, the optical bandgap
significaptly showed 1.8 eV. The 1.8 eV bandgap means the deposition of
hydrogenated-silicon films. The deposition rate was 1.1X10-2 A/pulsc.

Figure 4 shows the film thickness measured by the surface roughness
interference-meter. A selective deposition was confirmed only on the parts
irradiated. The line and space was 200 um.

1200

1000

"Fig.3 The film thickness as

a function of the laser shot

number.
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Number of shots

E Lu 
..0.4

Fig.4 Measurement of the film thickness by the surface roughness

interference-meter.
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CONCLUSION

Fluororesin surface was photochemically modified to silicon layers, where
the silicon films were then deposited only on the nucleus parts by the
photo-CVD method. The chemical composition of the nucleus layers was
determined as Si-C bond; the Si-C bond was created by the due to chemical
bonding of the silicon atoms subustituted for the fluorine atoms and the
carbon atoms remained on the surface after defluorination. The silicon were
preferentially deposited on the irradiated parts while no silicon atoms,
deposited on the non-irradiated parts. The film thickness of 1000 A was
achieved at room temperature, and its optical bandgap was 1.8 eV. The
modification and silicon film deposition of the fluororesin surface were
successfully demonstrated in the same reaction chamber. To employ fluororesin
for developing electronic devices, further study to obtain a high quality of
the deposited silicon film is needed.
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PYROLYTIC LCVD OF SILICON USING A PULSED VISIBLE LASER -
EXPERIMENT AND MODELLING

B. IVANOV, C. POPOV, V. SHANOV AND D. FILIPOV
Technological University of Sofia, Dept. of Semiconductors, 8 Kliment Ohridski St., 1756
Sofia, Bulgaria

ABSTRACT

Maskless deposition of silicon from silane on Si monocrystalline wafer using
copper bromide vapor laser (CBVL) is investigated. Morphology and geometric
parameters of the stripes obtained are studied and some conclusions for the process
mechanism are made. Applying Kirchoff's transform and Green's function analysis non-
linear heat diffusion problem for different pulse shapes was solved. The influence of
pulse shape on the temperature distribution and its time evolution was studied. Non-
isothermal and non-stationary deposition kinetic models using the obtained results were
developed.

INTRODUCTION

Laser-induced chemical vapor deposition (LCVD) is an attractive alternative to
conventional CVD techniques, whenever direct writing of material patterns is desirable.
Several papers concern deposition of Si from SiH4 induced by cw Ar* laser [1-4]. Models
of pyrolytic LCVD are developed in case of cw lasers [5,6]. With the exception of works
Haba et al.(7,8] in literature there is a lack of information about the use of CVL for LCVD
and laser-induced etching. This has directed our research to the activation of pyrolytic
deposition of silicon from silane by such a laser and to model the system.

EXPERIMENTAL

The experimental set-up for LCVD was described in our previous work [9].A
focused, 1.2 W CBVL was used to irradiate (111) silicon monocrystalline wafers. The
substrates were enclosed within a gas cell containing 1 -1000 mbar of electronic grade
5% SiHl4 in Ar and were translated perpendicular to the optical axis with speeds of 40
- 400 1in/s. Typical focal spot diameters were at about 100 pm resulting in intensities
of 8 - 48 MW/cm 2 within the focal spot. The width of the stripes obtained was evaluated
with a light microscope and their height and profile were measured by Talystep. The
morphology of the layers was investigated by scanning electron microscopy (SEM) and
Raman spectroscopy

The profile of the deposited material approximately follows the laser beam power
distribution. As shown on Fig.1 the height of the Si stripes deposited from SiH4
decreases with increase of the scanning speed. This is an expected effect due to the
decrease in laser exposure time. Higher laser power results in increase of the stripes
height because of the rise of surface temperature.

The width of the lines does not change when increasing the scanning speed.
According to Bauerle the width of the deposited stripe does not change substantially
when varying the surface temperature at lower activation energies (10]. If we consider
the reported activation energy for Si growth from SiH4 - 25 kcal/mol [11] as relatively
low value then we can apply Bauerle's model. It could explain the width behavior when
changlig the scanning speed.

IThe morphology of the deposited silicon from silane shows well-defined grains.
The grains size depends on the process parameters similar to LCVD written aluminium
(9]. Higher laser power results in Increase of the silicon grains which is demonstrated
on Rg.2 - a) and b). Raman spectra indicate the typical for crystalline silicon shift at 520
cm-' I12].
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E- o 0.490 W

- 0,

scanning speed, pm/s
Fig. 1 Average stripes height as a function of scanning speed at 1000 mbar 5% SiH4

in Ar

Fig.2 Scanning electron micrograpfs of Si stripes - 40 lim/s scanning speed, 1000
mbar 5% SiH 4 in Ar a) 0.214W laser power b) 0.490 W laser power

MODEL

The model is based on the following assumptions: (a) the thermal and optical
properties of the substrate and of the growing layer are identical and they do not change
during the process; (b) the temperature of the gaseous phase is constant; (c) the
nucleation rate is high and it does not limit the total reaction rate; (d) the process is
pyrolytic and photochemical effects are not considered. At first the temperature
distribution as a result of pulsed laser irradiation is modelled. The obtained results are
applied for known models concerning heterogeneous surface decomposition of SiH 4.

Modelling of temperature distribution

The temperature T in the irradiated zone can be described by the following
equation

K(T) !T = V{K(T)VT} +SF(x,y,z,t) (1)
D(T) (9t

where SF is the source function K(T) the temperature dependent thermal conductivity
and D(T) the thermal diffusivity. to solve this equation, Kirchoff's transform can be used
which linearizes it by introduction of linearized temperature 0.

O(T) = (To) + |K(T)
f' K(To) (2)

T.
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where T0 = 300 K. The boundary conditions are defined by approximation for semi-
infinite solid .The consideration of the pulsed character of the irradiation is accomplished
by defining of the source function. In case of round spot and Gaussian beam its form
will be

SF(x,y,z,t)= ( exp[ (x-Vst.) +Yexp(-z/A) (3)

where P(t) is the laser power in pulse, R the reflectance, w. the laser spot radius, V. the
scanning speed and X the absorption depth.
The power change during a pulse P(t) can be obtained if the average power of the pulsed
laser P. is known

P(t) = P. I(t)/(fif) (4)

where I(t) is function, describing the pulse shape,f the laser frequency and 1, is the
effective duration of the pulse. After introduction of the non-dimensional variables (5)
the linearized equation obtains the form (6)

x ; y = z wo D K tD Vsw,
wO w A A pCi, W. D(5

do 2 P.(l-R)t _y2  aZ1-- = 7 0 + I1texr-( -(6):
t V ,jK(To)A.fif- (6)

where is the density of silicon and C the heat capacity. This equation could be solved
using Green's function analysis in d'ssuming that the free term SF is temperature
independent. The reflectance is a function of temperature but in order to obtain solution
of (6) we suppose that it is constant (R = R(To) const). This assumption is reasonable
because for Si the reflectance is weaker function of temperature compared to K. The
solution of this boundary-value problem is

2PrKo flf f GF(X,Y,Z.rX',Y',Z, r)SF(X',Y',Z'.e)dX'dY'dZde (7)
0 --- 0

where the Green's function is defined as

GF(X,Y,Z, rX',Y',Z', -)=

1 r-)] eV (x Y ' [ (.Zl -)< 1 L (Z+Z')' - (8)
L'' ~~4(r-ze) jjX[4(r-t' j-e) P 4(r-o') j

The real temperature in the irradiated zone can be obtained if the temperature
dependence of K is known. For monocrystalline silicon K(T) could be well approximated
by appropriate expression [13]. Applying the reverse Kirchoff's transform we obtain

T(O = 99+(-99) exp[C D T 0O/299] (9)

Since R is very weak temperature function, the solution obtained for R = R(T )= const
could be used for determination of temperature in case of R = f(T) by simpli iteration
procedure proposed by [14). From the solution of the boundary-value problem (7) it can
be seen that the temperature distribution strongly depends on the pulse shape so the
latter should be precisely defined. The experimenally obtained shape of the laser pulse
is defined with mathematical expression and Its Introduction In (6) allows to obtain the
real temperature distribution. Temperature distribution In the time course for different
approximations of the pulse shape (rectangular and Gaussian) compared with the
temperature distribution for the reel pulse Is shown on FRg.3. As It can be seen the
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1- rectangular
2-realra

S,= 3 - Gaussian

E

time, s
Fig.3 Temperature in the laser spot center for 0.490 W laser power and 100 Pm spot

diameter as a function of time

pulse shape substantially influence the temperature in the irradiated zone. On the basis
of the obtained temperature distribution at the end of the pulse, the distance from the
spot center to the point where T = 548 K (the temperature above which the
decomposition of SiH on the surface takes place [15j) is determined. It corresponds
to the half-width of the deposited stripe. The theoretically calculated and the experimentally
measured widths of the stripes are compared on Fig.4. As seen from this figure the
model predicts well the experimental widths.

E
0e

T=L

<) -theory
0 - experiment

03 0j. 001 00 0? I l 00, L .1

laser power, W
Fig.4 Theoretical and experimental widths of silicon stripes at 1000 mbar 5% SiH4 in

Ar as a function of laser power

Modelling of kinetics

The determination of kinetic parameters during the process is very difficult task
that is why we have used cited data from literature. The results of several investigations
concerning the thermal decomposition of SiH on heated silicon substrate show that the
process has a complex mechanism [16-18] lnd different pathways. According to the
most of models the process could be considered from the point of view of Langmuir -
Hinsheiwood kinetics, including adsorption, surface chemical reaction and desorption.
Our model for laser pyrolysis of SIH4 using a pulsed laser is based on the following
assumptions: (a) process of homogeneous pyrolysis of SiH 4 does not occur; (N the
obtained hydrogen is not adsorbed; (c) LCVO of Si is entirely pyrolytic process; (d) the
gas phase diffuson Is not taken into account.

According to Buss at &l. the heterogeneous decomposition of SIH includes
dissociative adsorption, desorption and surface reaction [19]. In this work Analytical
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expression for the reactive sticking coefficient (RSC) as a function of the substrate
temperature are presented. In our case the process is non-isothermal and non-
stationary and it is necessary RSC distribution along x and y directions and in the time
course to be known. The temperature field and its time evolution already obtained are
involved in the model of Buss et al. and RSC distributions as a function of coordinates
and time are determined. Since RSC is time dependent function an effective time t for
the reaction carried out for one pulse with average value of RSC (for x = 0 and y = 0 ;ere
RSC is maximum) could be defined.

-t

t•f = JRSC(t) dt (10)

0

It is convenient the introduction of another parameter V. which is constant for definite
gas partial pressure:

V. = F M/(PNA) (11)

where F is SiH molecules flux to the surface, M the atomic mass of silicon, p the density
of monocrystalline silicon and NAAvogadro's constant. The physical meaning of V is the
maximum deposition rate assuming that RSC = 1 and its value is 2.71x10 3 m/s-for 50
mbar partial pressure of SiHl4.

The height of the deposited stripe for one pulse Hp in the center of the laser spot
(x = 0, y = 0) will be product of t., and V . The X-Y stepping stage used in the experiment
performs step of 2 pm so the number oTtranslations for which the laser beam spot (with
diameter 2wo) will pass through a geometric point is w. It means that for 100 pim laser
spot the number of translations will be 50.

The number of pulses at a point NO can be determined bythe following expression
Nip = s f/V. (12)

where s is the step of X-Y stepping stage, V, the scanning speed and f the laser
frequency. Having in mind the character of translation of the X-Y stepping stage and RSC
as a function of the coordinate x, along which this trmnslation is carried out, the height
of the deposited stripe H can be determined by the expression

H=HpNi pVjRSC(tXi)dt /j RSC(tX=0)dt (13)

:=O0 /'

The obtained results from (14) unf,.tunately show substantial discrepancy with the
experimental data In contrast to the widths modelling. Our opinion is that the kinetics
of LCVD of Si from SIH 4 using cop per bromide vapor laser cannot be defined with the
known kinetic parameters. in literature there is information about photoeffect during the
deposition of silicon from silane Induced by cw Ar* laser, but this effect takes place only
at low laser powers [20]. The maximum known value of RSC for decomposition of SilH
on SI is 0.2 (for temperatures above 1500 K) [21]. Even If we assume that RSC = 0.2
for the whole range of times during laser Irradiation for which the surface temperature
is above 548 K - t,, the theoretical values of the deposit hMights in case of flat top beam
distribution can be given by

H, = Vt, 0.2w 0 f/V, (14)

The theoretically calculated and the experimentally obtained values of the stripes height
for different Incident laser powers, 40 pm/s scanning speed and 50 mbar partial
pressure of SiH4 are presented in Table I.
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EFFECT OF POST EXPOSED HYDROGEN ON CHEMISORBED ETHYLENE
ON Si(100)-(2xl)

WOLF WIDDRA, CHEN HUANG+, AND W. HENRY WEINBERG
Department of Chemical Engineering and Center for Quantized Electronic Structures (QUEST),
University of California, Santa Barbara, CA 93106

ABSTRACT
The effect of post adsorbed atomic hydrogen on the adsorption, desorption, and

decomposition of ethylene on Si(100)-(2xl) has been studied using high-resolution electron
energy loss spectroscopy (HREELS), temperature programmed desorption (TPD), and low-en-
ergy electron diffraction (LEED). Exposures to atomic hydrogen of more than 1015 atoms/cm2

convert the initial (2xl) reconstruction of sp3-hybridized, di-u bonded ethylene to a (lxl)
structure. Furthermore, after post exposure to atomic hydrogen, the thermal desorption peak of
molecular ethylene is shifted up by approximately 100 K and reduced in intensity. HREEL spectra
for deuterated ethylene show the formation of a C-H bond after exposure to atomic hydrogen,
whereas the C-C bond remains intact We explain our data by an atomic hydrogen-driven
conversion of the di-a bonded ethylene to a mono-a bonded surface ethyl. Thermal activation
after post exposure to atomic hydrogen leads to decomposition of about 60% of the initial
ethylene in contrast to the observed molecular desorption in the absence of hydrogen.

L. INTRODUCTION
The interaction of unsaturated hydrocarbons with silicon surfaces has received attention

recently because of its importance for the growth of SiC thin films by chemical vapor deposition
(CVD) and chemical beam epitaxy. Some studies have focused on the reaction of precursor
molecules like acetylene or ethylene on well-defined silicon surfaces [1,21. It was shown that
acetylene and ethylene are both di-a bonded to the Si-Si dimers on a Si(l00)-(2xl) surface [3-6].
At high temperatures, which are common for CVD, acetylene largely decomposes to SiC
liberating molecular hydrogen, whereas ethylene mainly desorbs molecularly [7,8]. Rather small
differences in the activation energy for desorption decide whether the molecule will desorb with
increasing temperature or undergo thermally activated decomposition. However, the influence of
coadsorbates have been neglected. In particular, hydrogen is known to play an important role in
many CVD processes, either as a reaction product (e.g., from silane, disilane, and diethylsilane) or
as a carrier gas. Preadsorbed hydrogen is known to block subsequent hydrocarbon adsorption on
silicon surfaces [7,9], but there are few studies concerning the influence of post exposures to
atomic hydrogen 1101. It was shown previously that low exposures to atomic hydrogen on an
ethylene-saturated surface will saturate the silicon dangling bonds which remain after ethylene
adsorption 16]. This was used to clarify the structure and bonding of ethylene on Si(100)-(2xl).
Here, we report on the chemical reaction between ethylene and atomic hydrogen for higher
exposures (> 1015 atoms/cm2). High atomic hydrogen exposures cause formation of an ethyl by
breaking one of the Si-C bonds of adsorbed ethylene leading to significant decomposition upon
heating in contrast to the mainly molecular desorption in the absence of hydrogen.

I 1. EXPERIMENTAL DETAILS
The experimental setup and the silicon sample preparation have been described previously

[5,11]. Briefly, the ultrahigh vacuum (UHV) chamber with a base pressure of 7 x 10-11 Tort
contains a HREEL spectrometer (LK-2000-14-R), LEED optics, an Auger electron spectrometer,a•n io sputter gun, a pin-hole .gas doser, a tungsten filament to produce atomic hydrogen, and a
difteuly pumped quadnapl mass spectromete (UTI-IO0C). The chamber is pumped by a
1000 i/s turbomolecular pump.

Atomic hydrogen and deuterium were generated by dissociation of the respective molecules

with a hot (1800tK) spiral tungsten filament positioned approxmatly 5 cm from the sample.
gg
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III. RESULTS AND DISCUSSION
Thermal desorption spectra for a Si(100)-(2x1) surface which was saturated at 100 K with

deuterated ethylene and subsequently exposed to various fluences of atomic deuterium at
apomaey 150 K are shown in Fig.l. The TPD spectrum for ethylene in the absence of

hyrgen is shown in Fig. 1 (a). The molecular desorption of ethylene occurs around 590 K and
shows a slightly asymmetric desorption peak, in agreement with earlier studies [7]. The
desorption spectra after exposures of 7 x 1014 and 7x 1015 D atoms/cm2 are shown in Fig. 1(b)
and (c), respectively. The observed desorption products are molecular 1)2 and C71) 4. The ethylene
desorption peak broadens, shifts slifhtly to higher temperature, and is reduced in intensity after a
deuterium post exposure of 7x 10' atioms/cm 2 After an exposure of 7 x 1015 atoms/cm 2, the
ethylene desorption peakt is shifted up by about 100 K to a desorption temperature of 700 K, and
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the area of the desorption peak is reduced to about 40% of ethylene desorption in the absence of
hydrogen. Molecular deuterium desorbs around 790 K after an exposure of 7 x 1014 D
atoms/cm2. At the higher exposure an additional desorption peak around 670 K is seen in Fig.
1(c). The deuterium desorption spectra which are shown here are similar to the desorption of
deuterium from a clean Si(lO0) surface after atomic deuterium exposures at low temperatures.
The monodeuteride and the dideuteride desorption peaks, originating from deuterium atoms
bonded to a Si-Si dimer and from two deuterium atoms bonded to the same silicon atom are
clearly seen, as the high- and low-temperature peak, respectively. In addition to the significant
upshift of the ethylene desorption temperature and the appearance of a dideuteride desorption
peak, the LEED pattern changes from a (2x1) to a (lx1) for exposures to atomic deuterium above
1.5 x 1015 atoms/rm2 .

An isotopic exchange experiment using deuterated ethylene and atomic hydrogen can
illuminate the origin of the molecularly desorbing hydrogen and the hydrogen in the desorbing
ethylene. Figure 2(a) and (b) show TPD spectra after post exposures to atomic hydrogen of 1.4 x
1014 and 1.1 x 010 atoms/cm 2. The TPD signal was monitored for masses 2 (H2), 3 (HD), 4
(D2), 32 (C2D4), 31 (C2D3H), and 30 (C2D2H2). For the higher exposure, Fig. 2(b), the spectra
again show a shift to higher temperatures and a reduction in desorption intensity of the ethylene
desorption peaks. For low exposures, the hydrogen desorption shows the typical monohydride
peak. The small amount of deuterium, desorbing as HD, originates from some ethylene
decomposition which can be seen also on a nominally clean surface [7]. For the higher exposure
of 1.1 x 1016 atoms/cm 2, hydrogen desorbs with a monohydride and a dihydride peak. However,
the dihydride desorption peak at lower temperatures is only observed for H2, not for HD or D2.
This indicates that only the isotopic SiH2 dihydride is present on the surface at the onset
temperature of thernal desorption. For a proper interpretation of the isotopic exchange data for
ethylene (i.e., the origin of masses 31 and 30), the cracking pattern of ethylene must be taken into
account (C2H3+/C2H4+ = 0.6, as determined independently for our system). Additionally, a
C2D3H isotopic impurity (15%) in the C2D4 gas must be corrected for. The TPD spectra after a
low hydrogen exposure, shown in Fig. 2(a), for masses 30 and 31 originate completely from these
two effects. In other words, there is no isotopic exchange within the ethylene molecule up to the
thermal desorption temperature. This conclusion has been confirmed by HREELS data (vide
infra) and by TPD results using C2H4 and atomic deuterium which are not shown here. The data
for an exposure of 1.1 x 10 16 atoms/cm 2 in Fig. 2(b), on the other hand, show a strong ethylene
peak with mass 31, which indicates isotopic exchange into the ethylene molecule. Clearly, the
atomic hydrogen has reacted with the ethylene molecule prior to thermal desorption. After
correction for the isotopic impurity and the various cracking patterns, the isotopic mixing in Fig.
2(b) is given by C2D4: C2D3H: C2D2H2 = 1: 0.45: 0.32.

To clarify thebonding on the surface at low temperatures, vibrational spectroscopy has been
applied. Figure 3 shows the HREEL spectra of adsorbed C2H4 and C2D4 on the Si(100)-(2xl)
surface at 100 K and saturation coverage. Seven energy loss peaks at 2928, 1416, 1196, 1076,
922, 655, and 465 cm-t , and a shoulder at 760 ci-I are observed in the hydrogenated spectrum,
(a). in the spectrum for deuterated ethylene, (b), five energy loss peaks appear at 2185, 1065,
780, 630, and 453 cm-1, with a shoulder around 908 cmn1. Comparison with infrared spectra of
organosilicon compounds allows an assipment of the peaks [12], as discussed in detail elsewhere
(6]. To sununarize, the 2928 cm-t peak m Fig. 3(a) shifts down to approximately 2185 cmrt after
deuteration and is a symmetric stretching vibration of the C-H bond. The 1416, 1196, and 922
cm-I peaks in FRg. 3(a) can be assigned as CR2 deformation modes: the CH2 scissoring, the CH2
wagging, n the CR2 rocking vibrations. After deuteration, the frequency of the scissoring mode
shifts down and overlaps with the 1065 cm-1 peak. A similar down-shift from 1196 to 908 cm-I is
also observed for the wagging mode. The downshifted rocking mode is masked by the 780 cm-t
peak. The C-C stetching vibration of the sphybridiud, adsorbed ethylene can be seen at 1076
and 1065 cm-1 in Fig. 3(sa and (b), respectively. The 655 cm-1 peak which is downshifted upon
deutertion to 630 crr- is the Si-C synm c surtching vibration and the 465 cm-1I peak which is
downsbifed to 453 cma1 is probably the Si-C asymmetric stretching vibration. The peak between
760 and 780 cm-1 is due to a smal1 SiC contamination in the near-surface region. However, Auger
ejecmin specocopy shows only a weak cabon signal for the clean surface: a peak ratio of
C(271 eV/Si(92eV) below 0.001. The HREELS data after diffrent post exposures to atomic
hydrogen are shown for a deuterated ethylene-saturated surface in Fig. 4. The spectrum without
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Figure 3: HREEL spectra of
adsorbed ethylene on the Si(100)-
(2xl) surface at 100 K: (a)
CH4]Si(100) and (b) CD 4 /Si(100).
The spectra are magnified by a factor
of 300 with respect to the elastic
peak. The spectra are measured in

8 I the specular direction with an
"inl electron energy of 7 eV.
C AS~~II-'
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atomic hydrogen has been discussed above and is shown again for comparison. The influence of
low exposures (< 1015 atoms/cm 2) to atomic hydrogen, as shown in Fig. 4(b) and (c), has been
discussed in detail elsewhere [6]. Briefly, for low exposures the ethylene spectrum is only slightly
perturbed and hydrogen is bonded to the silicon dangling bonds, as can be seen by the appearance
of the Si-H stretching mode. However, with higher atomic hydrogen exposures, as shown in Fig.
4(d) and (e), the Si-H stretching mode at 2100 cm-i increases in intensity and two new loss
features are clearly visible: the Sill2 scissoring mode at 980 cm-s and the C-H stretching mode at
2950 cm-t . The latter is increased well above the contribution from the C2D3H isotopic impurity
mentioned earlier. Additional HREEL spectra, which are not shown here [13], for high post
exposures to atomic deuterium on an ethylene-saturated surface, where the 1000 cm4- region is
not masked by C-D deformation modes, show that the C-C single bond is preserved after post
adsorption of deuterium.

As the TPD and LEED data clearly indicate, the interaction of post adsorbed hydrogen with
an ethylene-saturated Si(100)-(2xl) surface occurs in two distinct regimes. In the case of low
exposures (< 1015 atoms/cm2), hydrogen saturates the silicon dangling bonds and there is no
chemical reaction between ethylene and atomic hydrogen from the gas phase [6]. For higher
exposures, the atomic hydrogen converts the ethylene to an adsorbed ethyl group, which leads to
a change of the (2x0) to a (lxl) LEED pattern. The incorporation of atomic hydrogen into the
ethyl group and the presence of a C-C sinple bond are shown by HREELS data (Fig. 4,113]). We
explain the data by an atomic hydrogen-induced breaking of one of the Si-C bonds, leading to
formation of an ethyl. This explains the emergence of a (lxl) LEED pattern. The vibrational
spectroscopy clearly shows the incorporation of hydrogen into the newly formed ethyl group and

tepresence of a C-C single bond. The ethyl group can either decompose via z-hydsideelimnamtion, or undergo n-hydride elimination, liberating ethylene [14]. In our case, the ethyl

oup is stabilized by the formation of silicon dihydside on the adjacent silicon site of the former
Si dier. Upon heating, the dihydride must desorb first to reopen the reaction path for [-hy-
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Figure 4: HREEL spectra for the
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dride elimination and desorption of ethylene. The expected significant shift in the ethylene
desorption temperature above the dihydride desorption temperature has been unambiguously
observed. Furthermore, the mechanism predicts the predominance of H2 dihydride desorption, as
is also observed experimentally. At these high temperatures, the conversion between an adsorbed
ethyl group and ethylene might be reversible before the molecule finally decomposes to surface
carbon and hydrogen or desorbs. This would explain the observed isotopic exchange of more than
one hydrogen atom within the ethylene molecule. For the highest exposures to atomic hydrogen, a
small probability of a direct reaction between gas-phase atomic hydrogen and the adsorbed hy-
drocarbon cannot be excluded completely [14].

IV. CONCLUSIONS

We have shown that high exposures to atomic hydrogen (> 1015 atoms/cm 2 ) of an ethylene-
saturated Si(100)-(2xl) surface leads to a o-bonded ethyl, forming a (lxl) surface structure. The
ethyl is significantly stabilized by the formation of a silicon dihydride blocking the possibility of
hydrocarbon desorption via P-hydride elimination. Therefore, about 60% of the initial ethylene
decomposes, leaving carbon on the surface and liberating hydrogen. This is in contrast to the
mainly molecular desorption of ethylene in the absence of post adsorbed hydrogen and saturation
of silicon dangling bonds for low exposures to atomic hydrogen.
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THE DECOMPOSITION OF METHYLTRICHLOROSILANE:
STUDIES IN A HIGH-TEMPERATURE FLOW REACTOR*

MARK D. ALLENDORF, THOMAS H. OSTERHELD, and CARL F. MEI.US
Combustion Research Facility, Mail Stop 9052, Sandia National Laboratories,
Livermore, CA 94551-0969

ABSTRACT

Experimental measurements of the decomposition of methyltrichiorosilane (MTS), a common
silicon carbide precursor, in a high-temperature flow reactor are presented. The results indicate
that methane and hydrogen chloride are major products of the decomposition. No chlorinated
silane products were observed. Hydrogen carrier gas was found to increase the rate of MTS
decomposition. The observations suggest a radical-chain mechanism for the decomposition.
The implications for silicon carbide chemical vapor deposition are discussed.

INTRODUCTION

Methyltrichlorosilane (MTS) is commonly used in chemical vapor infiltration processes
as a prct'ursor to silicon carbide (SiC) [1, 2] Its use is also being explored for the production of
thin films for el'-ctronics applications (3]. The kinetics of SiC chemical vapor deposition from
MTS have been of interest for some time, since computational models are needed to assist in the
optimization and scale-up of new synthetic methods. Unfortunately, little is known about the
high-temperature reactions of chlorinated organosilanes. In a widely cited paper, Burgess and
Lewis measured the MTS pyrolysis rate in hydrogen at atmospheric pressure 141. Later,
Davidson and Dean attempted to measure the unimolecular pyrolysis rates for a series of
chlorinatcd methylsilanes (not including MTS), but found it difficult to achieve non-chain
conditions for these systems [5]. Most recently, Niiranen and Gutman measured the SiC13 + CH3
recombination rate at 300 K and 2 torr using photoionization mass spectrometry [6]. The limited
information relevant to MTS available from these studies indicates that additional experimental
data arc needed to fully understand the decomposition chemistry of this precursor.

In this paper, we describe measurements of MTS decomposition conducted in a high-
temperature flow reactor (HTFR) using a mass spectrometer to monitor the course of reaction,
The objectives are: 1) to identify the products of MTS decomposition, 2) to determine the effects
of different carrier gases on the decomposition, and 3) to suggest a mechanism for pyrolysis.
Following a description of the experimental procedures used, a brief discussion of earlier
theoretical predictions is presented to provide useful background for understanding the
experimental results.

EXPERIMENTAL METHODS

A schematic view of the HTFR used in these experiments is shown in Figure 1.
Reactions occur within a graphite tube with an ID of 5.0 cm and a length of 100 cm. The tube is
enclosed in a water-cooled, insulated vacuum chamber. Three independently controlled heating
elements surround the tube and can heat the gases flowing within it up to 1500 K. Reactor
pressure is controlled by a pressure transducer coupled to a throttle valve in the vacuum line. In
a typical experiment, carrier gas (hydrogen or helium) enters the reactor tube at the top and is
preheated to the reaction temperature by the first heating element. MTS is then added to the hot
carrier gas through a movable, water-cooled injector, allowing its residence time to be varied
(from zero to 100 msec in these experiments, based on the average flow v-'locity), The residence
time of the MTS is then varied with respect to a mass spectrometer probe located at the center of

*This work was supported by the Advanced Industrial Materials Program of the U.S. Dept. of
Energy Office of Industrial Technologies.
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Figure 1: Schematic view of the high-temperature flow reactor.

the interaction region, defined by the intersection of the window ports. The following HTFR
conditions were used: total reactor pressure, 25.0 ± 0.2 torr reactor temperature, 1243 ± 10 K;
total flow rate, 5.00 slpm; MTS flow rate, 50 sccm.

MTS and its decomposition products were detected by an Extrel EXM-500 quadrupole
mass spectrometer using electron impact ionization. Masses up to 500 amu and species
concentrations as low as 5 ppm (based on detection of 38 Ar in air) are observable with this
instrument. Gases are extracted from the HTFR by a quartz sampling probe with a 475-urm
orifice inserted into the center of the flow in the diagnostic region. The pressure inside the probe
is maintained at 1.00 torr by a pressure transducer/throttle valve combination. Since the probe
pressure is typically a factor of 10 or more lower than the pressure within the HTFR, the rates of
chemical reactions (in particular, radical-radical reactions) within the probe are substantially
reduced. After extraction, the sampled gases flow past a 200-uAm orifice attached to the mass
spectrometer chamber. The small amnunt of the gases leaking through the orifice forms a
molecular beam, which is then ionized and detected by the spectrometer.

THEORETICAL PREDICTIONS OF MTS PYROLYSIS

The experiments described here provide an opportunity to test some of the predictions of
our earlier theoretical analyses of MTS pyrolysis, in which we describe both the reaction
thermochemistry 17] and kinetics [8]. To estimate MTS decomposition rates as a function of
temperature and pressure, transition state (RRKM) theory was employed to predict rates for
several unimolecular MTS decomposition pathways [8], using transition state structures obtained
from ab initio electronic structure calculations 171. These calculations indicate that the three
most important decomposition pathways are:
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CH3SiC]3 + M -- CH 3 + SiC]3 + M (1)
CH3SiCI3 + M -4 CH2SiCI3 + H + M (2)
CH 3SiCI3 + M -- CH2=SiCI2 + HCI + M (3)

At the temperatures and pressures typical of SiC CVD (1300 - 1500 K, 10 - 760 tort), the rate of
Reaction (1) exceeds that of the other two by at least two orders of magnitude. This is illustrated
in Figure 2 for the case of hydrogen carrier gas at 1300 K. Exchanging hydrogen for helium
increases the rates of Reactions (2) and (3) relative to Reaction (1), but the rate of Reaction (1)
still exceeds that of the other two by at least a factor of 65.

A second prediction of these calculations is that substitution of hydrogen for helium as
the carrier gas will decrease the total MTS decomposition rate by about a factor of two, due to
the less effective collisional energy transfer expected from hydrogen. A final important finding
is that all three reaction channels are sensitive to the total pressure, as illustrated in Figure 2.
Decreasing the hydrogen carrier gas pressure from 760 toff to 10 torr results in a factor of 13
decrease in the total MTS decomposition rate.

2-
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W -4 2
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MNTCHU-loss
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-2 0 2 4 6

log(pressure/torr)

Figure 2: Pressure dependence of the three major MTS unimolecular decomposition pathways.

EXPERIMENTAL RESULTS AND DISCUSSION

Experiments in the HTFR using mass spectrometric detection identified two products of
MTS decomposition. The results of these experiments are shown in Figures 3 and 4. Figure 3
shows the mass spectrum obtained for a mixture of 1% MTS in helium with a residence time in
the heated zone of 82 msec. Peaks due to background gases were partially removed by
subtracting the spectrum obtained in the absence of MTS. Peaks at m/z (mass/charge) ratios of
148, 133, 113, 98, 76, and 63 correspond to the CH3 SiCI3+, SiC13+, CH3 SiCI2+, SiCl2 +,
CHSiCI÷, and SiCI+ ions produced by fragmentation of MTS in the spectrometer (smaller peaks
2-6 mass units above each of these correspond to fragments containing the 3 7CI isotope). Also
apparent in this spectrum are peaks at m/z-36 and 38, corresponding to the two isotopic forms of
HCI; this identifies HCI as an MTS decomposition product. Peaks in the range of m/z values
between 12 and 30, where hydrocarbon fragments are expected to appear, cannot be readily
identified since accurate baseline subtraction is difficult to achieve (often producing negative
peaks, for example) due to overlap with much larger background peaks.

107



2.0 - - .. .... .13

CH.SiCl CHSCI,

CHýSiC6I%UTSI4,1.5 1 243 K, 25-1 toff
o Si 0 m/z=133

• • •_t 11

1.0 c

4iI

c 0.5C

0 50 100 150 200 250 300 0 10 20 30 40 50 70x1o
3

Mass (m/z) Residence Time (sec)

Figure 3: Mass spectrum (background- Figure 4: Signal-averaged data for n/z=15
substracted) of MTS in helium at 25.0 ton (CH3+; corresponds to C-4) and mlz--133
and 1243 K, showing the presence of HCI as (SiCl3 +; corresponds to MTS) versus reactor
a product and the absence of chlorosilanes residence time, showing that CH 4 is
SiCl 4 and CI3SiCH2CH2SiCI3 (labelled produced as MTS decomposes. Data for
Si 2 C2 H4C16 in the figure) as products. each mass averaged over 3.5 minutes.

Notably absent in Figure 3 are peaks associated with chlorosilanes other than MTS,
which could form as the result of secondary reactions occuring after Reactions 1-3. No signal
was observed at m/z values corresponding to SiCL4 or HSiCI3 (the parent ion of SiH2CI2 cannot
be conclusively identified due to its overlap with the 2 8 Si 7 Cl35CI peak at nVz=100). A
compound that would be formed by the reaction of two CH2SiCI3 molecules from Reaction (2),
CI3SiCH 2 CH2SiCI3 (m/z=294), also could not be detected. The absence of signal at these m/z
values suggests that silicon-containing radicals formed in the initial stages of MTS
decomposition are lost to the reactor or probe walls before reaching the spectrometer. If this is
occuring, it may be possible to reduce the rate of wall loss by converting the radical to a more
stable species by reacting it with a trapping agent. In the case of MTS decomposition, SiCl 3
molecules formed by Reaction (1) are expected to further decompose via the reaction SiC13 -4
SiCl2 + Cl. Since silylenes such as SiCI2 are known to react with unsaturated hydrocarbons to
form stable alkylsilanes [91, we attempted to trap these molecules by adding C2 H4 to the carrier
gas. The compound that would be formed is HCI2SiCH=CH2, giving mass peaks at m/z=126,
99, and 91 corresponding to the fragments HCl2 SiCH=CH2+, SiC12H+, and HCISiCH=CH2 +.
Efforts to detect these fragments in both helium and hydrogen carrier gas were unsuccessful.
This suggests that the SiCi2 molecule, if it forms, is also lost to the walls or that the addition
product is not sufficiently stable to be detected.

In addition to HCO, a second product of MTS decomposition was detected by monitoring
the signal at mlz-l5, which corresponds to the CH3+ fragment. As discussed earlier,
interference from background gases complicates data collection in the 12-30 amu region.
Meaningful data can be obtained, however, by averaging the signal at a particular mass over a
period of one to two minutes. Data obtained in this manner are presented in Figure 4, which
shows the intensity of the m/z=133 and ni/z=15 peaks as a function of reactor residence time.
The concentration of MTS decreases as th residence time increass, showing that MTS is
decomposing in the reactor. Simultaneously, the ni/z-15 peak iqcreases with increasing
residence time, indicating that the parent compound is a product of the pyrolysis reaction. The
likely source of this signal is methane; plots of the signals at nVz values corresponding to ethane
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(which could form by recombination of CH 3 radicals) show no such increase. Similar behavior
is obtained at n)/z=16 (correspondin# to CH4+). but with reduced precision due to overlap with
the very strong O+ peak. The detection of CH4 indicates that some of the MTS decomposes via
Reaction (1). Quantitative experiments correlating the concentration of MTS and CH4 are now
required to determine if Reaction (1) is the primary decomposition channel.

The effect of exchanging helium for hydrogen carrier gas on the overall MTS
decomposition rate was also examined. As discussed above, the unimolecular decomposition
Reactions 1-3 are predicted to be a factor of two slower in hydrogen than in helium. Figure 5
compares the amount of MTS decomposition obscmd in heium versus hydrogen, as indicated
by the change in the m/z peaks corresponding to the SiCi3+ cracking fragment of MTS. In
helium, m/z=133 decreases by about 5% for an MTS residence time of 67 msec. In hydrogen,
however, the decrease is much larger, about 17% for the same residence time. Thus, addition of
hydrogen increases the MTS decomposition rate. Since this is the opposite effect of that
predicted by collisional energy transfer arguments [8], an additional MTS decomposition
mechanism must be operative that is accelerated by the addition of hydrogen.
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Figure 5: Comparison of mass spectrometer peaks corresponding to SiCI3+ ions for helium
versus hydrogen carrier ps at 1243 K, 25 torr.

The observations described above are consistent with a radical-chain mechanism in which
hydrogen atoms and methyl radicals play an important role. Such mechanisms have been
proposed for other chlorosilanes [5]. The mechanism is described by the following reactions:

I : CH3SiCI3 + M -+ CH 3 + SiCl3 + M (I)

Ch•ainQ EW&3i: CH 3SiCI3 + CH3 -+ M + CH2 SiCI3  (4)
CH3+H2-•CH4+H (5)
H + CH3SiCI3 -+ H2 + C•H2SiCI3 (6)
SiC3 -+ SiCI2 + CI (7)
C1 + H3S•13 -+ HC1 * CH2Si013 (a)
(. + H 2-. HCI - H (9)

£ha~.J.• na i: SIC3 + wall -, S03(w) (10)
SiC12+ wal .-+ SiC12(w) (1 )

CH2SiCI3 + wall -+ CHA2SCI3(w) (12)
H +H+M--1H2+M (13)H +C + M- HC + WM (14)

CH3 + H + M - CH4  M (15)
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As predicted by the RRKM calculations, the initation step in this mechanism is the
breaking of the Si-C bond. The methyl radical formed in this step can then react with another
MTS molecule to produce methane, thereby accounting for the observed production of this
species in helium carrier gas. Exchanging hydrogen for helium as the carrier gas accelerates the
conversion of the methyl radical to methane by providing a second, prmsumably faster, pathway
(Reaction 5). Since Reaction 5 also produces an H atom, the MTS decomposition rate also
increases via Reaction 6.

Formation of HCI occurs through Reactions 7-9. Since the Si-Cl bond strength 17] in
SiCI3 is only 68.8 kcal mol-1, thermal energy sufficient to fragment the Si-C bond (whose
strength is 96.7 kcal mol- 1) is easily sufficient to drive Reaction 7. Other pathways leading to Cl
atom formation, such as breaking the Si-Cl bond in MTS, or elimination of HCI via Reaction 3,
are expected to be significantly slower than Reaction 7.

The lack of chlorosilane products is accounted for in the mechanism by wall-loss,
Reactions 10-12. Although these experiments provide no direct evidence of this, measurements
of SiCI3 wall-loss rates at room temperature by Niiranen and Gutman indicate that Reaction 10 at
least should be very fast [6]. They obtained a wall-loss rate of 170 s-1 for Reaction 10; for
comparison, the rate of Reaction 1 is predicted by RRKM calculations to be about I s- in helium
at 25 torr and !243 K.

The mechanism suggested above has significant consequences for SiC CVD. First, the
observed activation energy for MTS pyrolysis will be substantially lower than that predicted by
RRKM theory, since the chain-propagation reactions (4)-(6) have very low activation energies
(8-10 kcal mol- 1) compared with the much higher activation energies associated with initiation
(>75 kcal mol-I at 25 torr). Thus, MTS decomposition will proceed at reactor temperatures
lower than those expected from a purely unimolecular, non-chain process. Second, the rapid loss
of silicon-containing species to the walls implied by Reactions (10)-(12) is consistent with the
suggestion of previous investigators, namely, that incorporation of silicon during SiC CVD is
rapid and the process is limited by the reaction of stable hydrocarbons with the surface [10].
Finally, the identification of methane as the principal carbon-containing product suggests that
carbon deposition may be slow, since the reactivity of methane with the silicon carbide surface
appears to be low [II].

In summary, the results presented here provide a qualitative picture of MTS
decomposition, identifying some of the gas-phase products and suggesting a mechanism for the
pyrolysis of MTS at CVD temperatures. Additional data are required to provide quantitative
information on the rates of wall reactions, homogeneous decomposition rates, and the effects of
temperature and pressure. Experiments to obtain this information are now underway.
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HETEROGENEOUS KINETICS OF THE CHEMICAL VAPOR DEPOSITION
OF SILICON CARBIDE FROM METHYLTRICHLOROSILANE

GEORGE D. PAPASOULIOTIS AND STRATIS V. SOTIRCHOS
Department of Chemical Engineering, University of Rochester, Rochester, NY 14627

ABSTRACT

We examine the dynamic behavior of a heterogeneous reaction model for the chemical
vapor deposition of carbon, silicon, and silicon carbide from the precursors generated by
the thermal decomposition of methyltrichlorosilane (MTS, CH3SiC13 ). All reactions are
treated as reversible in order to account for the strong inhibitory effect of the reaction
by-products on the deposition process that was observed in our experiments and in other
studies. The equilibrium constants of the adsorption steps of the reactions are treated as
model parameters, and those of the other reactions are calculated from the thermodynamic
constants of a set of overall deposition reactions. Results are presented on the influence of
the various model parameters on the reaction rate, the stoichiometry of the deposit, and
the variation of these quantities with the distance in a plug flow deposition reactor.

INTRODUCTION

The good properties and numerous potential applications of silicon carbide have gen-
erated considerable interest in the kinetics of its chemical vapor deposition from various
precursors, methyltrichlorosilane being among the most frequently used. The results, how-
ever, of the various experimental investigations show low reproducibility [1,21 suggesting
that the chemistry of the MTS/SiC deposition system is too complex to be described by
the simple Arrhenius/power law expression usually employed in the literature. Among the
existiný models for the deposition of SiC from mixtures of silanes and hydrocarbons, even
those that place significant emphasis on the chemistry of the process [3,4] treat the het-
erogeneous reactions as irreversible. This approach cannot be applied for the deposition
of SiC from methyltrichlorosilane since it has experimentally been observed that there
is a strong inhibitory effect of the reaction by-products, namely HCl, on the deposition
process [5,6].

In this study, we first present some experimental results for the variation of the
deposition rate with the distance in a hot-wall CVD reactor and the effect of hydrogen
chloride on the deposition process in order to underscore the need for accounting for the
reversibility of the surface reactions in the SiC/MTS deposition system. We then describe
an expanded version of our heterogeneous reaction mechanism [7] for the deposition of
silicon carbide from methyltrichlorosilane and explain how the thermodynamic equilibrium
constants of some overall reactions that do not involve surface species can be used to
dete'rmine conditions that must be satisfied by the equilibrium constants of the surface
reactions. Finally, we present some results on the evolution of the reactivity and deposit
stoichiometry for some values of the model parameters and compare them qualitatively
with the experimental observations.

SURFACE REACTION MECHANISM

The surface mechanism, which was mainly based on arguments outlined in references
{71 and 18], is given in Table I. (It should be noted that reaction SR12 was also included
in the model presented in [71, where its rate was assumed to be equal to that of SR4.)
Surface species are denoted by subscript s, [Ss.J and [Sc] represent silicon and carbon
sites., respctively, on the deposition surface, and [S] stan or either of these two typesof sites. The concentrations of silicon and carbon sites are assumed to be proportional to
the concentrations of carbon and silicon atoms in the deposit. The double desorption stepof the S:C12 surface species (reaction SR14) is used to account for the desorption of SiC[4from siion carbide surfaces exposed to MTe and hydrogen chloride 191. To obtain results
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representative of the experimental arrangement used in our studies, the gas-solid reactions
are introduced into the reaction and transport model of a plug flow reactor [7] coupled
with the homogeneous chemistry mechanism for the thermal decomposition of MTS [8].

All reactions must be treated as reversible in order to account for the efect of the
reaction by-products (HCI) on the deposition process. The heterogeneous kinetic model of
Table I encompasses 14 reactions, and as result, 28 reaction rate constants (for the forward
and reverse steps of the reactions) must be identified before one begins computations. Since
the structure of the silicon carbide deposition surface and those of the adsorbates are not
characterized, values for the equilibrium constants of the adsorption steps are not available
at present. Some investigators [10-12] have tried to compute the adsorption equilibrium
constants for the Si/H/CI deposition system using first principles, but the predictions of
their computations depend strongly [13] on what structures are assumed for the surface
species. This has led to significant differences between different studies [10,12].

The reactions of Table I involve 13 non-surface species (CGH 2 , CH4 , C2 H 4 , H, H 2 ,
CH3 , SiCl2 , SiCl3 , SiCl4, HCI, C, SiC, and Si) for which thermodynamic data are
available in the literature. It can easily be shown that one can construct at most 9 linearly
independent reactions using species from the above set. If the [Sc] and [Ss,] are assumed
to be energetically equivalent, one can show that the logarithms of the equilibrium con-
stants of the above reactions are linear combinationss of the logarithms of the equilibrium
constants of some of the reactions of Table I. Since all of the 9 reactions are linearly in-
dependent and their equilibrium constants are known, this yields 9 equations that must
be satisfied by the equilibrium constants of the reactions of the heterogeneous mechanism
and, on that account, reduces by the same number the number of kinetic constants that
must be evaluated.

Table 1. Surface Reaction Mechanism for the Deposition of SiC

SRI. SiC12 + IS) -. (SiC 2]. SR8. [SoC13). + H - [SiC12]. + HC1
SR2. C2H2 + 2[S] - 21oC]. sP9. ICR21. - C + [Scl + H2
SR3. C2Ot 4 + 21S] -- 2oCH 2[. SR10. [SiC!2]. + H2 -. Si + [Ss,. + 2HCn
SR4. [CHI. + H [CO 2], S,11. [CH 2[. + (SiC!2]. -. SiC + [Ssi + [Sco + 2HC1
SR5. CH 3 + [S] -I tCR3,. s112. [CR], + H2 -. [CR 2]. + H
SR6. [CH3]. + H -- [CH2]. + H2 SR13. [Cn 2]. + [CH2 ]. -- C + [Scl + [S) + CH 4
SR7. SiC13 + [S] -. [SiC!2 . 514. [SiC!2]. + [SiC121. -* Si + ISs,] + [S] + SiC14

To determine the kinetic constants, we treated five of the equilibrium constants,
specifically, those of the adsorption steps, as model parameters. The kinetic constants
of the adsorption steps were estimated as the collision frequency of the corresponding
adsorptive species with the surface multiplied by its reactive sticking coefficient. In accord
with the results of Buss et al. [14], the reactive sticking coefficients of C2 H 2 and C2 H4 were
assumed to have Arrhenius dependence on temperature with activation energy values 4 and
6 kJ/mol, respectively, while those of the radicals were set equal to unity. The forward
rates of reactions SR4, SR6, SR8, and SR12 were assumed to be equal to the collision
frequencies of either atomic or molecular hydrogen with the deposition surface multiplied
by the fractional surface coverage of the species involved in the reaction. The forward
rate constants of reactions SR9, SR11, SR13, and SR14 were set equal to 3.1 x 10-12,
8.2 x 10-4, 2.8 x 10-', and 3.4 x 10-9 kmole/m 2 .s, respectively, and that of reaction SR10
to 8.2x 10' kmole/m 2 .s-atm in order to reproduce the order of magnitude of the deposition
rates observed in our experiments. (In the above discussion, the various rate expressions
are assumed to be expressed in terms of the surface coverages of the surface species and the
partial pressures of the gas phase species.) Thermodynamic data for equilibrium constant
estimation were obtained from the JANAF [151 tables.

If the surface reactions leading to deposition of Si, C, and SiC are treated as irre-
versible, one does not have to distinguish between silicon and carbon sites. This approach
was taken in some preliminary computations that we presented in [7], where we showed for
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the first time that a heterogeneous reactor model of the type shown in Table I can explain
several of the experimental observations on SiC deposition from MTS. For steady-state
operation of the reactor, as it is the case investigated here, the ratio of the concentrations
of silicon and carbon sites turns out to be equal to the ratio of the deposition rates of
silicon and carbon, R. It follows from the heterogeneous kinetic model that P. is given by

_ R,10 + Rail + R, 14

Ra9 + Rail + R, 13

DISCUSSION OF SOME RESULTS

In order to investigate the variation of the deposition rate with the distance in the
reactor, deposition experiments were performed using multiple graphite substrates. The
substrates were placed along the axis of a tubular hot-wall deposition reactor in vertical
arrangement, and experiments were conducted at atmospheric pressure. Typical results,
obtained at 1273 K and with the H2 /MTS ratio in the feed stream equal to 10, are pre-
sented in Figure 1. The reactivity initially increases, its increase following the increase of
temperature of the reactor. The initial increase is followed by a sharp decrease, occurring
within the isothermal zone of the deposition reactor. (Temperature measurements showed
that the isothermal zone of the reactor extended between 4 and 16 cm from the top of the
heated length of the resistance furnace.) Similar reactivity profiles were observed in ex-
periments conducted at different temperature, flowrate, and reacting mixture composition
conditions. Characterization of the deposited films revealed that, apart from the reaction
rate, the deposit stoichiometry also varied along the reactor's length. Films deposited in
the region of high deposition rates were polycrystalline and contained excess silicon, while
those obtained after the sharp decrease in deposition rate occured were largely amorphous
and their silicon content was reduced. The variation of the deposition rate and of the
stoichiometry of the film with the distance (or equivalently, the residence time) in the
reactor may be the main reason for the large discrepancies in the results of different exper-
imental investigations of the deposition of silicon carbide from MTS. As Figure 1 shows,
experiments conducted under similar conditions can yield vastly different reactivity results,
depending on the point of measurement and the geometry of the experimental apparatus.
The analysis of these results may in turn lead to widely different values for the apparent
kinetic constant and the order of the overall deposition reaction.

0.6 - 0.5

s0. et Pon T2Wttl = 1273
Irlow ~ ~ ~ ~ ~ H Flow Raf 5W'''rrrr''• mcc/ • ,4 •i0

a 0.41- N 'K ~ tE 0 .3-

0.1.1 T 1303 K

0.0 , 0.0 -

0.00 0.05 o. o6. 0.20 0.0 0.0 21.0 30.0 40.0 50o

Distance In the Reoctor. m Pewentage of Reactant DVefWion

Figure 1. Deposition Rate vs. Distance Figure 2. Deposition Rate vs. Reactant
in the CVD Reactor. Depletion.
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The decrease in the deposition rate cannot be attributed to depletion of silicon or
carbon bearili,' species since the feed stream would not have been depleted even if the
deposition process occurred at the maximum observed rate throughout the total length
of the reactor. Moreover, since it takes place within the isothermal zone of the reactor,
it could not be caused by a decrease in the temperature. Experiments were therefore
carried out to investigate the effect of the reaction by-products, namely HCI, on the
deposition rate. Different levels of reactant depletion were simulated by varying the MTS
to HCI ratio in the feed stream on the basis of the generation of three hydrogen chloride
molecules for each molecule of MTS consumed. Some of the obtained results are shown in
Figure 2 for reaction at 1303 K and 1205 K. It is seen that the deposition rate at 1303 K
remains almost invariant for low depletion levels (below 5%), but it subsequently decreases
sharply with increasing depletion level. Similar behavior was observed by Besmann et al.
J61. The effect of increasing the HCi concentration on the deposition rate indicates that
the drop in deposition rate seen in Figure 1 could be due to the progressive increase of
the concentration of hydrogen chloride in the reactor. It should be noted that complete
stoppage of all deposition reactions was observed for depletion levels above 30% in the
experiments of Figure 2. The corresponding threshold at 1205 K was 15% depletion.

The experimental results of Figures 1 and 2 suggest that reversible surface reactions
must be considered in a heterogeneous kinetic mechanism model in order to be able to
reproduce the behavior seen there. Typical results predicted by the mathematical model
for reversible deposition reactions are shown in Figures 3 and 4, for the evolution of the
deposition rate and film stoichiometry, respectively. These results are for the case of a
reactor with 1.5 cm diameter, 600 ml/min volumetric flow rate at standard conditions,
three pressure levels (0.01, 0.1, and 1 atm), 1300 K temperature, and MTS to H2 ratio in
the feed equal to 0.1. The activity-based equilibrium constants (K.'s) of the adsorption
steps were set equal to 320 for SiC 1, 100 for SiCLh and CH3, and 1000 for C2 H2 and
C2B1.

to-

•'P= I Ofam 0.9-

0.6

0.5 0.01

At O

0.00 0.0 , 0.12 0.1 0.24 0.300 .00 0.05 0.10 0.15 0.20 0.25 0.30

Distvnce Ln the Reactor, m' Distance in the Reactor, m

Figure 3. Deposition Rate vs. Distance Figure 4. Deposit Stoichiometry vs.
in the CVD Reactor. Temperature = Distance in the CVD Reactor. Temper-
1300 K, H2 /MTS = 10, Total Flow Rate ature = 1300 K, H 2 /MTS = 10, Total
= 600 scc/min Flow Rate = 600 scc/min

Figures 5 and 6 present the variation of the concentrations of some of the carbon and
silicon bearing species, respectively in the gas phase with the distance in the reactor with
(chain-dashelines) and without (solid lines) heterogeneous reactions taking place at 1
atm. The homogeneous chemistry mechanism used in this modelling study was presented
in reference [81. It is seen from the results of these two figures that the occurrence of
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the heterogeneous reactions has a strong effect on the concentrations of the gas phase
species. Comparison of Figures 3, 5, and 6 reveals that the decrease in the Si deposition
rate at 1 atm coincides with the decrease in the concentrations of the main deposition
precursors (e.g., SiCl2 and SiCI3 in Figure 6 and C2 ) 2 and C2 H 4 in Figure 5) and the
rise in the concentration of HC1. The rate of reaction SR11 is caused by a reduction
in the surface coverage of methylene radicals, which is in turn caused by the decrease of
the partial pressures of the carbon deposition precursors in the gas phase. The surface
coverage results showed that the surface coverage of [SiCh21s, which is the main adsorbate
at 1 atm, does not change significantly over the entire length of the reactor. Nevertheless,
the rate of reaction SR10 starts decreasing monotonically at the point where the maximum
deposition rate occurs because of the increase of the partial pressure of hydrogen chloride
in the gas phase. In fact, reaction SR10 proceeds towards silicon etching near the end
of the observation window of Figure 3, resulting in a carbon rich deposit (see Figure 4).
Therefore, hydrogen chloride not only can affect the reactivity of the system, but also may
suppress the deposition of silicon and lead to carbon rich deposits. Ohshita 116] has shown
that it is possible to improve the stoichiometry of the deposited film by introducing HCl
in the deposition reactor with the reacting mixture.

e -
-SiCl, " >HCI

0 c. 0-

10-2!

X? CA Xsc

0.00 0.'06 0'.12 0.16 0.24 0.30 0.00 0~eo.06do o., o3
Distonce in the Reactor, rn Distance in the Reactor, m

Figure 5. Evolution of the Concentra- Figure 6. Evolution of the Concentra-
tion Profiles of the main Hydrocarbons tion Profiles of the main Silicon Bear-
in the CVD Reactor. Temperature = ing Compounds in the CVD Reactor.
1300 K, p = 1 atm, H2/MTS :•10, Temperature -- 1300 K, p - 1 atm,
Total Flow Rate = 600 scc/mmn. Solid 112/MTS "=10, Total Flow Rate = 600
lines :only gas phase reactions. Chain- 5cc/mmn. Solid lines :only gas phase re-
Dashed lines : surface reactions included, actions. Chain-Dashed lines : surface

reactions included.

The results of Figures 3 and 5 lead us to conclude that the variation of the carbon
content of the deposit follows closely the variation of the partial pressures of the main
carbon deposition precursors, C2H4 and C2)H2. It is the effect of the concentrations of
C2)H2 and C2)!4 on the surface coverages of [CH!2]. and [CH!], that is primarily responsible
for this behavior. As Figure 4 shows, the deposits obtained for low residence times are
silicon rich, while the transition to deposits that are closer to stoichiometry occurs at
higher values of residence time, where the high concentration of HCl suppresses silicon
formation and the concentration of carbon deposition precursors rises, Tils resul is in
qualitative agreement with the behavior seen in our experiments.

We saw in Figures 5 and 6 that the concentration profiles of the major deposition
3 precursors and reaction by-products in conditions of significant S: or SaC deposition (or,
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equivalently with heterogeneous reactions included in the model) differ significantly from
those predicted by the mathematical model without heterogeneous reactions. As one can
see in Figures 5 and 6, the presence of surface reactions influences strongly the evolution of
partial pressure profiles in the deposition reactor. The decompostion of of methyltrichlosi-
lane is accelerated and the partial pressures of all deposition precursors are lower. On the
contrary, the partial pressures of the reaction by-products and other stable compounds in-
crease, by approximately one order of magnitude in the cases of HCl and SiCl4 . As Figure
5 shows, the presence of heterogeneous reactions in the system results in a decrease of the
partial pressures of acetylene and ethylene by two orders of magnitude. This may very well
be the reason for which several gas spectroscopy studies in silicon carbide CVD reactors
either did not detect the presence of C2H 4 and C2 H2 [2,17] or detected minor quantities
of the two compounds (18], whereas methane, silicon tetrachloride and especially hydrogen
chloride were found to be the major gas phase species [17].
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REACTION KINETICS ON DIAMOND: MEASUREMENT OF HI
ATOM DESTRUCTION RATES

STEPHEN J. HARRIS AND ANITA M. WEINER Physical Chemistry
Dept., General Motors R&D Center, Warren, MI 48090-9055

ABSTRACT
We describe the first measurements of reaction kinetics between diamond and a

gas phase species-H atoms-involved in its formation. We develop a remarkably
simple method to measure H atom concentrations and use the method to mneasure
"Yd, the destruction probability of H atoms on diamond at 20 torr and 1200 K. We
find -y - 0.12. This value is close to that estimated fronm gas phase alkane rate
constants.

INTRODUCTION
In this work we describe a remarkably simple version of the recombination en-

thalpy technique which we use to obtain 11 atom concentrations in good agreement
with previous measurements. Having validated the analysis for our system, we tln
use it to make the first direct experimental measurements of reaction kinetics be-
tween diamond and a gas phase species involved in its forimtion. The relationship
between gas phase and gas-surface kinetics is discussed.

EXPERIMENTAL
We used a 125 pm diameter Pt/Pt-10%Rh thermocouple as a sitbstrnte for

diamond growth. It was held about 4 mm above a 250 um diameter tungsten
filarment.

To obtain H concentrations, we measured the substrate temperature (thermo-
couiple voltage) in 1% CH 4 in H2. Experiments to measure the H ato dmlestruction

probability began by introducing a thermocouple above a carburized filament at 20

torr. The platinum thermocouple temperature T, was measured (1100 to 1200 K),
a diamond film was then grown overnight, and the temperature of the diam,,nd-
coated thermocouple Td was measured again. The difference between T, and Td

reflects in part a difference in the 11 atoum recombination rates upon changing from
a platinum to a diamond-coated platinunm wire. In order to measure the emnissivity

Ed of the diamond-coated platinum wire relative to the known value for the phtt-
inumr wire ep, we heated the thermocouple electrically in vacuum both before and
after diamond growth, and we measured the electrical power required to attain a

given temperature.

ANALYSIS
Interpretation of recombination enthalpy measurements requires an energy bal-

ance analysis which includes radiation hesting and cooling of the thermocouple,
heat transfer between the gas and thermocouple, heat conduction along the ther-

mocouple wires, and H atomi recombination in the thermocouple([1,2,3,4]. Beltow,
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we explore the consequences of simplifying the analysis by ignoring all but the
largest terms in the energy balance for our system.

In vacuum, radiation heating and cooling control the thermocouple tempera-
ture, which rises to approximately 650 K. However, because the radiation terms
scale with T 4 , that same amount of radiation energy would lead to only a small
temperature rise in the range near 1200 K, where our measurements are made.
Thus, we ignore radiation heating. When 20 torr of He is added to the system,
the thermocouple temperature increases by only an additional 100 K (compared
to a rise of around 500 K when H2 is added, depending on the pressure), testifying
to the inefficiency of gas-surface heat transfer under these conditions. This ineffi-
ciency is due to the fact that the H atom mean free path is on the order of the wire
diameter at 20 torr (Knudson number - 1.) A large temperature discontinuity (up
to 1000 K) has been observed at the filament (which has a diameter twice that
of the thermocouple). This discontinuity is a demonstration of how poor the heat
transfer is at low pressures. Thus, we ignore heat transfer. Finally, an order-of-
magnitude estimate of heat conduction along the thermocouple wires shows that
this term is small both because the wires are thin and because gradients in the
gas temperature and the H atom concentration are small. Thus, we ignore heat
conduction.

With these simplifications, the heat balance equation per unit area is

0.5 ,E y ([H]Iv/4) eo'T, (1)

in which heating by H atom recombination (the left hand side) is balanced by
radiation cooling (the right hand side). In Equation (1) the term in parenthesis
is the flux of H atoms to the substrate surface; [H[ is the concentration of H
atoms at the substrate; -y is the probability for H destruction; AE is the heat of
recombination of H2 from two H atoms; v is the velocity of an H atom; a is the
Stefan-Boltzmann constant, and T is the thermocouple temperature. The factor
of 0.5 takes into account that two H atoms are required to form an H2 molecule.
Solving for the H atom concentration at the substrate, we have

( 8s° o'

[H) = -y-/ T4 . (2)

In order to interpret the recombination coefficient measurements we evaluate
Equation (2) for the platinum and diamond-coated platinum cases and solve for -Yd
by ratioing the equations for the two cases. The result is

-Yd, = LHE _Y,,. (3)

The ratio of H concentrations is not 1 because the destruction rates at the different
surfaces are different. The effect of the wire on the local H atom concentration
can be approximated by treating the wire as a long cylinder in a cylindrically
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symmetrical field of H atoms and by setting the transport of H atoms to the
thermocouple by diffusion equal to the destruction rate at the wire surface. The
,esult is jH](,.) + lo +rRi (4

[HJ(Rq) Rlog/(R 1,) - (4D/y-vR,) )
where H(r) is the number density a distance r from the axs of the thermocouple,
D is the diffusion coefficient of H, R,1 is the distance between the thermocouple
and the filament, and Rt is the radius of the thermocouple wire. (At the surface of
the thermocouple, r = R,.)

RESULTS AND DISCUSSION
For the concentration experiments the thermocouple temperature was moni-

tored as a function of filament temperature, and the H atozi concentration was
determined from Equation (2). The results, relative to H 0 , the concentration at
2300 K, are shown as large circles in Figure 1. The small circles on the graph are
MPI(51, and the triangles are molecular beamlal data. The solid line is a scaled
calculation which assumes thermodynamic equilibriun between H and H2 at the
filament temperature. All of these data show nearly identical slopes, very close to
that predicted by the equilibrium calculationl5,6]. Thus, our technique reproduces
the relative temperature dependence of other experiments. The dependence of H
atom concentration on distance r from the filament is shown in Figure 2. The
symbols are our data aid the curve is a rough fit to JHI = c/r, where r is the
filament-thermocouple distance and where c is a constant. The figure shows the
empirical result that the H concentration falls off more or less as 1/1, in agreement
with both the H atom and the OH radical laser fluorescence data of Meier et al.17].
Thus, our technique also reproduces the spatial dependence of other experiments.
Finally, Equation (2) can be tested further for the platinum case (with -Y, = 0.1)
by using it to calculate ani absolute H concentration. The most direct asoblute H
atom concentration measurements have been made by Hsu[6] in a molecular beam
sampling system. For 0.5% CH4 ill H2 we find JHI = 6.5 x 10"i nmoles/culn3 fronm
Equation (2), compared with 5 x 10" moles/cm3 at 0.4% CH 4 measured by Hsu.

Equation (3) allows us to estimate the recombination rate on diamond rela-
tive to that on platinum-whose recombination coefficient -r, is about 0.1 above
1000 K[8]-from measurements of (Ed/er), (T 5 /Td)

4
, and [H],/[HId. Our measure-

ments show that ed/ep = 1.2 ± 0.1 and (Tp/Td) 4 
= 1.08 + 0.05. Since destruction

rates at diamond and platinum surfaces are similar (Td T2), and since the effect
of a platinum wire on the local H atom concentration is seen to be small, we will
assume for the moment that [Hip/iH]d = 1 (see below). Equation (3) then gives
-d = 0.12. For y,, = 0.1 and -yd = 0.12, Equation (4) predicts IHIP/IHfd = 1.06.
Although the equation is only approximate, this result suggests that our assumnp-
tion above that 1Hjp = IHjd is sufficiently accurate. We estimate an uncertainty of
about a factor of 2.

Measurement of Yd gives us an opportunity to relate rates of reactions taking
place on a diamond surface to known rates for alkane reactions. According to our
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,nodelsj9,101, the interaction between H atoms and a dianmond surface is donminatcd
by two reactions, abstraction and recombination. If CH represents a hydrogenated
diamond surface site and C* the radical site formed when the H is removed, we
have

CH + H0"' = C* +H9" (A)

and
C* +H9' = CH. (R)

At typical growth temperatures we expect the rates for the reverse of reactions A
and R to be relatively slow, so the rate r of H atom destruction per cm2 of diamond
surface can be expressed as

r = kA NcH 1H I k,,Nc.IHJ, (5)

where kA and kn are the rate constants per site for abstraction and recombination,
respectively, and Nci and No. are the area densities of hydrogenated ard radical
sites on the surface, related at steady state by the relationships NCRH/Nc. = kn/kA
and NcH + Nr. = N,,. -• 3 x 10-' mnoles/cera. r can also be written in terms of a
collision frequency with the surface and a destruction probability,

r= -[Hl,/4. (6)

Our use of first order kinetics in Equation (6) is supported by the success of Equa-
tion (2), in which first order kinetics is assumed. Combining Equations (5) and (6)
we obtain

r 8 kAk)N (7)

(Wre use the symbol Ir to refer to a destruction probability calculated based on
alkane properties. The symbol y refers to the experimental value for the destruction
probability, derived from our measurements and from Equation (3).) For typical
alkane reactions we have ks - 4 x 1013 Cm

3u/mole-s, while

kA = 1.3 x 1014C-73OO/R'. (8)

Evaluating kA at 1200 K and using Equation (7) gives r = 0.25, double the mea-
sured Yd bult within its estimated uncertainty.

SUMMARY AND CONCLUSIONS
From an approximate analysis of the heat flows in our diamond growth appara-

tits, we found that the reading from a fine platinum thermocouple can be used to
obtain absolute H atom concentrations. This technique could be useful in study-
ing CVD growth of other materials such as Si 3NN4 and AIN where hydrogen may
be a major species. We used our analysis to measure -rd, the H atom destruction
probability at 1200 K and 20 torr, typical diamond growth conditions. The result

121



is -d= 0.12 with ani estimated uncertainty of a factor of 2. For comparison, us-

ing alkane rate constants to predict H atom destruction kinetics gives 0.25, while
molecular dynamics/Monte Carlo simulations predict 0.12; both results agree with
our measurement to within our estimated uncertainty. This result supports our
suggestiou[9,111 that alkane rate constants can be transferred directly to diamond.
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A NOVEL MOLECULAR BEAM REACTOR FOR THE
STUDY OF DIAMOND SURFACE CHEMISTRY

C.. ... Wold.l, G. Zau, W. T. Conner, H. H. Sawin, and K. K. Gleason,
Massachusetts Institute of Technology, 66-419, Cambridge, MA 02139

ABSTRACT

A novel reactor has been constructed to investigate the fundamental surface kinetics of

diamond chemical vapor deposition(CVD). The molecular beam reactor permits independent

control of the atomic hydrogen flux, the methyl radical flux and the substrate temperature. The
low pressure in the growth chamber (-1 rmTorr) minimizes the impact of gas-phase chemistry.

The reactive mixture impinging the substrate is sampled through an orifice and analyzed by

mass spectroscopy. Differential pumping in the two adjacent chambers quenches the beam,
allowing quantitative analysis of radical species such as H and CH3. In preliminary

experiments deposition was achieved onto seeded molybdenum substrates.

INTRODUCTION

Diamond's unique combination of exceptional physical properties (thermal

conductivity, hardness, optical transparency, large bandgap) has fueled an intensive research

effort during the past decade 11,21. A number of CVD systems have been employed to

produce polycrystalline diamond films, including hot-filament [3], microwave plasma [4], DC

arc jet [51, and combustion torches [6]. Upon analyzing the results of a hundred experiments
from a variety of CVD systems, Bachmann and coworkers [4] found that the composition of

successful mixtures used falls into a narrow range when plotted on an elemental C/H/O phase
diagram. In addition, the substrate temperature in all of these systems is typically maintained

between 600-900*C. These observations have led to the proposal of a universal growth

species, most notably methyl radical [71 and acetylene [8]. Finally, it is understood that atomic
hydrogen plays a number of critical roles in diamond deposition among which include

stabilization of the growing surface, creating radical sites and preferential etching of graphitic

carbon [9].
Despite recent advances, the surface kinetics of diamond growth and defect formation

remain unknown. The uncertainty is due in part to the nature of diamond CVD systems, in
which critical parameters are highly coupled and the reactors are not easily amenable to

quantitative diagnostics. Our reactor is designed to independently control the flux of atomic

hydrogen flux, the flux of reactive carbon precursors, and the substrate temperature. By
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successfully decoupling these variables, we have a unique tool to quantitatively investigate the
impact of each parameter on the critical processes of diamond nucleation, growth, and defect
formation.

EXPERIMENTAL

The molecular beam reactor is shown schematically in Fig. 1. The system is housed in
a six inch stainless steel tube partitioned into three chambers which are differentially pumped.
The apparatus used to generate the beams is built onto an eight inch Conflat flange that is
mounted on the end of the first chamber. The center beam is the remote microwave discharge
source for the production of atomic hydrogen. This source is the unique feature of this reactor,
generating a stable, high flux of hydrogen atoms inside the vacuum chamber. The hydrogen
atom source is a unique design employing a coaxial waveguide microwave cavity. Microwaves
and molecular hydrogen enter on the air-side and generate a microwave plasma in a glass vessel
on the vacuum side of the source. High power densities of > 200 W/cm3 have been achieved,
allowing high fluxes of atomic hydrogen to be delivered to the substrate.

A detailed sketch of the coaxial waveguide microwave source is shown in Fig. 2. On

the air side the position of a threaded tuning slug (A) is adjusted to produce a resonance cavity.
Sliding the microwave coupler (B) allows the cavity to be impedance matched to the microwave
source used. Microwave power is also introduced through this coupler. Since, all the tuning
elements of the cavity are external to the vacuum, complex vacuum motion feedthroughs are
not needed. The center conductor of the waveguide (C) transmits the microwaves from the air
side past vacuum seals (I)) to a glass vessel (E) at the end of the center conductor. The glass
vessel is held by a water-cooled clamp (F) and is designed to minimize gas contact with the

walls so that surface treatment of the glass is not required. The microwaves are conducted
through the plasma, extending the center conductor to the grounded end of the cavity,

completing the microwave circuit. The use of the plasma to form the grounded end of the
coaxial cavity makes this atom source extremely compact. Atomic hydrogen is emitted from
the nozzle of the glass vessel and transported to the substrate without recombination since the 3
body gas-phase recombination reaction is extremely slow [10]. By varying the design of the
glass vessel we can accommodate a wide range of flow rates.

Acetylene and methyl radicals are delivered to the substrate through two 3 mm I.D.
quartz tubes which are mounted on either side of the atomic hydrogen soun:e at 380 relative to

the substrate normal. Methyl radicals are generated through the thermal decomposition of di-
tertiary butyl peroxide (DrBP), (CH3)3COOC(CH3)3. The end of the DTBP quartz tube is
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encircled with heating wire. Acetylene flows through the other tube unheated. All three tubes

are mounted approximately 1 cm from the substrate.

Substrates are either molybdenum foils or silicon wafers that are seeded with

submicron diamond powder. The substrate is clamped onto a molybdenum block which is

resistively heated between 600 and 1000*C, being maintained at the desired temperature by

adjusting a transformer. Radiative heating from the heater block necessitates water-cooling of

the reactor walls.
Typical flow rates are 8 sccm of the argon/hydrogen through the plasma and 2 sccm of

DTBP. Operating pressures are approximately 1 mTorr in the growth chamber, 10-5 torr in the

second chamber, and 10-7 torr in the mass spectrometer chamber. At these pressures the mean

free path is longer than the distance from the beams to the substrate, eliminating gas phase

chemistry. In addition, molecules withdrawn through the substrate will travel a collisionless

path to the mass spectrometer.

RESULTS

The hydrogen dissociation fraction is characterized using molecular beam mass

spectroscopy by monitoring the lock-in signal at I and 2 amu. When running the plasma with

hydrogen alone the 2 amu peak decreased by less than 20%. The dissociation was dramatically

improved by diluting hydrogen to 10-30% in argon. Under these conditions the amu 1 signal

increased 120X when the plasma was ignited. In addition, the discharge was much brighter by

visual inspection. However, at these conditions a significant fraction of the molecules are

ionized, such that the amu 2 signal also increases when the plasma is ignited. Characterization

of the ionized fraction is required to fully quantify the dissociation fraction

When DTBP pyrolyzes, 90% decomposes into two methyl radicals and two acetones.

The source appears to be operating satisfactorily. The amu 15 (methyl radical) and amu 43

(acetone) increase sharply as the quartz tube is heated above 3000 C and the signals level out at

500PC (Fig. 3). Additional experiments need to be performed to fully quantify the distribution

of decomposition products.

Mass spectroscopy confirms the absence of gas-phase chemistry. Monitoring the mass

spectra between 12 and 30 ainu revealed no observable conversion of methyl radical to

methylene or C2 hydrocarbons such as acetylene or ethane when both sources are on.

Similarly, the absence of gas phase chemistry is observed when acetylene is the carbon source.

Despite the low absolute pressure, the high dissociation fraction directed nature of the

beams should allow respectable deposition rates. By introducing a gas through the directed
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Fig. 3: Lock-in mass spectrometer signal for arnu 15, 43 as a function of quartz
temperature. 2 sccm DTBP.

beam and comparing the mass spectrometer signal to the case when the gas enters a side port,

an enhancement factor between 5 and 15 is observed. Thus, although the base pressure is = I

mTorr, the effective partial pressures of atomic hydrogen and methyl radical is between 5 and

15 mtorr. These values are similar to fluxes reported for hot-filament systems, which are 40

mTorr and 4 mTorr for atomic hydrogen and methyl radical, respectively [11]. In preliminary

experiments crystals between I and 20tm were was deposited over a 2 by 1 inch seeded

molybdenum foil during 90 minute depositions using the methyl radical source. The deposits

have been analyzed by SEM (Fig. 4) and show some faceting and structure, although they are

not clearly diamond. The deposits require further characterization by Raman spectroscopy to

evaluate the relative sp3 and sp2 fractions.
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CONCLUSIONS

A novel reactor has been constructed that will allow diamond surface chemistry to be

studied where all the major variables have been decoupled Low operating pressures eliminate

gas-phase chemikstry. Deposition has been achieved from a directed beam of highly dissociated

atomic hydrogen and a directed flux of methyl radicals.

Fig. 4: SEM of material deposited under following conditions; Deposition time = 90 minutes,

substrate temperature = 8000 C, DTBP flow = 2 sccm, H2 flow =2.5 sccm, Ar flow =6 sccm.

Pressure = 0.8 mtorr.

ACKNOWLEDGMENTS

We gratefully acknowledge the National Science Foundation under Grant #CI'S 9006705.

REFERENCES
I. J. C. Angus and C. C. Hayman, Science 241, 913 (1988).
2. F. G. Celii and J. E. Butler, Annu. Rev. Phys. Chem. 42, 643, (1991).
3. S. Matsumoto, Y. Sato, M. Tsutsuml, and N. Setaka, J. Mat. Sci. 17, 3106, (1982)
4. P. K. Bachmann, D. Leers and H. Lydtin, Diamond and Related Materials 1, 1 (1991).
5. K. Suzuki, A. Sawabe, H. Yasuda, T,. Inuzuka, Appl. Phys. Lett. S0, 728, (1987).
6. Y. Matsui, A. Yukld, M. Sahara and Y. Hirose, Jpn. 1. Appl. Phys. 28, 1718, (1989).
7. S.J. Harris, J. Appl. Phys. Len. 56, 2298 (1990).
8. M. Frenklach and K. Spear, J. Mater. Res. 3, 133 (1988).
9. M. Frenklach, J. Appl. Phys. 65, 5142 (1989).
10. C. Wolden and K. K. Gleason, Appl. Phys. Len. 62, 2329 (1993).
11. W. L. Hsu, Appl, Phys. Lett. $9,-1427, (1991).

I1
12



USING MOLECULAR-BEAM MASS SPECTROMETRY TO STUDY THE PECVD
OF DIAMONDLIKE CARBON FILMS

I.B. GRAFF, R.A. PUGLIESE, JR.t, AND P.R. WESTMORELAND
Department of Chemical Engineering, University of Massachusetts, 159 Goessmann Laboratory,
Amherst, MA 01003-3110

ABSTRACT

Molecular-beam mass spectrometry has been used to study plasma-enhanced chemical vapor
deposition (PECVD) of diamondlike carbon films. A threshold-ionization technique was used to
identify and quantify species in the plasma. Mole fractions of H, H2, CH4, C2112, C2H6 and Ar
were measured in an 83.3% CH-/Ar mixture at a pressure of 0.1 torr and a total flow of 30 sccm.
Comparisons were made between mole fractions measured at plasma powers of 25W and 50W.
These results were compared to measured concentration profiles and to film growth rates.

INTRODUCTION

Diamondlike carbon films have great potential for industrial uses [1]. These films are produced
from ion beams, thermal deposition, and glow discharges [2-4]. Most notably, they have desirable
physical properties: low friction coefficient and high density, hardness, and thermal conductivity.

One of the most common thin-film processes is plasma-enhanced chemical vapor deposition
(PECVD) because it combines high growth rates with relatively low processing temperatures.
Initial, high-energy steps in the deposition take place in the gas phase. It is then important to
understand how gas-phase chemistry relates to film characteristics and to operating conditions.

Long used in combustion research [5], molecular-beam mass spectrometry (MBMS) provides a
means of studying both stable and reactive species in the gas phase. Molecules and radicals are
preserved by supersonically expanding a sample of the gas and then by collimating the free jet into
a molecular beam. The technique has been applied in the study of both amorphous silicon and
silicon nitride deposition [6-9]. For instance, Smith et al. [9] used the MBMS technique in the
study of silicon nitride deposition from a silane-ammonia feed. In that study aminosilane radicals
were identified as the depositing species based on good correlation of radical concentrations with
film growth rates.

APPARATUS

Films were deposited in the parallel-plate reactor shown in Figure 1. The main reaction chamber
was formed from a stainless-steel collar (81 cm diameter and 20 cm high) with 25-mm-thick
stainless-steel flanges forming the base and the lid. Access ports were evenly spaced around the
walls of the chamber- one 23x30-cm rectangular, clear polycarbonate window; two 15-cm-diameter
quartz windows on opposing sides; and a 15-cm-diameter feedthrough that was used for a 3-D
positioner. The reactor lid was removable and had several flanges mounted for use with
feedthroughs for plasma power, grounding, cooling fluid circulation, pressure monitoring,
pumping, and temperature measurement. An additional flange was positioned at the center, 12
inches above the surface of the lid, for supporting the polycarbonate inlet gas tube (13 mm OD).
The chamber could be pumped either by a roughing pump (Alcatel 2012 AC, 13 cfm) or by a
Roots blower (RGS-HV, size 1024) backed by a rotary-piston pump (Stokes Microvac 412H-10,
300 cfm). Both pumping systems were connected to the reactor through pneumatically actuated
valves. Pressure was measured by a capacitance manometer (MKS Baratron Model 127AA-001,
0-10 torr, and MKS Model PDR-C-1C MKS readout) and manually adjusted downstream of the
reactor by needle valves that introduced ballast gas.

t Present Addres: Hewlett Packad, 1020 NE Circle Blvd. Corvallis, OR 97330
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Figure 1. PECVD reactor with molecular-beam system.

The plasma was formed between two 150-ram-diameter aluminum electrodes in the center of the
main chamber. The upper electrode was powered by a 13.56 MHz plasma generator (ENI Model
ACG-500 with an accompanying ENI Matchwork-5 matching network) and was vertically

movable to adjust gap spacing. Inlet gases were metered by mass flow controllers (MKS Model
2259B flow controllers with MKS Model 247-C four-channel readout) and fed to the discharge
zone from the inlet flow tube through a 13-mm-diameter holes in the center of the upper electrode
and wafer. The grounded, lower electrode had an internal channel for circulation of cooling fluid
from a temperature bath (Lauda K-4/R). A 50-mm, flush-mounted disk was at the center of the
electrode. This plate could be solid or could have a 0.8-mm orifice in the center, depending on the
experiment performed. Both electrodes were electrically insulated by 295-mm-diameter Delrin®
rings (19 mm thick). Three Teflon rods (30 mm long by 6 mm OD) could be used to support the
wafer against the powered electrode and to space the two electrodes evenly.

A second, lower chamber was formed from a 40-mm-high stainless steel spacing ring mounted
on a 72-cm-diameter flange. The flange had two 20-cm-diameter openings: one centered and one
offset. A plate supporting a cone-shaped orifice (skimmer cone) rested on the center hole. The
offset opening led to an air-cooled baffle and a diffusion pump (Varian M6, 1500 V/s backed by an
Alcatel 2012 AC roughing pump). The pipe connecting the opening to the baffle had flanges for
ionization and thermocouple gauges (monitored by a Granville-Phillips series 270 controller).

The third and lowest chamber housed the quadrupole mass spectrometer (Balzers QMA 400
quadrupole controlled from a Balzers QMS 420 console). Pumping of the chamber was performed
by a turbomolecular pump (Leybold-Heraeus model TMP350, 350 lI/s) backed by a roughing pump
(Varian SD-300, 13 cfm). A liquid nitrogen shroud (Thermionics SS400/275 with LNC-400
controller) sat at the bottom of this chamber. Optical access was available by removal of a 70-mm
flange below the cryotrap, allowing laser alignment of the orifices in the lower electrode and in the
skimmer cone. Pressure was monitored by either a thermocouple gauge or an ionization gauge. A
five-pin electrical feedthrough was used to control a tuning-fork chopper (Frequency Control
Products, Model L2C).
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The three differentially pumped chambers formed the basis for a molecular-bearn sampling train.
Gases were sampled through the 0.8 mm orifice in the lower electrode. This sharp-edged orifice is
tapered to limit wall interactions of the highly reactive species. As the gas passed from the main
reaction chamber (10-1 torn) through the skimmer chamber (10-4 torr), the species underwent an
isentropic expansion to free-molecular flow. The gas was thereby cooled, preventing collisional
deactivation of the reactive species. After traveling for 97 mm, a 2-mm-I.D. skimmer cone
collimated a molecular beam, sampling the center of the free jet, in order to remove the outer edges
of the spray that were likely to have undergone wall collisions. The collimated beam was
modulated at 220 Hz by the tuning-fork chopper, then 183 mm after the skimmer orifice, it entered
the cross-beam, electron-impact ionizer of a quadrupole mass spectrometer (10-7 torr background).
The resulting ions were separated by the quadrupole and were detected by a Cu-Be electron
multiplier or Faraday cup. The 220-Hz chopper reference signal and chopped mass-spectrometer
signal were sent to a lock-in amplifier (lthaco Model 395 Narrowband Voltmeter) to filter out the
background signal, giving an improved signal-to-noise ratio and allowing detection of weak
signals.

Other experimental techniques were also employed to study the plasma and the deposition.
Microprobe mass spectrometry employed a tapered quartz probe to produce concentration profiles
of stable species in the discharge [10- 11]. Both single and symmetric double Langmuir probe
methods have been used to determine electron temperature, electron density, and floating point
potential (single probe only). An laser interferometry system, consisting of a He-Ne laser
(Spectraphysics 155) and a photodiode amplifier circuit (Hamamatsu S 1133-12 and TL061CP
operational amplifier), monitored the change of refractive index during the deposition. Thickness
was determined ex-situ by an ellipsometer (Gaertner Model 110) and by surface profilometers
(Dektak-I and Tencor Alpha-Step 200).

PROCEDURE

Prior to evacuation of the system, a 140-mm silicon wafer with a 13-mm hole in the center was
etched for approximately 15 minutes with a 10% HF solution. The wafer was then rested on the
three Teflon rods that were spaced evenly along the perimeter of the wafer. The upper electrode
was lowered against it, and the hole in the wafer was aligned with the gas flow inlet.

Once system pressures equilibrated, a sampling run could be performed. All instruments were
allowed at least a one-hour warm-up period. Mass flow controllers were zeroed, and flows were
set to calibration values based on a 53/31/16 mixture of CHSH2/Ar at either 30 or 60 sccm total
flow. The lower electrode temperature was regulated by circulating an ethylene glycol-water
mixture at 70*C. Pumping of the reaction chamber was switched from the roughing pump to the
Roots blower to attain operating pressures of 0.1 or 0.5 torr. Calibration gas flows were started
and the gas ballast upstream of the blower was adjusted to set the reactor pressure. Intensity
measurements for the calibration gases were determined with the lock-in amplifier.

After the calibration was completed, the flows were set to reaction feed values, a 5:1 mix of
CH to Ar at 30 or 60 sccm. The discharge was lit and the RF power for the plasma was set to
either 25 or 50 W. Pressure was adjusted as necessary. Intensity measurements were performed
as a function of ionization energy using the threshold-ionization method detailed below. After the
measurements were completed, the plasma was extinguished and a second calibration was
performed as described above.

A threshold-ionization method was used both to identify and to quantify mass spectrometer
signals at a given mass number. Ionization efficiency curves for the species of interest were
produced by measuring signal intensity as the ionization energy (electron energy) was decreased in
small increments to below the ionization potential (e.g., Figure 2). From the ionization efficiency
curve, a relative determination of the amount of partent species present could be made. Also, the
species could be identified by its ionization potential. The electron-energy scale of the mass
spectrometer was not absolute, but it could be calibrated by comparison with literature values of
ionization potentials. As the ionization energy was inc above the ionization potential, a linear
region could be noted that was indicative of a given species. As the energy rose, additional
contributions to or losses from the signal were indicated by a change in slope as the fragmentation
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Figure 2. Ionization efficiency curves for (a) mass 16 and (b) mass I.

potential of the species of interest or the appearance potential of a fragment was reached (e.g.,
Figure 2). Although broadening was present due to a finite distribution of ionizing-electron
energies, this procedure directly identified the parent species entering the ionizer, in contrast to ion
fragments from the ionizer.

In the plasma, an ionization efficiency curve was measured for each species. Signal was
measured as ionizer energies were varied from below the ionization potential to several electron
volts above it (typically to 25 eV).

In terms of quantitative analysis of plasma species concentrations, there were three categories of
species: major species which could be calibrated directly, minor species which were uncalibrated,
and radicals. Concentrations for the latter two were found from an indirect method.

For the direct calibration, a mixture of hydrogen, methane, and argon was fed to the reactor in
proportions representative of the plasma mixture and but at unignited reaction flow conditions. A
calibration factor (FJ) was determined from the mole fraction ratios of the species (H2 or CH4 )
relative to argon divided by their intensity ratio at 25 eV. At plasma conditions, intensities of the
hydrogen, methane, and argon were determined at 25 eV from the ionization efficiency curve. The
following equation related these intensities to the mole fraction ratio of the species to argon.

xi=F1 Lat25eV (1)XAr I.,, at 25 eV(1

Absolute mole fractions were found after the analyses of the radicals and of the other species were
performed.

* The indirect method [5] made use of the fact that the intensity of a species in the beam was a
function of the mole fraction and the ionization cross section of the species. The ratio of the
ionization cross section of a species (at a constant value, b, above its ionization potential) to its
ionization cross section at 70 eV was assumed to be the same as for the reference species at an
equivalent value above its ionization potential and at 70 eV. The mole fraction with respect to the
reference species was then found from the following equation:

Si = Ii at IP+b "Q.fat 70,eV7  (2)xMF Vit, at IP+b)L~ alt70V (2
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To relate the species' mole fraction to argon, the ratio determined above was multiplied by the
mole fraction ratio of the appropriate reference species, found from Equation 1. The mole fraction
ratios (with respect to argon) of all species present in the plasma were summed. The mole
fractions were then found by dividing each mole fraction ratio by this sum.

RESULTS & DISCUSSION

Analysis of the ionization efficiency curves was performed for each species. Curves were also
found for mass 28; however, a large nitrogen background signal interfered with any positive
determinations of ethylene.

Figure 2a shows an ionization efficiency curve for mass 16. Data were linear in the range from
20 to 25 eV; below 20 eV, tailing of the signal was noted. Regression analysis was performed in
the linear region and extrapolated to zero signal (the ionization potential). The x-intercept of 19.47
eV was found and then calibrated to the methane literature value of 12.70 eV [121, a difference of
6.77 eV, typical here for hydrocarbons.

Hydrogen atom was also measured by this method. Figure 2b shows the ionization efficiency
curve for mass 1. A linear region was noted between 19 and 23 eV. Tailing was seen below 19
eV, while contributions from fragments were indicated by the change in slope above 24 eV. From
the linear region, an ionization potential was found at 18.05 eV(uncalibrated), 4.29 eV above the
hydrogen atom literature value of 13.76 eV [12]. This offset compared well with the offset of
molecular hydrogen (4.29 eV) from its literature value. The slope and intercept were used later in
the analysis to determine concentration. Table I shows the ionization potential measured on the
uncalibrated scale and comparisons to the literature values [12].

Table I. Comparison of measured and literature ionization potentials.

MW Presmed SHi IP (eV• uncorrected) e Offset (eV)
I H- 18.32 13.76 4.29
2 H 2  19.97 15.42 4.55
16 CH4  19.47 12.70 6.77
26 C21`12  17.64 11.41 6.23
30 Cal 6  18.15 11.52 6.63
40 Ar 21.22 15.76 5.46

It should be noted that the offset values were comparable for similar species. For example, the
offset for H-atom was similar to that of H2 , and the offsets for hydrocarbons were in the range of
6.2 to 6.8 eV.

Concentrations of methane, hydrogen and argon were found from direct calibration, while
concentrations of hydrogen atom, acetylene and ethane were found from indirect calibrations.
Mole fractions were measured at identical flow conditions (0.1 torr and 30 sccm total flow) but for
different RF powers (25 W and at 50 W). The mole fractions are shown in Table 11, along with
comparisons to microprobe measurements within the plasma but close (within 2 mm) to the
sampling orifice for the molecular beam.

Table fI. Comparison of mole fractions measured by MBMS and microprobe methods.
25WAM Mipm MBMS 'ca

H, 0.00482 - 0.00173 -
H2 0.257 0.270 0.320 0.355
Cl- 0.520 0.561 0.517 0.482
C211I 0.0175 0.018 0.0139 0.018
C2%l- 0.00978 - 0.00396 -
Ar 0.190 0.151 0.143 0.145
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Fairly good agreement was shown among the directly calibrated species between the MBMS and
microprobe measurements. The use of the molecular beam increases the sensitivity enough to
allow the detection of ethane and of hydrogen atom.

The mole fractions for methane were somewhat lower in the 50 W plasma, indicative of a higher
rate of dissociation. Film growth rate was 58.6 A/min in the 50 W discharge and was 31.2 A/min
at 25 W. A higher rate of hydrogen evolution also is consistent with the increase in power.
However it is more surprising that mole fractions of H-atom, acetylene, and ethane ar all higher in
the 25 W discharge as compared to the mole fractions in the 50 W discharge. The reasons for their
differences is under investigation.

CONCLUSIONS & FUTURE PLANS

Molecular-beam mass spectrometry was used to measure concentrations of stable species and
H-atom in PECVD of diamondiike carbon. ,M43MS is shown to be a powerful tool for determining
species concentrations in plasma processes.

As the experimental technique on the s).ym is enhanced, many other species will be
investigated, including C2H4, CH3, CH2 and CH. Also, concentrations will be correlated with film
properties and deposition rates. Furthermore, MBMS will be employed along with the microprobe
technique and Langmuir probing to make determinations of kinetic processes taking place in the
plasma.
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EFFECT OF OXYGEN ON DIAMOND DEPOSITION
IN CH,/O)/H2 GAS MIXTURES
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ABSTRACT

Diamond growth experiments were carried out by a microwave plasma assisted CVD
technique in various gas mixtures of CH4(0-100%)/0I/H). The phase diagram obtained by
this study shows that a diamond growth region exists. With addition of more than 5% 0,
in reactant gases, diamond particles could be included in amorphous or graphitic carbon
films even using CH4/0 2 gas mixtures. Faceted diamond films were obtained if the oxygen
gas concentration [02] was approximately more than half the methane gas concentration
ICH4) (IOj2>ICHV2). However, no films were grown when 102] exceeded half of [CH4]
plus 7% ([02]>[CH 4 /2+7%). These results corresponded to the observations by plasma
emission spectroscopy. Though oxygen etches carbon films and decomposes methane by
forming carbon monoxide, oxygen rarely reacts with hydrogen in a film growth region.

INTRODUCTION

It is an important subject that chemical vapor deposition (CVD) of diamond films
increases growth rate and improves quality. Hirose and Terasawa reported that diamond
films deposited using oxygen containing organic compounds had better quality and were
grown with a faster growth rate compared with films using conventional CH4(-S 1%)/H 2 gas
mixtures'. As a result of their study, it was found that oxygen was useful for CVD
diamond growth. Various kinds of reactant gases including oxygen or compounds containing
oxygen have been applied to diamond CVD such as CO/H2 •, C2 H2/O 2 ', CH4/CO2/H2 s,
CH,/H/H.I20 6 and so on. This data was arranged within a C-H-O phase diagram by
Bachmann et al.1 They described that successful diamond deposition was restricted to a
well-defined area near the CO-H 2 line where a atomic ratio of C to 0 in reactant gases
was 1. Addition of oxygen was also carried out with low contents of methane in hydrogen
gas, so that diamond films with good quality could be quickly deposited 5'-'". It is
suggested that the role of oxygen is (1) to reduce the concentration of acetylene, which is
related to the deposition of non-diamond carbon (amorphous or graphitic carbon), (2) to
increase atomic hydrogen, which etches non-diamond carbon selectively, (3) to accelerate
the reaction of non-diamond carbon with molecular hydrogen, (4) to act as a selective
etchant of non-diamond carbon and so on.

In this paper we study the characteristics of films deposited in CH4(0-100%)/OW/H2 gas
mixtures and their discharge properties, especially, in order to investigate the effect of
oxygen in a range of high methane content.

EXPERIMENTAL

Films were synthesized by a microwave plasma CVD system using various gas mixtures
of CH4(0-100%), 02 and H 2. Si (100) substrates for the film deposition were prepared
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Fig.1. X-ray diffraction patterns of films deposited in CH4/O 2 gas mixtures.

(a) C14(40)/O0(15%)/i2 - IAm (b) C14(40%)/02(20%)/112  - 1Mm

(c) C14(40%)/Ot(25%)/ - IlN (d) C1 4 (62f)/I0(3n) - IAm

Fig.2. SEM images of films deposited in CH6/O2/H 2 gas mixtures.
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using ultra sonic abrasion in ethanol mixed with 10 9 m diamond powder and they were
set in a tube reactor of silica glass. The flow rate of reactant gases and the reaction
pressure were maintained at 100 sccrn and 30 tort respectively. The substrate temperature
rose up to 850 'C using 2.45 GHz microwave plasma discharge of 250 W of power.
Plasma emissions were measured using an optical emission spectrometer (OEM) for chemical
analysis of the discharge. Deposited films were characterized by X-ray diffractometry
(XRD), scanning electron microscopy (SEM) and Raman spectroscopy.

RESULT AND DISCUSSION

Figure 1 shows X-ray diffraction patterns of films deposited in CH4/O2 gas mixtures.
The film without oxygen has no diffraction peaks of diamond ( See in Fig.l(a) ), and films
deposited in CH-( ý_60%)/H 2 gas mixtures also have no peaks. The films in the non-
diamond carbon growth region include no diamond particles or diamond particles that are
too small. Each film with addition of more than 5% 02 in reactant gases includes diamond
particles, since it obtains a diffraction peak from diamond (111) planes as shown in Fig.l(b)
to (d). It is definite that the addition of oxygen is useful to accelerate the diamond
formation. Figure 2(a) to (c) show SEM images of films deposited in CH4(40%)/0 2/H2 gas
mixtures. Their faceted morphology becomes clearer when oxygen gas concentration [0,1
is increased. Oxygen functions to improve the quality of films5 '8 -1 °. Faceted diamond films
are synthesized in a diamond growth region when iGC.] is approximately more than half the
methane gas concentration [CH 4] ([O2]>[CH4V2). As is shown in Fig.2(d), the film using
a CH-/02 gas mixture without hydrogen gas also exhibits faceting, which indicates that the
addition of hydrogen gas is not necessary for a diamond formation and that hydrogen
generated from methane is enough4 . Figure 3 shows Raman spectra of faceted diamond
films deposited in CH,/0 2/H2 gas mixtures. It is found that the films shown in Fig.3(b) to
(d) are of good quality, since they have sharper diamond peaks at about 1333 cm-1 than that
in Fig.3(a) for a conventional CH4(1%)/H 2 gas mixture. Figure 4. shows the growth rate
of films deposited with (a) 20% CHO (b) 40% CH4, and (c) 60% CH4 in CH/0 2/H2 gas
mixtures as a function of 102]. Though each growth rate increases with the increase of
1021, it decreases rapidly in the diamond growth region and vanishes when
1021 a (CH4]/2+7%. It indicates that oxygen has the function of etching carbon films. The
growth rate in the diamond growth region is three times faster at most than the growth rate
(0.2#m/h) for the conventional CH,(I%)/H 2 gas mixture and it does not increase
proportionally to [CH.].

The above result and one other obtained in our experiment were plotted in a phase
diagram and the films can be classified as shown in Fig.5. Here, X- and Y-axis correspond
to 1021 and [CH4] in reactant gases respectively. The CH4-•0 2 line shows that reactant gases
are composed of CH/0 2 gas mixtures. The CO-H 2 line shows that the ratio of [CH 4] to
1021 in reactant gases is 2. The films deposited in a diamond & a-C mixed region have
diamond peaks in XRD patterns, though they do not have faceted morphology. Faceted
films are obtained in the diamond growth region. No films were deposited in the no growth
region. The diamond growth region can be found where [CH4P/2<[O2]<[CHj/2+7% in a
range of more than 20% CH4. It suggests that the diamond growth region is independent
of hydrogen gas concentration [H2] and it is roughly equal to the prediction of Bachmann
ct al.'
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0 Fig.6. Evolution of the plasma
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Species in a CH4/0/H 2 plasma discharge detected by OEM are CO, C2, CH, H, 0, and
OH radicals. Generally speaking, the plasma emission consists of CO, C2, CH and H lines
in a film growth region and it also includes OH and 0 lines in the no growth region. In
regard to the lines for O(777nm), OH(618nm), CO(267nm), C2(468nm), CH(431nm), and
H(656nm), Fig.6 illustrates the plasma emission intensities as a function of 1021 in
CH4(40%y0 2/H 2 gas mixtures where 1CH 4] is fixed to 40%. The intensities of the CO, CH
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and C2 lines go up with the increase of oxygen content and reach maxima near the diamond
growth region, which corresponds roughly to the growth rate dependence on oxygen content.
It was found that oxygen also has the function of decomposing methane by forming carbon
monoxide and accelerating it to generate the CH, C2 and H radicals. The intensity of the
H line also increased"1 . However, the quality change between the non-diamond caroon and
the diamond & a-C mixed region could not be explained by our OEM study. Since the
intensity of the OH line rose rapidly from the boundary between the diamond growth and
the no growth region, oxygen rarely reacted with hydrogen in the film growth region though
excess oxygen has the ability to react with hydrogen gas in the no growth region.
Additional increase in oxygen allowed 0 radical emission to appear. The above phenomena
are roughly the same as that for different methane contents ( [CH4]= 5, 10, 20, 30, and
60% ), which means that the plasma conditions in these discharges arc equivalent and are
controlled by methane and oxygen contents in the film growth region. Some of the specific
compositions are plotted on Fig.7. Squares represent the compositions of a rapid rise of the
OH radical intensity and are located on the boundary between the diamond growth and the
no growth region. Asterisks and solid circles are shown close to the CO-H2 line. These
indicate the compositions of maximum emission intensities brought about by the CH and
C2 radicals, respectively, as a function of 102] for each JCH,]. This result corresponds to
the phase diagram (Fig.5), therefore we believe that the characteristics of the films is
determined by the ratio of ICH4] to [02].

CONCLUSION

Diamond growth experiments were carried out by a microwave plasma assisted CVD
technique using various gas mixtures of CH4(0-100%)10 2/H2. The effect of oxygen,
especially, was investigated in the range of high methane content. The phase diagram
obtained by this study shows that a diamond growth region exists. Faceted diamond films
were obtained when [CH,]/2<1O2J<[CH4]/2+7%. Oxygen etches carbon films and
decomposes methane by forming carbon monoxide. However, oxygen rarely reacts with
hydrogen in the film growth region.
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ABSTRACT

Determination of the gas phase composition at or near a substrate surface during plasma
assisted chemical vapor deposition presents a challenging problem. The species located at a
growing surface include highly reactive radicals which are difficult to detect in atmospheric
plasma conditions. A system has been designed which consists of an inductively coupled rf
plasma reactor linked to a quadrupole mass spectrometer (QMS) via a supersonic convergent-
divergent nozzle. Differential pumping in the transient stages allows the plasma chamber to be
operated at or near atmospheric pressures, while facilitating the detection of reactant species
present in the growth boundary layer with the QMS.

INTRODUCTION

Diamond is a fascinating material with a wealth of unique properties. The economic potential
of an efficient diamond fabrication process near atmospheric pressures has led to a great deal of
research. Currently, several plasma techniques are used to activate gaseous species for diamond
growth, e.g.: hot filament, radio frequency, microwave, arc discharge, oxygen-acetylene flame.
Over the past few years several plausible mechanisms have been proposed to explain the growth
of diamond in certain plasma assisted chemical vapor deposition (PACVD) processes [1-8]. In
most cases, these mechanisms are based upon computer simulations in which the unknown rates
of surface reactions are inferred from the rates of analogous reactions in the gas phase. A direct
measure of the chemical species present at a diamond growth surface during deposition could help
to experimentally verify the mechanism(s) responsible for diamond film growth.

Experimental determination of the gas phase species present in a boundary layer between a
plasma and a substrate has proven to be a difficult task. Techniques such as optical emission,
laser induced fluorescence and infrared absorption spectroscopy have been used to detect gas
phase species present during diamond deposition [9-12]. These techniques are advantageous in
that they are non intrusive, but they are applicable only for a limited number of species. Mass
spectrometry, on the other hand, enables the detection of a much wider range of species. The
primary disadvantage of mass spectrometry is that it is an intrusive diagnostic and therefore
requires careful placement of the sampling orilice so as to not greatly disturb the deposition
boundary layer.

A number of researchers have employed mass spectrometry in their PACVD systems by
introducing a sampling port adjacent to the diamond growth region [13-18]. Typically in these
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systems, the mean free path of species entering the extraction port is small compared to the
distance they travel before detection. This creates a problem in detecting species such as radicals,
which can chemically react upon collision. Another problem that develops when using mass
spectrometry is that species which are activated by a plasma generally have high thermal energies;
this can lead to unimolecular reactions, such as dissociation. Both of these concerns are
addressed in the design of the inductively coupled radio frequency system which we discuss
herein.

DESIGN

The apparatus is depicted schematically in Figure 1. This system has been designed to detect
reactive precursor species present at a substrate surface during rf plasma assisted CVD of
diamond. A rf induction plasma was chosen as the activation source to avoid contamination from
electrode or filament vaporization. The detection scheme employs a quadrupole mass
spectrometer in conjunction with a supersonic sampling orifice to facilitate the detection of both
radicals and stable species present at the substrate surface during diamond growth. The system is
best described by breaking it down into three sections, each corresponding to a different pressure
region within the apparatus, namely the plasma volume, the differential stage and the quadrupole
mass spectrometer (QMS) region.

The plasma volume is where activation of diamond growth precursor species occurs. It
consists of two concentric cylindrical quartz tubes mounted on a 14" stainless steel support plate
with pumping ports. Water flows between the tubes to provide cooling. A 25 kW (Lepel) radio
frequency power supply is coupled to the plasma volume with a five turn copper induction coil
wrapped helically around the center of the outer quartz tube. Argon is used as the plasma gas and
is injected chiefly through the 36 uniformly spaced sheath ports that reside at an angle 45 degrees
tangent to the inside quartz cylinder. The pressure maintained in this region can be varied from an
upper limit of one atmosphere to a lower limit of a few tort by adjusting the speed of the pump
and/or the feed rate of argon. Reactant gases such as hydrogen and methane are generally fed
into the system through an iujection probe located within the plasma volume. Typical operating
conditions of the plasma are shown in Table I. The height of the injection probe end can be
adjusted to control precisely where the reactant gases enter the plasma. Gaseous species
activated by the plasma impinge on the substrate surface, where diamond growth occurs. Located
in the center of the substrate is a small fixed orifice which leads into the intermediate or
differential stag of the system.

TableL Trical discharge operating conditions.
discharge power 8 kW

Ihydroenm now probe - 3.0 L-min- sheath - 0

methane flow probe - 0.03 L-min-1 sheath - 0
argon flow probe - 3.0 L-min"1 sheath - 40 L-mn-n

The differential stage is enclosed by a water cooled stainless steel disk which has a cylindrical
stem protruding from the center. At the top of this stem, a circular stainless steel orifice plate is
attached with inner and outer gold O-rings, allowing for water cooling. Located in the center of
the orifice plate is a convergent-divergent nozzle. The top of the nozzle is extended through a
molybdemm bstrate which is attached on top of the orifice plate. The function of the nozzle is
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Figure 1. The experimental apparatus.

to promote the supersonic flow ofgaseous species present at the nozzle orifice (i e. the substrate
surface) into the differential region while maintaining their chemical composition. The extraction
orifice is shown schematically in Figure 2 where subscripts labeled "I" refer to the plasma volume
and those labeled "2" indicate the differential region. Equation I describes the temperature

a--- =It+ •-.. M, ]

r2  2

change across the supersonic nozzle, where y is the heat capacity ratio (Cp/Cv) of the gas being
expanded and M is the Mach number, which can be estimated using the ratio of the cross sectional
areas A and A* of the nozzle [191. Equation I describes the temperature drop across a
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supersonic nozzle assuming ideal gas behavior, constant y and isentropic and continuum flow.
From Equation 1, we infer that the temperature drop between the reactor and the differential
stage is given by TI/T 2 f 5. Molecules which enter the orifice an T = 2500 K would be expelled
into the differential stage at 500 K, a drop which is sufficient to prevent unimolecular dissociation.
Depending on the pressure in the differential stage, the assumption of continuum flow may break
down, in which case the actual temperature drop would be larger. In either case, unimolecular
dissociation would be prevented.

Flow

Mo substrate T1  P1

orifice plate

T2 P2

4skimmer
Figure 2. Supersonic flow extraction orifice.

The differential region surrounds a skimmer cone which leads into the high vacuum QMS
region. The high vacuum region is composed primarily of a quadrupole mass spectrometer
(Balzers QMA 420) positioned below the skimmer cone. A parallel plate ion separator is located
between the QMS and the skimmer to keep charged particles from entering the ionizer of the
QMS. The region is evacuated with a turbomolecular pump (Baizers TPU-240) which maintains
a sufficient vacuum to operate the QMS (minimum b10-5 torr) and ensure that a limited number
of bimolecular reactions occur.

RESULTS

We present here results concerning the detection of methyl radicals in a 10 kW, 20 torr argon
discharge (H2/CH 4 m 100). A discriminatory ionization technique is necessary for detection of
radical species in a plasma since the parent molecules of the radicals are present in equal or
greater concentration. In this instance, detection of methyl radicals is hampered by the presence
of methane. Methyl radicals are detected as mle 15; methane also yields a signal at mle IS. By
applying a threshold ionization technique, it is possible to eliminate the contribution of methane to
m/e 15 [20]. The electron impact induced dissociative ionization of methane (CII,4 -+ CH3+;
14.3 eV) requires an electron energy approximately 4 eV greater than that for the ionization of
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the methyl radical (CH 3 -+ CH3 +; 9.8 eV). Figure 3 shows experimental verification for the
threshold dissociative ionization potential of methane and its fragments. The threshold energies

100,000

1,000 00CH

* oo

*• 0 CH4
00 CH-

0 O 0 0

0

I I I

10 15 20 25 30 35 40
Ionization Energy (eV)

Figure3. Threshold Ionization of methane.

for detecting CHx+, and in particular CH 3 +, from methane are in good agreement with the
literature [21].

Figure 4 illustrates a plot of the relative QMS output for CH3 + as a function of the electron
ionization energy with the plasma discharge on and Xff. The increased separation of the discharge
on and discharge off data as the ionization energy is lowered is attributed to the ionization of CH3
radicals from the plasma. Therefore, at lower ionization energies, the CH3 + signal is proportional
to the CH 3 radical density in the plasma.

In the CVD of diamond films, the mechanism(s) responsible for growth are not understood.
Several possible routes of diamond growth have been suggested, and debate still continues on the
subject. By sampling, chemically freezing and subsequently analyzing the gas phase species
present near a substrate during thermal plasma assisted diamond deposition; we hope to offer

experimental evidence that will help in the mechanistic understanding of these processes.
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ABSTRACT

Polycrystalline diamond thin films have been selectively grown on mirror-
polished silicon substrates using bias-enhanced microwave plasma chemical
vapour deposition (MPCVD) to increase diamond nucleation density. A slight
etching of SiO2 mask was employed after the nucleation treatment to remove
the diamond nuclei on the mask. Perfect diamond patterns with smooth surface
(particle size <0.5pm) and sharp boundaries were obtained. The diamond film
gears with 400pm in diameter and 5pm in thickness were first fabricated by
this technique.

INTRODUCTION

Chemical vapour deposited diamond films have great potential for applica-
tions in electronic, optical and micromechanical devices, because of the
unique properties diamond has. Film patterning is one of the basic processes
to fabricate the devices. Diamond is very high resistant to chemical solu-
tions, therefore, it is very difficult to pattern by chemical etching. Plasma
and laser etching are alternate techniques, but both of them require sophis-
ticate and expensive equipment. Selective growth may be the most viable
technique to achieve diamond patterning, and many efforts on silicon sub-
strates have been reported (1-4j. However, diamond is very difficult to
nucleate on non-diamond substrates, pretreatment with scratching or damaging
the substrate surface using diamond or other hard material paste is needed
in earlier works. Roughness of substrate surface and relative low diamond
nucleation density (10

8
/cm

2 
in common) 15-7] induced by this kind of treat-

ment can only result rough surface and boundary of diamond pattern, which
restrict the device with size in micron scale.

Recently, bias-enhanced microwave plasma has been found to be effective at
increasing diamond nucleation onunscratched silicon substrate (8-10J, and
nucleation density up to 10

1
1/cm

2 
has been achieved. But this technology is

not available for selective growth, because diamond nucleation on mask mate-
rials such as SiO2 was also enormously enhanced. In this paper we report the
selected growth of diamond films on mirror-polished silicon substrate using
bias-enhanced XPCVD.

The procedure of selective growth of diamond films is schematically shown
in Fig.l.

The substrates used in this study were mirror-polished n- or p-type 11111
silicon wafers with resistivity of 5-8 ohm cm. The wafers were first cleaned
by convenient RCA process, and thermally oxidized in pyrogenic steam at

180 C for 120 min to attain a Si0 2 layer with thickness of lpm. The SiO2
layer was then lithographically patterned and chemically etched in buffered
HF:NH4 FjH2 0 (3:6s10) solution.

147

Mat. Lo. Soc. Soou. Pro@. Vol. 334. 0lS4 Mteral 0eoosch R00"ety



rI JOxidization

- - 3Si02 pattering

- - DiamondCH 17ELTRD
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- Diamond growth +
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Fig.l The process of selective growth Fig.2 Schematic diagram of bias-
of diamond films on mirror-polished enhanced microwave chemical vapour
silicon substrates using bias-enhanced deposition system.
MPCVD.

Then, the SiO2 patterned silicon wafers were treated for nucleation using
bias-enhanced MPCVD system. Fig.2 shows the schematic diagram of the ap-
paratus. The vertically set reactive chamber was made of fused silica, with
46mm in inner diameter. The d.c. bias was applied between grounded moly-
bdenum electrode and graphite substrate holder both located in the reactive
chamber 5.0 cm apart from each other, d.c. bias voltage of -300 to 300V
was available. The substrate temperature during deposition was detected by
radiation pyrometer through the optical window located upper on the reactive
chamber. The microwave frequency is 2.45 GHz, and the output power can be
set from 500 to 5000 W. The typical parameters for the nucleation treatment
were given in Table I.

Table I Experimental conditions for diamond nucleation
treatment and normal growth process

Parameters Nucleation Normal
treatment growth

DC voltage (V) -130 U
Current (mA) 25 0
Time (Min) 5 180
Pressure (Torr) 22 30
CH4 flow rate (SCCM) 28 1.0
H2 flow rate (SCCM) 200 200
Microwave power (W) 1000 600
Substrate temperature (°C) 870 900
Substrate position (cm)* -2.0 0
Growth rate (hm/h) ... o.6

*Measured from the centre of cavity, -' means below the centre.

After nucleation treatment, the wafers were divided into two groups. In

148



the first group, the specimens were etched in the buffered HF solution (40
0
C)

for 20-30 seconds to etch the SiO2 layer about 50',60 nm in depth, in order to
remove the diamond nuclei on the mask induced by the nucleation treatment.
in the second group, this etching process was not executed.

Finally, the diamond nucleated substrates were put again into the deposi-
tion system, and normal growth of diamond films was carried out. The deposi-
tion condition was also listed in Table I.

The obtained products were investigated by scanning electron microscopy
(SEM) and Raman sepectroscopy. Fig.3 and Fig.4 correspond to the specimens
of the first group, and Fig.5 to the second group.

RISULTS ANM DISCUSSION

Fig.3(a) is a SEM photograph of a selectively deposited polycrystalline
diamond films with thickness of 1.8pm after 3h growth. The gap width of the

two patterns is 1.8pm. Diamond nucleation density are measured to be
10

1 0
cm-

2 
on mirror-polished Si and 10

4
cm-

2 
on Si0 2 mask. The selectivity is

high, and sharp boundaries are seen. The diamond films grown on unscratched
silicon are flat with mean particle size about 0.4tjm, and the film roughness
is estimated to be 0.3pm(peak to peak). Fig.3(b) gives the Raman spectrum of
the film. The appearance of the characteristic crystalline diamond peak at
1332cm"

1 
clearly shows diamond phase in the film. However the peak is not

well shaped due to the small size of crystals, this result is in agreement
with previous measurements by Jiang et al 191.

11050 I40 1900

Raman Shift(ce")

Fig.3 SEM photographs of selectively deposited polycrystalline
diamond films with thickness of 1.8pm on mirror-polished silicon
substrate. (a) patterns with gap width 1.8tim; (b) the Raman

spectrum of the film.

Fig.4(a) and (b) show the SEM photographs of diamond gears fabricated by
the technique described above. The diamond gear is 400pm in diameter, and
5Pm in thickness. The surface of gear is smooth, and the aspect ratio is
high. This result implicates the technology developed in this work is
hopeful for the fabrication of diamond microelectronic mechanical systems.

Fig.5 shows the contrast of diamond growth on unscratched silicon and
Si02 . The sample illustrated here is grown for 3h, without etching in
buffered HF solution after nucleation treatment. Above 10

7
/cm

2 
diamond
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Fig.4 SEM photographs of diamond gear with 4001im in diameter and
5pm in thickness, fabricated by selective growth method using
bias-enhanced MPCVD on mirror-polished silicon substrate. (a)
top view; (b) side view.

Fig.5 SEM photograph of selectively
deposited diamond film on unscratch-
ed Si in which the nucleated sub-
strate had not been etched in buf-
fered HF solution before normal
growth. The right half of the photo-
graph corresponds to the part shield-
ed by SiO2 layer.

particles have grown on the SiO2 mask (See the right part of the photograph).
This figure is in three magnitude order larger than that on untreated Si0 2
(10cm-2). Therefore, the high nucleation density on the mask is reasonably
induced by the treatment in negative biased plasma. Furthermore, the results
of Fig.3 and Fig.4 suggest that the nuclei on Si0 2 mask can be removed effec-
tively by the process of slight etching of SiO2 just after nucleation treat-
ment.

Bias-enhanced diamond nucleation on Si0 2 has not been reported by previous
work. The mechanism has not been throughly understood. We suggest the
enhanced defects on the SiO2 surface acted as diamond nuclei sites induced
by the bias treatment may pay an important role in nucleation. Some authors
110-111 proposed the following reaction existed when S10 2 exposured under
C/H plasma:

5O 2 + 3C + SiC + 2C0
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Therefore, when negative d.c. bias is applied, an increase in the flux and
kinetic energy of CxH H species to the surface may fasten this reaction, and
a reasonable enhancement of surface defects is obtained.

The phenomenon of enhanced diamond nucleation on Si02 is interesting, it
may make it possible to serve SiO2 as sacrificial layer in diamond micro-
structure fabrication if higher nucleation density can be achieved by setting
up the optimum treatment condition. Further study is being conducted.

CONCLUSIONS

A technique for selective growth of polycrystalline diamond thin films on
mirror-polished silicon substrate using bias-enhanced MPCVD has been develop-
ed. Bias-enhanced diamond nucleation on SiO2 was observed, and a shallow
etching of SiO2 after nucleation treatment is found effective to remove these
nuclei on the mask. Patterned diamond films, including diamond microgear,
with smooth surface and sharp boundaries, have been obtained.

u•FiZiNCEs

1. K. Hirabayashi and Y. Tanguchi, Appl. Phys. Lett. 53, 1815 (1989).
2. J.L. Davidson, C. Ellis and R. Ramesham, J. Electron. Mater. 18, 711

(1989).
3. Jingsheng Ma, Hiroshi Kawarada, Takao Yonehara, Jun-lchi Suzuki, Jin Wei,

Yoshihiro Yokota and Akio Hiraki, Appl. Phys. Lett. 55, 1071 (1989).
4. R. Ramesham and T. Roppel, J. Mater. Res. 7, 1144 (1991).
5. M.P. Everson and M.A. Tamor, J. Vac. Sci. Technol. B, 9, 1570 (1991).
6. Y. Avigal, Diamond Relat. Mater. 1, 216 (1992).
7. Ewa J. Bienk and Svend S. Eskildsen, Diamond Relat. Mater. 2, 432 (1993).
8. S. Yugo, T. Kanai, T. Kimura and T. Muto, Appl. Phys. Lett. 58, 1036

(1991).
9. X. Jiang, R. Six and C.P. Klages, Diamond Relat. Hater. 2, 407 (1991).

10. B.R. Stoner, G.H. Ma, S.D. Wolter and J.T. Glass, Phys. Rev. B, 45, 1i067
(1992).

1l.D.J. Pickrell, W. Zhu, A.R. Badzian, R.E. Newnham and R. Messier, J.
Hater. Res. 6, 1264 (1991).

I ,

151



PART H

Compound Semiconductors

Ii



REAL TIME CONTROL OF m-V SEMICONDUCTOR SURFACES DURING
MOVPE GROWTH

BY REFLECTANCE ANISOTROPY SPECTROSCOPY
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Technische Universitit Berlin, Institut fiur Festkorperphysik, Sekr. PN 6-1, Hardenbergstr. 36,
10623 Berlin,

GOS e.V. Rudower Chaussee 6, 12489 Berlin, Germany

ABSTRACT

Reflectance anisotropy spectroscopy (RAS) is presented as real time analytical tool for
metalorganic vapourphase epitaxy (MOVPE) of IlI-V-semiconductors. This optical method
derives its surface sensitivity from the anisotropy of surface structures. It is shown that it is
possible to monitor with RAS the oxide desorption from the substrate and that the substrate
surface conditions thereafter, still in the pregrowth stage, can be correlated with certain
reconstructions of the (001)-surfaces of InP and GaAs. The latter is possible through
simultaneous RAS and RHEED measurements during MBE (molecular beam epitaxy) or
MOMBE (metalorganic molecular beam epitaxy). Characteristic spectral features are also
observed for other binary or ternary Il-V-semiconductors. Time resolved measurements during
growth give monolayer resolution for the growth rate in the case of GaAs. In the study of
heterointerface growth exchange reactions between As and P together with their corresponding
reaction time constants can be monitored and conclusions for the epitaxial growth procedure can
be drawn.

INTRODUCTION

Many observations exist in the literature about the anisotropic optical response of solids with
cubic symmetry. For semiconductors one of the first observations was made already in 1966 in the
course of reflectance measurements on Si(l 10) (1]. However, it took nearly twenty years until it
was first recognized that these anisotropies can be exploited for surface analysis [2]. For the
GaAs(001) surface the equivalence of reflectance anisotropy spectra, taken as difference between
the reflectance in [TI0] and j110] directions, under gasphase and under UHV conditions was
shown (3]. It was concluded that surfaces in both cases exhibit identical surface reconstructions.
Grazing incidence X-ray scattering has proven by now that this is the case [4] and that reflectance
anisotropy spectroscopy (RAS) indeed can be utilized to determine the surface reconstructions of
semiconductors. Moreover, during MOVPE (metal organic vapour phase epitaxy) growth of
GaAs at standard pressures oscillations equivalent to those in the RHEED intensity for MBE
were observed recently in the RAS signal [5). They showed the potential of this spectroscopic
method for analysis and monitoring of MOVPE growth. First observations on a number of other
semiconductor surfaces than GaAs(001) have by now been performed and characteristic RAS
spectra have been obtained under MOVPE conditions in each case [6,7]. Moreover, even at room
temperature, spectra typical for the state of substrate oxidation are observed and it seems,
therefore, that RAS is capable of monitoring and analyzing most of the stages of MOVPE
growth. In this paper we will illustrate this potential of RAS with examples mostly taken from the
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by now best understood cases of GaAs and InP growth. We will follow the standard steps in
MOVPE growth and the results section is correspondingly organized starting with the substrate
deoxidation which is followed by a discussion of pregrowth conditions. Finally homoepitaxial as
well as heteroepitaxial growth will be discussed. MBE or MOMBE results will be presented in
order to underline the equivalence of pregrowth surface reconstructions.

EXPERIMENTAL

The experiments were performed in a low-pressure MOVPE horizontal quartz reactor
equipped with a hydrogen purged "strain-free" quartz window on the top and a small hole in the
inner (liner) tube. The RAS equipment is mounted vertically above the reactor and has principally
the same design as published by Aspnes et aL. [8] (Fig. 1).

Monbodhrmwor

RAS

-if
PEM

MOVPE

FIG. 1 Schematic drawing of the RAS-MOVPE experiment showing the components of the
RAS spectrometer and the quartz reactor
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The anisotropy in reflectance was measured along the optical eigenaxes [T 1] and [110] of the
(001) surface and the real part of the complex reflectance difference

Ar/r= 2(rTio-r 110)/(r Tio+rio) (1)

is quoted in the RAS spectra shown throughout this paper.
For growth the precursor trimethylgallium (TMGa), pure arsine (AsH 3 ), trimethylindium

(TMIn) and pure phosphine (PH 3 ) were used together with hydrogen as carrier gas. Substrates
were exactly oriented GaAs(001) and InP(001) wafers (ACROTEC, MCP, SUMITOMO).
Standard values for total pressure and flow rate were 100 mbar and 3 /mrin. The ratio of group V
to group III precursors and the growth temperature were kept in the range of typical growth
conditions. Additional surface studies reported were performed within a MBE (VG 80 with solid
As and Ga) and a MOMBE (VG 80 with precracked PH3 and TMIn) system. Both, MBE- and
MOMBE-system were equipped with a RHEED utility.

RESULTS AND DISCUSSION

InP substrate deoxidation

In preliminary expeiments we found that all 111-V semiconductor substrates exhibit an
anisotropic response even measured in air at room temperature. The spectral response, however,
depends very strongly on the individual history and treatment of the sample. By following the
development of these spectral features starting from a freshly grown layer it was found that the
strongest structures, appearing in the range from 4 to 6 eV, are due to oxidation of the layer
surface. This is especially true for so-called epi-ready wafers. The detailed spectral shape,
however, seems to depend on the specific procedure the oxide was generated with. This opens
up the possibility to characterize the substrates before loading them into the reactor and to qualify
the preparation procedure (or the "epi-ready" wafer). Moreover, the heating process and the
pregrowth stabilisation can be monitored in the MOVPE reactor until the oxide is removed.

As an example the spectral changes during heating of an InP wafer (epi-ready from
ACROTEC) is shown in Fig.2 (for GaAs deoxidation see [5]). At 300 K the oxidized substrates
display a characteristic anisotropic structre with a maximum around 5.5 - 6.1 eV and a minimum
at 4.7 eV. The amplitude of these features depends strongly on the preparation of the samples and
is much less pronounced for example for a sample etched freshly with 12 H2 SO4: H2 0 2 : 4H2 0.
Moreover, the spectra of epi-ready wafers change too with increasing time after the package has
been opened. Thus, the heights of these spectral features seem to be correlated with the oxide
thickness and/or the composition of the oxides.

With increasing temperature the oxide related structures in the spectra of Fig.2 disappear and
a new spectral shape develops. At 725 K a spectrum is obtained which is typical for MOVPE
grown InP measured at this temperature within the reactor. We define this temperature as the
oxide desorption temperature. In a realistic pregrowth process of course the temperature does not
increase slowly stepwise but continuously at a much faster rate. The deoxidation can then be
monitored through the time development of the RAS signal at a fixed wavelength the choice of
which is only governed by the desire to obtain a large signal change indicating the deoxidation.
Fig. 3 shows such a time resolved measurement at fixed wavelength of 2.6 eV. The two peaks at
240 s and 370 s are related to the change of spectral features at 2.6 eV. At 755 K, however,
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there is a sharp ise of the signal caused by the large peak at 3 eV of the oxide-free InP surface.
Comparing to Fig.2 the oxide desorption temperature seems to be higher in this case. The reasons
for that might be either the faster heating rate or the fact that the epi-ready substrate in this case
was already exposed some time to air.

0

"725 K

675 K

575K

475K

0) ,300 K

T2

2 3 4 5 6 7

ENERGY (eV)

FIG. 2. RAS spectra of an oxidized InP(00l) surface under hydrogen (104 Pa) and
PH3 (190 Pa) flow obtained during stepwise heating up to the growth temperature. The features
enclosed by the dashed lines are characteristic for the oxide related anisotropy.
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FIG. 3. RAS transienrt at 2.6 eV taken during the heating phase of an oxidized InP(001)
wafer at 104 Pa hydrogen and 172 Pa phosphine.
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GaAs surfaces under different pregrowth conditions

By now it has been well established that under typical MOVPE conditions, before growth is
started, the (001)-surface of GaAs is reconstructed identical to the surface in the UHV
environment of MBE at equivalent As-fluxes and temperatures [3,4]. The RAS spectra which
sample the dielectric response of the surface dimers are identical if measured on the same sample
or very similar on different samples. This is shown in Fig.4 where firstly a GaAs buffer layer was
grown in order to improve the crystalline quality of the material and then cooled down to room
temnperature under As4 or AsH3 flux, respectively. Afterwards the RAS spectra shown where
taken with increasing temperature monitoring the subsequent As desorption from the surface. In
the MBE experiment RHEED data were taken simultaneously with the RAS spectra. In the
MOVPE case up to 675 K the disordered (4x4) reconstruction, formed by additional As atoms on
the c(4x4) structure, is stable. The latter is characterized by a double layer of As at the surface
[9]. The spectra of both surface structures differ essentially by the spectral shape and width of the
peak around 4 eV.

T= b I REEI

13So (2X4l-llkW

880 K

80 -K (2x4)
A ,7 K c(4x4)-ltke • 20 K

V 
a

.0V 4 798K (2X4)
V"S K d(4x4)-lIke 780 K

4711 * 7400K
c(4x4)

2 590 K

I I f 1 1
2 3 4 5 6 12 d(4x4)

ENERGY (eV)
1 2 3 4 5 6

ENERGY (eV)

FIG. 4. RAS spectra of GaAs(001) surfaces in (a) a MOVPE reactor under hydrogen
atmosphere (104 Pa) and in (b) a MBE growth chamber.

The c(4x4) reconstruction appears in the temperature range from 775-800 K. The stability
range of these different surfaces depends of course not only on the temperature but also on the
unintentional flux of As from the walls or the susceptor to the GaAs surface. At elevated
temperatures the (2x4) reconstruction is present, indicated by the change of sign in the RAS
signal at 2.6 eV. This sign reversal of the signal is correlated with the directional change of the As
dimers in the surface layer. The RAS signal at this photon energy as well as the peak at 4.2 eV
have bern shown to be related to electronic transitions into empty dimer states from either lone
pair states (2.6 eV) or filled dimer states (4.2 eV) [10].
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The difference occurring between the two sets of RAS data in Fig. 4 at the lowest
temperatures is very probably caused by the incomplete decomposition of AsH3 and the
correspondingly diftit adsorbates in MBE and MOVPE. For even higher temperatures than
those in Fig.4 the surfaces start to detoriate. This is demonstrated in Fig. 5 where the GaAs
surface is exposed to 1000 K without arsine stabilization only in hydrogen flow. Starting from the
(2x4) reconstructed surface As continues to desorb from the surface and large changes in the
measured spectra occur. They are due to elastically scattered light which must originate from an
anisotropic surface roughening. The spectra should allow in principle also to draw more
quantitative conclusions about the surface morphology by performing appropiate simulations with
an effective medium approximation [1 ].
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FIG. 5. RAS spectra of (00I)GaAs in MOVPE under hydrogen flow without arsine at 104 Pa.
Spectra were taken every 5 minutes.

InP surfaces under different premrowth conditions

InP surfaces have not been previously studied by RAS under MBE conditions. In order to
correlate the spectral shapes with certain surface reconstructions, we performed therefore a
parallel study under MOVPE and MOMBE condititions. The growth chamber for the latter was
equipped with a RHEED facility. In order to prepare a high quality InP surface firstly an WnP
buff layer was grown at 875 K and the sample was then cooled down under PH3 or P2 flux to
room temperature. The surface was heated again and RAS spectra were taken at certain
temperatures (Fig. 6). Looking first at the spectra obtained in the MOVPE reactor under
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hydrogen flow it is striking that the magnitude of the spectral features is much larger compared to
those from GaAs surlices. Up to 605 K the spectra are dominated by the features already known
from Fig. 2. There is one minimum at about 2 eV, and maxima at 3 and 4 eV. At 755 K the peaks
at 2 and 3 eV becomes smaller. Above 775 K there is a *three-buclde structure" and a minimum at
1.8 eV. Comparing these spectra with spectra taken in a MOMBE system from InP surfaces we
observe similar features (Fig. 6b). RHEED showed at 640 K a (2x4) reconstruction and at 715 K
a (4x2). From the similarity of the spectral structures and especially from their spectral positions
(even in spite of the limited temperature and spectral range in Fig. 6b) we conclude that in the
MOVPE environment the surfaces around 755 K are In-rich with a (4x2)-ike reconstruction but
at lower temperatures the more P-rich (2x4) reconstruction is present. The larger strength of the
peak at 3eV in the MOVPE spectra can be explained by a higher P-supply in the MOVPE
environment. This is verified also by the increase of this peak with increasing partial pressure of
PH3 .

12 RHEED
0 15

. T (4x2)

A 925K K

Li

\ 75SK A

VV

655 V

(D 715 K
< 90 K (204)

05 K 665 K

525 K a) $40X tb)
I I I I l II , I , I I ,

1 2 3 4 5 1 2 3 4

ENERGY (eV) ENERGY (eV)

FIG. 6. PAS spectra of InP(001) surfaces under (a) hydrogen atmosphere (100 mbar) in a
MOVPE reactor and (b) in a MOMBE growth chamber. The data in (b) were made through a
standard viewport and have therefore only a limited spectral range. This made also necessary the
subtraction of a larger animstropic background originating from the birefringent window.

Other m-v matrials before mowth

Fig. 7 shows the spectral RAS response for a number of different m-v (001)surfhces within
the InGaWP material system. Strong differences exists between all of these spectra. They can be
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used therefore for an n-sztu monitoring of the material under growth. From detailed
measurements of the InGaAs and the GaAsP material systems it has become clear by now that
RAS can be used to probe the surface concentration of group III as well as group V elements. In
order to achieve a high accuracy of composition control, operation conditions should preferably
be near a phase transition between surface reconstrnctions. This is for example the case for
InGaAs on GaAs where the RAS spectra gradually transform from that of a (4x4) reconstructed
GaAs surface to that of a (Wx3) reconstructed InAs layer, and also for GaAsP on GaAs where the
spectrum corresponding to the (4x4) reconstructed GaAs surface changes into a spectrum
correlating with the (2x4)-like P-terminated structure of InP(00 1).

775 K

0
'- InP

InGaP

"GaAsP"*
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V
"InAsp"
InGaAs

(D GaAs

GaP

1 2 3 4 5

ENERGY (eV)

FIG. 7. RAS spectra under 104 Pa hydrogen flow for several Il-V materials: GaP was grown
on a (001) GaP substrate, InGaAs is grown lattice-matched on (001)WnP, JnGaP is lattice-matched
on (001)GaAs. the spectra "GrAsP" and "InAsP" were obtained by exposing GaAs- and lnP-
surfaces to phosphine and vane, respectively.

SGrowth td,

The status of growth of course is the most important question to be answered by a surface
diagnostic tool sensitive in a MOVPE-environment. In the following we discuss the homoepitaxial

- growth on Ga,(001) in more detail.
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FIG. 8. RAS spectra before (0 Pa TMGa) and during growth of GaAs(001) at different
TMGa partial pressures as indicated. Total pressure: 100 mbar, AsH3 : 32 Pa.

Fig. 8 shows stationary time averaged RAS spectra after growth has been initiated by adding
different amounts of TMGa into the reactor. The spectrum with 0 Pa TMGA gives the already
shown c(4x4) as the starting surface. The spectra before and during growth are different. The
magnitude of the change depends on the partial pressure of trimethylgallium and the temperature.
The largest difference occurs at this temperature for the highest partial pressure (1.44 Pa) of
TMGa. A similar behaviour is displayed at higher temperatures. At lower temperatures, however,
the situation is different and the most strongest deviations from the As-stabilized c(4x4) are
obtained at relative small partial pressures (12]. In general these spectral changes indicate that as
a consequence of additional Ga species on the surface a certain number of As-dimers directed
along [I 10] is either destroyed or switches to the [T 10] direction appropriate for the (2x4)-like
surface.

For time resolved studies the photon energy was chosen according to the spectral position
where the largest difference occured in the stationary spectra before and during growth. The
results for a temperature of 785 K and different TMGa partial pressures are shown in Fig. 9a. As
expected from the difference in stationary spectra, a strong rise in the RAS signal is seen when
TMGa is switched on This is followed by a number of well-resolved oscillations. Their period
decreases with increasing partial pressure of TMGa. This indicates already strongly that the
oscillation period corresponds to the growth of I ML of GaAs. Er-situ layer thickness
determinations indeed have verified this interpretation [5].

Varying the total pressure with constant TMGa and AsH3 partial pressures at a temperature of
775 K in the range of 20-200 hPa changes the oscillation period too, because of the different
hydrodynamic conditions (Fig. 9b). The growth rates derived from these oscillations as a function
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of the different parameters correspond exactly to the results obtained a decade ago in MOVPE
studie by performing er-sit growth rate determinations [13]. A summary of growth rates
derived from the oscillation periods is given in Fig. 10a (total pressure dependence) and Fig. 10b
(temperatu dependence). The latter shows the well known Arrhenius plot clearly indicating the
temperature ranges for mass transport limited growth at higher temperatures and the kinetically
limited regine at lower temperatures. The practical advantage of exploiting the oscillations for
such data in comparison to e-situ determinations of course is that the data are obtained on one
sample only and within the short time just needed for observation and changing the epitaxial
parameters.

a) T = 785 K b)

12•) [ PTMGa--

0

0.42 Pa"A Pt 0t

V 200 hPa

ý"0.57 Pa
-• 100 hPa

T 775 K

0.6 PpM= 0.38 Pa

0.99 Pa 20 ha• V/III= 110

0 10 20 30 40 50 50 0 10 20 30 40
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FIG. 9. RAS usnalsatafixedphoton ener• (2.6 eV) a a finction oftimefrom aGaAs (001)
surface (a) when starting growth by adding TMGa at different partial pressures between t--0 and
t-35-40s (total pressure 100 hPa) and (b) for different total pressures at constant TMGa-partial
pressure. Arsine partial pressure and temperature were held constant. Carrier gas was nitrogen.

These results should help also in interpreting the oscillations in tram of surface structures. A
microscopic model has to take into account their dependence on the different growth parameters,
including psphase, processes as well as thek dependence on different vicinm surfaceis.

Hetaostuctre 111rwth

Although RAS messuraunts have shown already a number of impressive results for
honmoeptaxy, growth of heteroattures constitutes an fild where even more diagnostic toob
are needed. In order to follow the growth of a heterointerfhce again time resolved studies are
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necessary which, with the presently available equipment, can performed only at a fixed photon
energy.

Fig. 11 shows the time resolved RAS signal at 2.5 eV when a GaAs surface is exposed to
phosphine. It is seen that the response consists of two parts with significantly different time
constants. Aninitial fast rise(at t -60 sinFig. 11) with estimated time constants in the range of
100 to 200ms is followed by a very much slower response (from t = 60 s to t = 200 s). The latter
is also accompanied by a strong decrease in the total reflectance and an increase of elastically
scattered fight.
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FIG. 10. Growth rates derived from time resolved "monolayer" oscillations in the RAS spectra
for different partial pressures of TMG: (a) as a function total pressure, (b) as a function of
temperature.

A detailed analysis of these features made us conclude that the initial reaction originates from
an exchange of the (4x4) reconstructed As double layer to a P-layer while the slower time
constant corresponds to a surface roughening [7]. The reaction rate for the exchange, k, is given
by k=-109. 7 * p[PH3]1/ 3 * exp(i.64eV/RT). For standard growth conditions (T=600 C,
p[PH3]=5OPa) the time constant for the As by P exchange is comparable to the experimental time
resolution. The activation energy of 1.64 eV should be compared with the desorption energy of
As from GaAs, which has been reported to be 1.84eV under MOVPE conditions [14]. The fact
that the energy for exchange is lower than the energy for desorption suggests that the presence of
phosphine enhances the desorption of As. This was also confirmed by comparing the RAS signal
for the exchange reaction with the signal for desorption of As. The time constant associated with
the fornation of the single layer P-terminated structure, by exchange of As is a factor of 3 to 5
shorter than the time constant for As desorption in pure hydrogen. According to the data
presented here, one should consequently use a very short PH3-only step in gas switching
sequences over As-terminted ufaces to avoid surace roughening. The step should, however,
still be included in order to allow the As-terminated c(4x4) reconstructed surface to reconstruct
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into the P-terminated single layer structure since this surface state is much more stable in the
phosphine environment.

05 .5 H

-s

-10 T= 925 K

0 100 200 300

Time (s)

FIG. 11. Time resolved RAS response when a GaAs(001)-(4x4) is exposed to 40 Pa PH3 at
925 K Strong anisotropies develop which indicate that the surface is not stabilized anymore but
becomes rough and anisotropic.

SUMMARY

We have shown that the Reflectance Anisotropy Spectroscopy technique gives information on
all stages of the MOVPE growth. It allows to obtain information on substrate quality, pregrowth
conditions, growth rate, interface structure and growth morphology. These quantities are clearly
of technological relevance, even when there is at presence a lack of understanding in the
microscopic nature of the RAS signals. Information about the corresponding surface structures
may gained by performing parallel studies in UHV based growth chambers which allow for
electron diffraction experiments and other electron based techniques, A deeper understanding of
the growth mechanism may be further obtained through detailed studies of the growth oscillations
under various epitaxial conditions. They should reveal at least some of the basic factors
controlling growth. Nevertheless, microscopic theoretical studies of the dielectric response of the
surfaces in question are urgently needed in order to allow for a more quantitative interpretation of
the RAS spectra.
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ABSTRACT

Gas phase and surface decomposition reactions of a novel arsenic precursor tris-
(dimethylamino) arsenic (DMAAs) have been studied. Optical fiber-based Fourier transform
infrared spectroscopy was used to monitor, in situ, the gas-phase pyrolysis of DMAAs.
Homolysis of the arsenic-nitrogen bond with formation of dimethylamine radicals was identified
as the key gas-phase reaction pathway. Formation of methylmethyleneimine from reactions with
the decomposition products was directly observed. Surface decomposition of DMAAs on
GaAs(100) was investigated by low energy electron diffraction and temperature-programmed
reaction under ultra-high vacuum conditions. DMAAs adsorbed onto GaAs(100)-(4x6) was
found to decompose with 100% efficiency and two surface reaction pathways were identified.
The first reaction channel was homolysis of the arsenic-nitrogen bond with formation of
dimethylamine radicals, whereas the second pathway involved a 03-hydrogen transfer.

INTRODUCTION

There has been considerable interest in the development of liquid organometallic arsenic
reagents as replacements for the highly toxic, gaseous source arsine. Alternative sources also
have potential for reduced growth temperatures and lower V/III ratios in epitaxy of Ill-V
semiconductors. A wide range of organoarsenic compounds have been explored including
trialkylarsenics [1,2], alkylarsenic hydrides, such as tertiarybutylarsine (t-BuAsH2 ) [3, 4], and
phenylarsine [5]. Carbon incorporation into the film grown from precursor molecules or from
pyrolysis fragments has been a major concern for organometallic vapor phase epitaxy (OMVPE).
Current understanding of the underlying chemistry suggests that some hydrogen must be bonded
to the As to avoid carbon contamination. In fact, t-BuAsH2 has been reported to be successful in
producing GaAs films with similar properties to those achieved with arsine [3-5]. In the case of
metalorganic molecular beam epitaxy (MOMBE) or chemical beam epitaxy (CBE), the desirable
precursors must not only lead to low level carbon incorporation, but must also decompose at low
temperatures to avoid having to precrack the organometallic reagent [6].

Tris-(dimethylamino) arsenic (DMAAs) has been synthesized as a promising alternative
arsenic source for both OMVPE or MOMBE. This compound is distinct from previous arsenic
precursors by having arsenic bonded directly to nitrogen and thus no carbon-arsenic bond. It
also has the required moderate vapor pressure and long term stability to be of practical use in
OMVPE. Abernathy et aL [7] have shown in MOMBE studies that GaAs films, with no
detectable carbon, may be grown at relatively low temperatures (-450*C) using trimethylgallium
and DMAAs. The use of DMAAs in OMVPE has also been explored with encouraging results
[8] and the compound has also been utilized recently in atomic layer epitaxy (ALE) of GaAs and
AlAs [9].
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There have been several recent studies of the decomposition mechanisms of DMAAs on
GaAs(100). Salim et al. used in situ mass spectroscopy at MOMBE conditions to show that the
thermal decomposition of DMAAs was completed at 450°C, the major products being
dimethylamine, hydrogen, aziridine or methylrnethyleneimine. Two decomposition pathways of
DMAAs on GaAs(100) were suggested: simple scission of the arsenic-nitrogen bond followed
by reaction of the dimethylamine radical with hydrogen to form dimethylamine; and hydrogen
elimination reaction to form aziridine or N-methylmethyleneimine and surface hydrogen. Fujii et
al., on the other hand, have proposed that a monomethyl amine species (NCH 3) is the key
decomposition intermediate in the dissociative adsorption of DMAAs onto GaAs based on
transient mass spectrometry measurements during MOMBE or ALE 19, 11]. To gain more
insight into reactions occurring during OMVPE or MOMBE processes, we present more detailed
studies of DMAAs decomposition reaction in the gas phase and on GaAs(100).

EXPERIMENTAL

Details of the fiber optics-based Fourier transform infrared system for in situ monitoring
of the OMVPE gas-phase reaction have been described previously [12]. Briefly, a 1:20 mixture
of DMAAs and carrier gas flowed through a 12.7 cm long, restively heated, quartz sample tube
with CaF2 windows at both ends. The temperature was measured by a K-type thermocouple
inserted into a well on the wall of the tube. Residence time analysis revealed that the cell could
be considered well mixed. The cell pressure was measured by a baratron mounted in the outlet
and maintained at 600 Torr. The flow rate was kept constant at 60 sccm. Chalcogenide optical
fibers with frequency window between 1000 to 3300 cm-I were used to transmit the IR light.
All the IR spectra were taken under steady state flow conditions with a resolution of 4 cm-Q.

The surface spectroscopy studies were performed in an ultra-high vacuum chamber
equipped with an ion sputtering gun, rear-view LEED/Auger optics and a quadrupole mass
spectrometer (QMS). With liquid nitrogen cooling, typical chamber working pressure was -
5x10-10 Tort. A 1.5 cmxl cm rectangular piece of GaAs (100) ± 0.5' wafer (Si doped, at 2-
4x10 17 cm-3) served as the sample. A 300 nm of Ta film was sputtered onto the backside of the
wafer for resistive heating. The surface temperature was measured by a K-type thermocouple
clamped to the back of the crystal by a Ta strip, and the thermocouple reading was calibrated by
the intrinsic GaAs congruent evaporation temperature [13]. In the studies presented here, the
temperature-programmed reaction (TPR) experiments were performed with the crystal line-of-
sight to a shielded QMS, but the shield had slots cut open to the main chamber. The heating rates
in the TPR experiments were 2 K/s, and up to 10 masses could be monitored simultaneously.

DMAAs was dosed onto the GaAs(100) surface by back-filling the chamber via a leak
valve. Exposures were reported in Langmuirs (I L = lxlO-6 Tort.s) and uncorrected for
differing ion gauge sensitivity. Atomic deuterium exposures were generated by dissociating 1D2
on a hot tungsten filament placed -5 cm in front of the surface. Since the degree of dissociation
is not known, exposures of molecular deuterium are reported as a relative scale. The DMAAs
reagent was donated by Air Products and Chemicals. Three kinds of carrier gases were used in
the studies: H2 (99.9995%, Matheson), D2 (99.5 atom %, Matheson), and He (99.999%,
Matheson).
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RESULTS AND DISCUSMONS

Gas-Phase Pyrolysis of DMAAs

Figure 1 shows FTIR spectra of DMAAs in hydrogen under steady state flow at 50 'C
and 450°C. The peak frequencies in the spectrum taken at 500 C were assigned on the basis of
equivalent bands reported for tris-(dimethylamino) phosphorus [14]; specifically, 1464 cm-
I(CH 3 bending), 1252 cm-1 (asymmetric streching of C-N-C bonds), 1156, 1195 and 1058 cm-I

(deformation of CH 3). The As-N-C bending frequency was not observed since it is lower than
the cut-off frequency of the optic fiber (1000 cm-l). The spectrum taken at450°C is dramatically
different from the one at 50°C. Intensities of modes related to the parent molecule, in particular
the peak at 1195 cm-1, are reduced, while new peaks related to decomposition products have
appeared. Methylmethyleneimine ( H2C=N-CH 3) is observed as one of the major reaction
products based on the apearance of a new peak at 1660 cm-I (C=N streching), a broad shoulder
around 1475 cm-1 (CH3 bending) and a sharp peak at 1025 cm-1 (CH3 deformation). The
deformation of methane is observed as a sharp peak at 1306 cm- 1. The peak at 1155 cm-1

remains unchanged indicating that dimethylamine is also a product [15]. Vibrations associated
with aziridine, the the thermodynamically more stable isomer of methylmethyleneimine, were not
observed, nor was there any evidence of the formation of trimethylamine.

COCO vI

. 450'C
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2000 1800 1600 1400 1200 1000

Wavenumber (cm")

Figure 1. FTIR spectra of DMAAs in H2 at 500C and 4500 C.

Changes in the normalized intensities of the characteristic modes of DMAAs and its
pyrolysis products are plotted in Figure 2 as functions of temperature. The gas-phase
decomposition of DMAAs is initiated at -350°C and completed at -4500C. The products,
dimethylamine and methylmethyleneimine, appear as soon as DMAAs starts to dissociate. The
decrease in the concentration of the two products above 500*C is presumably caused by the
decomposition of dimethylamine radicals to form methyl radicals and methyleneimine [17]. The
latter product has a characteristic vibration at 1640 cm-I. The decomposition of DMAAs is
slightly enhanced by the presence of H2 or D2 relative to the case of He carrier gas. This
behavior suggests that H. and D. radicals, formed in reactions of dimethylamine radicals with H2
and D2, accelerate the decomposition of the parent molecule. Based on these observations, we
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propose the following pyrolysis .nechanism where scission of the arsenic-nitrogen bond is the
first step:

As(N(CH 3 )2)3 -- As(N(CH 3 )2 )2 + .N(CH3) 2
As(N(CH 3)2)2 - AsN(CH 3)2 + "N(CH3 )2
AsN(CH 3 )2  -- As + °N(CH 3 )2

Subsequent steps include reactions of dimethylamine and H- radicals with As(N(CH3 )2)n
(n = 1-3), as well as disproportionation of dimethylamine radicals:

.N(CH 3)2 + As(N(CH 3)2)n -- As(N(CH 3)2)n.I + HN(CH3)2 +
CH 3N=CH 2

*N(CH 3)2 + H2 -- HN(CH 3 )2 + Ho
H. + As(N(CH 3 )2)n -' As(N(CH 3)2)n-1 + HN(CH 3)2
"*N(CH3)2 + *N(CH3)2  -- HN(CH 3 )2 + CH 3N=CH2
N(CH3)2- CH 2=NH + -CH3

*CH 3 + *N(CH3 )2  -• CH 4 + CH3 N=CH2

._ .- DMAAs
-0.8 / i

(, -- • Dimethylamine " 0,

0. -'"- 0.6 -_•- Methane V '

.N 0.4 -... Methyleneimine // ,
0.2 x Methyl-

o methyleneimine x,
z I, -

L . i~ . wI .
100 200 300 400 500 600 700

Temperature(0C)

Figure 2. Gas-phase decomposition products of DMAAs in H2

Surface Reactions of DMAAs on GaAs(100)

Complete pyrolysis of DMAAs and deposition of arsenic on GaAs(100) surfaces have
been followed by the LEED pattern change. A well developed (4x6) LEED pattern was
repeatedly obtained after sputtering and annealing the crystal at 480oC. The Ga-rich C(8x2)
surfaces were formed by annealing the (4x6) surface at 550°C. As-rich C(2x8) surfaces were
produced from either of the Ga-rich surfaces by dosing DMAAs while annealing the surface at
400°C. Specifically, a sharp C(2x8) LEED pattern was observed after dosing the (4x6) surface
twice at 100'C with 10 L of DMAAs, then flash heating to 480"C. These observations are
consistent with the results of Hamaoka et al. [ I I ], who systematically studied the conversion of
C(8x2) surfaces into C(2x8) reconstructions with DMAAs as an arsenic source under different
temperatures and pressures. Large exposures (> 2000 L) of DMAAs to the C(2x8) surface at
350C made the surface more As-rich with a blurred "(Ixl) like" LEED pattern.
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Deposition of arsenic from DMAAs was also evidenced by temperature-programmed
desorption (TPD) spectra of As2 +. Figure 3 shows the TPD spectra following nme=150 (As2 +)
as a function of DMAAs exposure at 350°C. The appearance of the AS2+ signal around 600°C
from GaAs (100)-(4x6) without DMAAs dosing is caused by congruent evaporation from the
Ga-rich surface. Deposition of arsenic from the precursor is revealed in Figure 3 by the reduced
desorption temperature of As2 with the exposure of DMAAs. In fact, the decrease in the starting
desorption temperature was evident after as little as 5 L of DMAAs exposure (data not shown).
In a study of arsenic deposition on GaAs(100) from arsine, Banse and Creighton observed the
development of the low temperature desorption state of As 2+ at comparable arsine exposures
[19].

= DMAAs
S-Exposure:

0L
'- 100 L4' 2000m L00

200 250 30 30 400 40s Ls ~ s

Temperature (00)

Figure 3. TPR data for As2 desorption for different DMAAs .xposures.

To understand the decomposition of DMAAs on GaAs(lO0), TPR studies on the

desorption products were performed. Results are presented in Figure 4. The products ions

corresponding to in/e =-42, 43, 44, 45 were followed after a 8 L dose of DMAAs onto the (4x6)

surface at 100 0C. No other species with higher masses were detected desorbing from the surface

during the temperature ramping from I100C to 500°C. Ions with m/e=15 and 29 were observed,

but showed no features additional to those of in/e -=42 and 44. After each TPR ramp, the surface

was annealed at 480°C to ensure the recovery of (4x6) LEED pattern. No build up of

decomposition products of DMAAs was found on the surface to a degree that would affect the

reproducibility of the LEED patterns or the TPR spectra. It was thus concluded that all the
diiethylamine ligands desorb from the surface in the temperature ramp. In correlation with the

results from the gas-phase study, possible product candidates are dimethylamine (MW=45),

di Toeutylrmine radical (MWt 44) and methylpi ethyieneimine (MW=43).

The most significant feature in Figure 4 is the difference in desorpTion profiles between

res=42, 43 and those of m/e=44, 45. Since fnled44, 45 can result only from a dinethylamine

molecule or a diNethylamine radical, whereas m/es42, 43 can derive either from fragmentation

of dimethylamine/dimethylamine radicals or from Inethylmethyleneimine, the absence of the

demrption peak -280c in the TPR spectra of m/e=44, 45 indicates the presence of two reaction
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pathways for DMAAs decomposition on GaAs(100)-(4x6). Methyl-methyleneimine is formed,

presumably, through f3-hydride elimination, at -280°C.

To elucidate the nature of the reaction pathway at 160°C, we performed a D atom co-
adsorption experiment. Previous studies have established that a submonolayer of D atoms
adsorbed on GaAs(100) recombines and desorbs from the surface above 220'C [20]. After co-
adsorption of submonolayer of D atom and DMAAs onto GaAs(100)-(4x6) at 100°C, the peak
positions and intensities of m/e=44, 45 remained approximately identical to those from after the
same DMAAs exposure, but without D atoms co-adsorption. Only the peak at m/e=46, which

had contributions solely from the 13C isotope when there was no D atom exposure, showed a
small, but definite increase. As a reaction involving hydrogen addition from the surface would
be affected by the presence of D atom on the surface, this results strongly suggests that the
product evolving at - 160*C is a diniethylamine radical, and the signal of m/e=45 and the small
increase of signal at m/e=46 were due to abstraction of hydrogen or deuterium atoms adsorbed
on the inside wall of the mass spectrometer shield. Similar abstraction reactions by methyl
radicals are well documented, and their interference in mass spectrometric detection has been

described previously [20, 211.

C%3 CPH 3 CWl3 cH 3  CH2 =N-CH 3

N H
0 165

165 N N(CH3 )2  m 65 CH3 i,/H"I N (C H 3 ) ý I N (C H 3 )2 1 /e = 42 ) 4 '\. ." N -:O , H
cdm/e=44 As')INCH) 2 0 A

165 )165 280

.0
m/e=45 m/e=43

100 200 300 400 100 200 300 400

Temperature (OC)

Figure 4. TPR data for product desorption. 8L exposures of DMAAs at 100°C

CONCLUSION

Decomposition of DMAAs in the gas phase and on the GaAs(I00) surface has been
studied. Gas-phase pyrolysis of DMAAs was found to start at -350°C, and the decomposition
was complete at -450°C. Sequential scission of the arsenic-nitrogen bond and formation of
dimethylamine radicals was identified as the main decomposition pathway. Further reactions of

* the dimethylamine radicals lead to the formation of methylmethyleneimine. No trimethylamine
was detected. Deposition of arsenic from monolayers of DMAAs adsorbed onto GaAs(100) at
100*C was evidenced by both LEED pattern changes and As2 temperature programmed
desorption spectra. TPR results indicate that DMAAs decomposes on GaAs(100)-(4x6),
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transferring dimethylamine ligands to the surface. These ligands subsequently desorb from the
surface by two pathways: ejection of dimethylamine radicals at -1I60'C and formation of
methylmethyleneimine at -280'C.
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ABSTRACT

The growth of undoped GaAs films from Ga(C2 H5)3 (TEG) and AsH 3 by Metalorganic
Chemical Vapor Deposition (MOCVD) has been studied in a low-pressure reactor operating at 3
Torr. This precursor combination is known to produce GaAs films with very low carbon
incorporation when compared to films grown from Ga(CH 3 )3 (TMG) and AsH 3 . A kinetic
model of the growth process has been developed that includes both gas-phase and surface
reactions based on reported decomposition mechanisms of TEG and AsH3 . The kinetic model
was coupled to a transport model describing flow, heat and mass transfer. Finite element
simulations were performed to determine the rate constants of the growth reactions that provide
the best fit between predicted and observed growth rates. Under typical operating conditions the
surface reactions were found to dominate the growth process and a reduced surface kinetic model
was identified by sensitivity analysis. The proposed reaction-transport models can successfully
predict observed growth rates of GaAs films and they can be used for identifying optimal
operating conditions in MOCVD reactors.

INTRODUCTION

Metalorganic Chemical Vapor Deposition (MOCVD) is the most versatile technique for
growing thin films of GaAs and related IlI-V semiconductors for advanced electronic,
microwave and optoelectronic devices. The low-pressure (LP) MOCVD of GaAs has very
attractive features that can produce interface abruptness during heterostructure growth and
selective growth suitable for planarization of optoelectronic devices [II1. The growth of GaAs
films from TEG and AsH 3 has been found to result in a much lower carbon incorporation when
compared to the most commonly used precursor pair of TMG and AsH 3 [2,31. A reactor
pressure of about 3 to 5 Torr has been reported to yield GaAs films from TEG and AsH 3 with
minimal concentrations of both ionized donors [4], typically silicon impurities from the TEG
source [51, and acceptors, typically carbon impurities from the TEG decomposition byproducts
[41. Understanding the underlying kinetics is essential for optimal design and operation of
MOCVD reactors and for large-scale commercial development of the process [61.

The homogeneous thermal decomposition of TEG can proceed by both homolytic fission of
ethyl radicals, i.e Ga(C2 H5 )3 -+ Ga(C 2H5)2 + C2H5, and 3-elimination, i.e. Ga(C 2 H5 )3 -4
GaH(C 2 H5 )2 + C2 H4 17-91. Mass spectroscopy studies indicate that the second pathway is
probably the dominant one at typical MOCVD conditions [8,91. The lower levels of carbon
incorporation when using TEG instead of TMG can be attributed to a stronger Ga-C bond in
TMG, which favors the formation of carbenes (Ga-CH2 ) through abstraction reactions [ 101. On
the other hand, a weaker Ga-C bond in TEG can be cleaved more easily to yield saturated
hydrocarbons, when attacked by radicals. From observations of TEG decomposition on GaAs
surfaces I 1-141 it appears that TEG will adsorb dissociatively on GaAs surfaces at MOCVD
conditions. Species desorbing from the surface included C2 H4 , C 2 H5 and Ga sub-alkyls
I I 1- 141. Arrhenius parameters for several surface reaction steps of TEG decomposition on GaAs
surfaces have been estimated 113,141 and they can be used in the development of a surface
kinetic model of the MOCVD process.

# Present Address of F.T.J. Smith: LORAL Infrared Imaging Systems, Lexington, MA 02137.
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The thermal decomposition of AsH 3 is believed to be mostly heterogeneous, but the actual
mechanism is still not well understood and may also include some homogeneous steps [15]. It
has been postulated that under MOCVD conditions AsH* is the dominant adsorbed group-V
precursor resulting from dissociative adsorption of AsH 3 on GaAs surfaces [10].

The objective of this work is the development and testing of a kinetic model for LP-MOCVD
of GaAs from TEG and AsH3 using mechanistic information from decomposition studies of the
two precursors reported in the literature and growth rate data from an experimental reactor.

EXPERIMENTAL

An MOCVD reactor was used for the growth studies in which the reactant gases flow
horizontally toward a heated substrate placed on a SiC-coated graphite susceptor. The susceptor
is positioned in the middle of a 4-inch-diameter horizontal channel at a 10" angle to the vertical.
This arrangement results in a stagnation point flow against a slightly tilted surface. The substrates
were 2-inch-diameter wafers of semi-insulating GaAs with (100) surfaces misoriented 2" in the
direction of the (110) plane. Under typical operating conditions the total pressure was 3 Torr, the
TEG flow rate 0.61 sccm, the arsine flow rate 16.75 sccm (i.e. V/HIl = 27.5) and the flow rate of
the hydrogen carrier gas 150 sccm. The average horizontal velocity of the gases at the inlet of the
reactor was 8.7cm/s. The susceptor temperature was varied from 450 to 750"C. The thickness
uniformity of the GaAs epilayers was measured by the groove and stain technique at two radii,
I cm and 2cm from the center of the wafers.

KINETIC MODEL

The kinetic model of the growth process includes both gas-phase and surface reactions,
which are listed in Table 1. There is experimental evidence [8,9] that 1•-elimination (GI) will be
the major decomposition pathway of TEG in the gas phase at the operating conditions used in
this work. This reaction was assumed to proceed with the rate of a fission reaction, postulated to
be the rate limiting step with estimated Arrhenius rate constants ko = 1015.7 s"1 and E = 46.6
kcal/mole in 17 I, although this value of k. is rather high for 1-elimination. Rate constants for
reactions G2-G6 were obtained from the combustion literature [16]. Since the pressure is low,
the mixture dilute, and the residence time in the reaction zone small, the secondary bimolecular
reactions (G4-G6) were found to be negligible. The gas-phase decomposition of GaH(C7H5 )2
produced by G I was neglected, because it is also a secondary reaction. It should be mentioned
that the C2H5 . radicals participating in gas-phase reactions are produced by surface reactions.

The surface mechanism includes dissociative chemisorption of the precursors, surface
decomposition and recombination reactions, and growth reactions. The chemisorption steps (S1,
S2, S4-S9) were assumed to occur with collisional rates obtained from statistical mechanics,
with a coverage-dependent sticking coefficient equal to 1 at zero coverage for stable Ga species
and all the unsaturated species. The activation barrier for chemisorption of mine (S6) was taken
to be 5 kcal/mole [17]. The concentration of C2 H5* was found to be much larger than that of H*
and additional surface reactions involving the latter were neglected. Arrhenius rate parameters for
reactions S3, -S4, SI0 and SI I were obtained from [13], for -S7 from [ 171 and for -S8 and -S9
from 1141. The rate parameters for -S4 were assumed to be k = 108 s- and E = 27.4 kcal/mole
following observations reported in [ 13]. The coverage dependence of E of -S4 at high coverage
1131 has not been included in this study. Finally, the rate constants of the two growth reactions
(S 12, S 13) were taken to be the same and their values were fitted to obtain growth rates near the
observed ones. The best fit was obtained for k,0 2x10 17 cm2 mole-I s-1 and E = 25 kcal/mole.

TRANSPORT MODEL

The transport model is based on the fundamental equations describing momentum, heat and
mass balances in an ideal compressible gas with temperature dependent properties [6,10,17,18].
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Table 1. Kinetic Model of the LP-MOCVD of GaAs from Triethyl-Gallium and Arsine.

GAS-PHASE REACTIONS
(G I) Ga(C2 H5)3  -4 GaH(C 2H5 )2 + C2 H4
(G2) C2H5- + H2  -1, C2 H6  + H-
(G3) C2H5 . + M -- C2A 4  + H- + M (M = carrier gas)
(G4) C2H5  + H- - C2 H6
(G5) C2H5. + C2H5A C4110
(G6) H. + H-+ M H + M

SURFACE REACTIONS
(SI) Ga(C2H5)3  + SA -- [Ga(C2H5)2 ]A* + C2H5 -
(S2) GaH(C 2H5)2  + SA --4 Ga(C2 Hs)A* + C2H6
(S3) [Ga(C 2 H5)2 ]A* -4 Ga(C2H 5 )A* + C2H5 -
(S4) Ga(C2 H5)2  + SA <4- [Ga(C 2H5 )2 ]A*
(S5) Ga(C2 H5 ) + SA 4 Ga(C2H5)A*
(S6) AsH3  + SG -- (AsH)G* + H2
(S7) AsH + SG 4- (AsH)G*
($8) C2H5. + L +4 (C2H5.)A*
($9) C2H5 . + SG * (C2H5.)G*
(SIO) (C2H5.)A* C C2 H4  + HA* (1)
(SI I) (C2 H5-)G* - C2 H4  + HG' (1)
(S12) Ga(C 2H5)A* + (AsH)* -* GaAs+ C2 H6 + SA+ SG
(SB3) IGa(C 2H5 )2]A* + (AsH)G* - G GaAs+ C2H6 + C2H5 . + SA+ SG

SA Site corresponding to an As surface atom SG: Site corresponding to a Ga surface atom
(i) The H* coverage was assumed to be negligible *: Indicates adsorbed species

Such models are becoming powerful tools for realistic simulations of the growth of both Si 1181
and compound semiconductor films 16,10,171 by CVD. Since the mixture of reactants in the
carrier gas is dilute, the heat of reaction can be neglected. Then, the flow and heat transfer
equations can be solved separately from the mass transfer and kinetics. In addition to Fickian
diffusion, thermal diffusion of reactants in the carrier gas has been included in the model. The
unknown diffusion and thermal diffusion coefficients of the gaseous species have been estimated
by using group contribution methods [ 171. The resulting systems of nonlinear partial differential
and algebraic equations were solved in two dimensions by the Galerkin Finite Element Method.
The mass transfer and kinetics simulations presented here are for a susceptor perpendicular to the
direction of flow, i.e. for stagnation point flow. In such a case, a similarity transformation leads
to a system of ordinary differential and algebraic equations, which can be used for developing
and testing kinetic models, because it can be solved more efficiently than the full two-
dimensional model. A complete description of reaction-transport models developed in this study
and comparisons between predictions and experimental observations will appear in a forthcoming
publication 1191.

RESULTS AND DISCUSSION

Several experiments were conducted using the LP-MOCVD reactor at ,b- operating
conditions described above and both growth rate and thickness uniformity data were obtained for
the GaAs films. The experimental results were used for developing the surface kinetic model of
the process and for fitting its parameters by comparing predicted and observed growth rates.

The pathlines of H 2 predicted by the detailed two-dimensional flow and heat transfer model
of the actual reactor are shown in Figure 1. In these simulations it was assumed that the reactor
walls are uniformly cooled to 300K and that the susceptor is isothermal at 873K. The flow
pattern is almost an ideal stagnation flow, slightly distorted because of the small tilt of the
susceptor. There are no buoyancy driven recirculations, because the low operating pressure leads
to a low gas density making the buoyancy term in the momentum equation to be negligible. Small
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Figure 1. Predicted pathlines of hydrogen in the LP-MOCVD reactor for Ts 873K, vo=8.7cmn/s

and P =3 Tom.
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Figure 2. Predicted mole fractions of adsorbed species at eifferent susceptor temperatures.

* ~(a) Species adsorbed on As sites: (1) Ga(C2H5)A* , (2) (Ga(C2H5)21A*, (3) (C2"5i')A*, (4) SA.
(b) Species adsorbed on Ga sites: (1) (AsH~) 0;*, (2) (C2H~5 .)G*, (3) SG.
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vortices (not shown) can be formed behind the susceptor at high inlet velocities due to flow
separation.

To develop and test the kinetic model, flow, heat and mass transfer simulations were
performed by using the finite element code describing GaAs deposition in a stagnation point flow
reactor, with a susceptor perpendicular to the direction of flow. The computational expense for
running these simulations was much smaller compared to the full two-dimensional finite element
simulations of the actual reactor. Furthermore, since the small tilt of the actual susceptor is not
expected to have a significant effect on the observed average growth rates, the growth rate data
obtained from the experimental reactor can be used for fitting purposes. The tilt has a small
effect on the thickness uniformity of the films [ 19]. A sensitivity analysis was also carried out to
study the effects of the values of the kinetic parameters on the growth rate.

The gas-phase reactions were found not to contribute significantly to the growth rate and can
be omitted from the mechanism, when only growth rate predictions are sought, but not when
accurate predictions of the species distribution in the gas phase and on the surface are desirable.
The mole fractions of adsorbed species, predicted by the full model at different susceptor
temperatures, are shown in Figure 2. The coverage was normalized for each individual type of
site (A or G), i.e. the sum of the mole fractions of adsorbed species and free sites is unity for
each type of site. By comparing the coverage of the two Ga surface precursors it is obvious that
Ga(C 2Hs)A* is the dominant one. Furthermore, the concentration of (C2H5-)* is significant only
on As sites at temperatures between 750K and 950K. Adsorbed ethyl radicals can compete for
sites with the adsorbed Ga precursors, which are the limiting growth species since V/Ill is larger
than one. This will affect the growth rate, if the number of available free sites is limited, as is the
case for susceptor temperatures between 750K and 850K (Figure 2a). This effect should be
smaller at temperatures below 750K, due to the abundance of the adsorbed Ga species, and
negligible at temperatures above 850K, because the concentration of the free sites is high. The
only important species adsorbed on Ga sites is (AsH)G*, whose coverage drops off above 900K
due to fast growth reactions and desorption.

From the above observations and from the sensitivity analysis results, a reduced surface
kinetic model is proposed, which can accurately predict the observed growth rates. The reduced
surface model has only five reactions. It starts with the reaction: Ga(C 2H5 )3 + SA ->
Ga(C2Hs)A* + 2 C2H5. and it alsa includes reactions S5,S6,S7 and S12 from the mechanism
shown in Table 1.

The predicted growth rates of GaAs using the two kinetic models and the stagnation point
flow geometry are compared to experimentally observed growth rates in Figure 3. The
experimental growth rates reach a plateau between 830K and 950K (i.e, for 1000/T between 1.2
and 1.05) and decrease at lower and higher susceptor temperatures. This behavior is typical for
MOCVD processes and is due to kinetic limitations from slow growth reactions at low susceptor
temperatures and to increased desorption rates of surface precursors at high temperatures. At
intermediate temperatures the growth is limited by the transport of Ga precursors to the surface.
The growth rates predicted by the reduced surface model match very well the ones predicted by
the full model. At low temperatures the reduced model predicts slightly higher growth rates than
the full model, because of the elimination of adsorbed ethyl radicals from the reduced model.

CONCLUSIONS

A kinetic model describing the growth of GaAs films by LP-MOCVD using TEGa and AsH 3
has been developed. GaAs films have been grown in an experimental LP-MOCVD reactor,
at substrate temperatures between 450"C and 750"C, to obtain data on film growth rates
and thickness uniformities. Large-scale simulations of transport phenomena coupled to chemical
reactions underlying the growth process were performed and the unknown kinetic parameters
of the surface growth reactions were fitted to predict observed growth rates. A sensitivity
analysis of the effects of individual reaction rates on the growth rate of the films was performed.
The gas-phase reactions were found to be insignificant in determining the growth rate of the
films. A reduced surface model based only on surface reactions is proposed. This model can
accurately predict the observed growth rates.
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Figure 3. Comparison between predicted (solid lines) and observed (o) growth rates of GaAs.
Predictions using: (1) The full kinetic model. (2) The reduced surface kinetic model only.
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THE ROLE OF UNPRECRACKED HYDRIDE SPECIES ADSORBED ON THE GaAs(IO0) IN THE
GROWTH OF GaAs BY ULTRAHIGH VACUUM CHEMICAL VAPOR DEPOSITION USING

TRIMETHYLGALLIUM AND TRIETHYLGALLIUM
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ABSTRACTS

We have grown GaAs epilayers by ultrahigh vacuum chemical vapor deposition(UIHVCVD)
using adsorbed hydrides and metalorganic compounds via a surface decomposition process.
This result indicates that unprecracked arsine(Aslb) can be used in chemical beam
epitaxy(CBE) and that a new hydride source with a low decomposition temperature,
monoethylarsine(MEAs) can replace the precracked AsH3 source in CBE. The impurity
concentrations in GaAs grown with trimsethylgallium(TMG) and triethylgallium(TEG) were
found to be very sensitve to growth temperature. It was also found that the uptake of
carbon impurity is significantly reduced when ThG is replaced with TEG. The carbon
concentrations in epilayers grown using TMG and TEG with unprecracked AsH3 and MEAs were
reduced by 2-3 orders of magnitude compared to those by CBE process employing TM and
arsenics from precracked hydrides. We have also found that the hydrogen atoms play an
important role in the reduction of carbon content in GaAs epilayer. Intermediates like
dihydrides from MEAs decomposed on the surface are considered to supply hydrogen atoms and
hydrides during growth, which may remove other carbon containing species.

INTRODUCTION

It is generally accepted that it is not possible to grow GaAs using wiprecracked
AsH3 at very low pressure because cracking of Asil into arsenic at the substrate surface
alone may be negligible and thus not sufficient for achieving growth below 570

0
C. To be

used in the CHE process, therefore, AsH3 must first be precracked at high temperatures
prior to growth[l-3]. In en attempt to understand the effect of a solid surface on Asa the
thermal chemistry of Asib on GaAs(1O0) has been studied, but not extensively. Surface
catalyzed decomposition of AsH3 is believed to play a dominant role during arsenic
decomposition in GaAs MMCVD and ALE[4]. Thus the present study examines the role of the
most important precursor, AsH3 adsorbed on GaAs, in the growth of GaAs,

It is also known that AsH3 plays a role in reducing carbon incorporation during
GaAs epitaxial growth, especially when 1T is used as the gallium source. The actual
arsenic species arriving at the growth surface as a result of precracking process in (BE
say not be suitable for use with galllum-containing organometallic compounds, since they
offer no chemistry to reduce the carbon contamination anticipated from the decomposition
of carbon-containing organometallic compounds at the growth surface. During growth by CHE
little or no Asl4 impinges on the surface and carbon concentrations as high l0'4

cm- ca-
be produced[2.51. Therefore, we have also investigated the effect of carbon Incorporation
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in GaAs epilayer grown by UIHVCVD using unprecracked AsH.
Due to the increasing concern for safety, there is a growing need to replace

extremely toxic AsH3 with less toxic arsenic compounds. Organoarsines have been the focus
of most of these studies[6,7], because of their more desirable physical properties and
their potential for high purity growth. Moreover, it was observed that GaAs growth is
possible at fluxes comparable to that of cracked AsH3 in CBE using unprecracked AsH3
source[8]. This fact also induced us to explore the possibility of using MEAs which has a
lower decomposition temperature in the gas phase than AsH3 .

In this study, we have investigated the characteristics of GaAs growth using
unprecracked Ash and MEAs adsorbed on the surface together with TEG and T14G. The role of
hydrogen atoma dissociated from hydrides in reducing carbon incorporation in GaAs
epilayers was also studied. To study growth characteristics in detail. GaAs growth rates
were measured as a function of growth temperature. Impurity type and its concentration
were also characterized by Hall measurement. This study showed that GaAs epilayers can be
successfully grown by unprecracked Ass and MEAs coupled with T7MG and TEG under an
ultrahigh vacuum condition where the chemical species which participate in the growth
reaction are produced only at the growth surface. The epilayer surfaces were also examined
by an atomic force .icroscopy(ADM) in air to inspect the surface morphologies caused by
different source gases. From the results of these LMV-growth experiments, it was suggested
that the usprecracked Asi or MEAs serve as a successful arsenic reagent for ," i in CBE.
Our results indicated also that the hydrogen atoms and partially-cracked hydrides from the
catalytically-decomposed AsH3 or MEAs on the GaAs surface play an important role in the
significant reduction of carbon impurities in epilayers.

EXPERIMENT

Growth experiment was carried out in a CBE system which consists of an ultra-high
vacuum chamber and a gas handling system. The growth chamber Is pumped by a
turbo-molecular pump. The chamber which is not equipped with a liquid nitrogen shroud.
was maintained at a base pressure of less than 3x10WO lorr. The gases were introduced
through pressure controlled gas inlet tubes without the use of a carrier gas. In our
study, we used IG and TEG as gallium sources together with unprecracked AsHs and MEAs. To
avoid the thermal decomposition of source gases by radiation from the hot susceptor during
the growth, we kept the temperature of gas tubes below 118'C by locating the tubings 8
inches away from sample holder. In this way, we could investigate the role of unprecraced
hydrides adsorbed on Gas in the growth characteristics by excluding the possible gas
phase processes. Substrate was Cr-doped GaAs(100) with 2r off towards (011). Before growth.
the substrate was annealed at 910 K for 15 sin at a hydride pressure of 5x10" Torr in
order to remove the oxide layer from the surface. The gas pressure In the chamber during
growth w in a iww oi .0-5 - 10-4 Torr depending upon the V/111 ratio. layer thickneass
ws measured by scanning elmctron microecopy(SDi) on stained end etched cleavage planes.
The ml"m were Inspected by optical microecope and SEM for the evaluation of their
morphology. Epilayer samples were transferred from ILJfWVD system into an AutoProbe
mcaming force microecope(Park Scientific Instruments, 9ur•yvale, CA 94069) through air.
The surface sorphologies of epilayers were then exmined by SMI In an error mode using a
force of about 10 nh under amblent condition. Low temperature Pl. and Hall measurements at
room tmperature were also made for optical and electrical characterization of grown
epi layers.
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RESULTS AND) DISCUSSION

Figure 1(a) and 1(b) show atomic force microscope(AF1.) images of epilayers grown

using TM with As~J and TEG with MEAs. respectively. The surface morphology in fig. 1(b) is
smoother than that in fig. l(a). Furthermore, bath fig. 1(a) and 1(b) show island-like
growth patterns on the surfaces. To measure the heights of islands, the height scale for
images were also obtained and shown in the fig. 1. The typical heights of grown features
are 8 A for fig l(b) and about 4 A for fig. l(a), respectively. These heights which

correspond to 2-3 monkolayers of GaAs indicate that the 2-dimensional islands were grown on
these two surfaces. The surface roughness shown in ARFI images suggests that the use of
TEG and MEAs produces smoother surface than that of IMG and Asib even at lower growth
temerature.

0 0.2 0.4 0.6 0.8 JiOE 500 1000 1500 2000A

0 0.4 0.8 1.2to 0 0.1 0.2 0.3 0.4us

Figure 1. AM4 Images of GaAs epilayerm grown by UHVCVD using (a) 1MG and
AsH3 at 630Ct and (b) TEO3 and NEAs at 600rC. The scanning areas are (a) 1lja
x I m and 2000A x 200A amd (b) 1. 4pix 1. 4W and 0. 4ps x0. 4w.
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Figure 2 represents the temperature-dependent growth rates measured by SEX using a
cleave-and-stain method. The growth rate for TMG as shown in fig. 2 is divided into three
distinct regions. Below 600°C, the growth rate is believed to be limited by the
decomposition process of 11G on the surface. Between 600 and 630*C, the temperature is high
enough to completely dissociate all the TVMG resulting in a constant growth rate with
increasing temperature. Above 630*C, the gradual decrease in growth rate is considered to
be caused by the desorption of gallium atoms or partially cracked TMG. The growth rate for
TEG. however, has two humps as shown in fig. 2. Our observation is similar to an anomalous
temperature dependence of growth rate of GaAs grown by CBE using T1G and arsine[9]. This
anomalous behavior of growth rates for TEG may also be explained by a growth model which
assumes that TEG is decomposed into two forms of reaction intermediates depending on the
growth temperature resulting in the two humps in the growth rate.

The carrier concentration end the corresponding Hall mobility were obtained from
van der Pauw measurements at room temperature. The thicknesses of the grown layer were in
the range of 2-3pe. The hole concentrations of TMG-grown samples are in the range of
IY'l-i0" co' as shown in fig. 3. The hole concentrations in T1G samples decrease as
substrate temperature increases below 660*C, which suggests that carbon-containing species
drastically desorb from the growth surface with increasing growth temperature. Above 660

0 C.
the hole concentration increases again mainly due to the incorporation of carbon atoms in
arsenic sites on the growth surface at high temperature. The different temperature
dependence of carbon incorporation, which results in U-shaped curve, has been also
reported for AlGaAs(l0] suggesting that the carbon incorporation is dominated by the
different mechanisms in the different temperature regimes. The carbon impurity
concentrations measured in our samples are significantly lower than those reported in
other studies[ll,12] where CBE was employed for the growth of GaAs using arsenics obtained
from precracked arsine. This result may be explained by an observation that high
temperature exposure to AsH3 consumes the CH2 adsorbate, apparently by hydrogenating them
back to Ola groups that then desorb[13,14]. It is often thought that AsH3 facilitates the
removal of adsorbed Cl3 via Ol, formation[15,16]. thus leading to a reduction in carbon
doping, even though attempts to directly monitor 044 production via a surface reductive
elimination process have failed[17, 18].
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Figure 2. Effect of growth temperature Figure 3. Dependence of hole concentration
on the GaAs growth rates using unprecracked In the 1140-grown GaAs film on the substrate
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Figure 4 represents the temperature dependent growth rates of GaAs grown using
MEAs with Tii and TEG. The growth rates for IM in fig. 4 are divided into three distinct
regions which were also observed in the case of growth with unprecracked AsH3 and
TMG[19,20]. The growth rate for TEG, however, increases gradually with increasing
substrate temperature presumably due to the low decomposition temperature of TEG as
illustrated in fig. 4. Whereas the growth rate for IM is very small at a low growth
temperature of 550 *C, a growth rate of about I jm/h can be obtained at the same
temperature when TEG is used as gallium source. All materials obtained by growth with MEAs

2.S

Figure 4. Effect of growth temperature
on the GaAs growth rates using unprecracked
l.IEAs with TMG(V/lll=l0, P--5.5xl0' Tor-)

I and TEG(V/III=20, P=5.7xlO4 Torr).

0.5

0

540 560 S80 600 620 640 660 680

Growth Temperature (C)

and TMG exhibited p-type background doping of l0 11-l107cs$ 3 
with 30M( mobility of 230-330

ca
2
/V.sec. The hole concentrations in DMi-grown saaples decrease as substrate temperature

increases, which suggests that carbon containing species may drastically desorb from the
growth surface with Increasing growth temperature. Epilayers grown with TEG were mostly
semi-insulating with p-type background doping of less than 10"cma-3. At the growth
temperature of 600 

0
C and V/Ill ratio of 5, n-type background doping of 4.9x4015 cM- with

300 K mobility of 4290 cm
t
/V'sec was observed in TEG-grown epilayer. These values indicate

that the samples are moderately compensated.

CONCLUSIONS

We have shown that AsH3 and MEAs without precracking can be used in the growth of
GaAs by UIVCVD using TG and TEG via a surface decomposition process. Three distinct
temperature-dependent regions of growth rates by TMl were observed. The growth rates by
TEG, however, produced an anomalous dependence on the growth temperature showing two
humps, which are Indicative of two hydride intermediates. Growth of GaAs epilayers was
also successful at fluxes compstible to that of precracked arsine together with Dil and
TEG. This points to the fact that a sufficient amount of arsenics is produced by the
thermal and catalytic decomposition of hydrides adsorbed on the GaAs surface. It was also
found that the upttake of carbon impurity is significantly reduced when DMG Is replaced
with TEG for both AsH3 and MEAa. Our results indicate also that the significant drop in
hole concentration results from the efficient removal of carbon-containing species by
surface hydrogens and partially decoposed hydrides from the adsorbed Ama. Intermediates
like As*f from MEAs are also considered to supply hydrogen atoms during growth, which may
reove carbon containing species as Ol or COi.
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ABSTRACT

We present here an overview of recent studies of the influence of oxygen doping on the
electrical and structural properties of semiconductors grown through the metal organic vapor
phase epitaxy (MOVPE) technique. In particular, we have measured the impact of oxygen
introduction on several of the principal aspects of the growth process: incorporation, activation,
and influence on the growing surface structure. The gas phase chemistry and dopant incorporation
was investigated for two different precursors: dimethyl aluminum methoxide and diethyl
aluminum ethoxide. The simple change in the structure of the oxygen source leads to significant
changes in the oxygen incorporation behavior. Complementary studies of the gas phase
decomposition of these oxygen sources have indicated that the decomposition mechanism is
substantially different for these two sources leading to the change in incorporation behavior. The
impact of the selective incorporation of oxygen at heterointerfaces has been studied here through
the growth of superlattice structures. Glancing angle X-ray diffraction and atomic force
microscopy measurements have shown that the incorporation of oxygen at the GaAs-to-AIGa,
.As interface leads to modest increases in the average roughness of the heterointerface with more
significant changes in the interfacial structure. The structure of this interfacial roughness was
also studied through measurements of the diffuse X-ray scattering about a Bragg peak.
Measurements of the component of the roughness which is correlated between the superlattice
layers show significant changes with oxygen addition.

INTRODUCTION

The metal-organic vapor phase epitaxy (MOVPE) process is a versatile growth technique
that offers high quality epitaxial compound semiconductors and the ability to produce atomically
abrupt interfaces. The fabrication of a wide variety of electronic and photonic devices has been
achieved with this technique. Incorporation of impurities in these device structures is a critical
issue since device performance depends strongly on clever and controlled manipulation of doping.
There have been a great number of growth-based studies of the controlled incorporation of
impurities during MOVPE. These studies have generally focused on the incorporation of shallow
impurities which provide electrical conductivity in the grown layers. The detailed chemistry of
dopant incorporation and the impact of these dopants on the structure of the growing surface
have not received as much attention despite its importance. MOVPE growth is a consequence of
complex and coupled chemicaL thermal, hydrodynamic, and mass transport effects. The doping
process in the MOVPE environment is similarly complicated. A simplified picture of the doping
process, however, can be described as involvirn, five different steps : (I) mass transport of dopant
precursors to the growth front, (2) any gas phase reactions, (3) adsorption of dopant precursors
on the growing surface, (4) surface decomposition and product removal, and (5) re-evaporation

ISO
Mat. AM. so,. Syrup. PrMol.Vol. &W. M Nalds Roeareih "aocety



of dopant species. Gas phase and surface reactions determine the chemical nature of adtorbates
on the growth front and can therefore affect their subsequent incorporation behavior. The
incorporated impurities, generating the shallow or deep levels, then provide for the electrical and
optical properties of materials.

We have studied this doping process in the MOVPE growth of GaAs and Al.Ga1._As as
model systems. In particular, we have studied oxygen incorporation and its impact on materials
growth and properties. The MOVPE process is used to grow high purity AlxGal_xAs and high
quality AlxGal.xAs/GaAs interfaces. The most common impurities in AlxGalxAs have been
found to be carbon and oxygen [1 ]. Carbon arises from the alkyls used in the growth and its
incorporation can be controlled by the specific growth conditions [1, 2 ]. Oxygen can be
introduced into the growth ambient through a variety of mechanisms due to the reactive nature of
both the Al-bearing alkyl and the AlxGal_xAs growth surface. Alkoxide contaminants in the
metal organic precursors (such as trimethyl aluminum, TMAI, and trimethyl gallium, TMGa), as
well as trace levels of H20 and 02 in the process gases, have been cited as the source of oxygen
incorporation in AlxGal-xAs[2]. In the latter case, the oxygen incorporation mechanism has
been speculated to involve an 02-TMAI gas phase reaction to form volatile dimethyl aluminum
methoxide (DMALO, (CH3)2AIOCH 3) [3 ]. The initial studies of MOVPE AlxGal-xAs often
reported materials which were highly compensated and possessing a low photoluminescence
efficiency [4, 5 ], possibly due to the unintentional oxygen incorporation. Oxygen has been
known to form a variety of deep levels in both GaAs and AlxGalxAs. We have previously
demonstrated that oxygen can, however, he controllably incorporated into GaAs through the
independent introduction of DMALO [6 ]. The trace amounts of Al on the growth surface and in
the gas phase provide a driving force for oxygen incorporation. Oxygen concentration in excess of
101 cm3 was readily achievable, and oxygen-related deep levels were generated, compensating
shallow Si impurities. These oxygen-doped epitaxial layers had specular surface morphology and
high crystal quality, indicating that there is little macroscopic disruption of the growth process by
oxygen incorporation.

We have extended the controlled oxygen incorporation study through the alteration of
carbon-bearing ligands in oxygen precursors. DEALO, (C2H5 )2AIOC 2H5 , is used as a new
oxygen-doping precursor [7 ]. DEALO is a commercially available source which is a liquid at
room temperature (melting point is about 2.50C) with suitable vapor pressure (about 0.063 Torr
at 250C). It can therefore he used in a conventional bubbler arrangement, leading to reproducible
oxygen doping results. In contrast, DMALO is a solid at room temperature with a melting point
of 350C and a relatively high vapor pressure of 7.4 Tort at 760C [8 ]. Through the use of these
precursors, we can add oxygen in a controlled fashion and systematically probe its influence.

Many of the effects of impurity addition are strongly influenced by surface phenomena.
In general, surface processes occurring during MOVPE growth are generally not well
understood due to a lack of in-situ growth monitoring techniques compatible with the MOVPE
environment. Recent developments, including reflection difference spectroscopy 19 ] and grazing
angle X-ray diffractiom [10 ], have contributed substantially to our initial understanding of these
processes. Epitaxy is generally considered to occur in a step-flow growth mode at the high
substrate temperates used during MOVPE [11]. Very little is known, however, about the
influence of surface step density or step character on this process. In this study, we have used
controlled impurity incorporation as a probe of MOVPE growth morphology. Impurities are
known to preferentially incorporate on certain types of surface sites during growth. For
exan*le, the incorporation of an impurity at the edge of a surface step may disrupt the step-flow
growth process resulting in the development of the film morphology. These present studies,
based on X-ray scatering and atomic foree microscopy (AFM) measumnmts, should be
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considered as providing one of the first systematic determinations of the impact of such impurity
incorporation on the surface structure during growth.

These chemical and physical aspects of the doping process are presented in this paper
through the study of controlled oxygen incorporation into MOVPE GaAs using aluminum-oxygen
bonding based precursors: dimethyl aluminum methoxide (DMALO) and diethyl aluminum
ethoxide (DEALO). Growth studies, combined with material characterization, were used to
determine the chemistry and incorporation behavior. The change in surface morphology due to
impurity adsorption was investigated through the selective adsorption of oxygen at

heterointerfaces.

EXPERIMENTAL PROCEDURES

Samples for these studies were grown in a conventional horizontal low pressure (78 Torr)

reactor [7]. TMGa, TMAI and AsH3 were used with H2 as the carrier gas. The growth
temperature was varied over the range 600-800oC and the V/I11 ratio (AsH 3/TMGa) from 10 to

120. The growth rate was held constant at 0.05plnmlin., corresponding to a TMGa mole fraction
of about 1.8xl0 4 in the reactor. DMALO and DEALO were used as oxygen precursors. All
oxygen-doped layers were co-doped with Si using disilane (Si 2H6) or C using carbon tetrachloride
(CCL0) for n- or p-type doping to allow for standard electrical characterizations. Secondary ion
mass spectroscopy (SIMS) was used to determine the physical concentration of the impurities in
the epitaxial layer. Superlattice (SL) structures consisting of 40 periods of 70A GaAsI7OA
Al0 3Ga.,As on a 0.6 pIm Alo.Ga.,As buffer layer were grown by MOVPE at 6500C. The layers
were grown on semi-insulating (100) GaAs wafers miscut approximately 0, 2 and >40 toward

the <110> direction. Oxygen incorporation at the growth front was carried out by the addition of
DEAIO (lx l0" mole fraction) to the inlet gas stream during the 30 sec. purge periods between
the growth of successive superlattice layers. Oxygen was typically added only after the growth
of the GaAs superlattice layers (GaAs-to-Al0Ga,.xAs interface). Identical SL structures without
oxygen doping were grown for comparison. A Si-doped GaAs/ Al0.3GaAs multi-layer sample
was also grown with DEAIO addition between layers to verify the presence of oxygen at the
heterointerface using capacitance profiling.

Gas phase decomposition measurements were carried out in a flow-tube reactor described
elsewhere.[ 12 ] This mass spectroscopy based system allows for the study the pyrolysis products
under controlled thermal and residence time conditions. The analysis of the effluent from the
reactor is used to postulate gas phase reaction pathways.

Small angle X-ray diffraction was used to determine the total average or RMS interfacial
roughness, correlated roughness and lateral correlation length of roughness of the superlattice
structures. The theory of X-ray diffraction from multilayers and details of the kinematic model
used in this study have been previously discussed (13,14,15 ]. X-ray reflectivity from
superlattices at small angles arises from constructive interference of individual layers of the
superlattice (SL). The X-ray reflectivity typically consists of a diffuse background with intense
Bragg peaks. The structure or roughness of the interface can be characterized by the RMS
roughness and, in the case of multilayers, the degree of correlation in the roughness found at
sequential interfaces. The reduction in the intensity of Bragg peaks in a 0-20 scan is
predominantly due to the RMS interfacial roughness. The RMS interfacial roughness is

determined here by comparing the measured peak intensity with that predicted for a perfect SL
mirror assuming that the roughness follows a Gaussian distribution in the direction perpendicular
to the growth front. Correlated roughness results from morphology that is copied from layer to
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layer. The diffuse background in an X-ray spectrum contains information about this correlated
roughness and correlation length. The intensity distribution of the diffuse scattering can be
mapped by performing a transverse scan around a specific Bragg peak. The correlated
roughness and correlation length can then be determined by comparing the experimental data
with theoretical predictions.

These X-ray (Cu-Ka) measurements were carried out using a conventional Nicolet X-ray
diffractometer. The rotation of the detector and sample can be controlled to an accuracy better
than 0.010 and 0.0050, respectively. The aperture of the entrance slit limits the divergence of the
incident beam to 0.030 in the diffraction plane. Two types of scans were measured: 0-20 scans,
which map out reflected intensity in reciprocal space perpendicular to the interface and rocking
curves on transverse scans, which measure the reflected intensity parallel to the interface. In the
latter case, the detector slit integrates the scattered intensity perpendicular to the diffraction
plane. All scans were made at a grazing incident angle (00 < e - 30). The kinematic model
outlined in ref. 4 was used to determine, from the experimental X-ray data information, the total
RMS roughness, correlated roughness and lateral correlation length. The interfacial roughness
values determined by the X-ray measurements were compared to RMS surface roughness
measured by atomic force microscopy (AFM). The AFM images were obtained on a Digital
Instruments Nanoscope Ill using constant height mode.

RESULTS

Oxygen Icorporation Behavio

Both the DMALO and DEALO-doped GaAs had a specular growth morphology at the
oxygen concentrations investigated in this study. The oxygen doping efficiency, however, depends
on the oxygen precursors. DEALO is found to be substantially less efficient in incorporating
oxygen [131. Typical concentrations of Al and 0, obtained from SIMS measurements, are given
as a function of DEALO mole fraction in fig. 1. These DEALO-doped samples used in fig. I were
all grown at 6000 C with a V/I ratio of 40. Equivalent oxygen concentrations in the DEALO-
based samples require a DEALO mole fraction approximately 60 times greater than the equivalent
amount of DMALO. Even with the higher DEALO mole fraction, the Al concentration in the film
is nearly two orders of magnitude smaller than that found in the DMALO-doped GaAs. While
DEALO doping leads to a linear dependence of the Al content on oxygen precursor mole fraction,
the oxygen incorporation exhibits a nonlinear power law with an order of about 4. Oxygen
concentration in fig. 2 is usually lower than that of Al, but exceeds that of Al at high DEALO
mole fraction. These observations imply that multiple-oxygen-bearing species are involved in the
incorporation process.

The most surprising difference between the DMALO and DEALO-based GaAs:O was the
dependence of oxygen concentration on the V/1il ratio [13J. Higher V/Ill ratios cause decreasing
oxygen concentration in both the nominally undoped AlxGal.xAs (161 and DMALO cases. The

GaAs:O samples grown using DEALO, however, indicate that the use of higher V/lll ratios
greatly enhances the incorporation of oxygen as well as aluminum by more thm an order of
magnitude over the investigated range. When using DMALO, in sharp contrast, the oxygen
doping decreases and the aluminum content stays constant as the V/1Il ratio increases.
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The effect of Si doping, using Si2 H6 , on the oxygen incorporation was studied for the
case of DEALO-based doping [13]. The Si doping efficiency was not altered by the

1o19 presence of the DEALO, and the Si
concentration was proportional to the

Growth Temperature 600 OC Si 2 H6 mole fraction in the reactor as
iVill Ratio 40 shown in fig. 1. The Si2 H6 mole fraction

Sl oll _did affect the degree of compensation of
shallow donors as described below,
indicating that Si participates in the

*4 formation of deep levels.

•a 0

U [Si] [All Electrical Behavior
-.-- [0]

1016t 0t . Free carriers from both n- and p-

d type shallow impurities were found to be
DBALO Mole Fraction compensated by the incorporation of

DWalane Mole Fraction z 10 oxygen or oxygen-based defect complexes

Figure 1: The concentrations of Al and 0 from from both DMALO [12] and DEALO

DEALO, andSifromSi 2H6 inGaAsasafunctionof [13]. A reduction in the free carrier

DEALO and Si2H6 mole fractions [131. concentration is observed in fig. 2, and is
directly correlated with the oxygen
concentration. Figure 2 shows the SIMS 0

profile obtained from a sample where the DEALO mole fraction was changed in a stepwise
fashion. The corresponding profile of the electron concentration obtained from capacitance-
voltage measurements is also shown in fig. 2. The free carrier concentration drops as the oxygen
concentration is increased. The degree of compensation is shown in fig. 3 as a function of
DEALO/Si 2H6 mole fraction ratio as well as the absolute mole fraction of Si2 H6. The
compensation exhibits a power-law dependence on DEALO/Si 2H6 , approximately given as:

An DEALO 2

* We have studied the role of Si-based species in compensation by growing two more samples at
different Si 2H6 concentrations as illustrated in fig. 3. Three parallel lines (all with a power of -2)
were obtained, corresponding to these three separate Si2H6 mole fractions. Higher compensation
levels were correlated with a higher Si21 6 mole fraction at the same value of the DEALO/Si 2H6
ratio, indicating that Si-O related species participate in compensation. This additional
compesation appears to be proportional to the Si2H6 mole fraction, or to the Si concentration in
the sample. If there was no additional compensation associated with the Si dopant, curves
obtained from these three samples should coincide. A second-order power-law dependence of An
on DEALO mole fraction can be established for a given Si2H6 mole fraction. This should be
compar with the fourth-order power-law behavior of the total oxygen concentration obtained
from SIMS (fig. 2). These combined results indicate that not all the incorporated oxygen is
elecrically active. Given the strong bonding energy between Si and 0, it is only natural to
postulate that Si-O related species should form and be active in free carrier trapping and

193

____



responsible for part of the observed compensation. The responsible oxygen-related deep levels
have been investigated using deep level transient spectroscopy (DLTS)[12, 13,17].

1019 14 D1ilS~Mole
Fraction

0 O0by SIMS --- 5.0x10
4

10 is 10,- 2.xS104

1.2x 10
4

a slope=2, 1017  10 Az/ai o nby EC-V

*n y

10 10"

U

1015 •. 0s .10'

1 2 10 50 100 500 1000

Depth (pin) DEALO/Dialtane Mole Fraction Ratio

Figure 2: The profiles of SIMS oxygen and Figure 3. The degree of shallow dopant

C-V carrier concentrations of a GaAs compensation as a function of normalized

multilayer sample grown at 600 0 C and a V/1ll DEALO mole fraction at different Si 2H6 mole

ratio of 40 [14]. Si2H6 mole fraction is kept fractions [14] indicates that both Al and Si can

constant at 5x10"8 throughout with the form O-based deep levels.

DEALO mole fraction changing in each layer.

The addition of DEAIO to the inlet gas stream during the purge time between layer growth
results in oxygen incorporation and carrier compensation at the heterointerface as shown in fig.
4. Oxygen incorporation, which creates deep level traps in the material, results in a drop in the
carrier concentration of the Si-doped multilayer structure at the Al03Ga. 7As /GaAs interface.
Electrical compensation at the layer interface increases with a corresponding increase in DEALO
mole fraction.

DRALO Decomposition Study: Gas Phase Chemistry

DEALO was independently introduced into the flow tube reactor system for the decomposition
study. The major pyrolysis product was found to be ethylene (C2 H4 ) as registered by the peak
enhancements at mass number 28, 27, and 26 (18). DEALO therefore decomposes and releases
ethylene at temperature as low as 3500C. The corresponding alkyl to DEALO is (C2H5) 3AI or
TEAl. TEAl is known to undergo a uni-molecular P-hydride elimination reaction where an Al-
C2 Hs bond is replaced by an Al-H bond, and an alkne, C2H4, is released [7]. This P-elimination
reaction results in the gas phase formation of (C2HS)3.,AIHx with an end point perhaps being
alane, AIH3. Aisne is quite unstable at typical growth temperatures. This gas phase compound
would decompose on the warm walls of the reactor, upstream from the growth area, removing
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reactants from the gas stream and resulting in the low Al incorporation efficiency at the growth
front. The gas phase decomposition of DEALO could be very similar to TEAl, i.e.

(C 2 H5 )2 A1OC 2 H5 -- (C 2 H5 )HAIOC 2 H5 + C 2 H4

(C 2 H5 )HAIOC 2 H 5 -+H 2 AIOC 2 H5 +C 2 H4

with the alkoxide decomposing well outside the growth area.

1019ý :Figure 4: Carrier concentration
as a function of film depth for
"Si doped Alo.3Ga0 .7As/GaAs
layers grown with oxygen
incorporation from DEAMO at

O.s the interface. The mole fraction
'1 -. of DEAMO was lxlO5, 3xlO6

and zero. Electrical
I I I compensation due to oxygen-

related deep levels results in a
No DEAIO DEAIO DEAMO drop in the carrier concentration

1017- at at
3x10' 1x10.S at the interface. The

compensation increases with
increasing DEAIO mole
fraction. Growth temperature
was ""P)C.

10 0.2 0. 4 0o26 o1a 1.0 1.2

Depth (microns)

X-ray Analysis of Superlattice Structures: Effect of Oxygen

The effect of oxygen addition on interfacial roughness was studied using small angle X-
ray scattering. Figure 5 is a typical plot of the measured and calculated X-ray profile for an
A4AGa.,As/GaAs superlattice grown without oxygen addition. The RMS roughness is
determined by comparing the measured and calculated integrated specular intensity of the 3rd,
5th and 7th order peaks in the X-ray spectrum. The 1st order peak is neglected since it is not
described well by the kinematic theory used here. The even order peaks are neglected due to
their lower intensity. The probe depth of the sample is 1 Im at 0=20. The lower and upper limit
of roughness is determined by fitting the integrated intensity of the 7th and 3rd order peak,
respectively. An RMS roughness of 5.0 A was calculated for the sample in fig.5.

The effect of oxygen addition on interfacial roughness is given in Table I. The addition
of DEAMO to the inlet gas during the purge period after growth of a GaAs layer leads to oxygen
incorporation at the interface, as electrically determined by capacitance measurements. The
presence of oxygen at this heterointerface can, at times, increase the interfacial RMS roughness
as described in Table I. The RMS roughness of the oxygen doped superlattice shown in fig. 5
however was determined to be 5.0 A, identical to the undoped sample. Oxygen addition does
significantly alter the correlated roughness and correlation length, as shown in Table I. A
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smaller correlation length was measured for the oxygen doped sample, indicating that impurity
addition is altering the growth process in a systematic fashion. Such an effect would arise if
oxygen were to preferentially incorporate at surface step edges during growth.

to

to1

Two thoua it, degres S- ( tomit
Figure 5: A fit of the theoretical model Figure 6: X-ray rocking curves (transverse
(dashed line) to experimental X-ray data scan) of 3rd order Bragg peaks of
obtained from a small angle 0-20 scan (solid Al0 3Gao.7As/GaAs superlattices grown on
line) yields information on the RidS (100) GaAs wafers miscut 0, 2 and >40
roughness, the superlattice period and toward <11I0> with oxygen doping at GaAs"individual layer thickness. to AIGaAs interface. The peak broadness

increases with increasing miscut angle
corresponding to a decrease in roughness
correlation length.

Table 1: The total RMS roughness ( m) and correlated roughness cucorv) of Al0 3 Gao.As /GaAs
superlattices determined by X-ray diffration. The thickness ofeach layer and RMS roughness
ar obtained by fitting 0-20 scans. The corlated roughness and correlation length (o) is
determined by fitting the diffuse component of the intensity of the 3rd order rocking curve.

Periods Oxygen doping at the Total RMS Correlated Correlationinterface Roughness Roughness Lengthabul3GO.7A$ I GaAs ot () ao(A) (A)

6/64A No doping 5.0c0.eA 1 .2A 25ooA

57/61A to AI.Gd,, .0.*05A 1.25000A
interface

*Coldnotbedeermne wih eeentmoel



Table H: The effect of oxygen doping on the roughness of Al0 3Ga6,As/GaAs superlattices
grown on (100) GaAs substrates miscut at various angles toward the <110> direction. RMS
surface roughness values obtained from Atomic Force Microscopy measurements of the oxygen
doped samples are also included for comparison.

No doping Oxygen on GaAs surfaces AFM

mscut angle cOot (A) ;co, (A) 4 (A) otot (A) acorr (A) 4 (A) ttcGryface
(A)

00 4.8±0.5 1.2 2000 3.8-0.5 <1000 1500 11.7

20 5.0±0.5 1.2 1500 t5.0 <100 <1000 N.A.

>40 t10.0 * <100 V7.0 * <100 30.0

• Could not be determined with present model.

t RMS roughness is the lower limit of roughness.
tt averaged over a 5x5 pm area

The change in correlation length with oxygen addition was further investigated through
the growth of oxygen doped superlattice structures on (100) GaAs wafers with increasing
miscuts of 0, 2 and >40 toward the <110> direction. The surface step density increases with
increasing miscut angle and thus provides a means to explore the effect of step density on
oxygen incorporation and interfacial roughness. The results are outlined in Table H. Increasing
miscut does not significantly alter the RMS roughness or correlation length in superlattice
samples grown without oxygen addition on 00 or 20 miscut substrates. The RMS roughness
increases and correlation length decreases with increasing miscut angle, however, for
superlattices grown with oxygen addition. This behavior is clearly depicted in X-ray rocking
curves of the oxygen doped superlattices shown in Figure 6. The X-ray spectra were obtained
from transverse scans of the 3rd order Bragg peak. The increase in X-ray peak broadness with
increasing miscut angle corresponds to a decrease in the correlation length of roughness.

AFM images of the surface of the oxygen doped AlfGalyAs/GaAs superlattices also
show an increasing roughness and decreasing correlation length with increasing substrate miscut
as listed in Table II. The surface roughness is a combination of the interfacial roughness of the
multilayers and the surface oxide layer. The AFM measurements do not spatially average over as
broad an area as the X-ray measurements and therefore a difference in the quantitative values of
the roughness is expected. The RMS surface roughness measured by AFM is a factor of 3-4
times greater than the interfacial roughness determined by X-ray, but the trends with miscut
angle are similar.

DISCUSSION

The complete description of a doping process requires that the surface adsorbed species
and the chemical kinetic processes be determinecd The subsequent changes in interfacial structure
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can be understood only after the general features of the chemistry are determined. In the present
case, the incorporation behaviors of Al and 0 into MOVPE-grown GaAs using DMALO and
DEALO are complicated functions of the precursor chemistry and growth conditions. We have
proposed a mechanism for the observed oxygen doping behaviors using DMALO [14]. The
decomposition pathway of DMALO most likely involves bond cleavage of the Al-C bond as the
bond strength of Al-O (121.3 kcallmole) [18 1 is much higher than that of AI-CH 3 (65 kcal/mole)
[19 ]. Whatever the specific steps involved in the initial decomposition of the precursor, the last
step probably occurs on or near the growth surface. A proposed reaction for the methyl-based
growth chemistry, for example, involves an atomic hydrogen from an adsorbed arsine hydride,
AsHx, reacting with surface-adsorbed CH3 and leading to the removal of carbon through the
formation of CH4 [3]. A similar reaction between the surface adsorbed 0 and an AsHx species
can be postulated. The rational for this type of reaction is the thermodynamic driving force for a
reaction between arsine and aluminum monoxide:

AIO(g) + AsH3() +4 AlAs (s) + H2 0(g) + 1 / 2 H2(g)

The free energy for this reaction, AGr, is highly favorable (-92 kcal/mole at 900 OK [20 1) for the
reduction of surface oxides, mainly due to the high AGf associated with the formation of H2 0.
This reaction may occur in the gas phase or on the growth front, as a temperature activated
process. The observed activation energy, -0.9-1.5 eV, when compared with the AGr derived
above, indicates that a surface-mediated reaction is most probable. Additionally, there are
aluminum suboxides which can form at high temperatures. These species, if formed, would also
provide a temperature activated pathway for the removal of oxygen from the surface. The
aluminum concentration, however, does remain constant with changes in growth temperature and
V/iM ratio, supporting the view that oxygen is primarily removed through the reduction of oxygen
bearing species at the growth front.

Many of the above arguments concerning, the trends in oxygen incorporation with
changing growth temperatures and V/Ill ratios should apply to the case of DEALO-based doping.
There are, however, several key differences in the oxygen incorporation between DMALO and
DEALO which must be addressed : 1) the low efficiency of the DEALO source, and 2) the
increase in both oxygen and aluminum concentration with the V/Ill ratio using DEALO. These
discrepancies can be raticnalized by a tentative explanation which draws an analogy between the
alkoxide and the alkyl of Al [14], TEAl. In this case, the AsH3 serves to preserve the 0 and Al-
containing species within the reactor allowing for its transport to the growth front.

The controlled addition of oxygen impurities during the MOVPE growth of Al0 3 Ga0.7As
/GaAs superlattices was used to study the evolution and correlation of interfacial morphology.
The samples were characterized by glancing angle X-ray diffraction and AFM. Oxygen
incorporation on GaAs surfaces of the superlattice can change the total RMS roughness, but
more significantly decreases the length scale of correlated roughness. Increasing surface step
density, resulting from increased wafer miscut angle, results in the increased oxygen
incorporation and total interfacial roughness with a decreased lateral correlation length. These
changes in the magnitude and character of the interfacial roughness, wh•en combined with
electrical measurements, indicate that both more oxygen is incorporated as the substrate miscut
increases and the interface becomes rougher. Preferential incorporation of oxygen at surface
steps which disrupts the step-flow growth process is used to explain this behavior. Such
observations may serve to indicate that minimal impurity incorporation can be achieved with

perfectly 'on-axis' substrates. This work also demonstrates the new techniques described above
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as useful tools by which the interaction of impurities with the growing surface can be studied
and eventually understood.

CONCLUSIONS

A full understanding of the dopant incorporation and activation process requires a wide
variety of complementary studies. The gas phase and surface chemistry of the doping source will
determine the nature of the adsorbed species. These species may be preferentially adsorbed at
steps and other sites on the growing surface. These impurities can disrupt the normal pattern of
growth at the surface leading to the formation of morphological structures or roughness at
subsequently formed interfaces. We have studied aspects of this process through the intentional
doping of oxygen during growth and at heterointerfaces. The efficiency of oxygen incorporation is
very dependent on the chemical nature of the oxygen-containing doping source. Once
incorporated into the crystal, either in bulk or at interfaces, oxygen can cause the roughening of
surfaces as well as the introduction of electrically active defect sites.
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ABSTRACT

MOVPE growth experiments have been used to evaluate the role of gas phase and surface
chemistry in the silicon doping of GaAs films grown using SiH 4 and Si 2 H6 dopant sources and
tertiarybutylarsine (t-C 4H9AsH2 or TBAs) as the Group V source. The use of TBAs with SiH4
results in a greater Si doping efficiency and weaker dependence on growth temperature than is
typically observed with AsH3. Gas phase pyrolysis studies combined with reactor residence time
experiments indicate that heterogeneous chemistry is responsible for this enhanced Si doping
process. TBAs has much less of an effect on Si incorporation from Si 2H6 , a doping process
controlled by homogeneous Si2H6 chemistry. Increased Si doping from Si2H 6 with TBAs can be
attributed to contributions from the enhanced doping efficiency of SilH4, a product of Si2 H6
decomposition. The influence of TBAs on SiH4 doping chemistry was found to improve the
doping uniformity of GaAs films grown in our reactor, from +/-12% for films grown with AsH3
to +/-5% for TBAs-based material.

INTRODUCTION

Safety concerns surrounding the use of AsH3 in the metal organic vapor phase epitaxy
(MOVPE) process have led to the development of low vapor pressure alkylarsine sources, such as
tertiarybutylarsine (t-C 4H9AsH 2 or TBAs). High quality GaAs layers have been grown with
TBAs [1] and the use of this source in MOVPE is rapidly increasing. A change from AsH3 to
TBAs does not alter the GaAs growth rate [2], but it does significantly impact the level of
impurity incorporation in the films, both from residual carbon [3] and intentional dopant sources
such as CCI4 [4], SiH 4 [5] and H2S [6]. An understanding of this effect is needed for the
development of reliable doping techniques for use with TBAs.

Silane, SiH 4 and disilane, Si2 H6 are common sources used for n-type doping of GaAs
grown from trimethylgallium (TMGa) and arsine, AsH 3. Characteristic features of Si doping from
SiH 4 are a low doping efficiency and a strong dependence on substrate temperature and
crystallographic orientation [7]. These results combined with numerical modeling studies [8]
indicate that heterogeneous SiH 4 chemistry controls the doping process. Si2H6 , which has a
much lower pyrolysis temperature than SiH 4, decomposes in the gas phase at typical MOVPE
growth conditions forming SiH 2 a highly reactive intermediate [9]. Si doping from Si2 H6 is
limited by gas phase SiH 2 formation and its subsequent reactions [8]. A high Si doping efficiency
and temperature independent incorporation are commonly observed with Si2H6 [7].

The use of TBAs in place of AsH3 has been found to increase the doping efficiency of
SiH 4 by approximately one order of magnitude and Si2H6 by a factor of 3 [5,10,11]. Kikkawa
[10] observed differences in the dependence of Si incorporation on growth temperature, V/Ill
ratio and flow rate between the two Group V sources. In the case of SiH 4 , the concentration of
Si in TBAz-based GaAs films was found to be independent of growth temperature, in contrast to
the strong temperature dependence typically observed with AsH3 . Kikkawa [10) attributed the
change in Si doping behavior to gas phase chemistry arising from the low pyrolysis temperature of
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TBAs [121. A model was proposed wherein AsH and AsH2 produced from TBAs decomposition
react with SiH 4 in the gas phase to form monosilylarsine, SiH 3AsH 2 . SiH 3AsHI2 then functions as
the primary precursor for Si incorporation in the film. Gas phase co-decomposition studies of
TBAs and Sill4, however, produced no evidence of gas phase interaction or homogeneous
SiH 3AsH 2 formation [13]. These conflicting results combined with the growing importance of
TBAs in MOVPE warrant a more thorough examination of this doping process.

In this study, MOVPE growth experiments were used to evaluate the importance of gas
phase and surface chemistry in the Si doping of TBAs-based GaAs films. This work was carried
out in a low pressure, horizontal MOVPE reactor with a simple geometry in order to facilitate
future numerical modeling studies of this doping process.

EXPERIMENTAL METHODS

Silicon doped GaAs films were grown in a horizontal MOVPE reactor operating at 78
Torr using TMGa and TBAs or AsH 3 . The inlet TMGa mole fraction was 1.13x104, resulting in
a GaAs growth rate of -0.05 iRm/min. Palladium purified H2 was used as the carrier gas. Dilute
gas mixtures of Sill4 (15.7 ppm) and Si2 H6 (10.4 ppm) in H2 were used as dopant sources. The
effect of growth conditions on Si doping was investigated by growing multilayered structures in
which either the substrate temperature, total flow rate or V/Ill ratio were varied, keeping the
other parameters constant. The carrier concentration of the films was measured using
electrochemical capacitance profiling which has a measurement accuracy of -5%. Doping
uniformity was evaluated by measuring the variation of dopant concentration of films grown on 2"
diameter GaAs wafers in our MOVPE reactor.

RESULTS

The effect of growth temperature on Si doping was investigated, comparing the results
obtained for films grown under identical conditions using TMGa and either AsH3 or TBAs.
Figures ](a) and (b) show the results obtained using Sill4 and Si2 H6, respectively. Si doping
from Sill4 is strongly dependent on growth temperature with AsH 3 and the Arrhenius type
behavior yields an activation energy for doping of 1.4 eV, similar to previously reported values
[7]. An order of magnitude increase in Si doping efficiency was obtained with TBAs and the
doping exhibits a much weaker dependence on substrate temperature becoming independent of
temperature in the range from 700 to 800 0 C.

The data obtained for Si doping from Si2 H6 with AsH 3, shown in Figure 1(b), exhibits the
characteristic high doping efficiency and weak temperature dependence that is typically reported
for Si2H6 under these conditions (7]. The use of TBAs has much less of an impact on doping
efficiency than was observed for Sill4 and is significant only at lower temperatures (-6500C).

Changes in total flow rate effect the residence time of reactant gases in the heated region
of the reactor. Doping processes that are limited by homogeneous chemistry are more sensitive to
gas residence time than those controlled by heterogeneous reactions. A series of Si doping runs
was completed in which the total flow rate was varied from 2.7 to 6.45 sim by increasing the flow
of H2 carrer gas keeping the mass flow of TMGa, AsH3 or TBAs, and Sill4 or Si2 H6 constant.
The carrier concentration is plotted versus the estimated residence time of gases in the heated
region of our reactor in Figure 2. Si doping froin SiH4 is independent of gas residence time with
both AsH3 and TBAs. Si2H6, on the other hand, exhibits a strong dependence on residence time
with AsH3 as previously reported [8] and this dependence is slightly reduced when TBAs is used.
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Figure 1: Carrier concentration as a function of growth temperature for GaAs films grown using
TMGa, AsH 3 or TBAs and either a) Sil- 4 or b) Si 2H6 as the dopant source. The TMGa mole
fraction was 1.13x10-4, V/ill = 30 and the dopant/TMGa ratio was I.56x104.

- - 'Figure 2: The effect of gas residence time ona Si doping from SiH 4 and Si2 H6 sources.
4 . The mass flow of TMGa, AsH 3 or TBAs,

M 6  and SiH4 or Si2 H6 were held constant and
tthe flow rate of the H2 carrier gas was varied,to change the total flow rate from 2.7 to 6.45

1 4 0 Si[,w/AeH* (x tO

SiI-w. B a slm. The residence time is estimated as the
average time that gas spends in the heated

"-2 region above the susceptor in our MOVPE
____________ reactor. The temperature was 6500C,

V/l11=30 and the dopant/TMGa ratio was
0.050 0.&5 .Ib0 0.125 0.1 0 9x10-5 .

Average Residence Time (sec-t )

A series of runs was completed examining the effect of V/ill ratio on Si doping,
comparing the two Group V sources. The mass flow rate of TBAs or AsH3 was varied keeping
the mass flow of TMGa and Sill4 and all other growth parameters constant. A decrease in carrier
concentration, from 9.4 to 6.5x1016 cn"3, was observed as the AsH3/TMGa ratio was raised from
30 to 100, similar to reported trends 114]. The same effect was obtained with TBAs, with the
carrier concentration decreasing from 2.6 to 1.9xI017 cm-3 as TBAs/TMGa is increased from 10
to 100.
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DISCUSSION

Silane and TBAs

The use of TBAs in the GaAs growth process resulted in a Si doping efficiency from Sill 4
about one order of magnitude greater than obtained with AsH3 -based growth, similar to previous
reports [5,10,11]. Si doping is less sensitive to growth temperature with TBAs and is
independent of temperature from 700 to 8000 C in our reactor. Temperature independent doping
was also reported by Kikkawa [10] using TBAs and Sill 4 for GaAs films grown at atmospheric
pressure. Chichibu [11] observed temperature dependent doping with TBAs from 570 to 6400C
at a reactor pressure of 152 Tonr. This temperature range corresponds to the region in which we
also observed a weak dependence on temperature. These results indicate that high pressures and
high temperatures lead to temperature independent doping with Sill4 and TBAs.

A similar effect of pressure and temperature on Si doping is typically observed with Si2H6
and AsH3, as shown in Fig. 1(b). As a result, it was originally proposed that the same dopant
mechanism that is operative with Si2 H6 and AsH3 is also responsible for the enhanced Si doping
with Sill 4 and TBAs. Si2 H6 decomposes in the gas phase forming Sill 2 which readily reacts with
AsH3 to form SiH 3AsH2 [13]. Numerical modeling [8] has confirmed that SiH 3AsH 2 formation
is an important pathway to Si incorporation with Si2 H6 . TBAs decomposes in the gas phase at
low temperatures (--400oC) forming As subhydrides such as AsH and AsH2 [15,16]. Kikkawa
[101 proposed that AsH and AsH2 react with Sill4 in the gas phase forming SiH 3 AsH2, which
controls Si doping leading to an increased doping efficiency with Sill4 and TBAs. In a previous
study [13], we examined the co-decomposition of a mixture of 3%TBAs and 3%SiH 4 in H2
carrier gas in a flow tube reactor system using mass spectrometry but found no evidence of gas
phase interaction or SiH3 AsH2 formation. This work indicated that gas phase chemistry was not
significant in this doping process and that surface chemistry instead was the controlling factor.
The results of our gas phase residence time study, shown in Figure 2, provide further support for

f this hypothesis. Doping processes controlled by surface chemistry are insensitive to the amount
of time the reactant gas spends in the heated region above the susceptor during growth. Si
doping from Sill4 with AsH3 , a process known to be limited by heterogeneous chemistry, is
independent of gas residence time. Similar behavior is observed with Sill4 and TBAs indicating
that surface chemistry is conttalling Si incorporation in this doping process.

The strong dependence of Si doping on growth temperature using Sill4 in AsH3 -based
growth reduces the uniformity of doping that can be achieved in conventional MOVPE reactor
systems. Veuhoff [7] estimated that a 10 change in substrate temperature at 6500 C leads to a 2%
variation in carrier concentration with Sill4. Stringent tolerances on the threshold voltage of
charge control devices require doping uniformity better than +/-2% [17]. The use of Sill4 as a
source for n-type doping of TBAs-based GaAs results in dopant incorporation that is relatively
independent of growth temperature, V/Ill ratio and gas residence time. We have found that this
insensitivity to growth conditions results in improvements in Si doping uniformity in our MOVPE
reactor. Figure 3 is a plot of the carrier concentration of Si doped GaAs layers grown on 2"
diameter GaAs wafers at 7000C and V/l=30. The carder concentration was measured
approximately every 10 mm from the front of the wafer moving in the direction of gas flow. The
variation of doping from SiH4 is +4-1296 with AsH3 which can be attributed to temperature non-
uniformity across the wafer during growth. The use of TBAs results in an improved doping
uniformity of +.-5% which is within the 5% measurement accuracy of the capacitance profiling
technique that was used to measure the carrier concentration.
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Figure 3: The uniformity of the carrier
a4 concentration of Si doped GaAs layers
a) AsH3 grown on 2" diameter GaAs wafers in our

3 /-12% MOVPE reactor using a) AsH3 and b) TBAs
._. as the Group V source. The SiH 4 mole

i 2 1 1fraction was adjusted in order to obtain
(cu7b3) 2 n-3x1017cm-3 with AsH3 and TBAs. The

x 1017 b) I 1-A5s growth temperature was 7000 C and

3 +5 V/1ll=30. The carder concentration was
measured using electrochemical capacitance
profiling which has a measurement accuracy

5 15 25 3S 45. of -5%.

Distance from wafer front (ram)

Disilane and TEAs

The Si doping efficiency of Si2H6 is not as affected by the use of TBAs as is SilH4.
Increased doping occurs only at lower temperatures (<700oc). Kikkawa [10] reports a factor of
-3 increase in Si doping from Si2 H6 with TBAs for films grown at 6500C, which is similar to the
enhancement we observe at this temperature. Si2H6 decomposes in the gas phase at typical
growth temperatures forming Sill 4 and Sill 2 . The highly reactive Sill 2 species is the dominant Si
precursor in this doping process and the contribution to doping from SiH4 formed in the gas
phase is negligible in AsH3-based growth [8]. The enhanced doping efficiency of Sill4 with
TBAs, however, would result in significant contributions :o doping from Sill4 produced by Si2 H6
decomposition. The gas phase concentration of Sill4 can be estimated assuming that Si2H6 is
fully decomposed, a good assumption at these growth conditions (8]. The Si doping resulting
from this mole fraction of Sill4 can be estimated assuming the doping efficiency obtained with
TBAs. Adding this contribution to the amount of Si incorporated from Si2 H6 in Asll 3 -based
growth results in an increase in Si doping comparable to that obtained from Si2 H6 with TBAs
shown in Figure 1(b). The enhanced doping efficiency of Si2 H6 with TBAs can therefore be
attributed to increased doping from Sill4 . This suggests that TBAs is not directly interacting with
Si2 H6 in the gas phase and that Sill2 is still the major contributor to Si doping with TBAs. The
results of the gas phase residence study, shown in Figure 2, support this conclusion. The amount
of Si incorporated from Si2 H6 with AsH3 increases by a factor of -3 as the residence time is
increased from 0.056 to 0.135 sec. Si doping from Si2 H6 with TBAs is also sensitive to the gas
residence time increasing by a factor of -1.5 over the same range. This dependence on residence
time indicates that gas phase chemistry is controlling Si doping with Si2 H6 and TBAs.

CONCLUSIONS

We have investigated the effect of MOVPE growth conditions on Si doping of GaAs
layers grown using SiH4 and Si2 H6 as dopant precursors and TBAs as the Group V source. The
results were compared to doping behavior typically obtained with AsH3 -based growth. A higher
Sill4 doping efficiency and weaker temperature dependence was obtained with TBAs. Residence
time studies suppoti previous gas phase decomposition results which indicated that heterogeneous
Sil- 4 chemistry is responsible for the enhanced Si doping observed with TBAs. The Insensitivity
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of SiH4 doping to temperature, gas residence time and V/Ill ratio leads to improvements indoping uniformity in the TBAs-based growth process. A small increase in Si doping from Si2H 6with TBAs occurs at lower growth temperatures and this difference diminishes with increasinggrowth temperature. The enhanced doping efficiency of Si2 H6 with TBAs can be attributed to theincreased doping efficiency of SiH 4, a product of Si2 H6 gas phase decomposition. It has beenfound that TBAs, which is fully decomposed in the gas phase at the growth conditions of ourstudy, has a significant impact only on doping processes that are limited by surface chemistry.
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ABSTRACT

Rare earth elements are important as dopants in the preparation of semiconductors,

particularly for temperature-independent optical devices. The compound Er(N[Si(CH3)3]2)3

has been demonstrated to be a suitable source compound for erbium doping of semiconducting

materials. Further investigations of this and related compounds have been carried out. New

compounds have been characterized by 1H NMR, FTIR, TGA and elemental analysis

techniques. Vapor pressures and decomposition profiles have been examined for these

compounds.

BACKGROUND

Erbium doped Ill-V semiconductors attract increasing interest as optoelectronic devices [1].

The sharp and temperature-independent intra-4f shell emission (4 113/2 ---> 4115/2) at 1.54 pm

(0.801 eV) nearly matches the lowest loss transmission window of silica fibers. The most

widely used source compounds for the preparation of erbium-doped semiconductors by

OMVPE (organometallic vapor phase epitaxy) to date have been tris(cyclopentadienyl)erbium

compounds Er(CpR)3 (CpR = C5H5 [2, 31, C5H4CH 3 [3, 41, C5H 4 (i-C3H 7 ) [4]) and

Er(tmhd)3 [51 (tmhd = 2,2,6,6-tetmrmthyl-3,5-heptanedionate). Er(Cp)3 suffers from a very

high incotposaion of carbon in the deposited films. If AsH3 (unsafel) is used as an arsenic

source, a reduction of the carbon incorporation emanating from erbium precursors in the

deposited films saems possible [61. If, however, the preferred As source compound

t-C4119AsH2 is use'. large amounts of carbon are found in the deposited films, presumably
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arising from incomplete removal of elemental carbon originating in Cp- ligands present in the

dopant source compound. Therefore, attention was turned to compounds which do not contain
any direct metal-carbon interactions. Recently, we have reported the successful use of a new

class of compounds, namely erbium tris[bis(triaIkylsilyl)amidesj as source compounds for the

doping of semiconducting GaAs by OMVPE [7].

RESULTS AND DISCUSSION

Although bis(trimethylsilyl)amides of some of the f-series elements have been reported

previously [8], no prior report, to our knowledge, described compounds containing the erbium

amide linkage. Transition metal amides have first been described by Burger et al. [9] and are

synthesized by the metathesis reaction between a lithium or sodium amide and the appropriate
metal halide. We previously have employed zinc bis(amides) with great success in the

preparation of p-type ZnSe by OMVPE [101 and, therefore turned our attention to the erbium

tris(amide) Er(N[Si(CH3)312)3 (Figure 1) as a possible source compound for erbium doping

of semiconducting materials. The synthesis of this compound was accomplished by the

metathesis reaction of ErCI3 with LiN[Si(CH3) 3] 2 and purification was carried out following

the procedure given in Table I.

CH3

H3C,, 1_ e.

HA 1l H

HC _Si- N 1

H3CH3

H -Si- N Sic~

S\ 3cH0

H aC I- C F'

Fgre 1: Chemical structure of Er{ N[Si(CH3 )312) 3.
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Table I: Purification of erbium tris(amides).

step procedure purification

I extraction with ether/hexanes removal of LiCI and unreacted ErIC3
2 recrystallization from ether/hexanes removal of unreacted LiNR2
3 sublimation at 5 x 10-2 Tort removal of unreacted LiNR2
4 sublimation at 5 x 10-4 Torr isolation of volatile material

The erbium tris(amide) Er(N[Si(CH3)3]2)3 decomposes cleanly with little trace of silicon,
nitrogen, or carbon contamination in contrast to Er(Cp)3, which leaves large amounts of carbon
in the resulting film [7]. In order to obtain erbium tris(amide) precursors with improved
characteristics for use in OMVPF, especially compounds with increased volatility, and/or lower
melting point, a series of other erbium tris(amide) precursors was investigated. The motivation
driving the selection of potentially liquid precursors is the occurrence of more reproducible and
controllable vapor pressure as a consequence of bubbling versus percolating in the case of
ambient condition solid precursors. The starting secondary amines for the preparation of these
new erbium tris(amrides) are closely related to hexamethyldisilazane (1a), and are depicted in
Figure 2. Syntheses of the new erbium tris(amides) were carried out using the standard
procedure shown in the equations (1) and (2). Purification to a level sufficient for OMVPE was
carried out in a four step process, depicted in Table I.

H3C H

(F) ("3C)3C H S N H C(H 3C)2 (HSI

(1 3~S/ H 1 N-H N- HN-- /

la lb i ld

Ic

Figure 2: Amines used for the preparation of erbium tris(amides).
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(R)(R')NH + nBuLi -780C- 250C (R)(R')NLi + nBuH
1 THF, 2 h(2

10 C 21)

3 (R)(R')NLi + ErCI3 0 -C" 250C Er[N(R)(R')] 3 + 3 LiCl
2 THF, 24 h 3

3a: R = R' = Si(CH 3)3, 3b: R = C(CH3)3, R' = Si(CH3 )3,

3c: N(R)(R') = NSi(CH3)2CH2CH2Si(CH3)2, 3d: R = R'= Si(H)(CH3)2

One of the most important factors for successful OMVPE is the reproducible and high
volatility of the source compounds. To ensure the suitability of all prepared erbium tris(amides)
for OMVPE processes, sublimation of all compounds and a study of their decomposition by
TGA was initiated. Further characterization of the compounds was obtained from FT-IR, and
IH-NMR. The erbium tris(amide) 3b decomposed on attempts to sublime it and an orange-

brown involatile material, with a melting point above 320'C, was obtained. Compound 3c did

not sublime at temperatures up to 1900C/10-3 Tore and has a melting point of 240'C.
Compound 3d sublimes similarly to 3a at 130 -140 0C and 5 x 10-4 Torr. Their melting points

also are close (3a: 162*C, 3d: 1601C) and both 3a and 3d decompoe at temperatures above
250*C, as indicated by TGA (Figure 3) and visually observed in the melting point capillary.

100-

-so-

40-

o o " ado 4fo Wo " o
TOMWeturt VOc

Figure 3: TCrA-plot of Er(N[Si(CH3)312 13 (3a) and Er(N[Si(H)(CH3)21213 (3d)

(I atnL, N2(g) flow, 10°C/rin).
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SUMMAARY

From the studies carried out to date, the erbium tris(amides) Er(N[Si(CH3)3]2)3 and
Er(N[Si(H)(CH 3)2]2)3 possess characteristics making them suitable candidates for potential
application in OMVPE processes directed at the growth of thin films of erbium-doped
semiconducting materials. Previously the successful employment of Er(N[Si(CH3)3]2)3 in the
growth of erbium-doped GaAs has been reported by us. Future work is directed at extensions
of this new mode of doping.
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TETRAALKYLDIARSlNES AS POTENTIAL PRECURSORS FOR ELECTRONIC
MATERIALS: SYNTHESIS AND CHARACTERIZATION OF VARIOUS ISO-PROPYL

ARSENIC COMPOUNDS

LAWRENCE F. BROUGH, LIU GANG, MATTHEW A. LIPKOVICH, THOMAS J.

COLACOT, VIRGIL L. GOEDKEN,* AND WILLIAM S. REES, JR.
Department of Chemistry and Materials Research and Technology Center, The Florida State

University, Tallahassee, Florida 32306-3006

ABSTRACT

Tetrakis(iso-propyl)diarsine was synthesized by the reaction of (i-Pr)2AsLi with (i-Pr)2Asl.

The lithium salt of the secondary arsine was produced following deprotonation of (i-Pr)2AsH,

obtained by reduction of (i-Pr)2AsI, which was prepared by the thermolysis of (i-Pr)3AsI2. The

X-ray crystal structure of [(i-Pr)3Asl][l] has been determined on the product of the reaction of (i-

Pr)3As and 12. Compounds of the general form E=As(i-Pr)3 (E = 0, S, Se) have been prepared.

INTRODUCTION

Several recent publications have discussed the potential of utilizing tetrakis(alkyl)diarsines as

in situ sources of arsenic for employment in the preparation of arsenic-containing electronic
materials. 1 Such routes to, for example, GaAs presently rely on toxic and highly volatile

precursors (e.g., AsH3). The motivation for this new approach is depicted in equation I.

Although the molecularity of the arsenic-containing product is uncertain, such routes have seen

some moderate success. The precise stoichiometry of the reaction product may be 112 (As4) or 2
As; however, the confirmation of this synthetic procedure for in situ generation of elemental

arsenic-containing species relies less on the accretion coefficient, and more on the lack of any

carbon-containing species in the product. Such contamination by the disadvantageous
decomposition of pendant organic groups highly is detrimental to the final electronic properties of

such materials.
tDceased 22 December 1992
*Address all correspondence to this author at: School of Chemistry and Biochemistry and School

of Materials Science and Engineering, Georgia Institute of Technology, Atlanta, Georgia 30332.
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As one component of a program directed at an examination of the generality of this approach,ic

several iso-propyl arsenic compounds have been prepared. The synthesis and characterization of

some of these organometallic compounds is reported in this contribution.

3 R2As-AsR 2  4 AsR3 + As 2  (I)

RESULTS AND DISCUSSION

Credit is given to Cadet for the initial report of a compound containing a metal-carbon

bond. 2 His 1760 paper describes the simplest tetraalkyldiarsine, (H3C)2As-As(CH 3 )2 . given the

trivial name of cacodyl. A variety of methods have been developed over the years for the

preparation of diarsines.3 In order to address the above-described motivation for exploration of

tetraalkyldiarsines as potential precursors in the OMVPE growth of high-quality semiconducting

materials, tetrakisiso-propyl)diarsine was prepared (Scheme I).

O=Ag(i-Pr)

S=Az(ipr) SAsQPfth

AxCI + 
3 IPfMgSBr h A iP L AM(iPr)1 2

A o(* P • rL i _r

(lPr) AxAs(Bift

EA. (•t)2 AS-O-AaQPr)2

Scheme I
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Crystal structures of Ui-PrWAsQlII and Ui-Pr)3Asln [Ii

The general format for the oxidative addition of a dihalogen molecule to a tertiary

organoarsine (equation 2) can proceed according to two alternate pathways.

Route A__• :•R 3AsX2

R3As + X2  (2)
Route B [R3 AsX][X]

In Route A, the -Td R3 As is transformed into the molecular R3 AsX2 with a trigonal bipyramidal

geometry. In Route B, the resultant product is an [arsonium][halide] ionic moiety. Factors
influencing the path of choice include the electronic and spatial considerations of the alkyl groups
represented in the tertiary arsine, as well as the AX present between the halogen and arsenic. For

example, both [Me 3 PX][XJ and Me 3 SbX2 have been characterized. 4 In all likelyhood, the
difluorides are covalently bound. Previous infrared spectroscopic work has indicated that R3AsI2
compounds (R = Me, Et) are ionic in the solid state. 5 In the present investigation, [(i-Pr)3AsIM]I]

was determined, by X-ray diffraction, to be the conformation adopted by the reaction product of (i-

Pr)3As and 12. If the stoichiometry was not carefully controlled (equation 3), a different product
was obtained. There have been reports of comparable reactions observed for Ph3 As.6

[(i-Pr)3 Asl]I] + 12 - 1 (i-Pr) 3Asl[I3] (3)

A single crystal structure determination also was conducted on ((i-Pr)3AsI[1I 3j. It was, however,

suspended prior to complete refinement Once the identical atomic linkages were ascertained to be

present in the organometallic cation, the structural refinement was not pursued further. There was
little new structural information revealed in the anion replacement species.

Pertinent crystal and refinement data along with selected interatomic distances and angles

will be published elsewhere. An ORTEP representation of the structure is presented (Figure 1),

including both covalent and ionic interactions between As and I atoms.
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Figure 1 ORTEP representation of [(i-Pr)3Asl][11

Open circles represent Carbon atoms. Hydrogen
atoms have been omitted for clarity of presentation.

Preparation of E=As(i-Prh (E = 0. S. Se)

The preparation of O=As(i-Pr) 3 was effected under mild conditions (equation 4).

As(i-Pr)3 + 1/2 H20 2  -O=As(i-Pr) 3  (4)

Either a solvent-mediated or a direct reaction can be utilized in the synthesis of S=As(i-Pr)3
(equation 5 - 6).

'II St + As(i-Pr)3  THF, r.t.= S=As(i-Pr) 3  (5)
N2(g), 18 h

'lg Ss + As(i-Pr)3  1000Ce S=As(i-Pr) 3  (6)

The most efficient route for the preparation of Se=As(i-Pr) 3 was determined to be the
reaction of As(i-Pr)3 with elemental selenium (equation 7).
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As(i-Pr)3 + I,, Se 1500C Se=As(i-Pr)3  (7)
10 min
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NEW ZINC-bis(DIALKYLAMIDES) POTENTIALLY USABLE AS SITE-SELECTIVE

DOPANTS FOR p-TYPE ZnSe.

WILLIAM S. REES, JR. AND OLIVER JUST.

MS: B-164, Department of Chemistry and Materials Research and Technology Center, The

Florida State University, Tallahassee, Florida, 32306-3006.

ABSTRACT

In earlier work, the effective utilization of Zn IN[Si(CH3)3]2) 2 as a site-selective dopant for

the production of p-ty-.e ZnSe by OMVPE was demonstrated. Several new zinc-bis(dialkylamides)

of the general form (R)(R')NZnN(R")(R') now have been prepared. They have been

characterized by IH- ard 13 C-NMR, GC/MS and elemental analysis. Vapor pressures and gas
phase decompositior profiles have been examined. Correlations of vapor pressure and structure are

discussed for this series of compounds. A mechanism for the site-selectivity observed in the
incorporation of nitrogen is proposed.

INTRODUCTION

Among the various potential candidates of semiconducting materials for utilization in

optoclectronic and electroluminescent devices operating in the blue region of the visible

electromagnetic spetram, p-type ZnSe recently has emerged as a promising leading contender for

near-tem practical applications.1 -6 Therefore a variety of efforts have been undertaken to gain
access to suitable, readily-prepared and purified precursors for the production of this desired

composition. Recently, we demonstrated that compounds of the general form
(R)(R)NZnN(R'XR") retain a zinc-nuitrogen bond during their decomposition to produce a thin

film of N-doped ZnSe by OMVPE (organometallic vapor phase epitaxy).7 As a consequence of
these promising results, an investigation into the scope of the process was initiated.6 In previous
reports$.9 it was shown that acceptable results could be achieved either with the homoleptic

symmetrical Zf(N[Si(CH3)3J2)2 or the homoleptic unsymmetrical Zn(N[Si(CH 3 )3 ][C(CH 3)3]) 2

regarding their suitability as potential dopant sources for the preparation of high quality p-type
ZnSe thin fdmi by OMVPE. This success is based on the selective incorporation of nitrogen atoms

on the native selenium !attice site, which is enforced by the lack of an appreciable antisite defect
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density for zinc atoms in the utive ZnSe lattice. Thus, in the instances when the Zn-N bond of the

precurs dopant molecule is retained intact throughout the deposition process, the nitrogen atom

has an enforced residence on a lattice site adjacent to a native zinc location, i.e., in an electronically

active position on a native selenium atom lattice site. The proposed mechanism for the gas phase

decomposii Profile of the hetcroleptic ZnaI [N(Si(CH3 )3 )2][N(Si(CH 3)3)(C(CH 3)3] 10Oprovided

for the existence of the desired penultimate structural fragment "RNZ-". Subsequent to undergoing

a P-hydride elimination by the appropriate alkyl group, observation of co-product olefin and

"HNZn" significantly contributed to the overall understanding of the nitrogen incorporation

process occurring during the epitaxial growth of p-type ZnSe. As a consequence of the limited

volatility of these prior precursors, a priority was given to extend these studies to other diverse

substituted zinc-bis(dialkylamides) and an examination of their employment as possible dopants by

OMVPE.

XPERMETAL

An effective access to compounds depicted by the general formula Zn[N(R)(R')12 is

provided by a synthetic route10 comprising the salt elimination reaction between one equivalent of

zinc dichloride and two equivalents of alka"i metal dialkylamide under inert gas (eq. 1) yielding the

target molecules as stable compounds. The preparation of the alkali metal dialkylamide salt was

accomplished by treating the corresponding primary amine with trimethylchlorosilane (eq. 2) and

dep;montnion of the generated trimethylsilylalkylamine with butyllithium or potassium hydride (eq.

3a or 3b):

ZnC12 + 2 UNRR' --- > Zn[N(R)(R')12 + 2 LiCI (1)

2 RNH2 + CISi(CH3) 3  ------ > HN(R')[Si(CH3)3] + R'NH2 . HCI (2)

HN(R)(R) + BuLi -----. > LiN(RXR') + BuH (3a)

HN(R)(R) + KH -------- > KN(R)(R') + H2 (3b)

R Si(CH03; W t It, 1-Pr, n-Pr, t-Bu, c-Hex, Ph.

a20



After demonstrating the usefulness of the homoleptic symmetrical Zn(N[Si(CH3)3]2)2 as a

dopant for deposition of p-type ZnSe films, attention was focused toward performing experiments

in order to obtain a zinc-bis(dialkylamide) containing the closely related

tetmaethyldisilaazacyclopentane-ligand as a minor modification of the bis(rimethylsilylamido)-

ligand (eq. 4). The anticipation in seeking this compound was to increase the stability of the

intrinsically labile zinc-nitrogen bond under normal conditions by potentially protecting it from

nucleophilic oxygen attack. Additionally, the retention of this desired interaction throughout the

thermal decomposition is ensured by primary elimination of the fragment [Me2SiCH2CH2SiMe2+].

SiSi Si

2( N--Li + ZnCI2  --- ( N--n- N ) (1) (4)

Si Si Si

Based on encouraging results obtained during the investigation with bis(triorgano-

silylsubstituted)amide derivatives of zinc(II), an effort was instigated to examine the potential for

extension of a comparable synthetic and purification scheme to encompass bis(diorgano-

silyisubstituted)amide analogs. As an initial entry into this new class of compounds, the

homoleptic derivative of bis(dimethylsilyl)amide was selected. Examples of this new class of

compounds were isolated by application of an analogous synthetic route (eq. 5) to that depicted in
eq. 1. It was postulated that replacement of one of the methyl groups on silicon by a hydrogen

atom might have a substantial impact on the properties of this next generation of zinc compounds,

particularly with respects to enhancing their vapor pressures.

Zna2 + 2 LiN(R)(R') ------- > Zn[N(R)(R')1 2 + 2 LiCI (5)

R - Si(HXCH3)2; R' - i-Pr, t-Bu. Si(H)(CH3 )2 .

Additionally, capitalizing on a previously developed and described method9 it was possible

to obtain a new heteroleptic zinc-bis(alkylsilylamide); (R = Si(CH3 )3, R' = i-Pr), (eq. 6a and 6b):

ZnCi2 + L*NR 2 - ------- > CQZnNR2 + UCi (6a)

CI2nNR2 + LiN(R ..R) .---- > Zn[N(R)(R')12  + LiCa (6b)
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RESULTS AND DISCUSSION

The isolation and purification process for these new generations of zinc-bis(dialkylamide)

compounds has revealed several characteristic and unconventional properties. Following eq. 1 the
isolated compounds are colorless and viscous distillable liquids (R = Et, i-Pr, c-Hex, Ph) as well

as ambient condition colorless solids (R = t-Bu, n-Pr). The highest vapor pressure to date is

displayed by the i-propyl representative (b.p. = 56*C / 0.05 Ton). This property diminishes
dramatically with increasing size of the ligands: n-Pr > t-Bu > c-Hex > Ph, but remarkably the

smallest member of this group of compounds, represented by the ethyl derivative, exhibits in a
discrepancy with the expected trend an extremely decreased volatility. This result indicates that the

corresponding zinc compound is most likely not a monomer, which is consistent with 1H-NMR
studies. An additional feature is that the heaviest substituted zinc amides (R = c-Hex, Ph) are

colorless and viscous oils, while zinc amides carrying medium size ligands such as t-Bu and n-Pr

are solids. The analogous synthesis of compounds containing the dimethylsilyl group (eq. 5)

revealed that the isolated t-butyl product possesses (in comparison with the corresponding
trimethylsilyl compcund) an uncomparably enhanced vapor pressure. On the contrary the volatility

of the i-propyl as w.-ll as the dimethylsilyl representative (both are highly viscous oils), is
decreased greatly.

Iog prrorr\

I 
A=Zn [N /SI ]

B = Zn(N[Si(CH3)3I[C(CH 3)3 ] 2

0- C = Zn(N[Si(CHI3)h] }(N[Si(CH3)]j[C(CH3b)

D = Zn(N[Si(CH3)3][CH(CH3I )2

-I-

,!_ A BC D l/Tr [c]

0.005 0.01 0.015 0.02

Fig. I: Vapor pressure profiles determined for a series of various zinc-bis(amides).



By the established method (eq. 6a and 6b) separated new heteroleptic i-propyl species is
distinguished by its extreme volatility which only slightly varies from that found for the analogous
homoleptic product. The symmetrical zinc-bis(dialkylsilylamide) (I) generated by the successfull

execution of the reaction outlined in eq. 4 turned out to be a colorless crystalline solid (m.p. =

47 0C) and under normal conditions for a limited time the most environmentally stable zinc

compound prepared in this study. However, compared with Zn(N[Si(CH3)3]2) 2, it displays a

negligible depressed vapor pressure.
The investigated mechanisms of processes occurring in the gas phase during thermal

decomposition of three alternate types of zinc-bis(amide) examples show in two cases the presence

of the thermodynamically stable byproduct NR3 as a driving force for formation of "HNZn" and

elimination of "ZnN 2", respectively. Since experiments conducted on the heteroleptic
unsymmetrical zinc zmide9 have revealed the existence of site-selective deposition of p-type ZnSe
in conjunction with essential structural fragments NR 3, RNZn and "HNZn" our investigations on

the produced compounds concentrated on searching for these important fragments. The detailed

studies of the gas phase decomposition profile of the heteroleptic
Zn (N[Si(CH3)312) (N[Si(CH 3)31[C(CH3) 3]) have confirmed in the preliminary investigations 9

reported pattern containing N(TMS) 3 and tBuNZn and subsequent to P-hydride elimination, the

presence of "HNZn". On the contrary, those signals are absent in the mass spectrum of the

homoleptic unsymmetrical Zn(N[Si(CH 3)31[C(H)(CH 3)2])2, which is consistent with the
requirement for a bi.molecular mechanistic pathway. The most characteristic observed fragments
which have been split nff the parent peak can be interpreted as: [i-Pr2N+] and [i-PrNSiMe 3+].

Due to the well-known stability of the fragment [Me 2SiCH2CH2SiMe2+], the elimination
of "ZnN2" has beer, observed in the decomposition pattern of the homoleptic symmetrical zinc

amide depicted in eq. 4. We note, that in other work, erbium[tris(trimethylsilyl)amide] has been
employed successfully in the OMVPE growth of Er-containing electronic materials. 1,12

The experiments which were carried out to date on the available zinc-bis(amides) allow the

amrangement into three categories regarding their potential suitability for OMVPE:
Precunors which should have utility in the epitaxial growth of p-type ZnSe:
Zn(N[Si(CH3) 31[C(HXCH3)21 12; Zn( [N(Si(CH 3)3)2][N(Si(CH 3)3XC(H)(CH3)2]);
Zn (N[Si(H)(CH 3)2][C(CH 3 )3J )2; Zn f NSi(CH 3)2 CH2 CH2 Si(CH3)3 2 (I).

Products which probably are well suited to achieve this goal:

Zn(N[Si(CH 3)31fn-Prl) 2; Zn( N[Si(CH3)3I[C(CH3)3J) 2.

Compounds with cher.ical and physical properties which most likely will not serve this purpose as
wevl as the examples enumerated above:

Zn(N[Si(CH3) 31[CH3CH 2]) 2; ZnI N[Si(CH3) 3][c-Hex] 12; Zn( N[Si(CH3)3][Ph] 12;
Zn(N[SiH(CH3)2][CH(CH 3)2] 12; Zn (N[SiH(CH 3)212 ]2).
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GROWTH OF InAs AND (InAs) 1 (GaAs)l SUPERLATTICE QUANTUM
WELL STRUCTURES ON GaAs BY ATOMIC LAYER EPITAXY USING

TRIMETHYLINDIUM-DIMETHYLETHYLAMINE ADDUCT

NOBUYUKI OHTSUKA AND OSAMU UEDA
FUJITSU LABORATORIES LTD., 10-1 Morinosato-Wakamiya, Atsugi 243-01, Japan

ABSTRACT

Atomic layer epitaxy (ALE) of InAs has been developed using trimethylindium-
dimethylethylamine adduct (TMIDMEA) as a novel In source. Distinct self-limiting growth of
InAs was successfully carried out over a wide temperature range from 350'C to 500'C
because of the high thermal stability of TMIDMEA. The possible growth temperature range for
ALE-InAs was extended by using TMIDMEA. These results lead us to conclude that the use of
TMIDMEA enables us to grow lnAs/GaAs heterostructures at a single growth temperature.
Using this technique, (InAs)I(GaAs)l short period superlattice (12 periods) quantum-well
structures were grown on a GaAs(100) substrate at 4600 C, A photoluminescence peak at 1.3 rn
was observed in these structures at room temperature.

INTRODUCTION

Much attention has been paid to the growth of (InAs)m(GaAs)n short-period strained-layer
superlattice structures on GaAs. These systems are among the most attractive systems from the
view point of application to long-wavelength optical fiber communication devices [1,2].

Atomic layer epitaxy (ALE) is currently the most promising technique for fabricating this
system because it can control growth at an atomic level with a self-limiting mechanism. We have
previously developed an ALE technique called pulsed jet epitaxy, or PJE, which can grow self-
limited IlI-V compounds under a wide range of conditions 13-61. But a severe problem arises in
fabricating InAs/GaAs superlattices using ALE. It is the difference between the growth
temperatures for ALE among the binary semiconductors. We have grown GaAs by PIE using
trimethylgallium (TMGa) from 450 to 550'C. We have also grown InAs using trimethylindium
(TMIn) from 300 to 400°C. However, there is no overlap in ALE growth temperature for the
two materials. It is very important for the fabrication of InAs/GaAs superlattices that each
material can be grown in the same temperature region with a self-limiting mechanism 17]. One of
the factors determining the growth temperature range for ALE has been the decomposition
temperature of source gases for group Ill elements. From the view point of the crystal quality,
an expansion of the temperature range for InAs ALE was required 181. Therefore, we expected
that the thermal stability of TMIn which is a conventional In source might be improved by an
addition of some adduct. By analogy with the thermal stability results for AIH3, we chose
N(CH 3 )2C2H5 as the adduct 191. Subsequently, we developed a trimethylindium-
dimethylethylamine adduct (TMIDMEA) as a new In source for ALE.

In this paper, we describe the growth of InAs on a InAs (100) substrate by ALE using
TMIDMEA. This technique provides a significant expansion of temperature range for ALE-
InAs. Using this method, we also demonstrate the fabrication of a GaAs/(InAs)](GaAs)1112
periods VGaAs single quantum well structure on a GaAs (100) substrate. This sample shows a
long wavelength (1.3 Mim) photoluminescence (PL) peak at room temperature.

EXPERIMENTAL

We used a low-pressure metalorganic vapor phase epitaxy (MOVPE) apparatus with a
chimney reactor. This system was designed for PJE, in which source gases are supplied in a
fast, pulsed stream. For the gas handling system, we used a fast switching manifold with a
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pressure-balanced vent-and-run configuration. An RF coil was used to heat the graphite
susceptor. We used TMIDMEA (for InAs ALE), TMGa (for GaAs ALE), triethylgallium
(TEGa) (for GaAs MOVPE) and arsine (AsH 3) as source materials. Substrates were exactly
(100)-oriented InAs and GaAs. We grew InAs under 2000 Pa from 300 to 540'C. The source
gases for group IlI and AsH3 were alternately supplied to the reactor with H2 carrier gas,
separated by H2 purging pulses. For ALE, a sequence of "H2 -4 group 11I -4 H2 -+ AsH 3 " is
defined as one ALE cycle. TMIDMEA, TMGa, and TEGa were kept at 19.2°C, 3.0°C and
17.0°C respectively.

The growth thickness of InAs was mcasured by a surface profiler (DEKTAK 3030) after
removing the SiO 2 mask. The optical properties of (InAs)I(GaAs)t/GaAs single quantum well
structures grown on GaAs were evaluated by PL. The PL measurements were performed at
room temperature using an Ar÷ laser (X = 488 nm) as excitation source, 0.75 m SPEX
spectrometer and a liquid nitrogen cooled Ge detector.

RESULTS AND DISCUSSION

TMIDMEA is a solid at room temperature with a melting point of 450C. At 80 0C, its vapor
pressure is about 1200 Pa. The thermal stability of TMIDMEA might be higher than that of
TMIn which is a conventional In source. An additional benefit of TMIDMEA in MOVPE or
chemical beam epitaxy (CBE) is its reactivity in air, which is nonpyrophoric, thus enabling safe
handling.

We investigated the ALE growth of InAs using TMIDMEA and AsH3 on InAs substrates.
Figure 1 shows the relationship between the group-Ill pulse duration and the growth thickness
per cycle at 460'C. When we use TMIn, the thickness per cycle increases monotonously with
the TMIn pulse duration at 460'C. This may be due to an increase in the thermal decomposition
rate of TMIn in the boundary layer. However, when we use TMIDMEA, a complete self-
limiting growth can be achieved: the growth thickness per cycle saturated at one monolayer of
InAs. These results indicates that TMIDMEA can be used to grow InAs by ALE at high
temperatures.

3
2 ALE-InAs

T9 460°C

2 ,TMIn

I TMIDMEA
112

.- Fig. I Growth rate dependence of
J9 InAs (100) as a function of group Ill

source pulse duration at 460*C.

0 2 4 6 8
Group-Ill pulse duration (s)

It is very important to control the purging time after supplying AsH3 accurately for InAs
ALE using TMIn J.01. We studied the dependence of the InAs growth rate on H2 purging time
in ALE using TMIDMEA. Figure 2 shows the relationship between the H2 purging time and the
growth thickness per cycle at 4400C. In the case of using TMIDMEA, the same results as for
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GROWTH OF InAs AND (InAs)i(GaAs)h SUPERLATTICE QUANTUM
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FUJITSU LABORATORIES LTD., 10-1 Morinosato-Wakamiya, Atsugi 243-01, Japan

ABSTRACT

Atomic laver epitaxy (ALE) of InAs has been developed using trimethylindium-
dimethylethylam ine adduct (TMIDMEA) as a novel In source. Distinct self-limiting growth of
InAs was successfully carried out over a wide temperature range from 350*C to 500WC
because of the high thermal stability of TMIDMEA. The possible growth temperature range for
ALE-InAs was extended by using TMIDMEA. These results lead us to conclude that the use of
TMIDMEA enables us to grow InAs/GaAs heterostructures at a single growth temperature.
Using this technique, (lnAs)I(GaAs)l short period superlattice (12 periods) quantum-well
structures were grown on a GaAs(100) substrate at 460'C. A photoluminescence peak at 1.3 Pin
was observed in these structures at room temperature.

INTRODUCTION

Much attention has been paid to the growth of (InAs)m(GaAs)n short-period strained-layer
superlattice structures on GaAs. These systems are among the most attractive systems from the
view point of application to long-wavelength optical fiber communication devices [ 1,21.

Atomic layer epitaxy (ALE) is currently the most promising technique for fabricating this
system because it can control growth at an atomic level with a self-limiting mechanism. We have
previously developed an ALE technique called pulsed jet epitaxy, or PJE, which can grow self-
limited Ill-V compounds under a wide range of conditions 13-61. But a severe problem arises in
fabricating lnAs/GaAs superlattices using ALE. It is the difference between the growth
temperatures for ALE among the binary semiconductors. We have grown GaAs by PJE using
trimethylgallium (TMGa) from 450 to 5500 C. We have also grown InAs using trimethylindium
(TMIn) from 300 to 4)00 C. However, there is no overlap in ALE growth temperature for the
two materials. It is very important for the fabrication of InAs/GaAs superlattices that each
material can be grown in the same temperature region with a self-limiting mechanism [7]. One of
the factors determining the growth temperature range for ALE has been the decomposition
temperature of source gases for group IIl elements. From the view point of the crystal quality,
an expansion of the temperature range for InAs ALE was required [81. Therefore, we expected
that the thermal stability of TMIn which is a conventional In source might be improved by an
addition of some adduct. By analogy with the thermal stability results for AIH3, we chose
N(CH3)2C2H 5 as the adduct 19). Subsequently, we developed a trimethylindium-
dimethylethylamine adduct (TMIDMEA) as a new In source for ALE.

In this paper, we describe the growth of InAs on a InAs (100) substrate by ALE using
TMIDMEA. This technique provides a significant expansion of temperature range for ALE-
InAs. Using this method, we also demonstrate the fabrication of a GaAs/(InAs)i(GaAs)1[ 12
periodsl/GaAs single quantum well structure on a GaAs (100) substrate. This sample shows a
long wavelength (1.3pamj photoluminescence (PL) peak at room temperature.

EXPERIMENTAL

We used a low-pressure metalorganic vapor phase epitaxy (MOVPE) apparatus with a
chimney reactor. This system was designed for PJE, in which source gases ate supplied in a
fast, pulsed stream. For the gas handling system, we used a fast switching manifold with a
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TMIn were observed. Thus, a decrease in the growth rate was observed only at the purging
time after supplying AsH 3. This might be due to the desorption of As atoms from the growing
surface. These results indicate that the desorption of As atoms from the growing surface of InAs
at the high temperature range is independent of In source gases. Consequently, we used very
short H2 purging time (0.1 s) after supplying AsH 3 to avoid As desorption in this temperature
range.

2 ALE-InAs
Tg 440°C

After TMIDMEA

o After AsH3  Fig. 2 Growth rate dependence of
-X. InAs as a function of H2 purge time at
o 4400C.

iE 0 .
10-2 10-1 100 101 102

H2 purge time (s)

The temperature dependence of growth rate is shown Fig. 3. For InAs ALE using
TMIDMEA, a self-limiting mechanism in the growth rate was observed over a temperature range
from 350 to 500'C. The upper limit of this temperature region is more than 50'C higher than that
using the conventional TMIn In source. Thus, the possible growth temperature range for ALE-
InAs was extended by using TMIDMEA. Thus, we can grow InAs and GaAs in the same
temperature region with a self-limiting mechanism. These results lead us to conclude that the use
of TMIDMEA can enable us to grow InAs/GaAs heterostructures at a single growth temperature.

-j ALE

0

InAs GaAs

Fig. 3 Growth rate dependence on
temperature for InAs grown by ALE
using TMIDMEA.

0.1"
300 400 500 600

GrowthTemperature (°C)
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SUMMARY

We have developed TMIDMEA as a new In source for ALE-InAs and studied the growth of
InAs by ALE using TMIDMEA at temperatures from 300 to 540C. The thermal stability of
TMIDMEA is higher than that of TMIn which is a conventional In source. The possible growth
temperature range for ALE-InAs was extended by using TMTDMEA. These results lead us to
conclude that the use of TMIDMEA enables us to grow lnAsIGaAs heterostructures at the same
growth temperature. Using this technique, (lnAs)j(GaAs)1 short period superlattice (12 periods)
quantum-well structures were grown on a GaAs(100) substrate at 4600C. A PL peak at 1.3 AiM
was observed in these structures at room temperature.
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ABSTRACT

ZnSe epitaxial films have been grown on (100) GaAs by reduced pressure organometallic
chemical vapor deposition (OMCVD) from tertiary-butyl(allyl)selenium (tBASe) and dimethylzinc
triethylamine adduct (DMZnNEt 3) at temperatures of 325-450*C. Good surface morphology, film
crystallinity and interface quality have been found with scanning electron microscopy (SEM),
double crystal X-ray diffraction (DCD) and Rutherford back scattering spectroscopy (RBS).
Secondary ion mass spectrometry (SIMS) shows negligible carbon concentration (below 5x1017
atoms/cm 3). Low temperature photoluminescence (PL) exhibits a strong near band-edge emission
with a dominant donor-bound peak. Gas-phase pyrolysis of tBASe has been probed at reduced
pressure in a molecular beam mass spectrometric system in hydrogen and deuterium carrier gases.
The precursor decomposes above 200°C by B-hydrogen elimination and by homolysis of the Se-C
bonds. High isobutene vs. isobutane ratios (50-100) indicate a predominance of B-hydrogen
elimination over homolysis at temperatures below 4000 C. Diallylselenium is present in the gas-
phase in low concentrations at temperatures of 200-3500 C. Diallylselenium, methylallylselenium
and dimethyl-selenium have been observed as minor by-products during pyrolysis of co-dosed
tBASe and DMZnNEt 3 . The effect of the retro-ene decomposition pathway of allylselenium
reagents on carbon incorporation into ZnSe films is further probed by growth experiments with in
situ generated 2-methylpropaneselenal.

INTRODUCTION

Epitaxial films of ZnSe are promising materials for short wavelength optolectronic devices,
such as green and blue light emitting diodes and lasers. Although ZnSe films of excellent
optoelectronic quality can be grown by organometallic chemical vapor deposition (OMCVD) from
hydrogen selenide and dimethylzinc (DMZn) or its triethylamine adduct (DMZnNEt3 ), a parasitic
gas-phase reaction between the precursors results in a poor surface morphology and thickness
uniformity [1]. In addition, the extreme toxicity of H2Se, in combination with a high vapor
pressure, imposes serious safety problems. A large variety of organoselenium compound has been
tested as replacement for H2Se (2]. However, the high temperatures required for the growth with
organoselenium precursors, typically above 450°C, are detrimental to the optoelectronic properties
of the ZnSe films. Particular attention has therefore been paid to organoselenium reagents with
thermally labile alkyl groups, which would facilitate low temperature growth. Methylallylselenium
(MASe) and diallylselenium (DASe) allow growth of epitaxial ZnSe at 400-450°C [3,4].
Unfortunately, the films are heavily contaminated with carbon. A gas-phase pyrolysis study under
OMCVD growth conditions has shown that a retro-ene decomposition pathway of the allyl
precursors, resulting in formation of reactive selenoaldehydes, is likely the source of the carbon
incorporation [5].

We report on a new allyi-based selenium precursor, tertiary-butyl(allyl)selenium (tBASe),
which has been designed to decompose at low temperatures by homolysis of the Se-C bonds or B-
hydrogen elimination. Since the t-butyl substituent does not facilitate the retro-ene rearrangement,
low carbon levels in the films would be expected. Alkyl redistribution under growth conditions,
however, complicates the pyrolysis mechanism by the formation of DASe and MASe. Since the
presence of these compounds in the gas-phase might be critical to the film quality, we have carried
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out extensive OMCVD growth viyriments to assess the feasibility of tBASe for preparation of
high optoelectronic quality ZnSe films. The material characteristics are correlated with results of
gas-phase pyrolysis conducted under the growth conditions. In order to further explore the effect
of the selenoaldehydes on the composition and properties of ZnSe films, we have included bicyclo-
[2.2.1]-2-selena-3-(2-methyl)ethylhept-5-ene (BCSe) into our study. This compound yields 2-
methylpropaneselenal under pyrolysis conditions, a species closely related to the intermediate
selenoaldehydes formed from DASe and MASe.

EXPERIMENTAL

ZnSe films were grown in a vertical downflow OMCVD reactor equipped with a laser
interferometer for in-situ growth rate monitoring [6]. Semi-insulating (100) GaAs substrates
misoriented 20 towards <110> were prepared according to standard procedures [7]. The native
oxide was removed at 600°C in hydrogen flow containing 0.7 Torr partial pressure of H2 Se to
passivate the GaAs surface. The films were grown at reactor pressure of 300 Torr. The delivery
rates of the selenium organometallics (Advanced Technology Materials) were varied between 10-
120 ;mol/min, while the delivery rate of DMZnNEt3 (Epichem) was maintained at 20 Wmnol/min in
all experiments. The total flow rate of the hydrogen carrier gas was 1000 standard cm 3/min
(secm).

Surface morphology of the deposited films was examined by scanning electron microscopy.
X-ray rocking curves were measured by a double crystal diffractometer (BEDE Scientific, Inc.,
Model 300) with CuKau radiation from a rotating anode X-ray generator (Rigaku, Model RU-
200). Rutherford back scattering spectrometry with 2 MeV helium ions was employed to further
probe the structural quality of the films. Secondary ion mass spectrometer measurements of
carbon concentrations were carried out on a Cameca IMS-4f spectrometer using a cesium primary
ion beam with an incident energy of l0keV and ion current 33 nA rastered over an area of 100x100
lim. Undoped ZnSe films implanted with 12C were used as internal standards for determination of
carbon concentration. Photoluminescence spectra were measured on a 0.85m Spex 1404
spectrometer using a He-Cd laser (X = 325 nm) as the excitation source.

Gas-phase pyrolysis was carried out at 30 Toff in a molecular beam mass spectrometric system
(MBMS) described previously [8]. The delivery rates of the organometallics were maintained at 20
Inmol/min using hydrogen or deuterium carrier gas with a total flow of 25 sccm. The relative
concentrations of the reaction products were determined from intensities at the characteristic m/z
values. The contribution of the fragmentation patterns of the source compounds was subtracted
from the mass spectra and the data were corrected for sampling flux at various susceptor
temperatures. Ionization cross sections for isobutane and isobutene were determined in a separate
experiment with mixtures of known composition.

RESULTS AND DISCUSSION

The temperature dependence of the growth rate with tBASe is shown in Figure 1. The apparent
activation energy of kinetic limited growth is approximately 21 kcal/mol. The transition to the mass
transport limited growth is at -W400C. This value is significantly reduced in comparison to the
transition temperatures for DASe (4400 C) and MASe (480*C) growth systems under identical
experimental conditions [3,4,6].

The films grown from tBASe exhibit a pronounced variation of surface morphology with
growth temperature (Figure 2), but little change with Vi111 ratio. Films deposited at 32.5C are
specular and almost featureless even at a high magnification. At 350W , the films possess a smooth
surface with a step-like texture. Above 4000 C, the films appear dull and the surface is composed
of hexagonal features of nearly uniform size.
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Figure 1. Arrhenius plot for the growth rate of ZnSe from tBASe at reactor pressure 300 Tort and
VT/IM = 2.

Figure 2. SEM micrographs of the surface morphology of ZnSe films grown at 3250 (a), 3500C (b)
and 400(C (c) (V/il = 2).

X-ray diffraction has confirmed that all the films grown at temperatures of 325-450°C and V/II
ratio of 1-6 are epitaxial. Narrow DCD rocking curves for the (004) diffraction with FWHM
ranging from 220 arc/sec to 400 arc/sec indicate that tBASe allows growth of films with a low
density of structural defects. Rutherford back scatteing spectra in channeling configuration along
<001> further demonstrate an excellent crystallinity of the films and good quality of the epitaxial
interface (Figure 3). An increase of the minimum background yield, Xmin = Ychneled/YrWdom,
from 7% to 11% can be observed with the increase of the film thickness from 0.2 ixm to 1.2 Ptm.
This result may be interpreted in terms of relaxation of the ZnSe/GaAs misfit trough dislocationfornmaion [9).

un e spectra (PL) acquired at 10 K exhibit a t near band-edge emission and
avery weak emission from self activated centers aound 2.3 eV (Fig. 4). The near band-edge plconsists of doublets of free exciton (EIlh and EBy) at 2.8004 eV and 2.8026 eV, and donor bond
exciton (12 and I2hh) at 2.7954 eV and 2.7970 eV. The near band-edge PL spectra are similar to
those eviously rported for ZnSe grown from DMZnNEt3 and H2Se [10].
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Figure 3. RBS spectra measured in the channeling configuration perpendicular to the ZnSe/(100)
GaAs interface for film thickness of 0.2 prm (a) and 2.0 lsm.(b).
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Figure 4. Low temperature (10 K) photoluminescence spectra of ZnSe grown at 3500C and
VI/W% = 2. The inset shows the near band-edge emission.

Secondary ion mass spectrometry (SIMS) analysis has shown a carbon concentration below
the detection level of 5x10 17 stms/cm3 for all the films grown at VI/YI ratios of 1-6. It is worthy to
point out that MASe and DASe yield heavily contaminated films with carbon level up to 1021
atoms/cm 3 under similar growth conditions [3,4.6).
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Gas-Phase Decomposition of tBASe

Pyrolysis of tBASe was probed in the MBMS system in hydrogen at 30 Tort. The precursor
decomposes above 2000 C with apparent activation energy of -20 kcal/mol. The decomposition is
complete by 350*C (Figure 5). The major reaction products observed in the gas-phase are
isobutane (m/z=43), isobutene (m/z=56), propene (m/z=4 2 ), and 1,5-hexadiene (m/z=67). The
intensities of propene and isobutene increase sharply with the onset of the pyrolysis, but drop
above 300*C. Isobutane and 1,5-hexadiene formation becomes favorable above 350'C. Traces of
DASe can be detected in the 200-350*C range, with a peak concentration at 240°C.
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Figure 5. Pyrolysis of tBASe in H2 at 30 Torf. Relative concentrations of species in the gas-phase

as a function of susceptor temperatures. The following symbols are used :0* parent
0z-7) isobutene (mz--56), * isobutane (n&&--43), 0 1,5-hexadiene (m/z=-67),

U propene (mi/z=42), 0 DASe (m/z=162)I.

In order to determine whether the hydrogen carrier gas participates in the gas-phase reactions,
pyrolysis in deuterium has been carried out under the same experimental conditions. The presence
of hydrogen radicals in the gas-phase, or activation of dihydrogen on the selenium-rich surface of
the graphite susceptor, should result in isotope exchange. However, neither formation of
deuterated hydrocarbons nor isotope exchange leading to HD have been observed at pyrolysis
temperatures up to 450*C. This result demonstrates that the carrier gas is not directly involved in
the pyrolysis mechanism of tBASC under the reduced pressure conditions.

The proposed mechanism for pyrolysis of tBASe under reduced pressure is shown in Scheme I
below, Th rimar steps of the tBASe decomposition can be B-hydrogen elimination and
homnolysis of the Se-C bonds. The B-hydrogen elimination pathway (A) is facilitated by the t-butyl
group. The expected products are isobutene and allylselenol. At elevated temperatures selenols may
undergo fission of the Sc-C bond or bimolecular hydrogen abstraction in analogy with pyrolysis
of thiols [I I]. Therefore, allylselenol is likely a reactive intermediate that cannot easily be
observed. The homnolysis pathway (B) should be accessible at relatively low temperatures since t-
butyl and allyl groups may yield highly stabilized free radicals. However, a significantly lower
decomposition temperature of tBASe, com"ae to that for DASe [5], indicates that the homolysis

ofte Se-CQallyl) bond is probably not the initial pyrolysis step below 400*C. The lability of the t-
butyl-Se moiety is consistent with the reduction of the OMCVD growth temperatures of ZaSe with
tBASe and dift-butyl)aelenium [121 compared to those for DASC and MASe (3,4,61.
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The radical species formed either by decomposition of intermediate allylselenol, or by the
homolysis of the Se-C bonds may give rise to a complex gas-phase radical mechanism. Radical
recombination accounts for the formation of DASe and 1,5-hexadiene. Other expected products of
radical recombination, e.g. 4,4-dimethylpentene, di(t-butyl)selenium and dialkyldiselenides, have
not been observed. Disproportionation of t-butyl radicals should result in an equimolar ratio of
isobutene and isobutane. The presence of a hydrogen donor, such as allylselenol or hydrogen
selenide, would shift this ratio in favor of isobutane. The large isobutene vs. isobutane ratios (50-
100) observed below 400°C indicate that B-hydrogen elimination rather than a radical mechanism is
dominant in the pyrolysis mechanism at low temperatures.

[ -I-e IH.[1e Se

Li,\Se H~- 1 H4" - -0
Se. ~ + polym er

oSej

,Se / H2 Se

The decay of the DASe signal above 250°C is consistent with the thermal stability of the
compound [5). DASe decomposes by a combination of homolysis of the Se-C bond or by retro-
ene rearrangement. The radical pathway yields 1,5-hexadiene and elemental selenium. The
rearrangement results in the formation of propene and propeneselenal. The unstable
selenoaldehyde will likely polymerize under the pyrolysis conditions. Since the latter
decomposition pathway may result in carbon contamination of the films, the concentration of DASe
in the gas-phase during the growth will be critical for the film quality.

The presence of DASe in the gas-phase pyrolysis products indicates that the OMCVD
chemistry of tBASe may involve formation of other dialkylselenium compounds via radical
recombination reactions. Indeed, pyrolysis of an equimolar mixture of tBASe and DMZn under
the reduced pressure conditions yielded DASe, MASe and dimethylselenium (DMSe) as minor by-
products 113]. The growth experiments with MASe and DASe have shown that the carbon level in
the ZnSe films can be significantly reduced at low VI/Ml ratios [6). Thus, the marginal conversion
of tBASe to the allylselenium compounds under the pyrolysis conditions correlates well with the
low carbon content in the Z7Se films grown from tBASe, even at VIIII=6. In order to maintain a
low carbon level, the films should be grown at a low partial pressure of tBASe to supress the
formation of the atlylselenium by-products. In addition, elevated carbon levels can be avoided by
OMCVD growth at temperatures below 400 OC. At these temperatures, the contribution of MASe
and DASe to the growth should be maginal [3,4,6].

Further insight into the mechanism of carbon incorporation during the growth of ZnSe from
allyl-based reagent has been gained from pyrolysis and growth experiments with BCSe, as a model
compound. The pyrolysis of BCSe under reduced pressure conditions has confirmed a retro-
Diels-Alder decomposition pathway, resulting in formation of 2-methylpropaneselenal and
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cyclopentadiene [13]. The in situ generated selenoaldehyde was the actual selenium precursor for
ZnSe. Therefore, a high carbon level in the films was expected based on the results reported for
MASe and DASe. Surprisingly, the films grown from BCSe contain carbon below 5x10 17

atoms/cm 3 and show excellent crystallinity and photoluminescence properties [6]. This result
indicates that the molecular structure and reactivity of the indermediate selenoaldehydes generated
along the retro-ene pathway play an important role in the mechanism of the carbon incorporation.

CONCLUSION

The growth experiments have demonstrated that tBASe is a successfully designed
organometallic precursor for low temperature OMCVD growth of high quality ZnSe films.
Epitaxial ZnSe can be prepared with acceptable growth rates from tBASe and DMZnNEt3 at
temperatures as low as 350°C . The films are free of carbon contamination. The gas-phase
pyrolysis study has shown that the reagent is likely to decompose by a combination of 8-hydrogen
elimination and homolysis of the Se-C bonds. DASe is formed as a minor intermediate during
pyrolysis of tBASe. Pyrolysis of an equimolar mixture of tBASe and DMZn results in formation
of DASe, MASe and DMSe. The conversion of tBASe to the allylselenium compounds is
sufficiently low so as not to interfere with growth of good quality ZnSe films, even at VI/II-6.
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ABSTRACT

Temperature programmed desorption (TPD) studies in ultra high vacuum revealed that
diethyltellurium (DETe) and dimethylcadmium (DMCd) adsorb weakly on clean Si(100) and
desorb upon heating without decomposing. These precursors adsorb both weakly and
strongly on CdTe(l I l)A, with DMCd exhibiting the stronger interaction with the surface
than DETe. Dimethylcadmium partially decomposes to produce Cd adatoms; a large fraction
of the excess Cd atoms desorb upon heating. In contrast, DETe desorbs without
decomposing, suggesting that the rate limiting step in CdTe MOCVD on CdTe(l 1 )A is
surface decomposition of the tellurium alkyl.

INTRODUCTION

Metallorganic chemical vapor deposition (MOCVD) is a potentially attractive method for
producing epitaxial CdTe or HgCdTe films since this process can in principle be scaled to
large substrates and offers the potential for reasonable throughputs 11,21. The process is
more complex than competing processes such as molecular beam epitaxy (MBE) since
deposition rate, film thickness uniformity and quality are complex functions of the gas phase
transport and homogeneous reactions coupled with the heterogeneous reaction kinetics.
Neither the precise nature of the reactions nor the relative importance of the homogeneous vs.
heterogeneous reaction routes has not been established. Several groups have proposed that
gas-phase adduct formation between the Cd and Te precursors or their decomposition
fragments is an essential step in the film growth process [3,4]. Hicks has recently tested two
reaction schemes using literature deposition rate data and has concluded that heterogeneous
reaction steps control the initial decomposition of the precursors [5]. Gas phase reactions
between hydrocarbon radicals formed through surface-adsorbed metal alkyl decomposition
reactions were thought to be important in determining the gas byproduct distribution and the
deposition rate through readsorption on the surface.

In this study we investigate the interaction of diethyltellurium (DETe) and dimethylcadmium
(DMCd) with Si(100) and CdTe( 1 I) surfaces using UHV thermal desorption techniques and
Auger election spectroscopy. These experiments were performed under conditions for which
homogeneous reactions and byproduct readsorption are negligible, so that the results can be
interpreted purely in terms of heterogeneous chemical reactions,

239

Mal. Fn.. Sc. S1mp. P•rc. Vol. 3N. G13H Ktelule Remaich Society



EXPERIMENTAL

Experiments were performed in the ultra high vacuum (UHV) chamber described elsewhere
[6,7]. Si(100) substrates were chemically etched to remove surface contaminants and to form
a well-defined thin oxide layer prior to introduction into the UHV chamber. The oxide layer
was removed in situ by heating the sample in UHV to 1173 K for several minutes. Analysis
of the pretreated surface with retarding field Auger electron spectroscopy (AES) showed that
this pretreatment could reproducibly yield an oxygen-free surface with a trace (less than 3
atomic %) of carbon contamination. Single crystals of polished p-type (16 fl-cm) CdTe(l 11)
purchased from I1-VI Incorporated were cleaned by immersion in E-solution (81 at room
temperature for 30 s and then in boiling dithionate solution for 60-180 s prior to introduction
into the UHV chamber. The sample was exposed to ultrapure hydrogen at 723 K for 30
minutes and then annealed in vacuum at 623 K for 30 minutes. Auger analyses of the
pretreated surface revealed that these treatments produced a nearly stoichiometric CdTe
surface with residual 0 and S impurities.

In a typical TPD experiment the substrate was cooled to a temperature below 180 K and then
dosed with a controlled amount of DETe (Morton-Thiokol, 99.995%) or DMCd (Morton-
Thiokol, 99.995%). A stainless steel syringe connected to a pressure-controlled I liter gas
ballast reservoir was used to provide directed dosing of the source gas. Following gas
exposure, samples were heated at ca. 15 K/s (Si) or 10 K/s (CdTe) using a tungsten filament
placed behind the sample as a radiative heat source. Sample temperature was measured with
a fine wire chromel-alumel thermocouple spot welded to a small tantalum spring fixed to the
edge of the Si or CdTe crystal. Line-of-sight desorption flux spectra were collected using a
microcomputer-controlled multiplexed VG Spectralab 1-300 amu mass spectrometer.

RESULTS

DE're and DMCd Interaction with Si(100)

The low temperature range of DETe TPD spectra from Si(100) following DETe exposure at
160 K are shown in Figure i. The most abundant ion in the DETe cracking pattern, the
parent (C2H5)2Te+, was tracked in these experiments. The desorption flux spectra for the
lower mass ions were identical in shape and position to those for the parent ion. A single
low temperature, asymmetric desorption peak at 177 K at low initial DETe coverage shifts to
lower temperature with increasing coverage. Assuming first order desorption kinetics typical
of molecular adsorption and desorption, and a first order pre-exponential factor of 1013 s-1,
we estimate a low coverage desorption activation energy of 43 ki/mol. This relatively low
value is consistent with a physisorption mechanism; the downshift in peak temperature with
increasing initial coverage is consistent with the presence of repulsive interactions in the
DETe adlayer.

Figure 2 shows the DMCd desorption flux spectra from Si(100) for three different initial
DMCd coverages. In these experiments the (CH3)Cd+ ion (129 amiu) was tracked since it's
signal is more intense than that for the parent ion. The single desorption peak exhibits an
asymmetric peak shape suggesting molecular adsorption/desorption. Unlike DETe, the
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desorption peak maxima shift to a higher temperature with increasing initial coverage,
suggesting the presence of attractive interactions between adsorbed DMCd molecules. The
estimated desorption activation energy is 57 kJ/mol at low coverage, indicating a stronger
interaction between DMCd and Si than between DETe and Si.

DETe and DMCd Interaction with CdTe(111)

The TPD spectra of DETe from the CdTe(III)A surface shown in Figure 3 contain two
distinct desorption peak maxima - a narrow, intense peak at approximately 260 K and a
broad, less intense peak at about 410 K. The asymmetric shape and nearly invariant peak
temperature of the low temperature state are characteristic of first order kinetics, suggesting
desorption of a weakly-held chemisorbed molecule. The broad width of the high temperature
peak suggests that a distribution of strong molecular adsorption sites for DETe exist on the
CdTe surface. Assuming first order kinetics and a 1013 S-1 pre-exponential factor, estimated
desorption activation energies are 66 and 107 kU/mol for the low and high temperature states,
respectively. Figure 4 shows retarding field AES spectra of the surface collected during
different stages of a single TPD experiment. The top curve was collected prior to DETe
exposure, the middle curve after dosing at low temperature but prior to flashing, and the
bottom curve after flashing to 700 K. The 1:0.9 Cd:Te ratio on the original surface
decreased to ca. 1:3 after DETe exposure, reflecting the presence of adsorbed DETe on the
CdTe surface. Following rapid heating to 700K the ratio decreased to 1:0.83. Within the
experimental uncertainty caused by low Auger signal:noise, we conclude that the Cd:Te ratio
returned to it's original value; I.e., the data are consistent with desorption of DETe without
deposition of Te. However, because of the overlap of the Cd and C peaks near 270 eV, it is
unclear whether or not C was deposited on the surface.
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Thermal desorption spectra of DMCd from CdTe(l 1 l)A summarized in Figure 5 show three
distinct desorption features as follows: (i) a low temperature, sharp desorption peak at about
320 K which shifts to higher temperature with increased DMCd exposure, and (ii) a broad
peak at about 460 K which overlaps with (iii) a second broad high temperature peak at - 540
K. The relative invariance or slight upshift in peak temperature with increasing initial
coverage are consistent with molecular adsorption/desorption. Both the high temperature and
low temperature states desorb at higher temperatures than the corresponding DETe states on
CdTe, revealing a stronger interaction between DMCd and CdTe than between DETe and the
CdTe surface. Estimated desorption activation energies are 80, 110 and 135 kJ/mol for the
three observed states. Figure 6 shows AES spectra of the CdTe(l 11) surface recorded
following DMCd exposure at 160 K (top curve) and following flashing to 660 K (bottom
curve). Following DMCd dosing the Cd:Te ratio increased to 5:1 from the near
stoichiometric initial value prior to exposure, reflecting the adsorption of DMCd. Heating to
660 K reduced the ratio to 2.6:1, suggesting that a fraction of the originally adsorbed DMCd
decomposed to deposit Cd. This conclusion is supported by comparison of the apparent
cracking ratio of the various ion fragments detected by the mass spectrometer during
desorption of DMCd from Si(100) and from CdTe(I 11) as summarized in Table 1. The ratio
of the mono-methylcadmium to dimethylcadmiumn ion is essentially identical for the two
surfaces, but the signal corresponding to Cd ions is significantly higher for experiments
performed with the CdTe surface. On the basis of these measurements in conjunction with
the AES characterization of the surface, we conclude that DMCd readily decomposes on
CdTe to produce a Cd-rich surface, and that a fraction of these excess Cd atoms desorb into
the gas phase upon heating.
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TABLE 1. Comparison of the Apparent Ion Intensity Patterns of DMCd Desorbed fromn
Si and CdTe

Mass:charge ratio Ion Fr•agmnt DMCd / Si(100) DMCd /
(mu) ,- CdTe(lII)A

114 Cd+ 4.10 9.56
129 (CH3)-Cd+ 2.50 2.44

144 (CH3 )2 -Cd+ 1.00 1.00
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DISCUSSION AND CONCLUSIONS

High metal alkyl exposures (thousands of Langmuirs) were required to achieve a significant
extent of adsorption on the CdTe surface, and hence the sticking factors for the source gases
on CdTe(l 11) are low. Although the sticking coefficients could not be quantified, this
qualitative finding is consistent with the low measured initial sticking coefficients for
dimethylcadmium and dimethyltellerium on GaAs(100) of 7 x 10-3 and 3 x 10-5, respectively
(9]. Liu et al. [10] extracted a sticking factor for DMCd and DETe of 1.5 x 104 from
deposition rate data on CdTe(100). In spite of it's low sticking probability, DMCd readily
decomposes on CdTe with little or no activation barrier to produce Cd atoms. In contrast,
DETe does not decompose under the conditions of our experiments. During CdTe MOCVD,
it is likely that excess Cd atoms produced through heterogeneous decomposition of DMCd
desorb into the gas phase, where they may participate in homogeneous reactions above the
substrate surface. It appears that the decomposition of DETe is not catalyzed by the Cd-rich
surface, at least in the absence of adsorbed hydrogen [11]. Snyder et al. [ 12] have observed
a near quenching of the CdTe deposition rate on the CdTe(l I 1)A surface in an impinging jet
reactor when the carrier gas was switched from hydrogen to helium. We conclude that, at
least on this surface, the rate limiting step for MOCVD film growth is heterogeneous
decomposition of adsorbed tellurium alkyl.
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ABSTRACT

Angularly resolved time-of-flight (TOF) measurements have been used to probe the velocity
and angular distributions of Cd atoms and Te2 molecules ejected from CdTe (100) substrates
under irradiation by 248 nm nanosecond and sub-picosecond laser pulses. These experiments
employ a dye laser TOF mass spectrometer with resonance enhanced multiphoton ionization for
sensitive, high resolution detection of the desorbed products. The velocity distributions are well
described by Maxwell-Boltzmann distributions for low fluence nanosecond (<60 mJ/cm 2 ) and
sub-picosecond (<3.3 mJ/cm 2) pulses. Angular flux distributions for nanosecond irradiation are
observed to be highly forward peaked about the surface normal, whereas, for sub-picosecond
irradiation the distribution approaches cos3 O.

INTRODUCTION

Pulsed-laser ablation has become a successful technique for surface preparation and
deposition [1-41, however little is known about the detailed mechanisms and pathways operative
in the ablation process. Ultrashort UV laser pulses offer several advantages (e.g. lower fluence
ablation thresholds) compared to normal UV excimer laser irradiation [5] and ablation of UV
transparent samples (21, including the possibility of time resolved measurements using optical
autocorrelation techniques [6]. The pulsed-laser ablation of compound semiconductors using
above band-gap radiation has been the subject of numerous studies [1,7,8]. However, a
comprehensive description of the phenomena has been hindered due to complications arising
from the effects of near surface collisions on the desorption dynamics [7,9], and the influence of
structurally and compositionally modified surfaces on the ablation process [1]. It is well
established that in order to derive detailed information about the surface-particle interactions
from ejected products, multiple gas phase collisions must be eliminated [11-13]. As a rule of
thumb for gas densities comparable to ablation of 0.5 monolayer in 10 nsec, a limited number of
gas phase collisions are known to occur and obscure the nascent velocity and angular
distributions [11-13]. Multiple gas phase collisions have lead to inconsistencies among
experimental results in which the ejected products exhibit angularly varying translation
temperatures [I] and vastly dissimilar translational temperatures for different mass species [1,4].
The ablation process is generally further complicated by fluence-dependent changes in the
surface composition and structure [1,7-9]. The effect of this damage on the ejected particles may
be manifested by non-stoichiometric and unstable yields, and complicated flux characteristics
due to bulk diffusion processes.

In an attempt to identify a material system for use in developing a comprehensive model of
the pulsed laser ablation of compound semiconductors, we have systematically studied the KrF
excimer laser ablation of CdTe (100) [1U. It has been demonstrated, using nanosecond pulses
over a limited fluence range, that stoichiometric and atomically ordered surfaces can be
maintained after multiple pulse ablation. One important finding of this work is that the
composition and structure of CdTe (100) can be reversibly controlled by excimer laser
irradiation [3]. In effect damaged surfaces (i.e. non-stoichiometric surface composition and
amorphous surface layers) can be removed and the surface restored to an ordered and
stoichiometric condition by low fluence laser irradiation. These results are in sharp contrast to
other material systems such as CdS, InP(l0O) and GaP(l 11) in which irreversible damage to the

*Permanent Address: Hughes Research Laboratories, Malibu, California, USA.
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surface occurs under all conditions above the ablation threshold (7,9,17].
In this paper we investigate the effects of laser pulse duration on the time-of-flight

distributions and angular distributions of the ejected products from CdTe (100) using above
band-gap radiation (248 nm). These experiments employ a dye laser time-of-flight system with
resonance enhanced multiphoton ionization for sensitive, high resolution measurements of the
ablated products. We will show for nanosecond and femtosecond irradiation of the CdTe (100)
surface that the time-of-flight distributions of the ejected products are well described by
Maxwell-Boltzmann distributions and that a clear deviation from Knudsen laws are found for the
angular flux distributions. These results support the position that although thermal effects
contribute to the surface processes, non-thermal desorption pathways dominate much of the
ablation phenomena.

EXPERIMENTAL

A schematic of the experimental apparatus is shown in Figure 1. The UHV system consists
of a main chamber (10-7 mbar), into which the substrates are introduced and a differentially
pumped linear time-of-flight (TOF) mass spectrometer [151. A nanosecond KrF excimer laser
(16 nsec, 248 nm) and an ultrafast UV laser (600 fsec, 248 nm) [16] are used for ablating the
samples. The ionizing laser beam, generated from an excimer laser pumped dye laser (Lambda
Physik FL3002), was apertured and focused above the sample surface. The ablation products
were detected by resonance enhanced ionization at 228.8 nm for Cd atoms and 419 nm for Te
dimers. Ions generated at the focus are extracted through a grid by a weak electric field (-40,
V/cm) and then accelerated (2200V/cm) before entering a field-free drift section serving for
mass discrimination. Ions are detected by a tandem channel plate and the resulting signal is
preamplified and transferred to a Tektronix digital signal analyzer (DSA 602). The TOF mass
spectrometer is also highly sensitive to the emission of ions from the ablated surface since they
enter the extraction region of the ion optics. Typically 25-100 shot averaging of the mass
spectrum was required for suitable signal-to-noise levels. Data was ultimately transferred to a
Macintosh computer for analysis.

High-resistivity single-crystal CdTe (100) samples were used in this study. All samples were

from the UV laser ablation of CdTe (100).
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degreased and chemically etched with a bromine/methanol solution (1/16%) to remove
contaminants and native oxides just prior to introduction into the vacuum system. The CdTe
substrates are bonded to a sample holder which is positioned 0.5-3.5 cm below the axis of the
linear TOF mass spectrometer under the ion optics. The time-of-flight distributions of the
particles ejected along the surface normal are measured by systematically varying the delay
times between the ablation and ionization lasers with the ablation laser aligned at 900 to the
sample surface. Angular resolved measurements employ a different geometry in which the
ablation beam is positioned collinear to the rotational axis of the sample holder and at a
compound angle of 450 with respect to the surface normal (see Figure 1). The angular
distributions are measured by rotating the sample holder.

RESULTS AND DISCUSSION

The ablation yield of CdTe (100) per pulse for nanosecond and sub-picosecond laser
irradiation as a function of laser power is shown in Figure 2. The yields were determined by
measuring the depth of material removal after multiple pulse irradiation by stylus profilometry
and averaging over the total number of shots. TOF mass spectrometry measurements of the
ejected product flux indicate that the removal rate per pulse is constant for multiple pulse
exposure at a constant fluence for both nanosecond (<40 mi/cm2) and sub-picosecond (<3.3
mJ/cm

2 ) lasers. It has been found using Auger electron spectroscopy (AES) and reflection high
energy electron diffraction (RHEED) that the surface structure [141 and composition [11 of CdTe
(100) is not altered by multiple-pulse 248 nm nanosecond irradiation for fluences <40 mi/cm2.

The effects of collisions on the velocity and angular flux distributions of ejected particles
generated thermally using nanosecond pulses have been observed experimentally [71 and treated
theoretically [11-13]. For most ablation experiments the yield of ejected particles is so high that
multiple gas phase collisions occur in the near surface region. These collisions result in ablated
fluxes exhibiting angular dependent translation temperatures and modified angular Pistributions.
For CdTe (100) exposed to nanosecond irradiation under low fluence (15-40 mi/cm ) conditions,
the yield is sufficiently low (0.06 to 0.5 monolayers per 10 nsec) that collisions should not
influence the velocity or angular distributions. For ablation using sub-picosecond irradiation the
collisionless regime is dependent on the desorption time and therefore has not yet been
established.

* 1 Femtosecond Laser A
(FWHM 600 Isec) A

C A Nanosecond KrF Laser
(FWHM 16 nsc) ........... ..A..........

A0
C 101

00

O,10"4

10 4 4 4 I . . . ... ,, I . . .. .

0.1 1 10 100

LASER FLUENCE (nJ/cm')

Fig. 2 Yield of removed material as a function of laser fluence for CdTe (100). The dashed line
indicates the limit below which post-desorption collisions can be neglected for nanosecond pulse
regime.
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A dye laser TOF mass spectrometer was used to identify the desorption products and to
measure the time-of-flight distributions of the species ejected from the CdTe (100) surface. The
only products detected when the CdTe (100) surface is irradiated by low fluence nanosecond
(<60 mJ/cm2) or sub-picosecond (<3.3 mJ/cm2 ) pulses are neutral Cd atoms and Teý molecules.
A threshold is observed for ejecting of ionized species when the CdTe surface is irradiated at
higher fluences.

Typical TOF spectra are shown in Figure 3 for neutral Cd atoms and Te2 molecules ejected
from the CdTe(100) surface by nanosecond (21 mJ/cm2 ) and sub-picosecond (3.3 mJi/cm 2 )
irradiation. The signal intensity from the laser ionization is plotted as a function of delay time
between the 248 nm ablation laser pulse and the dye laser pulse. The experimental data are fit by
the solid curve using a Maxwell-Boltzmann distribution expressed in terms of the ablated flux
dn/dt as a function of delay time t:

dn/dt=Ct 4 exp(-l 2 /2kT,. 3 t2 ) (1)

where C is a constant, m is the mass of the ejected species, I is the flight distance, k is
Boltzmann's constant and Ttaw is the most probable translational temperature. Over the fluence
range of 15-40 mJ/cm 2 for nanosecond pulses and 0.8-3.5 mJ/cm 2 for sub-picosecond pulses the
time-of-flight distributions of neutral Cd atoms and Te2 molecules are well described by a single
component Maxwell-Boltzmarm distribution with similar translational temperatures for both
species at a given fluence. The deviation of the slower velocity component of Cd atoms from a
single component Maxwell-Boltzmann distribution is attributed to the existence of loosely
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bonded Cd on the surface, formed and desorbed during the transient heating. The time-of-flight
distributions observed for the nanosecond irradiation are the nascent distributions since, as stated
earlier, the presence of multiple gas phase collisions can be ruled out. Several issues relating to
the sub-picosecond ablation are currently being investigated in order to establish the desorption
time scale and to determine the conditions for eliminating multiple gas phase collisions.

Representative angular distributions for Cd atoms and Te2 molecules ejected from the CdTe
(100) surface by 248 nm nanosecond and sub-picosecond (3 mJ/cm2) irradiation are shown in
Figure 4. For nanosecond (16 mJ/cm 2) ablation -0.12 monolayers are removed during the -20
nsec pulse, conditions under which post-desorption collisions do not occur. The ejected species
are extremely forward peaked toward the surface normal. The extreme deviation from the
Knudsen law (i.e. cos"(e), n=l) signifies that the nascent distributions are not formed via a
thermal evaporative mechanism. Other examples of highly forward peaked angular distributions
have been reported whose origins have been ascribed to a photoejection or photochemical
mechanism [14,15). Since the angular distributions of ejected particles under collisionless
conditions are determined by the final interatomic forces occurring during desorption, the highly
forward peaked distribution indicates that the local forces acting on the ejected particles have
symmetry about the <100> direction. One plausible mechanism has been proposed [19] which
involves a sudden momentum excitation of the solid by the laser pulse resulting in a linear
collision cascade which causes the highly forward peaked flux distribution. Another proposed
mechanism is the desorption over a potential barrier, also resulting in a strong forward
orientation of the ablated atoms or molecules [21].

Angular flux distributions for Cd atoms and Te2 molecules ejected from the CdTe (100)
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Fig. 4 Angular flux distributions of Cd atoms and Te2 molecules ejected from CdTe (100)

surface by nanosecond (Fig. 4a) and sub-picosecond (Fig. 4b) laser irradiation.
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surface by sub-picosecond 248 nm pulses are also shown in Figure 4. The ejected species are
not as forward peaked as those observed for the nanosecond irradiation. At a fluence of 3
mJI/cm

2 the distribution approaches a cos30 form. This could be due to excitation pathways
accessible with sub-picosecond laser irradiation, such as two-photon processes or a plasma
formation, which may not be possible with nanosecond laser excitation. Further work is
underway to more fully understand the nature of these angular flux distributions.

SUMMARY

We have investigated the velocity and angular flux distributions of Cd atoms and Te 2 molecules
ejected from CdTe (100) surfaces by 248 tum nanosecond (FWHM 20 nsec) and sub-picosecond
(FWHM 600 fsec) laser irradiation. CdTe (100) surfaces have been shown to remain
stoichiometric and atomically ordered during multiple pulse ablation with nanosecond pulses
under low fluence conditions (<40 mJ/cm 2). Yields for nanosecond laser ablation under those
conditions are sufficiently low to ensure that multiple gas phase collisions can be neglected.
Time-of-flight distributions for the ejected products are well described by Maxwell-Boltzmann
distributions for both low fluence nanosecond and sub-picosecond (<4 mJ/cm 2 ) irradiation. A
deviation from a Maxwell-Boltzmann distribution is observed for slower Cd atoms Nascent
angular flux distributions from nanosecond ablated products are highly forward peaked about the
surface normal under conditions where the ejected particles do not suffer any post-desorption
collisons. Angular flux distributions of products ejected from sub-picosecond irradiation follow
a cos 0 form.
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PICOSECOND OPTICAL SECOND HARMONIC STUDIES
OF ADSORBATE REDUCTION KINETICS ON CADMIUM SULFIDE
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(a) Department of Chemistry, New York University, New York, NY.
(b) Department of Physics, University of Barcelona, Barcelona Spain.
(c) Department of Chemistry, Brookhaven National Laboratory, Upton, NY.

ABSTRACT
Time resolved surface second harmonic generation has been used to probe the

photoreduction kinetics of malachite green adsorbed onto single crystal cadmium
sulfide. A detailed analysis is presented of how the adsorbates and the non-
centrosymmetric substrate contribute separately to the total second harmonic signal.
Conditions under which the adsorbates can be cleanly detected are described. To
complement kinetic measurements of adsorbate reduction, the time evolution of
conduction band carriers was determined using sum frequency up conversion of the
recombination luminescence. In addition, the formation and decay of surface trapped
carriers was monitored using near infrared transient absorption. Comparing the time
scale for photoreduction with the relaxation kinetics of mobile and trapped charge
carriers indicates that short lived mobile carriers rather than longer lived surface
trapped carriers dominate interfacial charge transfer in this system.

Second Harmonic Generation By Surface Adsorbates is a comparatively new tool for
the study of surface and interfacial phenomena. It is a technique with intrinsic surface
sensitivity since SHG is forbidden in the bulk of a medium with inversion symmetry
but allowed at the surface or interface. Even when the solid has a non-centrosymmetric
structure, recent results have shown that information from processes occurring at the
surface may be extracted using a proper orientation of the crystalline structure or
appropriate polarization of the incident and reflected fields 11]. The second harmonic
light generated by adsorbates on a non-centrosymmetric substrate has contributions
from both the adsorbate polarization PA( 20) and the substrate polarization Ps(20o). The
reflected second harmonic field e"(2a) polarized parallel to the plane of incidence is
determined by the boundary conditions on the electric Ex(2(0) and magnetic Hy(2(o)
field components [2,31

-=, 12w sinOP -cosOTP, + ,- cos(eT- + sin(OT - o,)p (
4,r EJ'coso',+ ,Jecoso' (ET - ES 4 4--1Cos 0, + 4E-"COS OT]

where the dielectric constant of the substrate is denoted es(0) at the fundamental
frequency and er(2ao) at the second harmonic frequency. The dielectric constant for the
reflected second harmonic field is E,(2w). The optical geometry used for experiments
on CdS is shown in Fig.1. Equation 1 was used to interpret measurements of the second
harmonic intensity for a film of malachite green deposited onto CdS. The polarization
of the incident beam, the angle of incidence and the orientation of the crystalline
substrate were examined. Figure 2 shows how the reflected second harmonic intensity
depends on the angle of incidence for the optimum substrate orientation. When the
angle of incidence is - 400 the adsorbates are readily detected for any polarization of
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the fundamental beam. The reflected intensity when Y
the polarization of the fundamental beam is rotated
through 900 is shown in Fig. 3 for two different x
crystal orientations. It can be seen that the substrate -x

contribution is reduced and the adsorbates are ... (A
readily detected if the c-axis of the crystal is oriented X ""

parallel to the surface normal. m E)(2')
For analyzing the data shown in Figs. 2 and 3 E - ""

the polarization of the adsorbates is assumed to be EI / O) z
independent of crystal orientation and described by k --

CSPx =2"X(') , r•COS2 A sin 0, coss 0,2 (2a) nu•rco,~~~e•m
PA= zX1 fT)cs FIG6~cs5 1  (a URE I -SKETCH OF THE OPTICAL GEOMETRY

USED FOR SURFACE SECOND HARMONIC

2(1 2+ () 2 OS] GENERATION. THE ANGLE OF INCIDENCE FOR

P {. ( 2cos
2  

(2 sin2  
2 cOS j THE FUNDAMENTAL BEAM IS ESNOTED 01(04AND

zz Zx THE REFLECTION ANGLE OF THE SECOND
(2b) HARMONIC BEAM IS DENOTED By OR2)THE

+(fST)X(2) 2 I 12  
ELECTRIC FIELD VECTOR FOR A LINEARLY

xzx snPOLARIZED INCIDENT BEAM MAKES AN ANGLE "I
,WITH RESPECT TO THE PLANE OF INCIDENCE.

where the angle (op) gives the tilt of the in coming
fundamental electric field vector with respect to the plane of incidence. The substrate
polarization depends on the crystal orientation. The cadmium sulfide crystals used in
this work have the Wurzite structure and belong to the space group P63mc. There are
six non-vanishing tensor elements [4] which take on three distinct values, d15, d31(-)
and d33(-). To make use of the crystalline symmetry the components of the bulk
nonlinear polarization (Psx,PsZ) which can contribute to a p-polarized output are

described in terms of the polarization components (P.,,Ps,) along the principal axes
(X ,Y,Z) of the crystal

Pu = P. cos + Ps sin 0 and Psz = PsI cos - P sin (3)

Equations 3 assume that the c-axis of the crystal lies in the plane of incidence and
makes an angle * with respect to the z-axis of the coordinate system shown in Fig. 1.

The crystal polarization components are
Px,- =2(f, )Zd,1 cos2 q sin(Os +$) cos(Os +O) E? (4a)

p. ={(fT) 2 os,2 (S )dS (9+0s)] (4b)

I .//c• •+(f
3 T)

2
d, sin 2 

4E)

S. , The Frnel factors f and fT refer to transmission
N * . . of a p-polarized and s-polarized incident beam,

ANGLE OP WN*"l (0) respectively
PIQURS 2- PoOS O INCIDENCE DIUNDOM KI
THE PPOI.AAI2 REFLECTED SECOND 2ARMONIC
INTENSITY FROM A El CRYSTAL WITH fA T=. IC
WIVTOUT M. THE 0-AXIS IS NORMAL TO TH o s (5a)
SU YCE o•S.Y HARMONC CosO, + cAR Cos C,
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4T (5b) \CdS +MGS-- cos9, + [E-cos O

All the data points shown in Figs 2 and 3 were fit "c-axis 1 x-axis
simultaneously using Eqns. 1 through 5.

Kinetic Measurements Qj Adsorbate Phot o- &I
reduction are of interest because electrons and .f
holes generated in a bulk semiconductor by the N a - a
absorption of light have the ability to reduce or INCIDENT BEAM POLARIZATION (4p)
oxidize adsorbates at the semiconductor surface.
The efficiency of charge transfer depends on a c°. cds + MG
number of competing processes taking place on ,
different time scales and in different spatial 2
regions of the sample. The surface second _ 00 c-axis 1 z-axis

harmonic technique is capable of isolating inter-
facial reactions in the presence of simultaneous 'dS
bulk processes. 00 -..- •

Figure 4 shows kinetic measurements made . . o - 'o -

by exciting single crystal CdS with a 35 ps, 354.7 INCIDENT BEAM POLARIZATION (P)
nm light pulse and probing the 532 nm SHG FIGURE 3- DEPENDENCE OF THE REFLECTED
signal at a series of time delays. In the absence of SECOND HARMONIC INTENSITY ON THE

POLARIZATION ANGLE OF THE FUNDAMENTALmalachite green no transients were observed in LASER BEAM FOR CADMIUM SULFIDE WITH
the SHG signal. The crystal was rastered to a fresh AND WITH OUT ADSORBED MALACHITE

position after each excitation pulse. The transient GREEN.

reduction in signal is attributed to electron capture
by malachite green which has been shown previously to shift the first absorption band
to higher energies, It can be seen in Fig. 4 that photoreduction is rapid and there is no
back transfer on the time scale of a few nanoseconds. Since only 20-40% of the
adsorbates in the irradiated area are reduced and the number of photons per unit area is
100 times greater than the number of adsorbates, the reduction yield per photon

absorbed is of the order - 3x10-3 .
An alternate explanation for the decrease in

total second harmonic intensity by loss of
adsorbates through thermal desorption was found
to be unlikely. Excitation of CdS with a 10 ns pulse
at 345.7 nm induced the same change in reflected
SHG as did excitation by a 35 ps pulse. Since higher
peak temperatures are expected for the short pulse
duration thermal desorption appears not to be
significant. The temperature rise at the
semiconductor surface was estimated from the time

0 0. 0.4 0.8 dependent heat equation [5]. Assuming that heat
TM (os) radiation into air is slow compared to heat transport

FGU .4 TM EVOLU. W OF THE REFLECT• D into the bulk semiconductor, the time dependent
5URFACE UONO HAAMONI1C INTIDISIY WOEN
par n A MmAcNITE GREN ov RLAYvE is surface temperature AT,(t) is given by

D AT 354.7 M. TIE ENERGY DENSITY (
REaTAMIN AND PRAM WASEA WAS 2

X 4 j00 WA I;o X~5 104 .itwP WWED~y.
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ix(I -R)(hv - E d { ex 2 a2 ,j
i r 3/2 0)2 PC~T.-ý CIfjca1te 7

where K = 0.57 cm2/sec is the thermal diffusivity, pc .100

= 0.125 cal/cm3 deg is the specific heat, R = 0.6 is the 2

surface reflectivity and 2v ln(2) is the full width at
half height of a Gaussian temporal heat source. On S,
the time scale of several tens of picoseconds it is • 35 ps PULSE WIDTH

assumed that the electron and lattice temperatures 40

are the same [6] and that the heat capacity is 10 ns PULSE WIDTH

dominated by the lattice. Figure 5 shows plots of w 2o (x 5)

the time dependent surface temperature for the two
laser pulse widths used. 0 0 ___.........

To complement SHG measurements of the -5 0 5 10 is 20 25

adsorbates, time resolved absorption and emission TIME (NS)

was performed to detect the photogenerated carriers EMPERATURE -RSMULATEOR CdS FOLLOWNACE

in the substrate. A transient absorption 354.7 NM EXCITATION USING 200 p./puls

measurement at 1064 nm is shown in Fig. 6. It is WITH EITHER A 35 ps OR 10 ns PULSE

interesting that a substantial absorption remains DURATION.

well after the adsorbate reduction is complete. We
interpret this long lived component as trapped
carriers which are not effective oxidizing agents for

Z oxazine dyes. Figure 6 also shows the time resolved
band gap emission at 525nm. This measurement
detects only the excess carriers in the conduction

_band. It is apparent from Fig. 6 that the conduction
band carriers are short lived. It appears that only
the conduction band carriers give rise to adsorbate
reduction. The trapping of these carriers also gives

I rise to the long lived absorption seen in Fig. 6.
0 2 4 6 8 10 Figure 7 shows additional kinetic

TIME (NS) measurements, but for methylene blue

photoreduction on CdS powder. The measurement
was performed by multiple light scattering and

Z shows a superposition of transient absorption by the

_ semiconductor and transient bleaching by
Z methylene blue. The difference between these two
Q decay curves is attributed to methylene blue

reduction. It is similar to the SHG transient in Fig. 4
and supports the interpretation that only short lived
conduction band carriers are effective oxidizing

0.2 0.4 0.6 0.8 agents. Performing transient absorption

TIME (NS) measurements at a series of wavelengths confirms
FIGURE 6 . TRANSIENT ABSORPTION AT that more than one species contributes to the signal.
1064 NM (UPPER) AND TIME RESOLVED Figure 8 shows absorption transients measured at
"EMISSION AT 52S NM (LOWER) 630rm and 1544nm. The longer wavelength
FOLLOWING 354.7 NM EXCITATION OF A

'COS CRYSTAL. measurement, which is expected to favor the
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detection of conduction band carriers, has a rapid 2.5
decay similar to the emission and reduction kinetics.

2

Modeing Adsorbate Reduction Using The 1.5

Smoluchowski Equation with reasonable physical '
parameters can be used to analyze the competitive LZ
decay pathways available to the conduction band ' 0.5
carriers. The model includes carrier transport, bulk T
trapping and charge pair decay at the interface. The 20
time evolution of excess carriers n(z,t) generated at a .0.5
distance z from the surface is described [7,8] by 0 0.S 1 1.5

TIME DELAY (NS)

I O (zt)= d
2n(z,t) 1 d [dV , ] n(z,t) 12(

D ,W ko T doz [ dz

where D is the ambipolar diffusion constant and Ir. a.
is the bulk carrier lifetime. The boundary condition CdS
for the solution of Eqn. 7 is

D (_n (z = k .n(0,t) (8)
0ý L, = CdS + M

where k is the total reaction velocity. It includes a I
component ks associated with reduction of 0 0.5 1 11
adsorbates. Under strong illumination conditions TIME DELAY (ns)

FIGURE 7 - LOWER PANEL: TRANSIENT
dV/dz - 0 allowing Eqn. 7 to be solved by making LIGHT SCATTERING SIGNALS AT 630 NM

FOLLOWING 354.7 NM EXCITATION FOR CdS
the substitution n(z,t) = p(z,t)e-t/Cb. This POWDER WITH AND WITHOUT METHYLENE
transforms Eqns. 7 and 8 into a problem with a BLUE. UPPER PANEL: METHYLENE BLUE
known Green function solution [9]. The initial TRANSIENT BLEACHING SIGNAL.

distribution g(z') of mobile carriers generated by the

excitation pulse is attenuated according to Beer's Law g(z') = re-az'. The survival
probability of mobile carriers in the bulk Nm(t) and the probability that an adsorbate
will be reduced at the interface Ns(t) have the analytical solutions

N.(t) = '-,/In{ke÷2 nterfc[a-VD-I
k -- ao 1(9)

cc~ aoýek2 IDe~fj k ýt_]

630 nm Nak = t
1 sTB {

8 • (1 - k/laD)(l-za2D•r•)
7 1544 nm _1--e+' e erfc(ot[D)-a.DT-

8 .erTf( t-i-8 )j
t~l. , J ,+ 2.r. (I0)

0.2 0.4 0.6 0.8 1 +( - aD/k)(I-k 2
,8 /D) (I-)

TIME DELAY (NS)

FIGURE B - TIME RESOLVED -
ABSORPTION AT 1544 NM AND 630 NM
FOLLOWING 354.7 NM EXCITATION OF
POWDERED CdS CRYSTALS.
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Equation 10 was used to model the data in the 0
upper part of Fig. 7 and is shown as a solid line in 09
that figure. Figure 10 shows plots of both Eqns. 9 . 0.8

and 10 using the parameters D=1.2cm2 /sec, 00.

ks=2xlO3cm/sec, k=lO6cm/sec, ro=10ns and 0.70.60 02550 75100
ct=1.3x10 5 cm-1. The bulk carrier lifetime TB was EneMy
measured using two-photon excitation which 2
generates carriers uniformly through out the 2mm
crystal. The decay of these carriers is shown in Fig.
9 and should be much less sensitive to surface s 10 15 20
effects than carriers generated by one-photon FIGURE - TI ME R ns) . ,

excitation. The photoreduction yield is given by the 1064 F FOLLOWING TWO-PHOTON EXCITATIONlong time limit of Eqn. 10 OF COS AT 610MM. INSET SHOWS NONLINEAR
DEPENDENCE OF TRANSMISSION ON ENERGY OF

EXCITATION LIGHT PULSE.

(I + aFDf5r)(I +k rEID) (

The parameters listed above give N0(t-- o) i0-2. This low reduction yield is
consistent with experiment.

CONCLUSIONS
Time resolved surface second harmonic 0.8

generation has been used to characterize the
photoreduction of malachite green on single crystal 0.6 n,(t)
cadmium sulfide. The description of SHG in terms S
of boundary conditions on the electric and magnetic 0.4
fields is shown to work well for adsorbates on a
non-centrosymmetric substrate. Comparing the 0.2
time scale for photoreduction with the relaxation
times of mobile and trapped charge carriers 0
indicates that short lived mobile carriers rather than 0 50 100 1( 0 2
longer lived surface trapped carriers dominate FIGURE 10- MOBILE CARRIER RELAXATION

interfacial charge transfer in this system. AND ADSORBATE REDUCTION KINETICS
ACCORDING TO EONS. 9 AND 10 OF THE
TEXT.
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SELECTIVE DEPOSITION OF ZS THIN FILMS
BY KrF EXCIMER LASER ON PATTERNED Zn SEEDS

K.YAMANE* and M.MURAHARA**
*Graduate Student of Tokai University
**Faculty Engineering of Tokai University, 1117 Kitakaname, Hiratsuka, Kanagawa,

259-12, Japan

ABSTRACT

The patterned Zn nucleation and the ZnS growth onto the Zn seeds on a thermal
oxidized silicon substrate was demonstrated at room temperature with the excimer
laser chemical vapor deposition method.

The formation of ZnS films was realized by the method based on the two-step
process consisting of the nucleation and the subsequent ZnS growth. In the
nucleation, a gaseous dimethylzinc was sealed in a reaction chamber and was then
evacuated immediately. Then, the substrate surface which was uniformly adsorbed by
dimethylzinc molecules was exposed with a single shot irradiation of a patterned KrF
laser; Zn seeds were created only on the irradiated parts by a photodecomposition.
And the subsequent growth of ZnS was performed by the parallel or perpendicular
irradiation methods. As a result, in the perpendicular irradiation method, the high
selectivity and crystallinity of the film were performed by irradiating the whole
substrate surface with very low fluence of the KrF laser such as 3 mJ/cm2.

INTRODUCTION

Recently, several reports on a thin film formation using a nucleation technique
have been made, and metal deposition such as aluminum has been accomplished 11-31.
However, there is few reports such as a film formation of compound semiconductor.
It is considered that appling the nucleation technique to a film formation of
compound semiconductor makes it possible for its film formation to be selective, be
improved in quality and be achieved at low temperature. We have been studying a
film formation of ZnS using an excimer laser chemical vapor deposition ( CVD
method in order to create a high quality material for a luminous device 14].

ZnSe and ZnS have a wide bandgap of 2.7 and 3.7eV, respectively, and are
expected as materials for luminous devices with short-wavelength. ZnSe is
extensively studied for a blue luminous laser [51, whereas ZnS is few reported due
to the difficulties in obtaining a high quality crystal and controlling a conductive
type although it has a possibility of luminous region from blue to ultraviolet
wavelength. Therefore, we tried the growth of patterned ZnS films onto Zn seeds on
thermal oxidized silicon substrate using nucleation technique at room temperature.
As a result, the selective growth of ZnS thin films was successfully performed by
the surface irradiation of very weak laser fluence after forming Zn seeds by a
single shot laser irradiation.

PRINCIPLE OF NUCLEATION AND FILM GROWTH

The formation of ZnS films was realized by the method based on the two-step
process consisting of the nucleation and the subsequent ZnS growth. And
dimethylzinc ( DMZ ) and H2S gases were employed for a source of Zn and S supply,
respectively.
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Figure 1 illustrates the principle models of this work. First, the nucleation
of the Zn seeds. As shown in Figure 1 (a), a gaseous DMZ is sealed in a reaction
chamber and is then evacuated immediately. DMZ molecules were, thus, uniformly
adsorbed on a substrate surface. Then, the surface is irradiated with an excimer
laser light through a reticle-pattern; Zn seeds are created only on the irradiated
parts by a photodecomposition. Next, the subsequent growth of ZnS. The ZnS growth
is performed by the parallel or perpendicular irradiation, as shown Figure 1 (b) or
(c). Namely, these irradiations leading to deposition occur either in the
vapor-phase or on the substrate surface. These film formations arc considered to
be carried out as described below. In case of the parallel irradiation, DMZ and
H2S gases are photodecomposed by an cxcimer laser light in vapor-phase; then, the
radicals which were produced are deposited on the nucleation parts. On the other
hand, in case of the perpendicular irradiation, DMZ and H2S gases which werc
adsorbed on the Zn seeds are photodccomposed by an excimer laser; then, the radicals
are grown on the seeds. Therefore, a weak laser fluence is required in order for
only the nucleated parts to react with.

DMZ r-> vacuum

Ssu~~c 100

DMZ

9 -.L% HzS: 5 T..y-------. wpor phml

h 19ll l l01 ' 3 00 ' 400

WAVELENGTH(nm)

(b) (c)

Fig.l Principle models of the formation Fig.2 The UV absorption spectra
of Zn seeds and growthing of the ZnS thin of DMZ and H S gases.
films by the excimer laser CVD method.
a) Zn nucleation. b) film growth of the
parallel irradiation. c) film growth of
the perpendicular irradiation.

Figure 2 displays the UV absorption spectra of DMZ and H2S gases. When a
gaseous DMZ was sealed in the chamber at the pressu-e of 0.5 Tort, the absorption
was shown with the solid line and the peak was placed at 205nm wavelength. Even
when the DMZ gas was evacuated, the absorption spectrum was observed and indicated
with the broken line; which means the DMZ molecules will be easily adsorbed on a
substrate. And the UV absorption spectrum of the adsorbates was independent of the
DMZ gas pressure. From these results, experiments can be demonstrated using either
an ArF or KrF laser as the source of UV light supply. However, when irradiating
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with an ArF laser, the photodecomposition of DMZ gas takes place to deposit the Zn
metal on the quartz incident window because of the strong absorption at the 193 nm
wavelength. Therefore, the Zn deposition attenuates the laser light remarkably, and
the film growth is ineffectively carried out. On the other hand, DMZ and H2S gases
have only about 5 % of absorption at the 249 nm wavelength of a KrF laser. The
adsorbates of DMZ also have same absorption as in the vapor-phase at the 249 nm.
Therefore, with a KrF laser, the nucleation and the film growth can be performed
effectively. The perpendicular irradiation of a KrF laser sufficiently reaches to
the substrate surface, while the parallel irradiation requires a high density
excitation.

EXPERIMENTAL METHOD AND RESULTS

NUCLEATION PROCESS

Figure 3 shows the experimental setup for nucleation process. Thermal oxidized
silicon was used as a substrate. This substrate was put in a reaction chamber. As
soon as gaseous DMZ was enclosed in the evacuated chamber, the gas was exhausted
from the chamber in order for the adsorbed molecules to be selectively which was
remained. Then, a patterned KrF laser of 1OOmJ/cm2 fluence, scaled down to
one-half, was perpendicularly irradiated onto the adsorbates. As a result, the
patterned Zn seeds were created by a photodecomposition of the adsorbates.

To find the optimum condition of Zn nucleation the DMZ adsorbed layers which
were irradiated with the KrF laser were inspected by the X-ray photoemectron
spectroscopy (XPS). Figure 4 shows the dependence of the laser shot number on the
deposition amount of Zn atoms. The KrF laser was irradiated at 100 mJ/cm2 fluencc
and the range of 1 to 200 shots. As the shot number inceased, the deposition amount
of Zn went up. But the deposition amount decreased at 40 shots and more. The
decrease of deposition amount seemed to be caused by the desorption of Zn occurred
with the laser irradiating. With the fluence of l00mJ/cm2, therefore, the shot
number of 40 and below is suitable for the nucleation. And, even with a single shot
irradiation, the adsorbates were photodecomposed to create Zn seeds.

A high-resolution of pattern projection can be realized by the nucleation with
a single shot irradiation. Therefore, the nucleation in the experiments stated
below were conducted with a single shot irradiation.

KrF _ - Z ai ii,

let/de nse

substrate 8 - , 0

-a m ZO(CHi) 2

Fig.3 The experimental setup Fig.4 The condition of Zn nucleation.
for nucleation process. The dependence of the laser

shot number and the deposition
amount of Zn atoms.
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GROWTH OF ZaS FILMS

Figure 5 and 6 illustrate the experimental setup for the growth by the
parallel and perpendicular irradiations. After the nucleation, DMZ and H2S gases
were sealed in the chamber at the partial pressure ratio of 1:10. The total
pressure was 11 Torr. In the case of parallel irradiation, the KrF laser was
focussed upon the area 1 cm above the substrate surface for a high density
excitation; the laser was irradiated at 1000 mJ/cm2 fluenc and 6000 shots. On the
other hand, in the perpendicular irradiation, the KrF laser of 3 mJ/cm2 fluence and
6000 shots was irradiated perpendicularly to the whole substrate surface for growing
a film. In order to compare the above, the ZnS film was formed on the non-nucleated
substrate by the identical method.

rp 11

Z-(CHH•)z - HsS

-CH)+ H,S

Fig.5 The experimental setup Fig.6 The experimental setup
for film growth process by for film growth process by
parallel irradiation, perpendicular irradiation.

Figure 7 indicates the optical microscope measurement of the patterned ZnS thin
film formed by the parallel irradiation and the stylus surface profile as well.
This displays the ZnS film preferentially deposited on the nucleated pans.
However, its selectivity was not fine. The film thickness was about 800 A. The
patterned thin film which was formed by the perpendicular irradiation was measured
by the interference roughness meter, as shown in Figure 8. It was observable that
the ZnS thin film was grown only on the nucleated parts; the film thickness was
about 400A..

On the contrary, as for the formation of thin film on the non-nucleated
substrate, it was observed that nothing was deposited in the perpendicular
irradiation; however, the whole substrate surface was covered with white powder in
the parallel irradiation. This powder was similarly observed on the non-nucleated
ports of the nucleated substrate which was performed by the parallel irradiation.

The nucleated and non-nucleated parts of the film, which was formed by the
parallel and perpendicular irradiation, were analyzed by the XPS.

Figure 9 exhibits the results of the analysis of the depth direction
composition. As to the nucleated parts which were formed by both parallel and
perpendicular irradiation methods, the chemical composition of Zn-S was clearly
detected from the results as follows; Zn LMM peak was shifted about 3 eV from
ordinary Zn LMM peak of 261.2 eV and S 2p/3 peak was also shifted about 2 eV
from ordinary S 2p/3 peak of 164.1 eV by the depth direction with Ar+ ion etching;
which means the deposition was effectively carried out on the nucleated parts. On
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the other hand, the XPS peaks of the non-nucleated parts in film which was formed

by the parallel irradiation were very weak; the weak peaks resulted from the powder

of ZnS compound. It is evident, consequently, the ZnS growth was preferentially

performed on the nucleated parts.
And then the crystallinity of the film which was formed by the perpendicular

irradiation was inspected with reflection high-energy electron diffraction (RHEED)

system, which observed halo pattern. This pattern means amorphous structure.

3000

moo -t ---- - ----

J000-- -- - ----

0 Soo 1000 1250 ; M]

Fig.7 The microscope photograph and the result of film thickness
measurement of nS thin film obtained by the parallel
irradiation method.

moo..m

______________ __Fig.B Interference roughness meter

image of a patterned ZnS film
0. ale obtained by the perpindicular

irradiation method.

S. . . .. . . . .. . . . . . .. .."

ZnLM zns S 2p
3/2  s

-,nucleated parts
-- n-s~udestedI

Fig.9 XPS spectra of the
nucleated and non-nucleated
parts in film which was
performed by the parallel
"irradiation method.
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DISCUSSION

It was observed that the parallel irradiation created the surface morphology
worse than the perpendicular irradiation performed. Following were considered as
its causes. In the parallel irradiation, the radicals which were produced by a
photodecomposition inconsistently behaved on the way to reach the surface.
Therefore, some of the radicals combined each other in the vapor-phase to produce
ZnS powder, as seen in the XPS observation. The powder contained in the films and
deposited on the non-nucleated parts, therefore, made the crystallinity and
selectivity worse.

On the contrary, the parallel irradiation method induced no damages to the
grown films because of no direct irradiation to the substrate. Because of no
activation energies supplied to the substrate by the laser irradiation either, the
surface migration was not occured, and no effective film formation was performed.
An other problem was that not only Zn-CH3 bond but also C-H bond were
photodissociated by the high density excitation of the KrF laser; therefore,
impurities of carbon atoms were contained in the formed films. It is considered
that the parallel irradiation method is not suitable to achieve fine ZnS films. In
the perpendicular irradiation, ZnS was grown on the nucleated substrate, while
nothing was deposited to the non-nucleated substrate. Therefore, it is considered
that Zn seeds play an important role in the perpendicular irradiation. In general,
the formation of thin film is carried out by substrate heating in order to activate
surface[5J. Active layer can also be created without heating by the nucleation.
Therefore, in the case of perpendicular irradiation, only DMZ and H2S molecules
adsorbed on the Zn seeds were possibly dissociated with the assist of an excimer
laser; then, the film growth was selectively occured. Namely, to achieve a high
selectivity requires a weak laser fluenee. In addition, in the perpendicular
irradiation even if irradiating with the laser perpendicular to the whole
substrate, the thin films were not damaged because of its very low fluence such as
3 mJ/cm2. And the surface migration took place; the ZnS was effectively grown on
the Zn nucleation parts. Moreover, the low decomposition rate of the gases over the
substrate surface resulted in the growth of the fine film.

CONCLIUSION

The selective growth of ZnS thin film via Zn nucleation was successfully
performed with the excimer laser CVD method. Firstly, the optimum condition for Zn
nucleation was found to create Zn seeds. Secondly, ZnS thin films were formed on
the Zn seeds by both parallel and perpendicular irradiation methods. As a result,
it was confirmed that the growth of ZnS thin film was selectivity performed on the
Zn seeds by both methods. Next, the quality of the films created by both methods
was compared. The results showed that the films were clearly different in quality.
In the parallel irradiation, because of the powder which was produced by the vapor
excitation, the selectivity and quality of the film were not fine. On the other
hand, in the perpendicular irradiation, the high selectivity and crystallinity of
the film were performed by irradiating the substrate surface directly.

Even though a low temperature has been expected in case of using a
metal-organic (MO) gas, impurities of carbon atoms were contained into a crystal
because the hydrocarbon in MO gas became difficult to desorb at low temperature[6].
While, by the perpendicular irradiation of KrF laser at very low fluence,
desorption of carbon atoms could be avoided, so that the film contained no
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impurities. We successfully demonstrated the growth of the high quality film by
using the nucleation technique at room temperature.

In the future, we will study further on a photodecompositicAi process of the
gases by the vacuum-ultra-violet spectroscopy and to clarify the reaction mechanism
for film formation.
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VAPOR DEPOSITED AgS FILMS AS HIGH RESOLUTION PHOTOREGISTERING
MATERIAlS IN THE INFRARED REGION
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ABSTRACr

Ag2S as a narrow band gap semiconductor is appropriate for photoimaging in the infrared
(IR) reon. Co-evaporation of Ag and S from two separate sources was used or preparing of
thin Ag2S films with different Ag/S ratio. Gelatine subbed glass plates were used as substrates.The structure of the films obtained was examined by transmission electron microscopy and

electron diffraction. The effects of chemical composition, film thickness and processing conditions
on the photographic parameters were studied.

It is shown that after a ate ro gt AgS films with stoichiometric composition
can be successfully used as high resolution (1600 lines/mm) photographic materials in the IR
region.

INTRODUCTION

In the last years there has been a growing interest in silver chalcogenide thin films because
of their optical and electrical properties. Applications of Ag2S in devices like photoconducting
cells', solar-selective coatings2, photovoltaic cells3 , infrared tectors4 , etc., have been reported.
Moreover, the absorption of silver sulfide in a wide spectral region makes it very attractive as a
photoimaging system. Kinoshita has observed that AgS layers as well as bilayer systems of
Ag2S/Ag2&eAg2 S/Ag2 Te change reversibly their opticar transmission on irradiation with He-Ne
laser ;L = 633 nrn).

It has also been found that a developable latent image can be created in Ag2S crystals,
treated in a solution of noble metal ions before or during illumination". This process called
smsikized phwtolysis of semiconductors has been employed for developing of emulsions,

hotosenitiveinthe IR region. The Ag2S microcrystals have been grown in gelatin suspensions
"li• cale._precipitation. The resolution of Ag2S emulsions has been determined to be 3040

lbin-film technolopy has the potentials to inprve the quality of the photograph
materials. Evaporation s one of the most important methods for preparing thin-films. As known,
vapor deposited thin films have some advantages - uniform thickness, high purity, optical
homogeneity, etc. Since AgS decomposes before a suf.iciently high vapor pressure is reached, its
deposton by convenional resistance heating is excluded.

In this study, thin films of Ag2S were deposited by co-evaporation of silver and sulfur from
two separate sources. The structure, optical and photographic characteristics of the Ag,S films
have been investigated to point out their potential as IR-sensitive photographic materials.
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EXPERIMENTAL

The AeS thin films used were obtained by simultaneous thermal evaporation of silver and
sulfur" on gelatin subbed glass substrates"° in a vacuum of about lxl1O" Pa. Silver was evaporated
from a graphite effusion cell situated in an indirectly resistance-heated quartz tube. The silver
deposition rate was calibrated through the cell temperature, measured with a Pt/Rh - Pt
thermocouple. Sulfur was sublimated from a tubular quartz crudble heated indirectly with a
helical tungsten wire. The crucibe temperature was also controlled with a thermocuple. The Ag
deposition rate was preset to the desired value. After it became constant, the sulfur crucible was
heated and the S sublimation rate regulated to a determined, value..In.order to avoid sulfur
deficency i the evaporated Ag.S films, all films were grown wth a stochiometric sulfur excess.
The films were left i the vacuum chamber until the excess S was reevaporated from the
substrate due to its high vapor pressure. The AgS films were deposited at rates 0.15 -02 nms"1,
defined by the Ag evaporation rate. The film thickness was varied from 2 to 100 nm. The co-
evaporation technique described above also allows to obtain well-defined films with different
Ag/S ratios.

The structure of the films was examined under high resolution transmission electron
microscope (TEM) and electron diffraction (ED). The absorbance of the Ag2S films was
evaluated on the basis of their reflectivity and transmittance, measured with Perkin Elmer
spectrophotometer (VIS - IR).

For studying the photographic characteristics, the Ag2S films were exposed with 1000 W
halogen lamp through red filter 0. z 650 nm) and sensitometric step tablet For determining the
resolution of the filmhs contact printing of a chromium test mask (line width ranging from 03 to10D p m) was ay bled.

The exposed films were treated successively in: 10-40%(wt9 etching solution of AgNO,, gold
latensification bath", stabilized Fe2-/Fe3* physical developer'- and 2-5%(wt) fixing solution of
thiourea containing 0.1n HC1. The developed image was inspected with an optical transmission
micscope. The optical density of the image was measured with a Macbeth densitometer.

RESULTS AND DISCUSSION

Structure and otical properties

Under the above-mentioned experimental conditions the structure of the AgS films depends
on the thickness, but not on the deposition rate. In the initial stage the Ag2S films grow m the
form of three-dimensional islands. With increasing amount of Ag&S the formation of larger islands
and their coalescence was observed. Owing to liquid-like coalescence, the Ag2S islands disappear
and bare substrate areas are formed in which secondary nucleation occurs. The occurrence of
gram boundaries in some islands was also observed At nominal film thickness larger than 4 nm
continuous films with polycrystalline structure were obtained.

Fig. I shows an electron micrograph of a 5 rm thick A.,S film grown on a gelatin subbed
substrate. The film possesses a fine-grained structure which is retained by continued growth of
grains during the deposition. The ED pattern inset in Fig. I reflects the polycrystalline structure
and stoichiometric composition of the AgS films.

The spectral dependence of the absorance of Ag&S films is given in Fig. 2 As seen, the
evaporat thin A&S film absorb relatively well in the red and IR region. Their absorbance in
the visible and c UV region is higher, but of no practical importance because of the existence
of well developed silver halide photographic matenals.
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Fig. I Electron micrograph (a) and electron

diffraction pattern (b) of a 5 nm thick
AgS film vapor deposited onto a gelatin
Ssubbed glass substrate.

A [z] 40
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20
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500 1000 1500 2000 2500

wavelength [nm]
Fig. 2 Dependence of the absorbance (A) on the wavelength

for 10 nm thick Ag.S film.

AgSfilms with stoichiometric composition and thickness of 2-100 nm were exposed with light
energyVensiy within the range of WxO0' - Ux102 J/cn?. It is found that the direct treatment of
the exposed AgS films in the physical developer, acting practically on the film surface, does not
lead to a develroped wimage.

It should be noted that a similar effect of undevelopable surface image has been observed
in unsensitized, vacuum deposited silver bromide layers"". In this case it was found that latent
image centers formed on the surface were destroyed by the generated photoholes, which are
migating to the surface. As a result, latent iMe centers are formed predominantly under the

rta nd in the volume of the silver bromide micr tals. Their development, however,
beomes possible either by etching of the silver halide =ace or by.using internal developers,
which disolve partially or even completely the silver bromide layers .elr

By analog with silver halide layers, attempts are made to etch the surface of A$,S films.
Solutions of cyanide or thiocarbamide are used as complexing agents for silver ions, and
concentrated solutions of AgNO3, Hg(CH3COO)2, Hg(NO% - for sulfide ions. We found that the
most appropriate etching agent is a concentrated solution of AgNO., while cyanide and
thiocarbamide solutions dissolve partially the latent image centers, The time of etching as well
as the concentration of AgNO3 depend on the thickness of the Ag2S films".
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After etching, a treatment of Ag2S films in a monovalent gold latensification bath and in a
stabilized physical developer leads to the growth of the revealed latent image centers to a visible
silver image' 6. Tyical dependence of the optical density (D) of the image obtained on the
exposure energy '-1) for a Ag2S film with stoichiometric composition is given in Fig. 3. The
maximal optical density depends on the developing time which is limited, however, by the
appearance of "fog". Most probably this 'fog" is due to the heating of the films during exposure
since the unexposed films treated under the same processing conditions have no "fog'.

1.5 1.5

D D nm
2 5

10
1.0 1.0

20

0.5 0.5 50

100

0.0 . ----- 0.0
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0

I g Hr,. IgHre
Fig. 3 Characteristic curves (D/lgH) Fig. 4 Characteristic curves of etched and

of physically developed Ag&S physically developed Ag2S films
filfs (d = 10 nm) without with indicated film thickness.
etc"hin before developig (1)
and with etching in
solution of AgNO 3 (2).

The results obtained are of interest both in theoretical and practical aspects. It is usually
assumed6' that developable latent ima.e centers cannot be formed in unsensitized Ag,S emulsion
materials because of the rapid recombination between the photogenerated charge carriers. Only
sensuied photolysis is possible in semiconductors such as Ag,S by making use of ions of noble
metals adsorbed on their surface'. Our results, however, shoy that the excess amount of Ag in
the volume leads neither to sensitized photolysis nor to fog in physically developed Ag2S films.

The image developed in thm, vapor deposited A.,S films after etching of their surface is an
indication that on illumination the process of photolytic decomposition prevails over the electron-
hole recombination even in the absence of sensitizers. Our results, however, should not be
regarded as contradicting to the work of the authors dted above. The results only indicate that
stable latent image centers are formed predominantly in the volume of AgS microcrystals. As
known. due to the very low solubility product of 4,S only physical developers acting practically
on the surface can be used. Tberefore the latent image centers or excess amount of Ag in the
volume are not able to contact with them and cannot catalyze the development.

The so called sensiWzed photofysis makes possible the formation of surface latent image
centers e d op ~ding * in the physical develoer. This effect was also observed in evaporated
A&fibram tn..tedin Ag 4 O5 solution before or urn exposure. The image developed hower
has considerably corer grained structure than that obtained after etching,

The experiments prormed show a substantial decrease of the photogahic response with
iUnrein df the A$*S film thickniess (Fig, 4). The result is unxpcedbeaseo the higher light
absorption per unit area for the thicker films. it should be noted that the analogous drop of
photographic response is also observed in the films with an amount of sulfur over the

266



stoichiometric ratio. Most probably the accumulation of photolytic or surplus sulfur is the reason
for decreasing of the photographic response. One of the most acceptable explanations of the
results described is that the accumulation of sulfur (photolytic or overstoichiometric) in the Ag2S
volume increases the possibility of both the recombination process between photogenerated
charge carriers and the destroying of the photolytic Ag specks. This assumption is further
supported by the observation that the polymer overlayer with acceptors of sulfur leads to
increasing the photographic response.

Resolution

Fig. 5 shows optical micrographs of a copy of the chromium test mask obtained with 10 nm
thick, stoichiometnc, underexposed AgS films by contact printing and processing. The smallest
line of 03 p m of the Cr test mask is resblved, but the quality of the reproduced details is not very
high. Although the film is underexposed, black dots are observed in the white re ions, probably
due to the heating of the film. Because of the underexposure, the recorded details have coarse
grained structure. It is seen from the figure that the structure of the edges additionally exposed
with light reflected from the substrate is better.

Fig. 5 Optical micrographs (transmitted light) of a copy of
Cr test mask obtained by underexposure, etching, physical
developing and fixing.

The obtained copy gives only a rough evaluation of the reproduction ability of Ag2S films
in the micron and submicron region. The further optimization of their preparation, exposure and
processing conditions is necessary. Preliminary experiments show that the quality of the recorded
details may be improved by an overlayer consisting of gelatin and sulfur acceptors as salts of
HSO., HNO.HPO. It may further be expected that cooling of the films during exposure and

eto te the fog", thus allowing the optimal exposure of 5-10

Ibstressed that resolving tsmallest 03 o printing
orresponds to resolution of 1600 lines/mam. The resolution ofphotographic materials for the IR
region, known o far, is 30-40 lines/mm atasensitiity of lxl0 3J/c .The vapor deposited Ag4S
films have 800-1000 times lower content of Ag and ahout 4 orders of magnitude lower sensitivity
but the high resolution makes them appropriate for spectroscopy, semiconductor laser technique,
temperature relief registration. It is also shown that the Ag2S films with stoichiometric
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composition and excess amount of silver can be successfully used for the development of a non-
erasable laser recording medium, type "Drexon`17.

CONCLUSION

The results show that the method of co-evaporation used in this work allows deposition of
stoichiometric AgS films with reproducible properties. Further well-defined films with different
Ag/S ratio can al&o be obtainem The structure of the films depends on their thickness, but not
on the deposition rate. The experiments show that films with thickness z 4 nm are continuous
with polycrystalline structure and can be used as IR-sensitive photographic materials. Upon
illumination photolytic decomposition takes place in thin vapor deposited AgS films. As a result
latent image centers or photolytic Ag specks are formed predominantly in the volume of Ag2Smicrocrystals. It is shown that their growth in a stabilized physical developer become possible after
appropriate etching of the exposed AgS films, followed by treatig, in a latensification bath.

It is found that the Ag2S films exhibit high resolution of 1600 lines/mm at a sensitivity of 5-
20 J/crn9. The quality of the recorded micron and submicron details depends strongly on the film
thickness, Ag/S ratio and processing conditions. It should be noted that the results described are
obtained with very thin (5-20 nm) AgS films. For thicker films, the accumulation of photolytic
sulfur creates serious problems.
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ABSTRACT

Dimethylethylamine alane (DMEAA) has been used to deposit thin films of aluminum
selectively on gold in the presence of silicon oxide. This paper presents studies of the effect of
temperature, pressure, and substrate pattern on the selectivity. A specially designed reactor
allowed us to probe the structure of the species on the silica surface using infrared spectroscopy.
At room temperature two absorptions in the AI-H stretching region were assigned to two species;
weakly bound molecules of the intact precursor and a strongly bound dihydride formed from the
reaction of DMEAA with surface bound (and H-bonded) hydroxyls (from H2 0 or silanol
groups). At higher temperatures the CH vibrations of the amine disappeared, and the Al-H
stretch shifted to higher energy. A weak absorption at 2250 cm-1 attributabl; to a Si-H also
appeared. The impact of these observations on the loss of selectivity is discussed.

INTRODUCTION

Pure aluminum films can be deposited from amine complexes of alane (AIH 3) at high
deposition rates.' One of the most challenging goals in the area of CVD is to control the
chemistry of a deposition in such a way that the process becomes selective and film growth
occurs only on one surface in the presence of -thers. Incotporation of selective deposition into
device production may eliminate some of t1 _ lithographic steps. The current study presents an
appraisal of selective deposition of aluminum using dimethylethylamine alane (DMEAA).2

Throughout the study, selectivity was defined in terms of the quantifiable parameter, gSSns, a
description of which has already been provided in the literature3 and which is defined in equation
1.

gSSns = (Ogs - Ons)/(Ogs + 0ns) (1)

Ogs and ens are the fractional surface coverages of Al on the growth and non-growth surfaces,
respectively, and were determined in the present study by scanning electron microscopy (SEM).
To understand the reason the growth was slower on insulating surfaces such as SiO 2 we studied
the nature of the interaction of this surface with DMEAA using infrared spectroscopy. 4

EXPERIMENTAL

The wafers used for this study were fine line test patterns (6x6 mm) containing varying
widths of alternating Au and SiO 2 strips adjacent to one another. These were cleaned using the
following sereies of treatments; a 4:1 H2SO4 (98%):H 20 2(30%) aqueous solution, HF (0.5%),
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deionized water (18.2 Me-cm), and exposure to UV irradiation in air. The sample was then
immediately transferred into the reactor via a load-lock.

The details pertaining to the ultra-high vacuum (UHV) compatible stainless steel system used

to deposit Al films, as well as to the use of DMEAA, have already been reported. 5 The tube
furnace dei.cribed in the previous study was replaced by a six way cross having a resistively
heated filament at the center. The wafers were positioned over the filament and supported on a
stainless steel/Mo holder which was heated to 100-200*C. Under typical deposition conditions, a
thermocouple was permanently attached to the heating system and anot'w -r was in contact with the
substrate during the time allowed for equilibration of the system.

Most of the depositions were peformed with a H2 flow rate of 100 sccm at a partial pressure
of 3.0 torr. During the flow of DMEAA, the total system pressure was 3.3-3.4 torr.
Experiments were also performed at 2.5x10 4 and 2.5x10-5 torr using a turbom-lecular pump to
pass only DMEAA through the system. Under these conditions, Al films were grown on the
Au/SiO 2 test patterns at a temperature of 100°C for 3.5 hours.

Analysis of the coverage of the wafer surfaces was performed with a SEM, and selectivity
was calculated according to equation 1. Auger electron spectroscopy (AES) and X-ray
photoelectron spectroscopy (XPS) established the chemical composition of the surfaces.

In Situ Infrared Analysis

The design and construction of the attenuated total reflection (ATR) cell used here has been

reported elsewhere. 6 The cell was modified for operation under rough vacuum by using flexible
stainless steel tubing with VCOTm connectors for the introduction and removal of the various
processing agents. The deposition pressure was measured with an InficonTm capacitance
manometer. Infrared spectra were recorded with a Bruker model IFS-I 13V spectrometer
equipped with a liquid nitrogen cooled MCT detector. The spectral range from 4000-1500 cml'

was investigated at a resolution of 2 cmj by signal averaging 60, 120 or 240 scans acquired
during one, two or four minute intervals, respectively. The beam, normally incident on the input
bevel of the crystal, was internally reflected a total of 25 times from both sides. However, due to
the geometric constraints of the cell, only 8 of these reflections sampled the area of the Si (100)
crystal exposed to the DMEAA. Absorbance spectra were generated by taking the log of the ratio
of a single beam spectrum collected when only N2 gas was flowing over the substrate to a single
beam spectrum rr-,orded during or after DMEAA exposure.

Substrate Cleanin2 Procedure for the IR Studies

The Si(100) si, bstrates were first cleaned ex situ by a H2SO 4:H 20 2 (4:1)-water rinse-
HF:H 20 (1:100)-water rinse procedure, followed by a UV/ozone treatment. The ex situ cleaning

step was designed to remove both organic and metal impurities from the silicon surface.7 The
final UV/ozone cleaning was performed in situ by exposing the silicon surfaces to deep UV
radiation (184.9 nm) in an oxygen ambient for at least 10 minutes. This cleaning procedure
yielded a thin (I nm) hydrated layer of silicon oxide on the Si(100) surface.

Deposition Procedure

Following the final in situ UV/ozone clean, the IR cell was purged with N2 at a flow rate of
100 sccm. A 90 minute purge time was required to allow the internal reflection element (IRE) to
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stabilize at the desired temperature, thus minimizing fluctuations in the IR absorbance due to
lattice vibrations. The Si(100) surface was exposed to DMEAA vapor at substrate temperatures
of 25'C, 100IC and 145'C by redirecting the N2 flow through a glass bubbler containing 10-20
ml of the liquid precursor. Depositions were concluded by again allowing the N2 to bypass the
bubbler and to purge the IR cell. This procedure was carried out at both atmospheric pressure
and 8 torr.

The experiments conducted at 8 torr were performed by pumping on the system (using a
mechanical pump fitted with a liquid nitrogen trap) that initially had a N2 flow of 100 sccm at I
atm. The capacitance manometer was connected on the upstream side of the cell via 20 inches of
1/4 inch diameter stainless steel tubing so that the actual pressure inside the cell was slightly
lower than the nominal value of 8 tofr. Because of the pumping arrangement, the flow rate of N2
increased substantially. The slow flow of N2 through the precursor vessel at atmospheric
pressure allowed us to estimate the partial pressure of DMEAA in the cell at close to the room
temperature equilibrium vapor pressure (1.5 torr) of DMEAA. At the higher flow rate, the partial
pressure of DMEAA was estimated to be a few tenths of a torr similar to its known partial
pressure under in the actual CVD process.5

RESULTS

Selective Deposition on Patterned Wafers

Depicted in Figure I are SEM images of Au and SiO 2 strips present on a fine line test pattern
following 4 minutes exposure to DMEAA in a flow of H2, and at substrate temperatures of 100,

A

Figure 1. Effect of increasing the Au/SiO2 wafer temperature. Wafer A (T = 100,C, AUSsio2 >
0.99, Magnification = 2000x). Wafer B (T = 160'C, AUSsio2 = 0.65, Mag. = 700x). Wafer C
(T = 200°C, AuSsio2 = 0, Mag. = 1000x).

160, and 200°C. In all cases the Au regions were fully covered. At 100°C the surface of the
SiO2 strips appeared featureless, even when examined at high magnification (150 K), however,
at 1601C, A] particles appeared on SiO 2 while a rough continuous Al film grew on Au. The

275



selectivity of this deposition was 0.65. No selectivity was observed for films deposited at 200°C
(AUSSi02 = 0).

Examination of a wafer processed at a temperature of 160*C in cross-section established that
Al had encroached over the Au/SiO2 boundaries and grew onto the edges of the SiO 2 strips. At
longer DMEAA exposure times for wafers at 100*C, selectivity was eventually diminished as
evidenced by the presence of Al particles on SiQ2. It was interesting that in the Au/SiO 2
boundary regions for this wafer, not only had Al encroached onto the Si0 2 surfaces, but regions
depleted in Al particles were present along the edges of the SiO 2 strips. This was a common
observation for those films which were processed at 100*C which led to enhanced values of
AUSsio2 on the narrower SiO2 strips.

Aluminum films grown at 10.4 torr and 10"5 torr at 100*C also selectively deposited onto Au
(grain size > 1000 mn). From a film thickness of 2000 nm, the growth rate on Au at 10-4 torr
was 10 nm/min and the selectivity of the deposition was 0.98 after 3.5 hours.

In Situ Infrared Snectroscony

Figure 2 displays a typical infrared spectrum of the native-oxide-covered Si(100) surface
during exposure to DMEAA (PDMEAA-I torr, Pt= I atm. at 25*C). Three general features are
shown which were also observed at reduced pressure and elevated substrate temperatures. The
positive absorptions at ca 1800 cm"1 and 2900 cm-1 indicated net increases in the amount of Al-H
and C-H species, respectively, on the oxide surface during DMEAA exposure. The broad
negative value at 3300 cmt, assigned 8 to OH stretching. represents the net consumption or
removal of adsorbed water. At higher temperatures this negative peak shifts towards higher
energy consistent with consumption of H-bonded silanols.
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Figure 2. Infrared spectrum of the oxide covered Si(100) surface during exposure to DMEAA
vapor (approx. I Tort in a 100 sccm flow of N2 at ambient pressure and 250C).

The in situ infrared spectral measurements allowed an examination of the kinetics of the
DMEAA-substrate reaction. This established that the Al-H and C-H intensities increased
concurrently, when the DMEAA flow was initiated, reached a plateau after 30 minutes of
DMEAA exposum, and decreased concurrently when the DMEAA flow was stopped.
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It was of particular interest to monitor the Al-H signal as a function of adsorption time in
order to observe the possible interactions between the DMEAA precursor and the oxidized
surface. Expanded views of this region after exposure to DMEAA vapor for 1, 4, and 60
minutes are shown in Figure 3. The Al-H band is comprised of two distinct contributions
indicating that at least two different chemical environments were present. During the early stages
of adsorption, the precursor was characterized by a relatively broad band centered about 1850
cm1. As the reaction time elapsed, an additional peak centered at 1780 cm 1 evolved.
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Figure 3. Infrared spectra of the Al-H stretching region during DMEAA adsorption onto the
silicon oxide surface after (a) 1 minute, (b) 4 minutes and (c) 60 minutes of DMEAA exposure.
The exposure conditions and temperature were the same as in Fig. 1.

At the reduced total pressure (nominally 8 torr), DMEAA adsorption onto native Si oxide
substrates yielded spectra in the Al-H stretching region which differed somewhat from those
obtained in atmospheric pressure experiments. Under these conditions the intensity of the Al-H
stretch at 1780 cm 1 was less pronounced with respect to the higher wavenumber Al-H
contribution, and the intensity did not increase with longer exposure times.

Because the deposition of Al films commenced when metal substrates were heated to
temperatures as low as 100°C in the presence of DMEAA, the adsorption of DMEAA on the
oxide surface was also characterized at this temperature (typical for a selective deposition), as
well as at 145*C (a temperature where selectivity begins to degrade). Figure 4 depicts the Al-H
stretching region during adsorption of DMEAA vapor onto the native oxide of Si at substrate
temperatures of 25°C, 100°C and 145*C. The cell was at ambient pressure and the elapsed time
of DMEAA adsorption was 60 minutes in each case. At 100 and 145'C the negative peak in the
O-H stretching region shifted to between 3500 and 3600 cm-I indicative of the consumption of
hydrogen-bonded silanol (Si-OH) groups. Figure 4 shows that the intensity of the Al-H band at
1780 cm" decreased upon heating. Heating the substrate above 25°C also shifted the relatively
broad Al-H band at 1850 cm'l to higher energy. Specifically, at 100°C the band maximum
occurred at 1885 cm" and reached a steady state value after only 10 minutes. The integrated C-H
intensity decreased by a factor of 2-3 times. At 145*C the Al-H band occurred near 1915 cm 1

and reached intensity values 2-3 times greater than those found on the cooler substrates. In the
case of the 145 0C experiment, the Al-H signal continued to increase throughout the time of the
experiment. In the spectra obtained at 1450C (Figure 5), the appearance of a weak absorption at
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2250 cm- 1 became noticeable. This band was assigned to a Si-H stretch which resulted from
partial reduction of the native silicon oxide by reaction with DMEAA.
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Figure 4. Infrared spectra of the Al-H stretching region during DMEAA adsorption onto the
silicon oxide surface at substrate temperatures of (a) 25'C, (b) 100*C and (c) 145'C.
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Figure 5. Infrared spectra of the Si-H and Al-H stretching regions (a) before and (b) during
DMEAA adsorption onto the silicon oxide surface maintained at 145*C.
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DISCUSSION

The present study demonstrates that DMEAA deposited Al readily on a metallic Au surface
but not on SiO2 . At a substrate temperature of 100 0C, and after a 4 minute DMEAA exposure
time, Al was deposited with nearly perfect selectivity (AuSSio 2 > 0.99). At longer times,
selectivity was eventually diminished. The effect of increasing the wafer temperature was more
dramatic. Above 140*C, selectivity dropped off rapidly and by 180°C the process was
unselective (Aussio2 = 0). Decreasing the partial pressure of DMEAA in the system by several
orders of magnitude and removing the H2 carrier gas had no significant effect.

DePtsition on Metallic Surfaces

Although the mechanism of DMEAA decomposition on Au has not been investigated, the
decomposition mechanisms of trimethylamine alane and triethylamine alane on single crystal

surfaces of Al have been investigated under UHV conditions.9' 'O While the rate determining
step was not the same, the elimination of hydrogen from the metallic surface was the ultimate
source of electrons for the reduction of Al. This may help to explain the facile growth of Al from
amine-alane adducts on Au and other metallic surfaces. When the precursor adsorbs to metals,
hydrogen atoms are dispersed over the surfaces and H2 loss is able to occur under relatively mild

conditions. Hydrogen desorption takes place on clean Au surfaces at around 200K.) Similar
mechanisms are not likely on insulating surfaces such as SiO2.

DMEAA Interactions with Silicon Oxide Surfaces

The results of the current study indicated that chemistry occurred when DMEAA was
exposed to the surface of silicon oxide at all of the temperature and pressure conditions
examined. This was evidenced by the appearance of positive and negative absorptions in the
surface IR spectra. A typical spectrum (Fig. 2) for an ambient cell pressure and substrate
temperature shows the presence of three main peaks. The positive band at 2900 cm-1 was
characteristic of C-H stretching and was interpreted as being indicative of the presence of
molecularly adsorbed DMEAA or adsorbed amine that was no longer complexed to aluminum.

The positive signal occurring at around 1800 cm-I (Fig. 3) resulted from a convolution of
absorption bands of at least two different species. The sharper band appearing at lower energy
has a peak maximum occurring at 1780 cm-1 which was similar to the stretching frequency for

Al-H in the gas phase molecule of DMEAA (1790 cm-i). 5 We assigned this signal to the
presence of the intact precursor complex which was weakly adsorbed to the silicon oxide surface.
The band at 1850 cm-1 was considerably broader and had a similar energy to related alkoxide
model compounds. 12 For example, the IR spectrum of [i-C 4H9OAIH2] 2 was reported to have an
Al-H stretching band centered at 1842 cm-1 . We assigned the band at 1850 cm-1 to an Al-H
stretch in an adsorbed dihydride species of the type H2 AlOSiO 3 formed from the reaction of
DMEAA with H20 (at room temperature) and SiOH groups (elevated temperatures).

The breadth in the Al-H peak suggested inhomogeneity in the chemical environment
around Al. For example, it may represent the presence of both H2AIOSiO3 and HAI(OSiO3)2
species (mono and dihydride) and mixing of different donors in the fourth coordination site. In

support of this, the alkoxide compound (t-C4H9O)2A]H (a monohydride with VAI-H (Nujol) at
1859 cm-i1 ) was reported to exhibit an Al-H stretching signal shifted to higher wavenumbers by

17 cm-t relative to (t-C4H9O)AIH2. 13 The amorphous nature of the oxide surface also may have
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contributed to the width of this band. The negative absorption of the 0-H stretching band after
exposure of the silicon oxide surface to DMEAA resulted from a reaction between DMEAA and
residual adsorbed water molecules and, at higher temperatures, surface SiOH groups to form H2
and strong AI-0 bonds.

A recent XPS study of the adsorption behaviour of TMAA in a UHV environment
concluded that a weakly bound layer of TMAA is present at room temperature on surfaces of

SiO2.14 It was suggested that these species are coordinated to the surface via a lone pair of
electrons from the oxygen atom in a Si-O-Si suface structure. Because of the broad nature of the
Al-H bands in our IR spectra, we cannot rule out the possibility that these types of species were
also present. We anticipate that the five-coordinate species suggested by those authors would
have an absorption band centered at significantly lower wavenumber than observed in our study.
This argument is based upon the reported range of 1711-1725 cm-1 for the Al-H stretch in the gas

phase IR spetrum of [(CH 3 )3N]2AlH3. 15
The evidence presented above suggested that the precursor was present in both a

molecularly adsorbed state and a partially reacted state on hydroxylated silicon oxide surfaces
during exposure to DMEAA. Figure 6 illustrates the proposed initial interaction between the
SiO2 surface and the precursor. The band at 2250 cm-I, which was observed most readily at
elevated temperatures, was assigned to Si-H stretching in species of the type O3 Si-H.
Extensively oxidized silicon hydrides formed during the air oxidation of hydrogenated a-Si

films16 exhibit a peak at 2260 cm-1 . Similar bands have been observed when hydride terminated
silicon surfaces were exposed to UV/ozone in the same cell. Outlined in Fig. 6 is a possible
reaction which accounts for the presence of the Si-H species. The reaction involves cleavage of
bridging siloxane bonds on the silicon surface and concomitant formation of Si-H and AI-O
bonds. This helps to account for the greater number of oxygen atoms thought to be bound to Al
at the higher temperatures. A related reaction involving methyl groups has been reported for

trimethylaluminum adsorbing onto heated surfaces of silicon oxide.1 6 It is noteworthy that the
temperature at which selectivity is lost corresponds to the temperatures where Si-H groups are
observed in the infrared spectrum. Whether or not a cause-and-effect relationship exists between
these observations is unknown.

SUMMARY

The selective deposition of aluminun on gold in the presence of SiO 2 has been
demonstrated, and the effect of parameters such as time, temperature, and pressure have been
studied. In situ infrared spectroscopy established that the aluminum precursor, DMEAA, when
passed over the surface of silicon oxide, was found to adsorb weakly as an intact molecule and
more strongly after reacting with surface-bound hydroxyls in the form of water or silanols.
When the temperature of the SiO2 surface was increased, an additional band in the infrared
spectrum, attributed to the presence of Si-H bonds, indicated that the substrate itself was partially
reduced. This behavior differs greatly from the facile deposition of metallic Al that occurs with
this precursor on metal surfaces and which leads to the selective chemical vapor deposition of
aluminum.
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Figure 6. Pictorial representation of the proposed chemical reactions between DMEAA and
hydroxylated SiO2.
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INFLUENCE OF FLOW DYNAMICS ON THE MORPHOLOGY OF CVD
ALUMINUM THIN FILMS
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ABSTRACT

Aluminum thin films were deposited by chemical vapor deposition on Sit2 substrates
using trimethylamine alane (TMAA) in a low pressure CVD reactor system. A high TMAA flow
rate during deposition, combined with an initial burst of added argon during the nucleation of the
substrate surface resulted in the growth of aluminum thin films with excellent purity and surface
morphologies. Film resistivities averaged 3.4 0f•-cm, and the average surface peak-to-valley
height for each film was found to be <4% of the film thickness. The surfaces of films with
thicknesses of !5 1 jim were extremely smooth and reflective. In contrast, the use of a high alane
flow rate in the absence of any added argon resulted in the growth of films with extremely textured
surface morphologies. Furthermore, films grown using an argon carrier gas, but with a slow alane
flow rate, exhibited both textured surface morphologies and whisker growth.

INTRODUCTION

Inadequate aluminum step coverage over increasingly harsh contact window and via hole
topographies continues to be a problem for advanced silicon integrated circuits. Increasingly, the
conventional, line-of-site sputtering techniques that are currently employed to deposit these
materials are not meeting the step coverage demands for state-of-the-art circuits. Chemical vapor
deposition (CVD) is a technique that can deposit thin films conformally over a variety of
topographies, and the use of aluminum CVD for interconnect applications has received ongoing
attention. Trimethylamine alane (ICH3)3N)AIH3; TMAA), a stable, white solid with an
appreciable vapor pressure (-2 Torr at 25°C), has shown promise for the deposition of high purity
aluminum thin films [ 11. However, despite relatively high film purities, aluminum films grown
using TMAA typically suffer from a highly textured surface morphology which is unsuitable for
VLSI photolithographic processing. Earlier work performed in this laboratory demonstrated these
highly textured films, and in addition, showed significant aluminum whisker growth on Si02
substrates [2]. We wish to report here the results from a series of aluminum deposition
experiments we have carried out using TMAA in a new, low pressure CVD reactor. The influence
of precursor and carrier gas flow rates on aluminum thin film quality and morphology will be
described.

EXPERIMENTAL

Two variations of a cold wall, low pressure organometallic chemical vapor deposition
(OMCVD) system were built for our aluminum deposition experiments. The first variation, used
for high alane flow rate studies, is shown in Figure Ia. A stainless steel deposition chamber was
attached via a gate valve at the base of the chamber to both a mechanical roughing pump and a
turbomolecular pump, and the TMAA bubbler was attached directly to an inlet port at the top of the
chamber. The substrate was situated on a resistively heated aluminum stage that was mounted
perpendicular to the precursor gas stream. An argon line was attached to the chamber for backfill
purposes, but no carrier gas line was connected to the TMAA bubbler. This configuration allowed
for a high alane flow rate through the deposition chamber by allowing the bubbler to be open to the
roughing pump during deposition.

The second CVD reactor variation, shown in Figure lb, was a modification of the first
design. An argon carrier gas line and mass flow controller were added to the inlet side of the
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TMAA bubbler, to allow for carrier gas transport of the alane to the deposition chamber. A
pressure transducer/flow valve feedback loop was placed between the TMAA bubbler outlet and
the chamber inlet, in order to regulate the TMAA bubbler pressure. By maintaining the bubbler at a
constant pressure, a constant TMAA/carrier gas mole fraction could be maintained. This second
configuration allowed for a study of the effects of low alane flow rate combined with a carrier gas
transport.

TMAA vapor

transportPrssuaflo ko aefo aecniuain

Fobsr allotuexeiet, h usrtsue wr "daee,100ASO nS,0

:VTudm-ump,

Tubo

to pump to pump

(a) (b)
Figure I Deposition reactor designs: (a) high alane flow rate configuration, and (b) carrier gas

transport, low alane flow rare configuration.

For all of our experiments, the substrates used were 2" diameter, 1000 A SiO2 on Si(100).

The TMAA bubbler, which was maintained at 250C, was also filled with one atmosphere of argon
whenever a deposition experiment was not in progress, in order to minimize premature
trimethylamine dissociation and subsequent decomposition of the TMAA precursor. All of the
films deposited from TMAA for these studies were measured for sheet resistivity using a Veeco
four-point probe. Film thicknesses and surface roughness measurements were determined by
paUeming and etching the aluminum films, and profiling the resultant aluminum lines with a Sloan
DekTak stylus. The morphology of the films was studied using a Hitachi scanning electron
microscope (SEM).

RESULTS AND DISCUSSION

High Alane Flow System

For our initial experiments, we used the reactor design shown in Figure Ia to examine the
influence of a high alane flow rate on aluminum thin film growth. We maintained a maximum
TMAA flow rate during deposition by fully opening the TMAA bubbler outlet valve to the
deposition chamber as it was actively evacuated by the system roughing pump. Carrier gas was
not flowed through the TMAA bubbler during growth- however, the argon stored in the bubbler
between experiments was present in the bubbler at the beginning of each new deposition
experiment. Prior to deposition, the reaction chamber and all lines leading to the TMAA bubbler
were first evacuated to approximately 5 x 10-6 Torr using the turbomolecular pump. The substrate
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was then heated to 2750 C under vacuum, and the turbomolecular pump was closed off, leaving
only the roughing pump active. The TMAA bubbler (containing one atmosphere of argon) was
then opened to the actively pumped deposition chamber. The chamber pressure initially rose to
-10 Torr, and then dropped to 0.30 Torr after 30 seconds (as the initial burst of argon from the
bubbler was evacuated). At the end of growth, the bubbler was closed and the heater was turned
off. The chamber and bubbler were then backfilled with argon to a pressure of one atmosphere.
Growth times ranged from 30 seconds to 15 minutes.

In terms of reproducibility, purity, and surface morphology, these films were substantially
superior to those previously grown in this and other laboratories [1,2]. Film thicknesses ranged
from 0.8 to 8.0 mim, depending on deposition time, and all of the films exhibited very high
purities. Resistivities averaged 3.4 l.Q-cm, which compares very favorably to the bulk aluminum
value of 2.7 ji.Q-cm. The films all had relatively smooth surfaces, and were highly oriented
(1( 11)/(200) = 70-700). Moreover, these aluminum films exhibited no whisker growth. The
average surface peak-to-valley step height for each film was found to be <4% of the film thickness.
For thin films (0.8-1 gim, ) this low percent surface roughness corresponds to actual surface feature
heights of only -400 A, and these films are extremely smooth and reflective (Figure 2). Since
most interconnect films are <1 jim, the films grown using this deposition process should be
suitable for interconnect processing.

(a) (b)
Figure 2. Morphology of a 0.8 pm thick aluminum film deposited using the high alane flow rate

system: (a) scanning electron micrograph, and (b) surface reflectivity across a 2" wafer.

The very smooth morphologies obtained for our thin films were somewhat surprising.
Most of the literature reports of aluminum CVD on silicon or SiO2/Si substrates indicate that very
rough, textured aluminum film morphologies are typically obtained unless the substrates have been
subjected to a TiCI4 or plasma pre-treatment 11,3]. Pre-treatment is believed to improve the
surface nucleation of alL.:, mum on these substrates. However, despite our lack of substrate
surface pre-treatment, we did not observe a similar rough surface texture for our films. In order to
identify the factor(s) responsible for this difference, we compared our deposition process with
those of other groups. One feature unique to our system was the presence of argon in the TMAA
bubbler at the beginning of growth. In order to assess the importance of this argon, two
experiments were carried out. For the first experiment, we modified our typical deposition
procedure such that the TMAA bubbler was evacuated prior to deposition. Thus, no argon was
present in the bubbler at the beginning of growth. For the second experiment, the alane bubbler
was filled as usual with one atmosphere of argon prior to growth. Thus, argon was present in the
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bubbler at the beginning of aluminum deposition. Growth time was 2 minutes. The aluminum
films deposited from these two experiments were then examined by SEM.

The SEM micrographs of these two aluminum films are shown in Figure 3, and the
differences in surface morphology are dramatic. Evacuating the bubbler of argon prior to
aluminum film growth was found to severely degrade the surface quality of the resultant films.
The aluminum film deposited using the evacuated TMAA bubbler exhibits an extremely rough
surface with many voids, and the nominal surface roughness as measured by Dektak profilometry
is approximately 50% that of the average film thickness. In contrast, the aluminum film deposited
using the argon filled bubbler exhibited a very dense, smooth surface morphology, with a surface
roughness of only 4% relative to film thickness. The burst of argon during the initial stages of
growth therefore appears to aid the surface nucleation of aluminum on SiO2 in our system, and
contributes to the production of smooth, dense aluminum films.

(a) (b)
Figure 3. Scanning electron micrographs of aluminum thin films grown (a) with no argon in the

TMAA bubbler, and (b) with I atm of argon in the TMAA bubbler

This phenomenon of improved film morphology with added argon was studied further to
help elucidate the mechanism of improvement. The existing reactor was modified such that argon
could be added to the alane gas flow during a typical deposition. The added argon was introduced
through the inlet side of the TMAA bubbler, and the amount of added argon was controlled using a
mass flow controller. Incorporating the new argon line into the system resulted in re-positioning
the TMAA bubbler much further from the chamber than in the original system. A series of growth
experiments using varying amounts of added argon was then carried out and the resultant thin film
morphologies were analyzed by SEM. With the exception of the added argon, standard deposition
conditions were used: one atmosphere of argon was initially present in the bubbler, the bubbler
was open to the roughing pump during deposition, and the substrate temperature was kept at
275*C. Argon flows of 0, 50, 100, and 150 sccm were allowed to flow through the bubbler
during growth.

Repositioning the bubbler farther from the chamber resulted in poorer nucleation and
slower growth rate, apparently due to loss of alane on the gas transport line walls. With 0 sccm
added argon flow (but with argon initially in the bubbler), the substrate surface following a 3
minute deposition was covered with individual, discontinuous, polyhedron-shaped aluminum
nuclei. As argon flow was introduced however, the deposition rate increased, and the aluminum
nuclei began to coalesce into a single smooth continuous film. At lower added argon flow rates,
voids were still apparent between the coalesced nuclei, but at 150 sccm of added argon, the films
were smooth, dense, and continuous. An increased deposition rate due to the added argon flow
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was not entirely responsible for the improved morphology, since longer deposition times at low
argon flow rates did not produce the same smooth films grown at high added argon flows. Argon
flow thus appears necessary for improved film morphology.

The initial nucleation of a substrate surface during CVD is crucial to the morphology of the
resultant thin film. The presence of an argon flow during the initial stages of aluminum
deposition,when combined with a high TMAA flow rate, appears to lead to improved surface
nucleation. Several possible mechanisms may be responsible for this improved nucleation. It may
be that the argon aids in the rapid delivery of alane to the substrate suriace, allowing for a quick,
dense nucleation of the substrate surface. Argon might also provide a greater thermal gradient at
the substrate surface, enhancing any gas phase decomposition reactions. The flow of argon past
the substrate also may help disperse the precursor more evenly over the substrate during
nucleation. In addition to these possibilities, other factors may be at work as well. We plan to
continue efforts to understand this phenomenon.

Low Alane Flow System

In order to further examine the impact of precursor flow on aluminum thin film
morphology, we also carried out a set of experiments in which the influence of a low alane flow on
aluminum thin film growth was studied. For these experiments, we used the reactor design shown
in Figure lb. By maintaining the TMAA bubbler at 400 Torr and using an argon carrier gas to
transport the TMAA vapor, the flow rate of alane to the deposition chamber was greatly reduced
relative to our previous experiments. The TMAA flow was also equilibrated prior to being
introduced into the deposition chamber, by flowing the carrier gas through the bubbler and then out
via a chamber bypass valve. The substrate temperature for all of these growth experiments was
275'C. Depositions were carried out using a variety of argon carrier gas flow rates and growth
durations, and the morphologies of the resultant films were monitored by SEM.

(a) (b)

Figure 4. Scanning electron micrographs of aluminnm films deposited using the low alane flow
rate system, with growth times of(a) 15 minutes, and (b) 60 minutes.

The results from these deposition studies were found to differ dramatically from those of
our high alane flow rate experiments. As anticipated, the aluminum deposition rate was
significintly lower than our previous experiments, due to the reduced alane delivery rate of this
system. However, more significant were the differences in aluminum nuclei shape and in thin film
morphology. Figure 4 shows SEM micrographs of two aluminum films grown using the low
alane flow apparatus and an argon carrier gas flow of 100 sccm. The film in Figure 4a was
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deposited for 15 minutes, and that in 4b was grown for 60 minutes. The reduced aluminum
grwth rate is observed in Figure 4a, where even after 15 minutes, nucleation of the SiO 2 surface
is sparse. Surprisingly, rod-shaped nuclei appear on the substrate surface, which were not
observed in our high alane flow system. Longer growth time (Figure 4b) produced a continuous
film, but with the formation of whiskers from the rod-shaped nuclei. These films also exhibited
small grain sizes and a hi hly textured surface. Whiskers were observed on all films grown using
the low alane flow deposition system. The low alone flow rate, combined with the argon carrier
flow, somehow enhances the formation of the rod-shaped nuclei We do not yet know if argon is
essential to the formnation of ths rod-shaped. crystals, or if th rod-shaped nuclei are primnarily the
products of gas phase or substrate-medi reactions 41. These issues are currenty under
investigation.

SUMMARY

Excellent quality aluminum thin films were reproducibly grown in a low pressure reactor,
using a high flow rate of TMAA combined with an argon gas flow. The quality and morphology
of the films grown with this deposition system were exceptionally good. Resistivities averaged
3.4 pQ-cm (compared to bulk aluminum at 2.7 go-cm), and the average surface peak-to-valley
height for each film was found to be <4% of the film thickness. The surfaces of films with
thicknesses of 5 1 gm were extremely smooth and reflective. These film characteristics should be
adequate a'or most aluminum interconnects for advanced integrated circuits. The presence of an
argon flow during at least the initial stages of growth was found to be essential to the production of
smooth surface morphologies, provided a high flow rate of alane into the growth chamber is
maintained. Absence of an initial argon flow resulted in the deposition of highly textured
aluminum films. However, none of the films grown using the high alane flow rate system
exhibited any whisker growth.

Slowing the flow rate of alane into the deposition chamber by maintaining the TMAA
bubbler at 400 Torr and using argon to transport the alane vapor resulted in slower aluminum film
growth, and also promoted the growth of aluminum whiskers. Whiskers were produced from rod-
shaped nuclei that formed during deposition. These whiskers are extremely undesirable since they
wreak havoc with integrated circuit processing techniques. The factors controlling the formati.' of
the rod-shaped nuclei and subsequent whisker growth are currently not well understood, and are

Sunder further investigation.
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and Dektak measurements, and the Aerospace Sponsored Research Program for financial support.

1. M.,. Gross. K.P. Cheung, C.G. Fleming, J. Kovalchick, and L.A. Heimbrook, J. Vac. Sci.
TechnoL A 9,57 (1991). D.B. Beach, S.E. Blum, and F.K. LeGoues, J. Vac. Sci. Technol.
A 7, 3117 (1989); W.L. Gladfelter, D.C. Boyd, and K.F. Jensen, Chemistry of Materials 1,
339 (1989).

2. D.M. Speckman, Mat. Res. Soc. Symp. Proc. 282, 305 (1993).

3. A. Weber, U. Bringmann, K. Schiffmann, and C.-P. Klages, Mat. Res. Soc. Symp. Proc.
252, 311 (1993).

4. M.G. Simmonds, W.L. Gladfelter, H.Li, and P.H. McMurry. Mat Res. Soc. Symp. Proc.
282, 317 (1993).

2N

S-.•-*--- *' - ,



FIRST PRINCIPLES STUDY OF ALUMINUM DEPOSITION ON HYDROGEN-
TERMINATED Si(100) SURFACE

CARLOS SOSA
Cray Research, Inc., 655 E lone Oak Dr., Eagan, MN 55121

ABSTRACT

The deposition of Aluminum on Si(100) surface has been investigated using density
functional methods. This has been accomplished by adoption of a Si-lH6 cluster to
model the H terminated Si(00) 1XI surface and SigH15 cluster to model the surface with
an unpaired electron. The predicted NLSD dissociation energy for the Si9 H16 -+ SigH1 5
+ H is 86.3 ± 2.0 Kcal/Mol. This is in agreement with previous theoretical calculations
on similar systems.

Selective growth of metals on silicon surfaces is an important process in deep-
submicron very large scale integrated circuits (VLSI) [1-31. In particular, Al is used for

Sinterconnecting materials. The chemistry of silicon surfaces is of obvious importance to
* chemical vapor deposition techniques. Clearly, the specific values of the bond energies

for the different chemical species involved in the reaction are crucial for interpreting
experimental results.

Recently, Tsubouchi and Masu [3] have proposed a mechanism for selective growth of
Al on Si surfaces. They have investigated the Al growth on Si by means of chemical
vapor deposition (CVD). This has been carried out using dimethylaluminum hydride
(DMAH) and H2 [1-3].

In their work they have assumed that DMAH interacts mainly with the Si(100) IXl:2H
surface[l-31 (See Figure 1).

H H H H

Figure I. Si(100) IXI

FMuu the DMAH is adsorbed on the H terminated Si(100) surface. Then, the CH3 group
of the RAI-CH3 interacts with the neighboring hydrogen to form 0M4 and Al gets
deposited on the Si(100) surface. Tsubouchi and Masu [31 have pointed out that the
bonding energy for Al-H is higher than the bonding energy of Al-CH3, thus, hydrogen
remains bonded (AI-H) after Al is being deapotned on the Si(100) surface. The additional
H dha is requid to obtaln a H -minas e is povldkd by the H2 molecule. A
more detailed discussion of the mechanism can b found in ids. [1-31.
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In this study, Density Functional Theory (DFI') has been used to calculate the strength
of the Si(100) IXI Si-H, R2AI-CH 3, and R2AI-H bonds. This information is important
for the understanding of DMAH/H2 .interaction with the Si(100) surface. Similar to
previous studies [4-6], we have adopted a Si9HI6 cluster model of the Si(100) IXIsurface.

The DFT calculations were carried out using the DGauss [71 program. This program
uses a Gaussian orbital basis set to solve the Kohn-Sham equations [8, 9]. Gaussian type
functions are also used to expand exchange-correlation potential [10, 11]. Geometries are
optimized in the local spin density approximation using Dirac e.-change functional and
the Vosko, Wilk, and Nusair (LSD) correlation energy functional [12].

Single point calculations including nonlocal corrections (NLSD) are carried out at the
LSD optimized structures using the Becke [12] exchange and Perdew [14] correlation
functional. For the nonlocal corrections (Becke-Perdew model), the gradient corrected
exchange-correlation terms were added perturbatively to the local spin density energy
(NLSD). Cartesian Gaussian-type basis sets are used to represent orbital and auxiliary
fitting functions. Calculations have been performed with double-zeta-split-valence plus
polarization (DZVP) basis sets [15].

The geometries of the two clusters were optimized as described in refs. [4-6]. In this
section we only briefly summarize all the constraints that were used. All the Si atoms for
layers four and three were fully frozen in the bulk-like positions ( See ref. 5). All of the
coordinates for the hydrogen atoms used to terminate dangling bonds were also fully
fixed. The four Si atoms in the second layer were allowed to move in tle x and z
directions. The position of the surface Si atoms was chosen to be 3.84A [16]. The
associated hydrogen atoms were fully optimized. This set of constraints were chosen to
reproduce bulk-like interactions.

Esutsad Disctson

The optimized geometries for CH3 , CH3 AIH, CH3AICH 3 , (CH3 )2 AIH, and SigHx (x=
15 and 16) ame predicted using density functional methods. Selected optimized
geometrical parameters for these systems are summarized in Table I

Table L Selected Optimized parameters for (CH3)2 AI-H, CH3 AI-H, and (CH3) 2A1.

System Parameter
r(AI-H) r(C-AI) O(C-AI-X)

(CfH3) 2AI-H 1.615 1.951 121.1
CH3AI-H 1.632 1.968 119.9
(CH3)7,Al 1.965 118.0

The opjinlzed LSD Al-H bond lengths for (CH 3 )2 AI-H and CH3AI-H are 1.615 and
1.632 A, respectively. The effect of dissociatng one methyl group from (CH 3)2 AI-H
((CH3)2 AI-H -+ CH3 AI-H + CH3) is to e"loate the Al-H bond distance by about 0.02 A
whem compard to CH3AI-H. Simila effect may be observed for the C-Al bond lengths.
On the othdr hand, ther idicted C-AI-X angle for (CI$AI-H is 121.1 degrees. The
calculased angles for CH3AI-H and CH3AICH 3 Ie only 2 to 3 degrees smaller than the
calculated angle for (CH3 )2AI-I. In genera, the DMAH peomeuy is only slightly
distorted when a methyl group or hydrogen atom is emoved to give the corresponding
radicals.
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Figure H summarizes the Si-H bond lengths for the SigHx clusters. Two types of Si-H
bond lengths are predicted for the SigHj6 cluster. The first type corresponds to the Si-H
lateral bonds (Si-Ht, See Figure U). The second type cofreponds to the Si-H internal
bonds (Si-Hi). These are predicted to be shorter by 0.016 A. The shortening of the Si-Hi
bond is principally due to the Hi--Hi interaction. This may be seen in Figure lib, in this
case, there is no Hi--Hi interaction, Si-Hj and Si-Hi bond lengths are predicted to be
almost identical

1.496
S -" (a)

1.509

3.4 3.84

1.498

, - 3.84/'S

Figure IL Optimized Parameters for the Si9Hx clusters.

The LSD and NLSD relative energies for the different chemical reactions reported in
ti study ae summarized in Table f1. The energies predicted with LSD and NLSD
methods for the Si-Hi bonds are (Si9HI6 -+ SigHtS + H): 93.98 and 87.92 Kcal/Mol,
respectively. The calculated relative energies for the Si-Hi bonds are: 91.64 and 84.63
Kca/MoL respectively. The calculations perfomned with the SigHl 6 cluster are giving
energies of Si-H bonds in agreement with results obtained using an SigH14 cluster [4-61

(SigH14-SiS9HI3 + H).

Table 1H. Energies of Reaction in Kcal/Mol.

Reaction LSD NLSD

(CH3)2AI-H -+ (CH3)2Al + H 91.78 86.19

(CH3)2AI-H -+ CH3AIH + 013 96.09 80.12
(CH3)2AI-H + 1012 -+ Al + 2C14 42.76 30.80

2[(CH3),AI-H] -* 2AI + 2C21t + H2 119.16 97.59

SigHI6 -f SigHIS + H (1) 93.98 87.92

SigHie -+ SWIli+ H (1) 91.64 84.63

Recently, it has been proposed dht a 013 group of the DMAH macta with the H
terminated Si(l0O) surface[3j. This is the prefened interaction since the Al-H
dissociation emy is larger than AlC 3 . LSD calculaons (See Table I) predict a
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dissociation energy for Al-CH3 of 96.09 KcalIoL- This value is almost 5 Kcal'Mol
lareý hantheAI- disociation energy. This is opposite to what is reported

experimentally. On the other hand, AM- dissociation energy computed with the NLSD
approximation is larger by about 6 KcalIMol when compared to AI-CH3. This is in
agreement with experimental results.

Also, our results indicate that Aluminum deposition without H2 is energetically less
favorable than DMAHIH2. Relative energies for the (CH3)2A1-IVH2 and (CH3h2AI-H
reactions are summarized in Table IL The reaction of (CH3)2A1-H + 1122 is
energetically more favorable than 2[(CH 3)2A1.HI by more than a factor of 3.

In summary, our theoretical calculations indicate that the RAI-Cli3 bond breaking is
thermodynamically more stable than RAI-H breaking. However, the difference is only of
the order of 5 Kcal/Mol. The value of the energy of the Si-H bond is predicted in good
agreement with previous theoretical results [4-61. The interaction energies between
DMAH and Si surfaces is important for the understanding of the selective growth of Al
on Si(l00). This is currently the subject of another publication.

The authors wish to thank P. Nachtigall and Prof. K. D. Jordan for valuable discussions
and the Corporate Computing and Networking Division at Cray Research is kindly
acknowledged for providing computational resources to carry out this
work.
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PROPERTIES OF A NEW LIQUID ORGANO GOLD COMPOUND
FOR MOCVD

Hiroto Uchida, Norimichi Saitou, Masamitu Satou,
Masayuki Tebakari and Katsumi Ogi,
Mitsubishi Materials Corporation, Central Research Institute,
1-297 Kitabukuro-cho, Omiya, Saitama 330, Japan

ABSTRACT

Dimethyl(1,1,1,5,5,5-hexafluoroaminopenten-2-onato)Au(HIl), DMAu(hfap) was found to be
very promising compound for CVD Au wiring. It is liquid at r.t. and has high vapor pressure (0.5
Tonf at r.L) and high thermal stability (dec.t. 17 I'C, AE=25.4Kcal/mol) and can be used as a
precursor for MOCVD. CVD gold films were grown on Si(100) from DMAu(hfap) in a quartz
vacuum chamber, using thermal activation by an electric heater or photo activation through quartz
windows by excimer lasers(XeCl 308nm). A growth rate of 10 nm/min was achieved by thermal
activation at 250 'C. (evaporation temperature of 30 "C, H2 flow rate at 100 sccm and chamber
pressure of 30 Ton). Resistivities ranged between 2.8 and 5 jj.f-cm, depending on the film
morphology. The growth rate of laser CVD gold films had the tendency of increasing with
decreasing the substrate temperature. This phenomenon indicates that photolysis of adsorbed
species on the substrate plays an important role in film growth by laser CVD.

INTRODUCTION

Gold films are a potentially important metallization material in electronic and photonic devices
due to their high conductivity, superior electromigration resistance and chemical stability. The CVD
technique has advantages to sputtering or evaporation of conformal growth and better coverage on
sharp steps. For CVD use, organogold complexes must be stable but at the same time volatile
enough so that a sufficient vapor pressure can be obtained at moderate heating and high vacuum in
order to give a high rate of plating. Recently, various kinds of gold complexes have been studied
extensively. The most widely studied class of organogold compounds are dimethyl(2,4-
pentanedionato)gold and its fluorinated analogues[ 1-41. The high vapor pressure and room
temperature liquid nature of DMAu(hfac) make it particularly suitable for CVD, but the thermal
stability of DMAu(hfac) was not sufficient to achieve a constant supply to the CVD apparatus at
elevated temperature. The thermal stability of some dimethylgold(p-diketone)complexes,
dimethylgold(-thioketone)complexes and dimethylgold0p-iminoketone)complexes were studied by
I.K.Igumenov et al.by DTA analysis[5]. The thermal stability of dimethylgold complexes were
increased by the kind of donor atoms of the chelate ring in the order of (O,S)< (0,0) < (ONH).
We have developed a new dimethylgold complex of hexafluorinatediminoketone(Hhfap). It is a
liquid at r.t. and has a high vapor pressure (0.5 Torr at r.L) and a thermal stability superior to
DMAu(hfac).

EXPERIMENT

* The thermal properties of the dimethylpold complexes 1.DMAu(acac) 2.DMAu(hfac)
3.DMAu(ap) and 4.DMAu(hfap) were examined by thermal gravimetric analysis(TGA) and
differential thermal analysis(DTA). TGA data were obtained by the RIGAKUCTG-8 110) instrument
using an open Al pan which was purged with N2 (30ml/min) at a heating rate of 10*C/min DTA
data were obtaine on the same instrument using a sealed Al pan at the following conditions. The
heating rates were selected at five points in the range of 2.5 - 20"C/min; N2 flow rate was
30mlimin; and the amount of gold complexes were 3 mg. The activation enerfiea for the thermal
decomposition reactions of the dimethylgold complexes were obtained by the Kissinger method[6].
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The gold metal films were then deposited from these CVD precursors by using a horizontal
quartz CVD reactor that has a quartz windows for laser CVD. For excimer laser irradiation
experiments, a LAMBDA PHYSIK (LPX-315i) excimer laser apparatus was used. The reactor
pressure was varied from 2.0 to 100 torr. The growth temperature was varied from 50 to 350"C.
The precursors were loaded in a glass cylinder, and the cylinder pressure was adjusted by a
variable conductance valve. The cylinder temperatures of DMAu(hfap) and DMAu(hfac) wcre held
at 35"C and 24"C, respectively. Ultrahigh-purity argon and hydrogen were used as carrier gases.
The flow rates in the cylinders were H2=100sccm or Ar=10sccm. (100)silicon wafers were used
as substrates.

AES, SIMS and GD-MS analysis and conductivity measurements were carried out on the
deposited gold films. AES were recorded by using a Perkin-Elmer(SAM670) instrument. SIMS
were recorded by using a HITACH(IMA-3) instrument. GD-MS were recorded by using a
MICROTRACE(VG9000) instrument. Electro conductivities of the film were recorded by a
Mitsubishi Petroleum Chemical Co. (LORESTA) instrument.

RESULTS

Fig.1 shows TGA curves for the dimethylgold complexes. The thermal stabilities and
vaporization temperatures of the complexes were compared. The amount of decomposition residue
indicates the thermal stabilities. According to the amount of decomposition residue, the thermal
stabilities of dimethylgold complexes increase in the order of DMAu(acac) < DMAu(ap). The
vaporization temperature of dimethylgold complexes decrease in the order of DMAu(ap) >
DMAu(ac) > DMAu(hfap) > DMAu(hfac). Table 1 shows the the activation energies for thermal
decomposition of these dimethylgold complexes determined by the Kissinger method[6].

Table I Thermal analysis data of dimethyl goldcomplexes

m.p. dec.temp. activation energycomplexes OC 0C kcal/mol

DMAu(acac) 76 154 25.7
DMAu(ap) 64 196 22.4
DMAu(hfac) liq. 164 21.7
DMAu(hfap) liq. 171 25.4

Fig.2 shows the vapor pressure data of dimethylgold complexes. The vapor pressures of

DMAu(hfap) and DMAu(hfac) are ten times higher than those of DMAu(acac) and DMAu(ap).

Thermal MOCVD Results

The growth rates of the gold films were determined as a function of the partial pressures of
dimethylgold complexes and the substrate temperature. Fig.3 shows the growth rates of
DMAu(hfap) and DMAu(hfac) as a function of reciprocal growth temperature at reactor pressures
of 30 torr. Comparing the film growth rates, that of DMAu(hfap) is five times slower than that of
DMAu(hfac). The difference in the growth rates may be explained by the difference in the
activation energies for thermal decomposition, which are 25.4 and 21.7 kcal/mol, respectively
(Tablel). But the observed activation energies (EA) for the film growth from DMAu(hfap) and
DMAu(hfac) shows the opposite tendency, which ar• 6.6 kcal/mol and 9.8 kcallmol in the reaction-
limited region. respectivealy. This phenomenon may moicate that the decomposition rate of the
decomposition intermediates of DMAu(hfap) and DMAu(hfac) on the substrate are increasing in the
order of DMAu(bfac) <• DMAu(hfap). Fig.4 shows the growth rate as a function of reciprocal

rowth tem ture at reactor pressures of 2.0, 30, and 100 torn. The activation energies (Ea) of
Im grows in the reaction-limited region were 10.3, 6.6, 4.7 kcal/mol, respectively. The

activation energy decreases as the reactor pressure increases. A similar phenomenon was reported
in the therm.al CVD of DMAu(hfac) by M.Hosino et al., and the mechanism was proposed that the
gas phase decomposition rate increases as the ractor pressure incresse[4].
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Fig.5 shows the change of the surface morphology of the gold films grown by thermal CVD of
DMAu(hfap) at 250"C and 350"C on Si(100) as a function of time(Ar was used as carrier gas).
Fig.6 shows the weights of the gold films as a function of growth time under the same conditions.
When the growth temperature was at 250"C, the growth rate of the films at the first 5min was very
slow. After this nucleation period, the growth rate increased rapidly, and islands were fused
together. After the gaps between furrows were filled(after 30min) there was almost no weight
change. When the growth temperature was at 350'C, at the first five minutes the growth rate of the
films was slow. After this nucleation period, the growth rates increased rapidly for the next 10min
and then slowed down from 15min to 30min as the gaps between grains were filled. A second
nucleation was started concurrently in this stage and the growth rate then increased again.

Fig.7 shows resistivities of films as a function of substrate temperature. The reactor pressure
was 30torr and the carrier gas were H2(100sccm). The minimum resistivities are obtained in the
temperature range from 190"C to 230'C, and the resistivity ranges from 2.8gtfl-cm to 5.0itfl-cm.
Above 250"C the resistivity rapidly increases. Resistivities above 300"C were very large. This
temperature range is in the diffusion controlled region, and the morphology of the films shows
very low density similar to the sample at 350"C(60min) shown in Fig.5.

Fig.8 shows a depth profile of the gold film measured by Auger electron spectroscopy (AES).
The film was grown at 2torr at 250"C in the reaction limited region. The film thickness was 1200A.
At the film surface some amount of adsorbed carbon was observed, but the incorporation levels of
carbon, oxygen and fluorine were below the detection limit.

Laser MOCVD Results

The growth rate of gold films by laser CVD of DMAu(hfac) and DMAu(hfap) at various
substrate temperatures were compared. Fig.9 shows the growth rate of DMAu(hfac) as a function
of reciprocal growth temperature at a reactor pressure of 30 torr with or without XeCI(308nm)
irradiation, and Fig.10 shows the growth rate of DMAu(bfap) as a function of reciprocal growth
temperature under the same conditions. The power and frequency of XeCI(308nm) were 150mJ/p-
cm2 and 20Hz, respectively. In the low temperature regime below 150"C, both of the film growth
rates by laser CVD of DMAu(hfac) and DMAu(hfap) increase as the substrate temperature
decreases. This phenomenon indicates that the photolysis of adsorbed species on the substrates
plays an important role at low temperature. In the high temperature regime above 150'C, the film
growth rates by laser CVD of both DMAu(hfac) and DMAu(hfap) were improved, but comparing
the rate of improvements between DMAu(hfac) and DMAu(hfap), the growth rates of gold films by
laser CVD of DMAu(hfap) are ten times bigger than those of thermal CVD, but the growth rate of
gold films by laser CVD of DMAu(hfac) are only two or three times bigger than those of thermal
CVD. This phenomenon indicates that the growth rate of thermal CVD of DMAu(hfap) is slower
than that of DMAu(hfac), but laser irradiation accelerates the film growth from DMAu(hfap) more
effectively than that from DMAu(bfac).

Table 2 shows the atomic purity of the deposited gold films from different dimethyl gold
complexes as determined by SIMS, GD-MS and LSIMS. SIMS and GD-MS analysis indicates,
that all the impurity elements, (Na, K, Ca, Fe, Ag, Cu) in the gold films were less than 0.1ppm.
To compare the Cu concentration in Au films from different dimethyl gold complexes, laser ionized
SIMS(LSIMS) analysis was carried out. The Cu concentration in Au films grown from
DMAu(hfap) was found to be the smallest.

Table 2 Purities of the LCVD gold films by SIMS, GD-MSand LSIMS (ppm)
SIMS GD-MS LSIMSCCUOIVm Wds Na K Ca Fe A7- Cu Cu

DMAu(acac) <0.1 <0.1 <0.1 <0.1 <0.1 <0.I 0.1
DMAu(ap) <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.23

DMAu(hfop) <0.1 <0.1 <0.1 <0.1 <03I <0.1 0.02
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DISCUSSION

Comparing the thermal CVD films from DMAu(hfap) and DMAu(hfac), faceted dendrites were
formed from DMG(hfac) at a total pressure of 30torr, (growth temp.225"C) as is mentioned in the
literature[3,41, but at the same film growth condition only round crystal formation was observed
from DMG(hfap). This results indicates that the surface migration length of surface adsorbed Au
molecules from DMAu(hfap) is shorter than that from DMAu(hfac). This is explained by the fact
that the activation energy of film growth from DMAu(hfap)(6.6Kcal/mol) is smaller than that from
DMAu(hfac)(9.8Kcal/mol) and this is reflecting that the lifetime of adsorbed Au molecules from
DMAu(hfap) that can migrate on the surface is shorter than that from DMAu(hfac).

The changes of the surface morphology (Fig.5) and the weight (Fig.6) of the gold films grown
by thermal CVD of DMAu(hfap) at 250"C and 350'C on Si(100) as a function of time indicates that
the film growth proceeds stepwise. When the growth temperature was at 250"C, in the reaction-
limited regime, only the surface reactions were occurring: surface nucleation at first and then
islands were fused together. After the gaps between furrows were filled there was almost no film
growth. When the growth temperature was at 350"C, in the diffusion-limited regime, gas phase
nucleation was occurring and on the high density layer formed at the first period, a low density
powdery layer was piled.

In laser CVD of DMAu(hfac) and DMAu(hfap) in the high temperature regime above 150'C,
the film growth rates were improved for the compounds, and the films growth rates showed a
temperature dependency. This fact explains why XeCl irradiation promotes the formation of film-
forming intermediate species effectively.

CONCLUSION

DMAu(hfap) is liquid at r.t. and has high vapor pressure (0.5 Tort at r.t.) and high thermal
stability (dec.t. 171"C, AE=25.4Kcal/mol). CVD gold films deposited thermally from DMAu(hfap)
at 225"C-250"C were quite pure. Auger analysis indicates that incorporated carbon, nitrogen and
fluorine in the films are less than 1.0 at% and the deposited films have a low resistivity ranging
from 2.8 ifL-cm to 5.0 gf-cm.

The Growth rate of thermal CVD of DMAu(hfap) is slower than that of DMAu(hfac) because of
its thermal stability, but laser irradiation accelerates the film growth from DMAu(hfap) more
effectively than that from DMAu(hfac). The atomic purities of LCVD gold film from DMAu(hfap)
is 6N.
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DEPOSITION OF TUNGSTEN FILMS BY PUISED EXCIMER LASER
ABLATION TECHNIQUE

A.M. DHOTE AND S.B. OGALE
Center for Advanced studies in Materials Science and Solid State Physics,
Department of Physics, University of Poona, Pune - 411 007, India

ABSTRACT

Low temperature deposition of W on Semiconductor substrates is vital for microelectronics
technology. Laser ablation technique using KrF (248 nm) excimer laser has been employed to
deposit W films from W(CO). The substrates used are Si(100) and SiO2. The influence of
substrate tempaturm on the film growth rate was investigated in a broad trxperature range

(20 - 500 ), keeping the laser fluence fixed at 0.4 Jcfm-2 The substrate temperature is found
to have a strong influence on the resistivity of the deposited films. Film resistivities within a
factor of 3 of the value for pure bulk W have been observed in the substrate temperature range
of 300 - 500 *C. X-ray diffraction data were also obtained. These revealed that the crystal
structure of the film deposited in this temperature range corresponds specifically to the
ac-phase. Optical emissions from the plasma generated during the pulsed excimer laser ablation
of W(CO), are aiso examined by an optical Multichannel Analyser (OMA).

INTRODUCTION

The refractory metal film deposition is of interest for the fabrication of low resistance
contacts and interconnects for semiconductor devices. In order to develop faster and smaller
:'i large scale integration devices, tungsten is an attractive alternative to poly - Si or Al for gate
and interconnection materials. In addition, tungsten can be used as a diffusion barrier.

Various tungsten deposition t iuec = as PVD (sputtering, electron beam evaporation
etc.) and CVD (TCVD [1-4], PECVD [5] as well as LCVD [6-1I]) have been proposed and
investigated. Conventional (TCVD) deposition of W on SiO requires temperature in excess of
700"C and at lower temperature deposition is difficult witi poor adhesion of the deposited
films. We have used pulsed KrF excimer laser ablation (PLD) technique to deposit adherent
low resistivity W films on SiO2 at low temperature (<50(PC). Also, the use of PUD

technique has made higher deposition rates (300x10' nm/min.) possible at low temperatures
Sas compared to thermal and LCVD techniques. VLSI microelectronics, X-ray absorbing

tungsten lithographic mask upon polymer membranes etc. demand for low temperature
deposition process.

EXP1UM AL

The experimental appatus consisted of a stainless steel chamber, evacuation system,
and KrF ecame laser (LPX 200, 248 rm, 20 as). The roming tulnehexacaibonyl taruet
in the form cylindrical pell and substrate were kept 5 cmpart ft each other. The
impact of the laser pulse produces a dense pulsed vapor cloud concentrated around the normal
to the trget surface. The vapor is condensed on the target to form a thin film. Depositions are
carried out at laser fluence of 0.4 Jcm2 in the substrae temperatum range of 20-400'C fbr Si
and 200-S00C for SiOSi. Electrical resistivity memurementa were carried out using a four
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point probe method. Low angle X-ray diffraction observation of the film was performed using
a CuKY ray to determine phase content. In addition, the study of optical emission spectra of
the laser plasma produced during the deposition process was carried out using Optical
Multichannel Analyser (OMA) to diagnose plasma state which is important for the deposition
process.

RESULTS AND DISCUSSION

The deposition rate as a function of temperature was investigated from 201C to 400*C for
Si and from 2000C to 500*C for SiO.. The activation energy of the W film formation for the
thermal reaction is 16 Kcal/mole [12,13]. The activation energy reported for LCVD by
Deutsch and Rathman [5] and Shintani (14] are 9.7 Kcallmole and 8.2 Kcal/mole,
respectively. Arrhenius plot of W deposition rates on Si using KrF excimer laser ablation
technique is shown in Fig. 1. The activation energy of W film formation by PLD technique
is calculated to be - 1.3 Kcal/mole for Si wtich is much less than that in LCVD, thereby
increasing the deposition rate on Si and allowing significant deposition on SiO2 at temperatures

in the 200-50W0 range.

T (cl
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Fig. 2: Temperature dependence of reistivit fo pulsed laser
deposited W flso ilOO) and SiO2/Si(fOO) at as
fluence of 0.4 Jcnr 2.

as low as 3 times the value of that of bulk (5.3 pohm.cm) was observed above 3009C and
4009C for Si and SiO1 respectively and the corresponding film exibited a good adhesion. The
resistivity values hav a Orong correlation with the phase content of the samples.

Pig. 3 shows the result of X-ray diffraction measurements on W film deposited by PLD
technque on Si substrate at dues diffemat substrate tmears.At lower tempratrn
below 3W0', the incorporation of the high resistivi-W - s found partly inthWflm
The amount of incorporsatin of P-VJ phase on th ~subtaetmeaue bv

thP ,de deposited W film is uniiquely of these phase. Ths chanl in phase contribution is
responsible for the steep decrease in resistivity with deposition temperature as shown in Fig.2.
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Fig. 4 : Optical emission spectrum from plume generated by KrF excimer
laser ablation of W(CO), target (laser fluence = 0.4 Jcm").

Fig. 4 shows the optical emission spectrum produced during KrF excimer laser ablation

of tumgstenhexacarbonyl at laser fluence of 0.4 Jcm' in vacuum. A thorough examination of
all possible emission lines across the wavelength range allowed by the optical multichannel
analyser showed strong emission lines mostly attributable to W and 0 lines in minority. An
analysis of optical emission produced by laser ablation of W(CO). targets showed that 248 nm

radiation produced mostly neutral atomic species. In the laser ablation process, these already
dissociated neutral W atomic species demand no thermodynamic energy contribution from the
substrate surface to dissociate W(CO), into elemental W as in the conventional TCVD case,

resulting into a decrease in the activation energy of thin film formation thus leading to an
enhancement in the growth rate.

CONCLUSION

Pulsed excimer laser ablation technique can be used to form adherent low resistivity W
films on both Si and SiO2 substrate. Much lower activation energy of - 1.3 Kcal/mole for Si

calculated for W film formation by PLD technique =akes high deposition rates possible on Si

and allows depoiio on SiO, at low temperature range of 200-50DC. The unique -W phase

contribution is found above 3009C for Si giving film resistivities within 3 times that of the
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bulk value. In the laser ablation process, already dissociated neutral W atomic species demand
no thermodynamic energy contribution from the substrate surface to dissociate W(CO), into
elemental W, and cause an enhancement in the growth rate.

Thbe authors Wish to acknowledge the support of National Laser Program (NL) and
Department of Electronics (DOE), hidia.
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GASDYNAMICS AND CHEMISTRY IN THE PULSED
LASER DEPOSITION OF OXIDE DIELECTRIC THIN FILMS

JOHN W. HASTIE, DAVID W. BONNELL, ALBERT J. PAUL, AND PETER K. SCHENCK

National Institute of Standards and Technology, Gaithersburg, MD 20899

ABSTRACT

In the context of "chemistry and its effects on film quality," we and a number of other
research groups have developed spectroscopic and modeling approaches to better define the
pulsed laser deposition process. An overview of these approaches is given here, using the
results of recent work performed in our laboratory on the oxide dielectric systems of BaTiO3
and PbZr0.53Ti0.4703(P•).

INTRODUCTION

Efforts to optimize control of thin film deposition processes require fundamental
understanding of chemistry and gasdynamics. A recent study by the National Research
Council [1], for example, deals with the incomplete state of knowledge and future work needed
to design expert process control systems. The pulsed laser deposition (PLD) technique appears
to be especially amenable to the development of in situ process control, particularly for
chemically complex systems such as metal oxides [2]. With PLD, there are essentially three
regions where chemistry can influence the properties of a deposited film: at the target surface,
in the plume/plasma region between the target and substrate, and at the substrate surface.

At the target, surface microstructure and the distribution of chemically distinct components
can strongly influence plume properties (particularly species angular distributions and energies),
with consequent effects on the resulting film quality, as demonstrated by us and others elsewhere
[3, 4]. The target surface morphology can also change dramatically as successive laser shots
erode material, and special target movement schemes, target repolishing, or other specialized
procedures are often employed to minimize such changes during deposition.

In the gas phase, the plume/plasma can undergo complex chemical and gasdynamic processes
(near both target and substrate surfaces) that vary in space and time and determine the final
species identities, kinetic energies, concentrations, mobilities, and sticking coefficients at the

* substrate surface. Interaction of translationally hot plume species or electrons with inert or active
background gases provides an additional opportunity for charge transfer processes, excitation,
and even neutral molecule formation to occur.

* At the substrate surface, the energetics and order of events as each gas pulse arrives at the
surface can be crucial to the growth rate and film morphology. Both the previous morphology
of the substrate surface and the interaction of successive gas pulses with the growing film govern
the growth behavior. Gas rebounding from the substrate surface can interact with the incoming
plume gas, and any ambient background gas, to alter species energetics and excite or ionize
some fraction of the near-substrate gas. Chemical events at the deposit surface (and also the
target) are not readily amenable to in situ, real-time characterization. Hence, the experimental
focus has generally been on the gas phase with extension to the deposit surface being made
through a ift surfae chanrteization and gasdynamic models.

In the present work, we have emphasized the development and application of optical emission
and mohecular beam mass spectrometric In si/u techniques, coupled with models describing the
plume dynamics. Case studies include the technologically important dielectric thin film systems
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of Ba-iO3 and MrT, deposited
using relatively high lawserdeeco
fluences, in the range of 2-10

JI/CM 2 and 20 ns pulse times, stagatio +iP freg-fthl
EaIMBE~rALzone

In situ Probes for PID

of various in situ, real-timea eo jK

begaior, ofolwn chrcerisytic~ Pigure 1. Schematic of laser plume and various in situ
DreyfuJs (] leicue rbs sadpsto monitor and S the substrate.
stagnation zone or Knudsen la~yer
(typically located within 10' cm of the target), a region of adiabatic gasdynamic-doniinated
expansion, and a collisionless free-flight region. The coupling of a multi-chamber, differentially
pumped molecular beam mass spectromete (MS) with the lase-target interaction process has
been described in detail elswhere [6]. Two types of optical emission detection systems,
indicated in Fig, I as OMA (optical multichannel analyzer), have been employed, a linear
pbotodiod array (PDA)-ased OMA, and a CCD (charge coupled detector array) imaging/
OMA. Both systems are described below.

~TABLE 1. Optical Emission Probes

PoeDynamic spatial
Q.k -185 - 1100nm) Range Scale

Conventional spectroscopy < 8 bita(single X) Point source

PDA OMA: 256:1 Spectral dispersion,
0 intenisified linear photodiode array (8 bits) 512 X elements
* point to line UV/Vis. fiberuptic
0 XYZ image point mount

CCD imaging/OMA: 256,144:1 2D nM LMQZ 9&
0 chargecouipled detector with (1libits) 512 x512 pxls

image intnsfier white light (- 35090 mm)

0 time resolution 5 in or narrow pass filters

0 Stationary (imaging) mount n:A oe

Uneimain, o UVVb 5 2 pk t 512 eernns



The technology available for
probing spectrally emissive f"L E poi@cp
systems has improved dramatically a %.W f" ffteap :
in recent years with the advent Lemt .,d Mbormahop.

first of linear photodiode army Figure 2. Schematic of the CCD imaging/OMA optical
OMA's and, then, CCD-based arrangement.
OMA's and cameras. We have
used both types, utilizing a fast gated image intensifier to provide time resolution below 10 ns,
and within one gate time of the end of the laser pulse. A fused silica lens is used to image (h 1)
the plume onto a 2 mm diameter UV fiber cM now bo.i" (ft"WW)
optic cable connected to the spectrograph -
of either detector. The lens and fiber
optic are mounted to permit computer- ,_..•.
controlled rastering over the plume _ _ _ _ _

profile. The CCD also allows direct -4b ,,
narrow- or broad-band imaging, typically .OW S spa
using a high resolution 55 mm or 105 mm
focal length macro-optimized lens.

A comparison of the typical dynamic
range and spatial scale capabilities of Id Ot I- iW W M
these OMA systems with those of t DqomM..

conventional spectroscopy is given in i o
Table 1. Details of the application of the Figure 3. Time scales for in situ monitoring of
PDA OMA system have been described PLD.
by us elsewhere 71]. Fig. 2 shows,
schematically, the essential features of the newer CCD imaging/OMA system.

The CCD system has a time-scale capability, noted in Fig. 3, that conveniently includes and
bridges those of the earlier available plume probing techniques of PDA OMA detection and
molecular beam mass spectrometry. The time frames associated with various stages of the PLD
proes, an those covered by various ji
molecular and gadynamic models are also
indicated, for comparison, in Fig. 3.

There is considerable interest (eg., see
[8]) in the possible application of OMA I
devices to the in situ monitoring, and'
intelligent feedback control, of industrial
processes. It is thus pertinent to note that a
practical correlation can be fbund between I _

OMA emission intensities and actual *. I- . e , .
deposition rates, u shown in Fig. 4. Indeed, WA• NP"W"MT O

this type of excitation and detection approach F 4. Integrated spectral emission
now forms the basis of a new analytical intensities Ir. measured deposition rates for
technique - -laser induced plasma Fe30 4 (a, 300-600 am, 20 mm above target)

tros copym (q9. Application of these and Ag (6, 1200-500 nm, 10 mm above
emission probes to several dielectric thin film target).
deposition systems is damonstraed below.
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200n s 600 ns

__o._o. 800 ns 1000 ns

7_ Jf 1200 ns 1400 ns

Figur 5. Emission spectra maps for a
BaTiO3 plume, taken at three different times 1600 ns 1800 ns
(200, 500, & 1000 ns) following the laser
pulse. The plume axis is vertical; laser
focus is located at bottom center of maps.

hAI& Pm e missin

Results of earlier work [101 on BaTiO 3
plume emission spectra, obtained using the ligup 6. CCD images of BaTiO3 plumes,
PDA OMA system, are reproduced hem in taken at indicated times after laser pulse, with
Fig. 5. Major emission lines for each of the a 50 ns gate. Target and substrate are se-
elements, Ba, Ti and 0 are conveniently visible parated by 2.5 cm. 02 background pressure
in the spectral region 500-800 nm. The overall < 0. 1 Pa. Each image is self-scaled.
Pattern produced by the individual spectral
scans, Obtained at different spatial and temporal plume locations, reflects the actual plume
geometry. Inspection of the magnified spectral scans at the right hand side of Fig. 5 reveals
the tendency for lighter M'I, 0) and heavier (Ba) species to segregate in space. This observation
will be Mcailed again below in connection with the predictions of plume gaidynamic models.

Ia It should be noted that at least part of the downstream 0-atom emission in Fig. 5 originates from
energetic electrons colliding with the added 02 background gas.
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igure 8. Dependence of 0 atom emission intensity
on laser energy and added (background) 02 pressure,
sampled at a centerline position 1.8 cm from the
target.

Detailed PDA OMA monitoring of the formation and
decay of PLD plumes, such as that represented in Fig. 5,

Figmu 7. CCD imaging/OMA requires separate experiments for each spectrum. The
frames of BaTiO 3 emission, taken 2D array capability of the CCD imaging/OMA system
with narrow pass filters for Ti (top, allows these plume observations to be performed with far
410 nm) and Ba (bottom, 620 nm) at fewer experiments and with greater dynamic range, as
1200 ns delay (100 ns exposure) shown in Fig. 6. Plume transport from the target (right
after the laser pulse; background side) to the substrate (left side) is readily visualized in
pressure < 0.1 Pa. this sequence of frames. Of particular note is the

reappearance of emission when the plume interacts with
the substrate surface (see also [11]). The identity of the responsible emitting species in this
region has not yet been determined. Another example of the utility of the CCD imaging/OMA
system is given in Fig. 7. Here, imaging with narrow band pass filters allows us to further
de s the tendency for spatial segregation of species to occur in the plume. In this case,
the filters isolate prominent Ba emissions (620 ± 5 nm), and Ti, T1i+ emissions (410 ± 5 nm).
Mw downstream halo, evident in the top frame of Fig. 7, shows clearly that the Ti emission is

distributed well ahead of the Ba emission, displayed in the bottom frame.
Research is in progress to determine the key process intermediates and optimum parameters

for deposition of high dielectric constant BaTiO3 thin films. Previous work on YBaCuO
complex oxide systems has indicated the need for additional 02 (added as background gas) to
maintain stoichiometric deposition [121. Evidence has also been presented correlating the
presence of CuO (rather than Cu) in the plume with formation of a high T, film [13, 14],
suggesting the possible general importance of transported molecular species in complex-
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stoichiometry films. For BaTi0 3,
relationships between film morphology,
crystal structure, dielectric behavior, substrate
temperature and support material, and process
variables such as 02 pressure, laser fluence,
and wavelength have been investigated and
will be reported on elsewhere 1151. Here, we
present results relating key plume species and
deposition rates with process parameters. In
Fig. 8 the dependence of the 0 atom 778 nm
emission feature on both laser energy and
added 02 pressr is indicated. For oxides,
02 has a relatively low sticking probability
and in order to maintain oxygen stoichiometry
it is considered desirable to enhance the fiux 9
of 0 atoms to the substrate. This condition is
favored by high las energy and high %2
pressure conditions, as shown in Fig. 8.
However, these conditions do not favor high Figure 9. Process diagram of EaTiO3
deposition rates, as Fig. 9 shows, and some deposition rate (R, As) as a function of added
compromise must be made in the selection of 02 background pressure (P, Pa) and laser
process parameters. ery (, W).

PZT Plume Sgecies Identities and Velocities

Control of PZr thin film stoichiometry is more difficult than for BaTiO3 owing to the
relatively high volatility, and likely low accommodation coefficient, of Pb atoms. Earlier work
by us, and others, suggests that PbO rather than Pb is a more effective species for film retention
of Pb (4]. We have not been able to identify PbO emission spectroscopically but this does not
preclude the presence of PbO in a non- or weakly-emitting state. Molecular beam mass
spectrometry is not dependent on the presence of excited molecular species and this technique
has been used to monitor PbO and all other species present in PZT plumes. The MS technique
also provides time-of-arrival (TOA) information which can be transformed into species-specific
velocity distributions [7, 10]. Fig. 10 shows such distributions for some of the major species
observed. Note that Pb0 was not observed with the shorter wavelength laser source. This
behavior parallels that found by others for CuO in YBaCuO plumes [13]. The 248 nm case also
favors much fter velocity distributions, typical of a non-thermal ablation process. These
distributions have been fit to flil-range Maxwell velocity distribution curves from which bem
velocity and temperature information may be derived, as shown by the example in Fig. 11, and
discussed in the next section.

PdLUMEMODELS

*The moleculr beum of plume Vede extracted by differential pumping for mass
* Specome" (M$) anlysis repremsts an end result of the ovemrl plume formation and decay
*,• proces In the coillsonamly-dominud plume, species kinetic energies may be modified by at
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least three dynamic
processes prior to the 1.0 1.0
attainment of a free-flight Pb PbO
condition and mass ' P
spectrometric detection: (1) 0.5 0.5
desorption, vaporization, 2
and/or ablation, (2) plume

f ormna t ion, a nd *~0. -0.4o(3) adiabatic expansion. In

order to relate molecular 1.0 1.0
beam mass spectrometric Z1 Zr (ulO) ZrO2
results to the earlier stages .05iO

of desorption Opsrticularly 0.

in the present high-yield .50-
case), dynamic models of 0. t _
batic expansion need to be 0 1.

invoked. These models 1. TiO i'A'1. TiO2 (x20)
fall into roughly three T i
classes: gasdynamic, nu- f 0.5 0.5
merically integrated flow /j 0
simulations, and detailed
molecular-dynamic 0. 0.0 o
simulations. 0

Kelly and Dreyfus have Velocity (10" cm/sec)
developed gasdynamic
models for both low- and Figure 10. Beam velocity distributions (I'(v) as defined in [101)
high-yield surface of plume species for the PZT system. Solid curves result from
desorption cases [5, 16, 1064 nm Nd/YAG laser excitation; dashed curves are for the
17]. The chronology of 248 nm excimer case.
events in their models
begins with 1) interaction of the laser with the target surface, leading to species ejection and
hydrodynamic-controlled flow, 2) formation of a 'Knudsen layer" (KL) stagnation zone in the
close vicinity of the surface, and 3) transition from stagnation to a region of 'unsteady" or non-
steady-state adiabatic expansion, followed by 4) an abrupt transition to free molecular flow, the
so-called "frozen" expansion assumption. These events are depicted in Fig. 1.

By placing a differential orifice downstream from the sudden freeze point, a representative
molecular beam can be extracted for mass analysis [6]. However, the presence of the KL
effectively masks the relationship between this beam and target surface processes. Thus, the
effect of uaidynamic processes in each region on the gas velocity profile must be accounted for
in order to relate the MS observations to the events at the target surface, or at a substrate located
within the plume region.

For a collision-dominaud flow expending into a molecular *beam* in the direction of the MS
(Z axis), the cor.ected (for number density detector case) beam velocity distribution function,
Pb(vz), should take the form of a full-range Maxwellla with a center-of-mass flow:

eb(VZ) - vZ exp(-(m/2k'TXz - U, .)2)
The species velocities perpendicular to the surface have an impos center-of-mass flow away
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from the target due to
collisions above the target that T.249K
result in scattering of species " T1-2, £,Uo =I•12 • *Data
above the surface; vZ are the 0.4 U, - 21D

velocity magnitudes observed Ts= 131K1 Fit
at the MS detector; u, is the • 0.3

overall group or center-of-
mass flow velocity of the gas 02
in the free-flight region, T, the
local (terminal) gas 0.
temperature, m the species
mass, and k the Boltzmann 0.0
constant. The MS data, (t) 0 L 2 3 4 S
vs. t, are convened to beam Velocity (I0o 4a/eC)

velocity distributions, I'(v)
Pb(vz) vs. vZ [see refs. 7, 101. Figure 11. Maxwell distribution, Pb(vz), fit to experimental,
Leuchtner, et. al. [4J present I'(v), for PbO from PZT (conditions as for Fig. 10). Derived
an alternative, equivalent values defined in text; Twp an "apparent" surface temperature
treatment, using l(t) directly, defined in [16].
recognizing that the

transformation from 1(t) for a
number density detector, giving I(v), yields a result proportional to a cavity model velocity
distribution. Ref. [7] discusses the two distributions in more detail. Values of T€ and u, are
obtained by non-linear least-squares fitting of Eqn. (1) to the MS-determined velocity
distributions.

The free-expansion process begins at the downstream KL boundary where the flow velocity
and speed of sound are equal; i.e., MK=l.0. The Mach number for flow in a gas is defined
as, M = u/a, the ratio of the gas flow velocity, u, to the local velocity of sound, a=(-YlkT/m)"/2,
where y=0j+5)/(j+3) is the heat capacity ratio, and j is an average number of internal degrees
of freedom of the gas. Values of y typically range from 1.667 (j -0), for an ideal ground state
monatomic gas, to as low as about 1.2 (j > 6) for highly excited plasmas containing polyatomic
species. The adiabatic expansion accelerates the gas to Mach numbers higher than unity, with
a terminal Mach number, M., being achieved at the abrupt cessation of collisions as the gas
enters free molecular flow at the end of the collisionally dominated adiabatic expansion. Also,
values of

M = _ u./( 7 kTl/m)'12 (2)

can be determined from the experimentally derived p€ and Tc data. The Mach number values
can then be used to calculate the effective gas temperature at the beginning of the free
expansion, the outer edge of the KL.

Formation of the KL will occur during or at the end of the laser pulse, depending upon the
density of material ejected from the surface. If the KL forms at some time t < r, where r is the
laser pulse width, a transition to adiabatic expansion will occur before the end of the laser pulse,
leading to gas Acceleration and M values greater than one. If the KL forms at the end of the
laser pulse (t - r), the plume undergoes an abrupt transition into free-flight without undergoing
an adiabatic expansion and M is unity. In low yield cases, typical of many etching processes,
a KL may not form, and collisional interaction will yield M values less than unity.

Kelly (16, 171 grafted a solution to unsteady adiabatic expansion, obtained for a one-

312



dimensional gun, to the outer, expansion boundary of the KL, thereby obtaining the following
expression relating T, to the temperature, TK, at the Knudsen layer:

TýJT = [(7+ 1)/(2+(7-I)Md]2  (3)

Kelly and Dreyfus [5, 17] also derived the following expression relating TK to the effective
surface temperature, Ts:

(TKIrs) 11 = - ("12)'r212(j+l) + [1 + (w7/2)/4(j0+ )21 . (4)

It follows from Eqns. (2) - (4) that Ts can be derived from the experimentally derived values
of 1A, and T,. Kelley [16] also gives the following expression, valid for thermal release
conditions, relating Ts to average velocity (v2) and geometric factors (0 is the angle between the
direction normal to the surface and the observed beam direction; in this application, 0 = 0:

Ts f (m;2/2k)/(,IT/rs) , where (5)

=f 2kTLfrm , and (6)

,1 (YM2cos29/8) [1 + (1 + 16/'YM, co5s20 )]2 . (7)

Equations (3) - (5) may also be combined to give an independent value for Ts. The internal
consistency between these two approaches has been tested, using our MS data for PZT ablation,
and the Ts values differed by as much as a factor of two, even though we see reasonable
evidence of local thermal equilibrium among species from TOA vs mi1/2 plots for the 13
observed species over PZT.

Varying the laser wavelength also had a very strong effect on values of Ts obtained by this
analysis approach. Calculated Ts values were either very high (10,000-20,000 K for 248 nm
excimer irradiation), or very low (< 100 K for 1064 nm Nd/YAG ablation).

Kelley and Dreyfus [5] reported reasonable agreement between this model approach and their
observations for cases where the yield was low enough that relatively small Mach numbers were
obtained. One explanation for our observed discrepancies, is that the Kelley and Dreyfus
formalism was primarily derived for processes where M is close to unity, whereas for our PZT
case Mach numbers of the order of 3-5 were observed. These high Mach numbers are supported
by observation of strong forward peaking, generally much higher than cos49. Experimentally,
high Ts values may be attributed to non-thermal interaction of the high energy excimer photons
with the plume, or with direct laser/plume interactions altering the dynamics. The Nd/YAG data
suggest extreme adiabatic cooling, consistent with the derived high Mach numbers.

Although the gaidynamic model has a desirable simplicity, it is very sensitive to parameters
difficult to determine directly, such as true values for y. The degree of ionization within the
KL may strongly influence the effective value of j and hence y. For a monatomic gas,
Tr/Ts - 0.669, which may not be a very realistic assumption, even for atomistically simple
targets. Them are also several simplifying assumptions used, valid near Mm 1, but possibly poor
at higher yields. One such assumption is that the KL boundary is stationary. Another
assmnption is that 7 is constant throughout the collision-dominated regions. We have presented
downstream evidence for species segregation and, at high yield, the KL itself may persist long
enough to invalidate model assumptions. It is also likely, that for certain conditions, the laser
sputtering process may evolve directly to an unsteady adiabatic expansion without the presence
ofa Knudsen layer, as discussed more recently by Kelly and Braren [18]. Formation of clusters
and recondensation at the target are also factors that complicate development of more reliable
gasdynamic models [19]. The computation of M is also highly dependent on the nature of the
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expansion. To resolve these questions, more detailed modeling of the expansion process is
needed. Stepwise numerical integration of a suitable flow model is one method that has the
potential for providing that detail.

Plume SMtia Evolution Model

Singh et. at. have developed a flow model to simulate the formation of a high-temperature
high pressure gaseous plume in the vicinity of the target surface [20, 21]. A finite difference
method is used to simulate gasdynamic isothermal plume expansion that occurs during the laser
pulse width r and, at the end of the laser pulse, abruptly evolves into an adiabatic expansion.
The equations of motion and the continuity equation are used to transform the expressions for
the time-dqpendent density, pressure, and velocity into force equations that govern the dynamics
of the plume's outer edges (X(t,Y(t),Z(t)) during isothermal expansion:

- -I ) ~J dX I 2]d ~

M Z(t)I d d d - tLlTdt dt2

where T. is the isothermal plume temperature. Inclusion of the equation of energy and the
adiabatic equation of state leads to gasdynamic equations for the adiabatic expansion of the laser
plume:

x d l [ 2yZLd2 [d2Zl
X(t) ,t>Y(t)t

r~0i[ ;~ 0  1 y-1(9)

= -i NYJ L t(-m)Q) t > r

Values X,, Y,, and Z, are components of the plasma edge at the boundary of the adiabatic
expansion. One appealing feature of this model is that it predicts that the plume's extents are
largest in the dirmciom where the spot size is leant-in keeping with the observation that the
nA107 am of the elliptical depMit pattern, arising from an elliptical laser footprint, is orthogonal
to the footprint nmaor axis. Strong forwan peaking in the Z direction is a natural consequence
of the narrowness of the isothermal vapor zone, analogous to the KL discussed earlier.

Solutions to these equations may be determined by computer simulation using the Runge
Kutta itrative integration for second ordar difrenstial equations. For the isothermal region
(Eqn. 8), the initial boundary conditions are given, under our conditions, by the spot size of the
excim ler which was 0.04 cm and 0.01 cm for X(O) and Y(O), respectively. The initial
d&muMsla in the Z dirction was determined frm the initial velocity of ps determined by the
surface tmperature, i.e.,

<v> )M dX(O)/dt - dY(O)Idt - dZ(y)/dt

- (3k'sm)"a, and Z(O) v > t, (10)
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where t is the incremental step size of 10"14 s. The step size was changed to 10-10 s after 1 ns
had elapsed. Based on values obtained experimentally in our earlier work, we assumed typical
values for the plasma temperature of 20,000 K, the surface temperature of 4700 K, and .y of
1.67 (monatomic gas). An accurate knowledge of these temperatures is not critical to the
present discussion. Results indicate that the displacement of the plume edge becomes linear and
the acceleration goes to zero well before typical deposition distances are reached (-3 cm).
Attainment of maximum velocities are predicted at post laser pulse times of about 100 ns.
Typical results, given in Figs. 12 and 13, may be compared with the experimental observations
of Figs. 5 and 7, where Figs. 5, 7, and 13 show a similar spatial segregation of light and heavy
species, with the Ti and 0 atom distribution peaks being located well down-stream of the Ba
atoms. These observations are also supported by the MS velocity distributions (for the PZT
system) where the 0 atom distribution peaks far earlier than other neutral species. The predicted
plume front locations in Fig. 12 are also consistent with the observed locations given in Fig. 6,
although we do not necessarily expect an exact coincidence between the location of a plume
emission front and that predicted for non-emitting species. Dye et. al/, however, cite evidence
that a reasonable coincidence between these two classes of species can occur [11].
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ligare 12. Model prediction of plume front location for TiO2 species (PZT and BaTiO3) at
different delay times following the laser pulse. Distances are in cm and the plume originates
at Y =0, Z =0.
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RPM 13. Model prediction of plume front location at I ps delay time for various species in
the BaTiO system. Distances are in cm and the plume originates at y - O, Z - 0.
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SUMMARY AND CONCLUSIONS

Several representative examples have been considered to demonstrate the application of in
si"., spectroscopic techniques and transport models to the PLD of thin films. For the plumes,
a reasonably definitive picture of the chemical species present and their kinetic enerbies has been
developed. Indirect indications of the effects of plumne chemistry on film quality can be derived
from such studies. For instance, plume species such as 0, PbO, CuO [14], are considered
beneficial to the formation of stoichiometric film compositions. In other cases, where the oxide
species is more volatile (and less condensable) than the metal, such as for YO vs. Y, the metal
atom is believed to be more effective in deposition [22]. In situ surface measurement techniques
and gas-solid kinetic models need to be developed to relate plume chemistry more directly to
substrate film properties; e.g. see [23, 24].
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V

ADSORPTION AND REACTION OF TiCI4 ON W(100)

WEI CHEN AND JEFFREY T. ROBERTS*
University of Minnesota, Department of Chemistry
Minneapolis, MN 55455

ABSTRACT

The adsorption and reaction of titanium tetrachloride (TiCI4) on W(100) was
investigated using temperature programmed desorption mass spectrometry (TPRS), x-ray

photoelectron spectroscopy (XPS), Auger electron spectroscopy (AES), and low energy

eclctron diffraction (LEED). TiCI4 adsorbs molecularly on W(100) at 100 K. Desorption
from the molecularly bound state occurs near 220 K. Competing with desorption is

dissociation to adsorbed TiCI3, which reacts to form gaseous TiCI4 near 450 K. TiCI3 also
decomposes into atomically adsorbed Ti and Cl on the surface upon heating to 700 K.

INTRODUCTION

The chemical vapor deposition (CVD) of titanium carbide has been the subject of

much recent interest because of the potential applications of TiC thin films in hard
coatings. TiC thin films am typically fabricated using titanium tetrachloride as the titanium

source and propane as the carbon source [1, 2]. Although the steady-state kinetics for

growth of a TiC thin film have been recently determined [2], the initial growth steps, about

which there remain several unresolved issues, have not been well studied. Of particular

interest to us is the fact that TiC growth is readily initiated on tungsten, but not at all on

platinum [3]. Studies of adsorption and reaction of TiCl4 on tungsten and platinum
surfaces under a well controlled ultrahigh vacuum environment could provide insight into
the basis for this selectivity. In this contribution, we discuss recent results concerning

adsorption and reaction of titanium tetrachloride (TiCI4) on the W(100) surface.

* Author to whom correspondence should be addres-i4
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EXPER]I]ENTAL

Experiments were conducted in an ultrahigh vacuum chamber (base pressure -10-s Pa)
equipped for x-ray photoelectron spectroscopy (XPS), Auger electron spectroscopy (AES),
temperature programmed desorption mass spectrometry (TPRS), and low energy electron

diffraction (LEED). TiCl4 (Aldrich, 99.9%), which is air sensitive, was transferred into a
sealed bottle under an argon atmosphere. TiCl4 was degassed via several freeze-pump-thaw

cycles before use every day. The W(l00) single crystal was purchased from Metal Crystals
Limited (Cambridge, England) and cleaned according to established methods (4]. Briefly, this

involved heating by electron bombardment under oxygen (P M10-6 Pa) at 1400 K for 5
minutes. The surface was then flashed to 2300 K for 30 seconds thus removing oxygen as a
volatile tungsten oxide. Cleaning cycles were repeated until no trace of contamination could

be detected using AES.

RESULTS

1) T gmature Programmed Reaction Mass Spectrometry (TPRS)

In these experiments, TiCi4 was adsorbed on W(100) at 100 K, and the gas phase

products detected mass spectrometrically as the surface was heated to 700 K. TiCk4 was the
sole desorption product detected. A representative temperature programmed desorption

spectrum is shown in Fig. I. Masses monitored were Ti- (m/e 48), TiCI3+ (mle 153) and

TiCi4+ (m•e 188), the three principle cracking fragments of TiCI4 . Three desorption features
are observed with peak maxima at 175, 220, and 450 K. The low temperature state does not
saturaft with increasing TiCI4 exposure and is assigned to sublimation of the multilayer. The

states at 220 K and 450 K are attributed to desorption of molecularly adsorbed TiCk4 and to
disproportionation or recombination of TiCI3, rsectively. Justification for these

assignments will be given below.

TiCk4 desorption kinetics were investigated using the method of heating rate variation
[5]. Based upon this analysis, we conclude that the process at 220 K, assigned as molecular

desorption, is well deseribed by a first order rate expression. The activation energy for
deso•ption from this state is 54 kJimok-I and the pre-exponential factor is 3X 1012 s-1. The
reaction order for the high temperature desoption stale(s) could not be determied using the
heating rate variation method. However, the peak maximum temperature decreases with

increasing TiCk4 coverage, suggesting that the rate expression is greater than first order in

coverage of adsorbed TiCI Also, careful analysis of the spectra suggests that TiCi4
evolution new 450 K may result from a msupeposition of two or mor states.
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Figure 1. Temperature programmed desorption of a TiC11 multilayer on W(100). TiCI4 ,

the only gas product, was detected as mWe 153, TiCl3+. The heating rate was 10 Kr'.

2) X-ray Photoelectron Spectroscopy (XPS'

XPS spectra of the Ti(2p) region were recorded after annealing the surface to 180,
330, and 700 K (Fig. 2). The Ti(2p3/2) binding energy of the TiCit multilayer is 459.0 eV

(Fig. 2a). After the surface is annealed to 180 K, the binding energy of Ti(2p3/2) remains
* at 459.0 cV (Fig. 2b), and the state is therefore assigned to titanium in the +4 oxidation

state. Further annealing to 330 K, well pas the molecular deborption feature, results in a
significant shift down in binding energy, to 458.2 eV (Fig. 2c), a value which is consistent
with titanium in the +3 oxidation state. By 700 K, all remaining Ti has a 2p3/2 binding

energy of 455.8 eV (Fig. 2d), consistent with atomically adsorbed titanium [6]. The total
amount of residual Ti and Cl on the surface after thermal deoorption of a TiC!4 multilayer is
0.5 ML.

31S



4d

100 200 300 400 500 600 700
temnpeaturc/ K

459.0 eV-•j

S~~459.0 eV -----

S~~458.2 eV-r

00

S I I I I I '

470 468 466 464 462 460 458 456 454 452 450

binding energy / eV
Figure 2. XPS spectra of Ti(2p) at different annealing temperatures: (a) 100 K, (b) 180 K,
(c) 330 K, and (d) 700 K. The inset shows the temperature programmed reaction ofa TiCI4
multilayer.

31 AES and LEEQ

AES results are consistent with the x-ray photoclectron spectra. Ti and CI features are
evident in spectra recorded after reaction ofTiCI4 . The Ti/CI Auger peak ratio is unchanged
as a function of annealing below 1000 K. The CI signal vanishes at 1500 K, and Ti disappears
at 1900 K Upon adsorption of a monolayer of TiC1t, no new LEED patterns are observed.
Furthennome, the mon (Ix 1) pattern men on the clean W(I00) surface is observed after
heating the TiCI4 pIecovered swface to 700 K.
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DISCUSSION

We propose the following reaction pathway for TiCI4 on W(100):

100 KTIC4() 42•0 yoga() (1)
220 K

220 K
TICI4() -- TICI3(a) + CI.) (2)

450 K
TiCI3(a) + Cka) -- TIC 4(g) (3a)

or

2T1Cb3(a) 5 '0 K C4+Tika)+2CIa) (3b)

TiCI4 adsorbs molecularly on W(100) at 100 K. Upon heating to 200-400 K, some TiCI4

desorbs, and some dissociates to form adsorbed TiCI3 . TiCI3 reacts near 450 K, either via

recombination with Ci(a) (Step 3a) or via a disproportionation process (Step 3b), thereby

generating the second TiCI4 state in the thermal desorption spectra. This pathway, although by

no means proved, is amply supported by the data.

The first step of the reaction sequence involves the desorption of molecularly

adsorbed TiCI4 near 220 K. This is consistent with the fact that the TiCL4 desorption rate is

first order in the TiCI4 coverage and with the observation that below 200 K, titanium is in

the +4 oxidation state. The higher temperature state near 450 K cannot, however, be a
simple molecular desorption process. Between 180 K and 330 K, there is an abrupt shift in

the Ti(2p3/2) binding energies, from 459.0 to 458.2 eV. This direction of the shift is

consistent with a reduction in oxidation state, and the magnitude is consistent with a change

of one in oxidation state. For instance, the 2p3/2 binding energy difference between solid
TiCI4 and TiCI3 is 0.9 eV [7]. Moreover, the T4(11) and Ti(l) oxidation states are

exceedingly rare [8]. We therefore conclude that the TiCL4 derived intermediate between

220 K and 400 K is in the +3 oxidation state; the intermediate is most reasonably assigned

to TiCl3(a).

Adsorbed TiCl3 reacts to form gaseous TiCI4 near 450 K. There are two possible
pathways for TiCI, formation from TiCI3(,): recombination of TiCI1(a) and CI(a) (Step 3a),

and disproportionation of two TiCIs units to TiCL(g), Ti(.) and CI(.) (Step 3b). Although we

cannot distinguish between these two possibilities, we consider the former to be unlikely.

Atomic chlorine forms a very strong bond to tungsten: chlorine can be removed from
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tungsten only as a volatile tungsten chloride by heating above 1500 K. Moreover, the direct
recombination pathway does not rationalize the fact that some total decomposition to Ti(a)
and Cl(.) also occurs. If TiCI4 is formed via recombination, then there must be a fourth step
in above pathway which competes with recombination, i.e.:

TiCI3(a) - Ti(,) + 3Cl() (4)

Given the W-Cl bond strength, we believe that disproportionation is a more likely step.
Consistent with disproportionation is the fact that the amount of adsorbed Ti drops by

approximately a factor of two between 330 K and 700 K (see Fig. 2), as required by the

stoichiometry imposed by Step (3b).
In summary, we have studied the reaction of TiCL on W(100). TiCI4 decomposes on

W(100) via a TiCI3 intermediate. TiCi 3 likely decomposes by way of a self-disproportionation
reaction, which also liberates gaseous TiC14. Decomposition of TiCI4 is extensive, however,
with the amount of residual Ti and Cl f0. I and 0.4 monolayer, respectively.
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ECR PLASMA ENHANCED MOCVD OF TITANIUM NITRIDE

M.E. Grosst, A. Webertt, R. Nikulskitt, C.-P. Klagestt, R.M. Charatant, W.L. Brownt, E.
Donst and DJ. Eagleshamt
tAT&T Bell Laboratories, 600 Mountain Ave., Murray Hill, NJ 07974;
ttFrnnhofer-Institut fur Schicht- und Oberflachentechnik, Hamburg, F.R.G.

ABSTRACT

The ability to deposit high purity TiN by a CVD process that can provide improved
conformality over current sputter deposition processes is critical for multilevel Si ULSI device
applications. Low temperature deposition of high quality TiN films has been achieved by an
ECR plasma enhanced CVD process using the metal-organic precursor,
tetrakis(dimethylamnido) titanium, Ti(N(CH 3 )2 )4 (TDMAT). TDMAT is introduced into the
downstream region of either a N 2 or NH 3 ECR plasma to deposit highly conducting films at
deposition temperatures of as low as 100*C. The electrical resistivity of the TiN films
decreases from 100-150ILQ-cm at a deposition temperature of 100°C to 45jLQ-cm at 6001C.
The choice of plasma gas, N 2 or NH 3 , affects the composition as well as the crystallographic
texture of the films, which exhibit preferred (200) and (111) orientations, respectively.
Pretreatment of the Si substrate with N 2 or NHl3 plasmas also affects the film morphologies, as
demonstrated by switching the plasma gas between pretreatment and deposition.

INTRODUCTION

The interest in the properties of titanium nitride (TiN) films for Si ultra large scale integrated
(ULSI) circuit fabrication is generating much activity aimed at developing improved deposition
processes. TiN is currently deposited by reactive sputtering of Ti with N 2 1.2 This line-of-
sight physical vapor deposition process is approaching its limit in being able to provide
adequate sidewall and bottom coverages in the increasingly high aspect ratio 0.25g.m windows
and vias. Thus, the interest in chemical vapor deposition (CVD) processes is being driven by
the potential for achieving conformal deposition profiles. TiN is a refractory, metallic material
with good compatibility to the metals (Al, W, Cu) and dielectrics (Si0 2 ) found in the typical
integrated circuit (IC) metallization structure. It is used as a diffusion barrier between Si and
Al or Cu, a protective layer against aggressive reagents such as WF6 , an adhesion layer, and as
a current shunt and strengthening layer for Al interconnects.

The first CVD TiN processes were based on the thermal reaction of TiCI 4 with N2 and H 2

or NH 3 .
3 - 6 Depositions can be carried out at lower temperatures using the more reactive NH 3

but it is still necessary to maintain temperatures of at least 650TC to achieve low levels of
residual Cl. CI is a concern in IC metallization because of its potentially corrosive effect on
adjacent Al metallization. The >650*C deposition temperatures are tolerable at the contact
level; however, once Al has been deposited, further processing is restricted to <4500 C. In the
interest of eliminating the CI problem and lowering the deposition temperatures even further,
Gordon, et al. developed a metal organic CVD (MOCVD) process based on
tetrakis(dimethylamido) titanium, TI(N(CH3 ) 2 )4 (TDMAT).7 Despite the presence of four
Ti-N bonds in TDMAT, it is necessary to add NH 3 as both a reducing agent and N source to
achieve carbon-free deposits.

Recently, Weber, et al., and Intemanm, et a., reported lowering deposition temperatures even
further by using plasma enhanced MOCVD (PE-MOCVD) with TDMAT.' 9 In these
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experiments, the TDMAT is introduced in the downstream region of either a microwave
electron cyclotron resonance (ECR) or rf plasma reactor. High purity, crystalline TiN could be
deposited at temperatures of as low as 100°C.10 Resistivities of 45 to 150%L-cm for
depositions at 600 to 100 0C, respectively, rival those achieved with reactive sputtering. 10,11 In
a previous publication on the ECR PE-MOCVD of TiN, we noted a striking difference in the
crystallographic texture of the TiN films depending upon whether N 2 or NH 3 was used as the
plasma gas. In this paper we report our recent results on the effects of the plasma gas and
pretreatment of the Si and SiO 2 surfaces on the structure and properties of the TiN films.

EXPERIMENTAL

Depositions were carried out in cold wall reaction chamber (base pressure: 7x 10- 7 Torr)
outfitted with an ASTeX HPM/M ECR plasma source and a resistively heated substrate holder
placed 4 inches below the ECR source flange. The details of the experimental apparatus have
been described elsewhere.8 All depositions were carried out at a microwave power of 400 W.
In each run, films were simultaneously deposited Si(100), Si(l 11) (cleaned in 1:100 HF:H2 0)
and 0.Spn thermal SiO 2 on Si(100) substrates. TDMAT (Solvay, Germany) was introduced
through a gas dispersion ring downstream of the plasma cavity at a rate of 2.5 sccm, controlled
by the temperature of the TDMAT container. The chamber pressure was maintained at 0.8
mTorr and the flow rate of the N 2 or NH 3 plasma gas was 15 sccm. Depositions were carried
out at 100 to 600*C, as measured on the susceptor, but in this study we focus on films
deposited at 2000 C, a temperature that is compatible with both inorganic and potential
polymeric interlevel dielectric materials. In the downstream configuration that we use, with no
applied bias to the substrate, we do not expect significant heating from the plasma.

The film compositions were determined by channeled Rutherford backscattering (RBS)
spectrometry for Ti, N, 0, and C, and by forward recoil scattering (FRS) spectrometry for H.
The details of these measurements have been published elsewhere." Crystallographic texture,
structure, and morphology of the films were examined by X-ray diffractometry (XRD),
transmission electron microscopy (TEM), and atomic force microscopy (AFM).

RESULTS AND DISCUSSION

It is quite remarkable that high purity, crystalline films of refractory TiN can be deposited at
temperatures of as low as 100*C by plasma activation of N 2 or NH 3 . For the purpose of this
study of factors affecting film morphologies, all depositions were carried out at 2000 C. Typical
compositions for N 2 and NH 3 films deposited at 200*C are listed in Table I. Note that the
NH 3 films have a higher defect density and are less pure than the N 2 films.

Plasma gas Ti N H C 1 0
NH 3  1.00 0.74 0.42 0.01 0.20

N 2  1.00 1.02 0.16 <0.01 <0.01

Table I. Representative composition of TIN films deposited at 200°C as
determined by RBS (Ti, N, 0, C) and FRS.

Previous results showed that there is little variation in electrical resistivity and Ti:N ratio
between 200 and 500C, although the H content decreases with increasing temperature. 10 Early
in this work we noted differences in the crystallographic texture of the films depending on the
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plasma gas that was used. Films deposited with a N2 plasma exhibit predominant (200) or
random texture, whereas films deposited with an NH 3 plasma exhibit predominant (111)
texture. To a lesser extent, the texture shows some dependence on whether the substrate is
crystalline (Si(l 11) or Si(100)) or amorphous (SiO 2).

In a typical experiment, the plasma is ignited and stabilized before introduction of the
TDMAT. Therefore, the substrate is briefly exposed to the downstream plasma before
deposition is initiated. To see whether this pre-deposition exposure has any effect on the
subsequent film deposition, we exposed the substrates to the plasma gas alone for 10 minutes
before starting the TDMAT flow. We also looked at the effect of pretreating with one plasma
gas (i.e., N2) then switching to the other (i.e., NH 3) for deposition. No significant differences
were observed between Si(l 11) and Si(100) substrates in any of the depositions.

The XRD results for films deposited at 200*C with NH 3 on Si(l 11) and SiO2 are shown in
Figure 1. These reveal the strong preference for (11) orientation regardless of pretreatment
with either NH 3 (Figs. la,b) orN 2 (Figs. lc,d). Pretreatnent of the Si( 11) surface with N 2
leads to some loss of the preferred orientation and an increase of the very weak (200) reflection
observed with the NH 3 pretreatment (Figs. lc,a, respectively). Broadening of the (111)
reflection indicates a decrease in grain size that may result from a higher density of nucleation
sites on the starting surface, In contrast to the Si(1 11) surface, pretreatment of the SiO 2 surface
has little effect on the crystallographic texture of the TiN films.

Deposition with the N2 plasma on Si(l 11) also shows a difference with pretreatment gas, as
shown in Fig. 2. Whereas the film that is pretreated with the N2 plasma exhibits exclusively
(200) texture, pretreatment with NH 3 leads to the appearance of the (111) reflection. The N2-
pretreated sample on SiO 2 was damaged prior to analysis,

Experiments were also carried out using a H2 plasma to pretreat the substrates, followed by
depositions with NH3 or N2. XRD patterns of the NH 3 films were similar to Figs. la,b and
exhibited strong (11) reflections and extremely weak (200) reflections. XRD patterns of films
pretreated with H2 and deposited with N2 exhibited (111) and (200) reflections of equal
intensity on the single crystal substrates. The XRD pattern for the film deposited on SiO 2
resembled Fig. ic, with a slightly more intense (111) reflection.

Finally, we ran a series of experiments where the substrates were pretreated with NHi3 for 10
min, and the deposition gas was changed halfway through the deposition. Depositions with N2
for 20 min. followed by NH 3 for 20 min. produced a film exhibiting strong (200) texture on
Si(l l1) (Fig. 3a). Comparing this film with one that was pre-treatwd in NH 3 and deposited
with N2 (Figs. 2b), we see a decrease in the relative intensity of the (I11) reflection. The
preferred (200) orientation is evident on both Si and oxide, although in the latter, the (111)
reflection is more evident (Fig. 3b). The width of the peaks and, therefore, the grain size of the
films, appear to be comparable in the alternated and single gas depositions.

When the sequence of plasma gases for deposition is reversed, that is, we start the deposition
with NH 3 for 20 min. followed by N2 for 20 min., only the film on SiO 2 exhibits the strong
(I11) texture that we previously saw in the single gas experiments (Fig. 3e). There is a
increase in the width of the peak, however, that may reveal a disruptive effect on the grain
growth by the N2 plasma, although the preferred orientation is retained. The films deposited
on Si(1 11) exhibit random orientation (Fig. 3d), more closely resembling the film deposited on
SiO2 with N2 after NH 3 pretreatment (Fig. 2c).
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Fig. 3. XRD patterns of TiN films deposited on Si(ll 1) and Si02 and AFM images of films
deposited on Si( 11) with (ab,c) N 2 (20 min.) followed by Nil 3 (20 min.) arid (d,e,f) NH 3
(20 min.) followed by N 2 . Pretreatment: NH 3 (10 min.); film thicknesses: 600A.

Atomic force micrographs of the films deposited with the alternating plasma gases reveal the
difference in grain size and roughness as suggested by #we widths of the XRD reflections. TlF
NH 3 /N 2 film has an average grain size of about 2 30A and surface roughness of lbout 35A.
The N 2INH 3 film has an average grain size of 160A and a surface roughness of 20A.

The differences in film textures that we found, predominantly on the Si surfaces, suggest a
surface modification caused by the plasma pretratmenL Bolmont, et al., reported the
nitridation of Si(100) in a downstream N 2 ECR plasma at a microwave power of 100 W with
"the substrate at room temperatur. 2 Under those conditions, the Si 3 N 4 layer saturates .t a
thickness of 20A. We propose that the effects of pretreatment that we observe on single crystal
Si substrates is due to nitridation of the Si.
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It is interesting to note that TiN films deposited from a very different metal-organic Ti
complex, cyclopentadienyl cycloheptatrienyl Ti, using a downstream rf plasma exhibit textures
similar to those observed with TDMAT depending on the N-containing gas that is used.13

Films deposited with NH 3 and N 2 plasmas exhibit preferred (1ll) and (200) orientations,
respectively. Further experiments are underway to further elucidate the similarities and
differences in these very different chemical systems.

CONCLUSIONS

In this report of our continuing work on the deposition of TiN from TDMAT and
downstream N 2 or NH 3 plasmas, we have explored the effect of plasma pretreatment of the
substrate on the film texture and morphology. Pretreatment of single crystal Si ((11) or (100))
with N 2 plasma followed by deposition with NH 3 plasma leads to the development of some
texture associated with deposition using N 2 and vice versa. NH 3 plasma pretreatment of SiO2
also has an effect on the film texture, whereas little effect is observed for N 2 plasma
pretreatment of the oxide.
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INVESTIGATIONS OF TIN AND TI FILM DEPOSITION BY PLASMA ACTIVATED CVD
USING CYCLOPENTADIENYL CYCLOHEPTATRIENYL TITANIUM, A LOW

OXIDATION STATE PRECURSOR

Robert M. Charatan, Mihal E. Gross and David J. Eaglesham
AT&T Bell Laboratories, Murray Hill, NJ 07974

ABSTRACT

Sequential Ti and TiN thin film deposition by CVD is highly desirable for advanced Si
integrated circuit applications. To date, most CVD TiN work has been performed using Ti(IV)
compounds. We have investigated plasma assisted CVD using a lower oxidation state precursor,
cyclopentadienyl cycloheptatrienyl titanium, (C5 H5)Ti(C7H7) (CPCHT), which might provide a
more facile pathway to both Ti and TiN film formation. CPCHT was introduced with H2 carrier
gas into the downstream region of an NH3, N2 or H2 plasma. Low resistivity (100-250 ýQ-cm),
nitrogen rich TiN films with little C or 0 incorporation were deposited at 300 to 6000 C, inclusive
with either activated N2 or NH3. Although the film texture was influenced by the chosen plasma
gas, the average grain size of the N2 and NH3 plasma deposits was similar. Annealing studies
showed that the CVD TIN was an effective diffusion barrier between aluminum and silicon to at
least 575°C. TEM micrographs revealed that, in contrast to many CVD metal films, the growth of
this TiN was not columnar. Film conformality was investigated by scanning electron microscopy
(SEM). Experiments performed with activated 112 resulted in deposits of Ti contaminated with C.
No depositions were observed in the absence of plasma excitation.

INTRODUCTION

TiN is increasingly used as a barrier material in ultra large scale integrated (ULSI) devices
to prevent interaction of the Al or W metallization with the Si.O To ensure low contact resistance at
the Si/TiN interface, a thin film of Ti is deposited prior to the TiN and reacted with the Si
substrate to form TiSi2 . Ti and TiN are currently deposited by sputtering or reactive sputtering
with N2 , respectively, of a Ti target. The limitations of this line-of-sight physical vapor deposition
(PVD) technique in achieving adequate bottom coverage in the high aspect ratio contact windows
necessary for ULSI devices have led to a search for alternative chemical vapor deposition (CVD)
and plasma enhanced CVD processes for depositing these materials.

The most studied CVD TiN precursors are titanium tetrachloride, TiCL4 2-4 and
tetbtkisdimethylamido) titanium, Ti(N(CH3)2)4 (TDMAT)." In both precursors, Ti is in the +4
oxidation state, requiring a one-electron reduction to the +3 oxidation state in TiN and a four-
electron reduction to Ti metal. Akahori et aL deposited low resistivity TiN (40 t'l-cm) by
reacting TiCi4 in the downstream region of a N2 electron cyclotron resonance (ECR) plasma.3,4

The material was a succesful diffusion barrier between Si and Al to 650 0C.3 Ti-rich films were
deposited in the same system using a H2/Ar plasma 4 Weber et aL have deposited low resistivity
TIN (50-150 pfl-cm) at temperatures as low as 100 0C by reacting TDMAT in the downstream
region of either a N2 of NH3 ECR plasma.9

Although the two Ti(IV) compunds mentioned above are commercially available and,
therefore, lead themselves to wider investigation, a potentially more attractive route for the
deposition of TIN and T1 is to use a lower oxidation state Ti precursor such as cyclopentadienyl
cycloheptatrienyl titanium, (C 5H 5 )Ti(C 7 H7 ), (CPCHT).IO The Ti center in CPCHT was
determined to have an oxidation state of +1.1 by X-ray otoelectron spectroscopy." We have
investigated the reactions of CPCHT with N2, NH 3 and r12, both thermally and with RF plasma
activation of theas gases.
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EXPERIMENTAL

Experiments are conducted in a load-locked, diffusion pumped chamber with a wall
temperature maintained at 1500C and a base pressure better than 8 x 104 tort (see Fig. 1). Si(100)
substrates are cleaned in trichloroethane, acetone, methanol, and 4% HF (60 sec) followed by a
DI water rinse. Patterned Si wafers are used for the conformality studies. The temperatures
referred to in this paper are measured at the resistively heated stage; the wafer, which is not
clamped to the stage, is undoubtedly at a lower temperature than the stage.

To minimize recombination of the active species, experiments are conducted at a low
pressure (200 mTorr) with the inductively coupled RF helical coil resonator placed inside the
chamber. The N2, NH 3 or H2 flow rate is 10 sccnt. The discharge tube is made of alumina to
minimize wall recombination effects,12 and surrounded by a grounded aluminum shroud to reduce
deposition on the outside of the tube. Solid CPCHT is dispersed with glass helices inside a glass
tube that is heated to 100"C during deposition. CPCHT vapor is transported with 10 sccm H2
carrier gas, to a gas dispersion ring in the chamber that is positioned downstream from the plasma
cavity. Experiments are performed for 30 minutes at temperatures between 300*C and 600*C and
at applied plasma powers between 0 and 80 W. The activated species are monitored with optical
emission spectrometry (OES). During deposition, the chamber is pumped by a mechanical pump
through a LN2 cooled trap and the process pressure regulated with a capacitance manometer
coupled to a throttle valve.

The film compositions are quantified by Rutherford backscattering (RBS) and forward
recoil scattering (FRS) spectrometries. RBS analyis is carried out with 2 MeV 4He÷ at a scattering
angle of 1700 with the incident ion beam channeled along the <100> axis. Channeling reduces the
signal from the Si substrate allowing better resolution of the C, N, and 0 signals. The hydrogen
content of the films is determined using FRS of hydrogen at 300, as previously described. 9 Film
resistivities are calculated using four point probe sheet resistance measurements and thicknesses
estimated from the RBS spectra, assuming a film density that is 80% of the bulk value of 5.39 g
cm- 3 . Film texture is examined using X-ray diffraction (XRD) and transmission electron
microscopy (TEM). The barrier properties were explored by annealing Si / CVD TiN / Al
structures, where the CVD TiN films were exposed to air prior to the Al deposition. RBS analysis
of films before and after annealing was used to determine whether any diffusion had occurred. A
lower energy 1.5 MeV 4He÷ beam, which increases the ion energy straggle, was used to increase
the separation of the Al and Si signals.

RESULTS AND DISCUSSION

CPCHT is an extremely stable bright blue solid that sublimes at 125 0C at 1 torr and is
thermally stable under vacuum to 3200C.10 In the absence of plasma activation, no films could be
deposited with either N2 , NH3 , or H2 , as demonstrated in the RBS spectra shown in Fig. 2.
Using plasma activated N2 or NH3, gold-colored TiN films could be deposited at rates of 2.5 -
4.0 nm min-'. The ratio of N to Ti and the hydrogen content of films deposited with N2 and NH3
plasmas at 200 mTort are plotted in Fig. 3. Note that all of the films tend to be nitrogen rich, but
that a decrease in plasma power from 38 W to 20 W leads to a decrease in the N/Ti ratio for the
N2 plasma films. Except for the 3000 C N2 plasma deposited film, no C or 0 was detected by RBS
in any of the films. The H content of the N2 plasma films was more sensitive to the Ti:N ratio
than those films deposited with activated NH3. The estimated resistivities are presented in Fig. 4
for films grown with 38 W N2 or NH 3 plasmas. The film stoichiometries and resistivities did not
show a significant dependence on the subtrate temperature.
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Films deposited with the N2 plasma exhibit preferred (200) orientation (Fig. 5). whereas
those deposited with NH 3 plasmas are mote randomly oriented. As seen in Fig. 5, increasing the
applied plasma power leads to a decrease in the XRD signals when N2 is used, whereas the
reverse is seen with the NH3 plasma. Although the XRD patterns reveal different textures for the
N2 and NH3 proceases, plan view TEM micrographs (Fig. 6) reveal similar grain size
distributions (avg. -IOOA). The plasma gas dependence of the textures in these films is similar to
that observed in TiN films deposited from TDMAT and downstream N2 or NH3 plasmas.9 TEM
analysis of the TDMAT films, however, reveals differences in grain size and distribution between
the two plasma gases.

IBS analysis of a Si(100) / NH3 plasma deposited TiN / Al sample before and after
annealing in vacuum shows that the TiN is a good diffusion barrier to 575RC (Fig. 7). Barrier
properties were similar for all of the activated N2 and NH3 processing conditions explored. Cross
sectional TEM micrographs, presented in Fig. 8 show that in contrast to many CVD metal
processes, neither the N2 nor NH3 plasma process leads to columnar structures. A SEM cross
section of an NH3 film deposited in a 0.35 itm window (aspect ratio 1.15) shows that the
sidewall and bottom coverages are about 30% and 50%, respectively (Fig. 9).
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Figure 8. Cross sectional TEM micrographs for (a) N2 and (b) NH3 plasma films deposited at
6000 C.

In addition to depositing TiN, we were interested in seeing whether Ti could be deposited
from the low oxidation state CPCHT precursor for use as a low resistance contact to Si. Using a
H2 plasma, we did succeed in depositing films, but these films contained substantial amounts of
C. The level of both C and H decreased with increasing plasma power, as shown in Fig. 10.
Although all films had a C:Ti ratio well below the 12:1 ratio of the CPCHT precursor, we were
not able to achieve stoichiometries of better than TIC2 .7 . The estimated resistivities for these
deposits were all greater than 800 pD-cm. No films could be deposited with H2 in the absence of
plasma excitation up to 6000C.

0

ApOWe Pbms Pmm, MW

!: Figure 9. SEM cross section of a via hole Figure 10. Plot of hydrogen plasma deposition
with 38 W NH3 plasma deposited TiN grown results as a function of applied plasma power.

:, at 600°C. The films were all deposited at 600°C.
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SUMMARY

We have successfully deposited near stoichiometric TiN films with little C or 0
incorpation from the reaction of CPCHT with either activated N2 or NH3 at temperatures as low
as 300*C. These films ame generally nitrogen rich. Although XRD patterns show different textures
for the NH3 and N2 films, the Vain size and structure as revealed by plan view TEM micrographs
is similar. Annealing studies of S1(100) / CVD TIN I Al samples show that the CVD TiN is an
effective diffusion barrier to at least 5750C. Cross sectional TEM micrographs show that, unlike
many CVD metal processes, the growth of these films is not columnar. A SEM cross section of a
NH3 plasma film deposited in a 0.35 pm window reveals sidewall and bottom coverages of about
30% and 50%, respectively. The H2 plasma experiments always produced deposits of Ti
contaminated with C. No depositions were observed in the absence of plasma excitation.
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VAPORIZATION CHEMISTRY OF ORGANOALUMINUM
PRECURSORS TO AIN
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ABSTRACT

We have used the technique of molecular beam mass spectrometry, with time of
flight measurement, to study the vaporization of two organoaluminum precursors to
AIN. The compounds studied were the isomers (CH3)3AI. NH3 (I) and (CH3)3N. AIH 3
(II). Compound I was synthesized in house by reaction of (CH3)3A1 with NH3.
Compound H was obtained commercially. Mass spectrometric measurements of
Compound I indicated a room temperature vapor pressure below I Torr, and slow
decomposition at room temperature to yield CH,1 and a solid product, identified as the
trimer, ((CH,)2AINH2 ]3, as well as possible concentrations of the corresponding
monomer and dimer. Similar measurements on Compound II indicated partial
decomposition to metallic aluminum and gaseous trimethylamine and hydrogen.

INTRODUCTION

In recent years there has been increasing use of specially designed single
component molecular precursors for the chemical vapor deposition of binary
compounds. One aim of this work has been to develop precursors containing the two
desired elements in the desired stoichiometric ratio as an aid to growing stoichiometric
films. A critical assumption in this effort is that the desired stoichiometry is maintained
in the vaporization and transport processes that take place prior to decomposition of the
precursor on the growth surface. In this work, we report measurements of the
vaporization process for two potential aluminum nitride precursors, namely the adduct
formed by reaction of ammonia and trimethylaluminum, (CH3 )3ANI'H 3 (hereafter,
Compound 1) and its isomer, trimethylamine alane, (CH3)3N AIH 3 (hereafter,
Compound I1).

EXPERIMENTAL

The principal measurement technique used in this study is mass spectrometric
measurement of the vapor diffusing from a valved Knudsen cell, using time of flight
molecular beam techniques to differentiate between decomposition in the vapor source
and fragmentation in the mass spectrometer ion source. Preliminary measurements of
the stability of the two compounds studied were also made by measuring the pressure
over the condensed phase of the precursor as a function of time.
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Compound I was produced in house through the reaction of trimethylaluminum
with NH3, as first described by Interrante et al. [1]. Compound II was obtained
commercially.

The apparatus used in
this study is a modified
version of the system used in
previous studies of the
vaporization of aluminum- \SVALE CNOWER

nitrogen compounds [2], AMNInm"n Ar •T M

modified to improve the SEC-IMME

sensitivity and the time [
resolution as shown in Figure
1. The sample to be studied
is contained in a reservoir
connected to a solenoid 1 1- " '

operated pulsed valve w GE VALVE

(General Valve Model 9) SMU PUMP
which can be operated in PUMP

either a pulsed or dc mode.
Typical pulse width is 1 msec. Figure 1. Schematic diagram of apparatus.
A 0.05 mm valve aperture is
used to insure molecular flow into the vacuum system. (For preliminary measurements,
in which the total pressure in the source was measured, this arrangement was replaced
with a source external to the vacuum system, provided with a Baratron pressure gauge
and connected to the pulsed valve by a stainless steel tube). Source pressure with the
source at ambient temperature was typically in the one to ten Torr range. The reservoir
and pulsed valve are surrounded by a heater assembly that can be used to control the
precursor temperature between ambient and 150'C. Just downstream from the pulsed
valve is a mechanical chopper wheel, which can be moved normal to the beam direction
to provide either an unimpeded flux from the pulsed valve, square wave modulation at
400 Hz, or pulse modulation with a 7 ju-sec pulse width. The operation of the pulsed
valve is electronically synchronized with the rotation of the chopper to provide high
signal intensity while minimizing consumption of the source material. After
modulation, the flux from the source passes through a skimmer with a 1.0 mm diameter
orifice to form the molecular beam.

The source chamber is separated from the flight tube and mass spectrometer by
a gate valve that can be closed to permit sample replenishment without loss of vacuum
in the beam column. Two stages of differential pumping separate the skimmer from
the mass spectrometer, a homemade quadrupole using Extranuclear electronics. The
spectrometer mass range was calibrated using fluxes of helium and argon from the
source region; the sensitivity was not calibrated, consequently all peak heights reported
are referenced to the most intense peak in the spectrum. Signal acquisition is by pulse
counting, using a Channeltron electron multiplier. The mass spectrometer tuning and
data acquisition are controlled through a personal computer, using a multichannel
scaling card from The Nucleus, Inc. The effective length of the flight path was



determined using the method described by Wu and Hudson [3].
Two principal measurements are made for each compound at each temperature

studied. In the first, the mass spectrum of the vapor effusing from the cell is collected
by operating the valve in the dc mode, with the chopper wheel withdrawn from the
beam. Spectra are taken over the mass range of interest with the valve open and with
the valve closed. Subtraction of the background spectrum from the sample spectrum
identifies the peaks to be studied by time of flight techniques, and provides information
on the way in which the relative peak heights change with source temperature.

Once the peaks of interest have been identified, time of flight spectra of each
peak are obtained by operating the pulsed valve and the chopper in synchronism, with
the mass spectrometer tuned to the peak of interest. The resulting time of flight
distributions are analyzed by using the program Jandel PeakFit to fit the experimentally
observed waveform to the time of flight distribution expected for an effusive beam
having a Maxwell-Boltzmann velocity distribution to determine the parent mass of the
species giving rise to the peak, and to deconvolute effects arising when multiple parent
species contribute to the peak. Measurements of this sort, over a range of source
temperature, serve to characterize the vaporization process.

RESULTS AND DISCUSSION

Preliminary measurements were made on Compound I to determine whether
spontaneous decomposition takes place at room temperature. Such decomposition was
characterized by measuring the total pressure over the sample as a function of time
using the capacitance manometer. Results of these measurements showed slow
decomposition of Compound I with time at 25"C. The source pressure rose linearly
with time over a period of several hours. Cooling the sample to 77 K resulted in a
decrease in system pressures to 9.2 Torr, the equilibrium vapor pressure of methane
at 77 K. This indicates that the reaction

(CH 3)3AINH3 , (CH3)2AINH2 + CH 4

has a significant rate even at room temperature. (This reaction has been observed
previously in the production of the trimeric amide, [(CH3)2AINH2] 3, from Compound
I at temperatures above 150*C [11). Quantitative characterization of the reaction rate
constant was not possible, due to the unknown total amount and total surface areas of
the precursor in the source.

The spectrum obtained for Compound I in a dc measurement at ambient
temperature is shown in Figure 2. In this spectrum, all peak heights are referenced to
the largest peak, at n/e =43. Time of flight measurements of the principal peaks
indicated that the parent species contributing to the spectrum are Compound I (m/e
values of W4-86), a species with a molecular weight of 72-73 (m/e values of 27-73) and
methane (m/e values of 15-16). The parent mass of 72-73 would be consistent with
either trimethylaluminum (M =72) or with the monomer of dimethylaluminum amide,
(CI-I2AINH2, (M = 73). The cracking pattern of Figure 2 is very different from the
reference spectrum of trimethylaluminum [4], and all of the observed peaks are
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consistent with ion source
fragmentation of the
monomeric amide. This 0.9
fact, along with the 0.8
observation of the peak at 110.7
m/e = 101, which was 0.6
observed in a previous 0.5
study of the trimeric amide A 0:4
[(CH 3) 2AINH 2]3  [2], . 0.3
suggest that the major • 0.2 I
species in the vapor phase 0.1
is the monomeric amide, 0
with smaller amounts of 0 20 40 60 80 100 120
Compound I and higher mWe
amide oligomers.

Spectra were also Figure 2 Mass spectrum of vapor phase over Compound
taken of the vapor over I at 300 K.

Compound I after holding
for various times. Figure 3 is such a spectrum for the case of Compound I held for
three weeks at ambient temperature. This spectrum shows primarily methane, with
minor peaks consistent with amide monomer or oligomers. Spectra of the vapor over
a sample of Compound I held for eight months at -40 oC were similar to those
observed in a previous study of the trimeric amide, indicating that the reaction of
Compound I to form the amide trimer takes place even at very low temperature.

The spectrum of
Compound 1I obtained in a
dc measurement at ambient 0.9
temperature is shown in 0.8
Figure 4. As before, the - 0.7
peak heights are referenced I 0.6
to the most intense peak, in 1 0.5
this case the peak at me = 0.4
58. Time of flight . 0.3
measurements indicated • 0.2
that the species contributing 0.1
to the spectrum are 0
Compound II (m/e values 0 20 40 60 80 100
of 60-88), trimethylamine
(W/e values of 15-59) and
hydrogen (m/e: 2). The Figm 3 Mass spectrum of the vapor over Compound I
region of the spectrum after holding for three weeks at ambient temperature.
between e/c values of 15
and 59 is very similar to the reference spectrum for trimethylamine [3). This result is
consistent with partial decomposition of Compound H in the source to deposit metallic
aluminum and release trimethylamine and hydrogen, and indicates the presence of a
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surface that catalyses the decomposition somewhere in the source assembly. These
results differ, however,
from those obtained as part I
of a microwave 0.9
spectroscopy experiment 0.8

being carried out by other 10.7
S0.6members of our research 0.

group [5], who observed ' 0.4
decomposition of 0.3
Compound II only above 0
60 *C. The difference 0. I
may be related to 0
differences in the materials 0 20 40 60 80 100
to which the compound was We
exposed in the course ofthe experiments. Figure 4 Mass spectrum of the vapor over Compound IIat ambient temperature.

CONCLUSIONS

Both of the compounds studied showed significant decomposition in the vapor
source at ambient temperature. In the case of Compound 1, the process involved was
an oligomerization reaction to produce first the monomer, dimethylaluminum amide and
subsequently the trimer, tris-dimethylaluminum amide. In the case of Compound ll,
the primary reaction was the deposition of aluminum, accompanied by the release of the
trimethylamine and the production of hydrogen. It is clear that the use of these
compounds as CVD precursors must involve precautions to mitigate the effects of these
reactions on the deposition process. In the case of Compound I, such precautions
would be aimed at the prompt use of the precursor following synthesis, or alternatively
allowing the reaction to produce the trimeric amide to go to completion. This latter
strategy has been used to produce the trimeric amide, which has been shown to produce
stoichiometric AIN films in both hot wall [I] and cold wall CVD [6] reactor conditions.
In the case of Compound II, avoidance of potentially catalytic surfaces in the precursor
source should suffice.
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CHARACTERIZATION OF SILICON-NITRIDE FILM GROWTH BY REMOTE PLASMA-
ENHANCED CHEMICAL-VAPOR DEPOSITION (RPECVD)

ZHONG LU, YI MA, SCOTT HABERMEHL AND GERRY LUCOVSKY, Departments of Physics,
Materials Science and Engineering, and Electrical and Computer Engineering, North Carolina State
University, Raleigh, NC 27695-8202

ABSTRACT

We have characterized RPECVD formation of Si-nitride films by relating the chemical bonding
in the deposited films to the growth conditions. Gas flow rates for different N- and Si-atom source gases
have been correlated with (i) the film stoichiometry, i.e., the Si/N ratio, and the (ii) the growth rate. N2
and NH3 were used as N-atom source gases, and were either delivered (i) up-stream through the plasma-
generation tube, or (ii) down-stream. Different flow-rate ratios of NH3/SiH4 were found for deposition of
stoichiometric Si-nitride films using up-stream or down-stream introduction of NH3. This is explained in
terms of competition between excitation and recombination processes for the N-atom precursor species.
Stoichiometric nitride films could not be obtained using the N2 source gas for (i) either up-stream or
down-stream delivery, and (ii) for plasma powers up to 50 W. This is attributed to the higher relative
binding energy of N-atoms in N2 compared to NH3, and to significant N-atom recombination at high N2
flow rates through the plasma generation region.

1. INTRODUCTION

In addition to its application as a passivation layer for microelectronic devices, silicon nitride
films have also been used as an active insulating gate layer for silicon solar cells [1], and particularly,
carefully engineered silicon nitride film deposited by low temperature Remote R.F. Plasma Chemical
Vapor Deposition (RPECVD) have shown improved performance in amorphous silicon based thin film
transistor (a-Si:H TFTs ) (2]. As a low temperature, and/or low thermal budget process, the RPECVD
process is also of interest for use in ULSI processing technologies. (31 Si-nitride films, deposited by
RPECVD under different conditions were previously studied by Infrared Absorption spectroscopy (IR),
ellipsometry, Auger Electron Spectroscopy (AES), and mass spectrometry (MS). Issues such as the
growth rate, index of refraction, bonded hydrogen content for films deposited from NH3 or N 2 nitrogen
source gases at different gas flow ratios and different deposition temperatures have been addressed. (41
This paper pays special attention to correlations between the chemical composition of the silicon nitride
films for different flow conditions and methods of plasma excitation (up-stream and down-stream) using
either NH3 or N2 as the nitrogen source gas. Post deposition film characterizations were carried out
using infrared absorption spectroscopy (IR) and capacitance-voltage (C-V) measurements. This type of
study then provides a database linking deposition process variations to film properties including (i)
chemical composition (e.g., the Si/N ratio, and hydrogen bonding), and (ii) electrical performance as a
gate dielectric material (e.g., the trapped charge and fixed charge densities). This data can provide
parameters for empirical modeling of various aspects of the deposition process such as the dissociation
rates of source gases and recombination rates of plasma-excited species. Insight into these deposition
mechanisms can be used to optimize films for device applications.

2. EXPERIMENTAL

The experiments were performed in a multi-chamber integrated processing system; the particular
chambers used in this study included an RPECVD chamber for Si-nitride deposition, and an analysis
chamber for on-line Auger Electron Spectroscopy (AES).[5] The RPECVD chamber has base pressure in
the mid 10O Torr range, whereas the analysis chamber routinely maintains a base pressure of ~2x 10-10
Torr. Si (100) wafers were chemically cleaned by UVIO3 for four minutes, rinsed in diluted 1:30 HF (49
wt% HF in deionized water) for 10 sec. and then blown dry in nitrogen. The wafer was immediately
inserted into a load lock chamber of the multi-chamber integrated system. The silicon wafer could then
be transferred in vacuum either to the deposition chamber for RPECVD silicon nitride deposition or to the
analysis chamber for AES analysis for pre- or post-silicon nitride deposition.

Them wre two different types of RPECVD processes that can be used to prodace silicon nit-de
films; these ae up-stream and down-stream processes which are defined by the injection point of the N-
atom source gas. In the up-stream process, the N-atom source gas, and He diluent are directly plasma
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excited, and silane, SiH4, is introduced into the deposition chamber via a down-stream gas dispersal ring.
In the down-stream process, only the He gas is subjected to direct plasma excitation, and the other two
process gases are introduced into through the two down-stream gas dispersal rings. The overall
deposition reactions for up-stream and down-stream processes are given in Equations (I) and (2)
respectively.

[He + NH3 ( or N2)]* + SiH4 - Si3 N4  (I)

[ He ]*+ NH3 (or N2) + SiH4 -+ Si3N4 (2)

where the gas species in the stared bracket, [ 1*, are subjected to direct plasma excitation in the plasma
tube at the top of the deposition chamber. The other RPECVD conditions are listed in Table 1. Since
both NH3 and N2 are used as N-atom source gases, and they can be fed either through plasma tube (up-
stream) or gas-ring (down-stream), there are four different growth conditions for silicon nitride films
denoted, respectively by 1, 11111, IV in Table I. We define R as the nitrogen source gas flow ratio with
respect to SiH4, but since the effective Sill4 flow is always I sccm (10 sccm flow of 10% Sill4 diluted in
He), it is also the flow rate of the N-atom source gas.

Table 1: Deposition Conditions for RPECVD Silicon Nitride Films

Process Plasma tube (sccm) Gas Ring I Gas Ring 2 Results shown in
Csccm) (sccm)

I) NH13 up [He+NH3] (200, R) SiH4 (10) Fig. 2
IU) NH3 down [He] (200) SiH4 (10) NH3 R_ Fig. 3
Ill) N2 up [He, N2] (200, R) SiH4 (10) Fig. 4
IV) N2 down fHe] (200) Sill4 (10) N2 ,R Fig. 5

Note that the R.F. power is 50 W; the substrate temperature, Ts - 300*C; the process pressure is 300
mTorr, and the SiH4 is 10% diluted in He. For all the AES measurements shown in Figs 1-5, the
deposition time is five minutes. The Sill4 flow was fixed, and the nitrogen source gas flow was then
characteized by R (see Table i). The silicon sample sits about six inches below the bottom of the 10
inches long plasma tube, and gas ring is located half way in between bottom of the plasma tube and
sample surface. For the C-V and ellipsometry measurements, the silicon nitride film were grown for 30
minutes. A two hour deposition time was used to deposite thick Si-nitride films for FTIR measurements
to ensure strong signals from the Si-H and Si-NH bonding groups. For case I), R varies from 2.5 to 7
scem; for II), R varies from 0.5 to 4; for 111), R varies from 31 to 120, and for iv) R varies from 30 to 120.

Prior to the systematic study of silicon nitride depositions, AES spectra were taken for the Si
substrate after chemical cleaning, and after a 5 min RPECVD silicon nitride deposition (see Fig. 1). Trace
amounts of carbon (- 270 eV) and oxygen (-510 eV) can be detected on a Si (100) substrate after a four
minute UV/03 clean, followed by a 10 sec. dip in diluted HF (1:30) solution (see Fig. Ia). The dominant
feature of the Si LVV AES is at 92 eV. After a five minute RPECVD nitride deposition using case i)
conditions with R-4, there is an AES nitrogen KLL peak at -379 eV, the Si-LVV peak was shifted
toward lower energ, peaking at -12 eV (Fig. Ib), the characteristic peak in stoichiometric Si-nitride. A
five minutes Si-nitride deposition under thes coniditions typically grows a 120 A thick film. The escape
depths of the AES electrons are much less than the film thickness, so that all the AES signals comes
mostly from the top surface of the silicon nitride film. The fact that Si Auger transition is at different
peak positions for bare silicon (92 eV) and for silicon nirWide (82 eV) provides the basis for the study of
nitride composition for different gas flow conditions. For example, a detectable signal at the high energy
side of the S13N4 peak at 82 eV is an indication of Si-Si bonding in the film; i.e., a silicon-rich silicon
nitride film. The absence of my sigPal at about 90-92 eV implies very little Si-Si bonding, but does not
give my information relative to the bonded-H concentration, which is easily obtained from the IR
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3. RESULTS AND DISCUSSIONS

Based on the AES signatures for stoichiometric nitrides and silicon-rich nitrides, we carried out AES
analyses on the RPECVD silicon nitride films. Four different sets of AES data (two up-stream, two
down-stream, using either NH 3 or N 2 , and labeled cases 1, 11, 111, IV) are shown in Figs. 2, 3, 4. 5
respectively. The results are summarized below:

I) NH3 up-stream (see Fig. 2): R > 6 is needed to obtain stoichmetric nitrides. NH3 flow ratios
larger than 6 (we tried up to I5) always produce stoichiometric nitrides. We typically use R = 8 for
device applications such as ONO structures [6]. IR studies indicate for R -6-15, Si-H is significantly
reduced and Si-NH approaches a constant value. In this range, the total hydrogen concentration is a
minimum, and in addition, the Si-N stretching frequency does not vary with R, and is equal to -840 cm

1 .
11) NH3 down-stream case (see Fig. 3): R > 2 is needed to obtain stoichmetric nitrides. We

carried out experiments for R up to 8, and found that the AES spectra still showed stoichiometric nitride
formation.

For cases I and II, an insufficient supply of NH3 will result in a silicon-rich nitride; however, the
minimum value of R is different for these two cases. The concentration of excited nitrogen at the growth
surface is a result of a competition between the efficiency of plasma excitation and gas transport, and
recombination. Plasma excitation is much greater in the up-stream case than the down-stream case, but
the recombination is also much greater in the up-stream case than the down-stream case since the excited
species has to travel much longer distance in the up-stream case than the down-stream case to reach the
sample surface. The balance between delivery of excited species and recombination is a function of the
plasma power and geometry of the particular RPECVD system. For up-stream case, although NH 3 is
directly excited in the plasma tube with He, but the excited species have to travel a longer distance during
which some NH 3 recombines. The net effect is R is smaller for down-stream as compared to up-stream
NH3 injection and excitation.

Ill) N2 up-stream (see Fig. 4): First, we notice that it requires a significantly larger R (- 60) to get
to even close to stoichiometric nitride. This derives from the higher bonding energy in N2 as compared to
NH3.[7] Second, further increases in the N 2 flow do not make the nitride more stoichiometric, on the
contrary, the nitride film becomes more silicon-rich as we see by the increase of 92 eV Si-Si peak. This is
a direct consequence of increased recombination of a higher concentration of short lived excited nitrogen( species.

IV) N2 down-stream (see Fig. 5): The results are essentially the same as for Ill) a ratio R=60
yields a nitride close to stoichiometry, but increasing R further yields silicon rich nitrides.

At an R.F. power of 50 W, we cant make stoichiometric Si-nitride film using N 2 as the N-atom
source gas. We found that Si-nitride films move toward stoichiometry if we increase power. However,
stoichiometry could not be obtained for powers up to 200 W. This is a manifestation of the larger
bonding energy of N2 relative to NH3, and also to shorter lifetimes for N-atoms, than for the active
species generated by direct or remote excitation of NH3, so that it is difficult to use N2 as the N-atom
source gas for applications requiring stoichiometric nitride films [8], i.e., films that do not have AES
detectable Si-Si bonding.

The film thickness and index of refraction of silicon nitride films deposited using the NH 3 up-
stream process were measured using single wavelength ellipsometry (6328A), with results summarized in
Fig. 6 The film deposition conditions were identical to case 1, except the deposition time is 30 minutes
for all five samples instead of 5 minutes. These samples were also used for C-V measurements. As R
increases. the film thickness monotonically increases with increasing R, and index of refraction
monotonically decreases. The increase in film thickness comes from an increase of growth rate, while the
decrease in index of refraction is another indication of hydrogen incorporation in the form of Si-NH as
evidenced by IR measurements [6]. Each sample was split into two halves, one half was annealed at
900*C for thirty seconds, and other was studied without further post-deposition processing. The annealed
sample showed a 10% thickness reduction for the R=10 and R=15 samples, indicating densification after
the annealing, and suggesting the as-deposited film, which deposited a relatively fast rate, had an open
local atomic structure. The IR spectra for the as-deposited films typically displayed two H-related
features, e.g., Si-H and Si-NH bond-stretching absorptions peaking at approximately 2100 cm'Iand 3400
cm-

1 
respectively. The IR absorbance in these two bands was monitored as function of the annealing
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temperature. As this temperature was increased, the absorbance in the Si-H band decreased and was not
observable for annealing temperatures in excess of -400'C. In contrast, the absorbance in the Si-NH
band decreased initially and then remained relatively constant at the higher annealing temperatures. This
difference in behavior is consistent with the approximately 33% higher bond energy of the N-H bond, as
compared to the Si-H bond [7]. We will present a model for the temperature dependence of the relative
absorbances in these two vibrational modes in a future publication.

Capacitance-voltage measurements were also carried out to characterize bulk electrical properties
of the films. A trapped charge density was calculated from a high frequency (I MHz) trace-retrace
measurement, and a fixed nitride charge density was obtained from flat band voltage. This showed a
systematic decrease as R increase from 4 to 8 and then flattened out as R increased to 15. Annealing at
900VC significantly reduces both trapped and fixed charges in the nitride films. However, both the fixed
charge and interface state densities are still too high for any gate dielectric applications, even after
annealing.

4. CONCLUSIONS

In conclusion: 1) Different flow-rate ratios of NH3 to SiH4 were obtained for deposition of
stoichiometric Si-nitride films using up-stream or down-stream introduction of NH3. This is explained in
terms of competition between (i) excitation and transport, and (ii) recombination processes for the N-atom
precursors. 2) Stoichiometric nitride films could not be obtained using the N2 source gas for (i) either up-
stream or down-stream delivery, and (ii) for plasma powers up to about 200 W. This is attributed to the
higher relative binding energy of N-atoms in N2 compared to NH3, and to significant N-atom
recombination at high N2 flow rates through the plasma generation region. 3) IR absorption
measurements were used to determine the relative bond cooncentrations of Si-H and Si-NH groups in
films deposited from both N-atom source gases, and to track the changes in these bond strengths as a
function of the post-deposition annealing for films deposited from the NH3 source gas. 4) C-V
measurements were used to characterize trapped and fixed charge in silicon nitride films deposited using
the NH3 source gas.
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SPECTROSCOPIC INVESTIGATIONS OF LASER ABLATED GERMANIUM OXIDE
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ABSTRACT

Laser produced plumes from a GeO 2 target were investigated using both optical emission
spectroscopy and laser induced fluorescence. Elemental neutral and ionic Ge and diatomic GeO
were monitored as a function of 02 pressure at 4 cm from the target surface. Data obtained from
laser fluorescence experiments showed no indication of chemical production of GeO in these
plumes under any conditions studied; however, the atomic emission intensities of several ionic
and neutral Ge lines appeared to increase with 02 pressure. This signified plume interactions
with the background gas. The trends in the species concentrations were determined and the
results are interpreted with respect to mechanisms for thin film growth.

INTRODUCTION

Our recent work in growing thin films of germanium dioxide (GeO 2) using laser ablation
deposition showed that stoichiometric thin films can be fabricated under two different deposition
conditions, and the results of these studies suggest the possibility of two separate kinetic
mechanisms for growing these films. First, stoichiometric films could be produced by ablating a
GeO 2 target in 150 mTorr of ambient 02 [1]. At these relatively high pressures, elemental Ge in
the ablation plume can react gas kinetically (2] with 02 to form GeO, which can subsequently
recombine with excess 02 at the substrate surface in a disproportionation reaction. Generally, the
oxygen content in the films increased with 02 pressure from 10-5 to 0.15 Torr.

Performing depositions at 100's mTort of an ambient gas causes the plume to become very
highly forward directed [3] and leads to films of nonuniform thickness. For that reason, we
explored film depositions at low pressures to produce plumes that are spatially more extended
and allow a better opportunity to produce flat films for optical waveguides. Stoichiometric films
were prepared at lower background pressures when the ablation plume was passed through a dc
discharge in a 30 mTort oxygen background [4]. In these studies, we found that the combination
of the substrate temperature and the dc discharge enabled us to incorporate the correct oxygen
content in the film. At these lower pressures, chemical reactions would appear unlikely because
of the low collision rates between Ge and any ambient gas. However, the discharge could activate
the material in the plume or the ambient gas providing additional energetic species to promote
surface recombination reactions.

Reactions between elemental species in laser produced plumes and a reactive background
gas are known to be important for producing good quality high Tc superconducting thin
films [5). An understanding of the potential chemical processes occurring between the plume
material and any reactive gas in between the target and the substrate is needed to elucidate the
important thin film growth mechanisms. Thus, the aim of this work is to explore the microscopic
mechanisms responsible for forming high quality dielectric thin films under both growth
conditions discussed above.
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EXPERIMENT

Figure 1 shows a schematic diagram of the experimental apparatus. A pulsed ArF excimer
laser [X = 193 nm, pulse width of 28 ns (FWHM)] was focused onto the surface of a GeO 2 target
at normal incidence with an energy density of I J cm-2 . The target was housed in a chamber that
routinely achieved a base pressure of 5 x W-6 Tort. Oxygen was metered into the chamber with a
needle valve and a ring electrode biased at -1.5 kV was inserted in the plume path to determine
the effect of a dc discharge on the constituents. The emission from the laser-produced plume
(with and without the discharge) was imaged onto a spectrometer and the dispersed signal was
detected using a linear diode array (OMA MII). The time-integrated emissions were examined as a
function of 02 pressure at 4 cm from the target surface in spectral regions that covered emission
features originating from electronically excited states of Ge l, Ge II, GeO, and 0 1.

The laser fluorescence experiments were performed using the frequency doubled output of a
pulsed dye laser. The dye laser probe beam interrogated the plume perpendicular to the excimer
laser beam, and the fluorescence was collected at 900 to the dye laser beam. The timing between
the two pulsed lasers was varied between I and 50 g±sec so that the plume constituents could be
probed as a function of time from the ablation laser pulse. The timing of the OMA gate was
maintained so that the probe beam sampled the plume material within the 500 ns gate width of
the OMA. Ge atoms were probed by exciting from the ground 3P0 state to the 3P, level at
265.16 nm and observing the fluorescence from this state with the gated OMA III system. GeO
molecules were probed at 261.4 nm which promoted population from the X 11 (v" = 0) to the
A, n (v' = I) state. The entire v' = 1 progression from GeO (A-*X) was captured with the gated
OMA in a single trace.

RESULTS

Figure 2 shows a sample of a time-integrated plasma emission spectrum. The plume
luminescence was caused by electronic transitions in neutral Ge (Ge I), singly ionized Ge (Ge IH),
and neutral 0 (0 1) atoms. At pressures below - 50 mTorr and with no discharge, the emission
emanated solely from excited Ge I. The emission intensities remained constant from vacuum to
about 10 mTorr of added 02 and increased by a factor of 10 between 10 and 100 mTorr. This
behavior could be attributed to species confinement at higher backing gas pressures which
increases the number of emitters per volume [6]. Application of the discharge at low pressures
(i.e., P(0 2 ) < 50 mTorr) enhanced both the Ge I and 0 1 atomic emissions as shown in Fig. 2. No
GeO emission was observed under any conditions in these experiments.

The various channels that are open to creating these electronically excited states in the plume
material make it difficult to monitor the behavior of any one species independent of the
formation mechanism. In order to circumvent this limitation, the behavior of species in the plume
was monitored as a function of ambient gas pressure using laser induced fluorescence (LIF).
Figure 3 shows a sample LIF spectrum of Ge I. The ground state Ge I concentration appears to
decrease with increasing 02 pressures as illustrated in Fig. 4. The decay, when converted to a rate
coefficient, is consistent with the known reaction rate coefficient for Ge + 02 -+ GeO + 0 [2].
The Ge LIF intensities were also monitored as a function of N2 pressure to test whether or not the
ddecay is due to this reaction scheme. Collisions between N2 and Ge are non-reactive and should
yield little or no decrease in the Ge I concentration with pressure. We found, however, that the
Ge concentration decreased with increasing N2 pressures with a rate that was only 40% slower
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Figure 2. Time-integrated plasma emission spectrum recorded at an oxygen pressure of
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than that for 02. This may indicate that the decays are not caused by a chemical depletion of
ground state atoms. Electronic quenching could account for these decays, but the radiative
lifetimes of the states under study (-250 ns) prohibit such encounters [71. For example, the time
between collisions in an equilibrium mixture is about 12 uis so the electronic states will never see
a collision. These pressure experiments were repeated with the dc discharge with no difference in
the results.

Although the emission studies did not reveal the presence of GeO*, the removal of ground
state Ge I by reaction is not totally ruled out. Reactions between Ge and 02 produce GeO in the
electronic ground state with AE = +1.2 eV [7]. The exothermicity of the reaction is sufficient to
populate GeO(X) up to v" = 5 so no visible emission would be produced. We searched for
vibrational excitation in GeO(X), which would indicate chemical formation of GeO, by pumping
from various X state vibrational levels (0 < v" < 5) to the A state using the strongest Frank -
Condon allowed transitions. We discovered strong emission lines from the molecule upon
excitation from only v" = 0. No LIF emission was observed after exciting from v" > I even in the
presence of various pressures of 02, In experiments similar to those performed with Ge I, the
GeO LIF emission intensities decreased with increasing 02 pressures. The GeO(A -* X) LIF
signals became undetectable at 02 pressures near 40 mTorr. The radiative lifetime for GeO(A) is
not known, but, assuming typical values of 3-5 pIs, a significant number of collisions would not
occur eliminating electronic quenching as the source of the intensity decrease. Although the
mechanism for these intensity decreases at various 02 pressures is currently not understood, the
results do indicate that chemical production of GeO via interactions of the plume material with
the background 02 does not occur.

Since the chemical production of GeO via plume-ambient gas interactions does not appear to
be important, we traced the origin of diatomic GeO by monitoring LIF signals as a function of
distance from the target surface. These LIF experiments showed that GeO molecules were
present in the plume at distances as near as 2.5 mm from the target surface. Molecular LIF
emission was also observed in vacuum. These results indicate that GeO is either produced as a
result of recombination of material in the plume near the target surface where the ion and neutral
number densities are high or the molecule dissociated directly from the target.

DISCUSSION

These experiments showed that interactions between the plume material and the ambient 02
gas directly affected the concentrations of the excited neutral and ionic states of Ge and 0 atoms
as well as molecular GeO. Two possible mechanisms can be postulated to explain the observed
emission and LIF behavior described above. The first mechanism involves non-reactive plume -
ambient gas interactions. Plume interactions with the background gas, especially at the higher gas
pressures ( > 50 mTorr), spatially confine the plume and should cause both the atomic emission
features and the LIF intensities to increase. However, we observe increases in only the atomic
emission intensities and not in the LIF signals. Therefore, this mechanism may not be plausible.
The second mechanism involves reactive encounters between the plasma and the ambient gas.
Scattering events between electrons and atoms or molecules and high kinetic energy collisions
between atoms could produce neutral electronic excitation as well as additional ionization.
Therefore, atomic emission experiments would show an increase in emission intensities as was
observed here. These interactions would also result in a concurrent decrease in ground state
species which is consistent with the LIF results.
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this decay may be due to a combination of reactive and non-reactive collisions with the ambient
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These results may have significance in determining the mechanisms for GeO 2 thin film
growth. Since chemical reactions do not appear to dominate the plume-ambient gas processes,
surface reactions must control the thin film growth. At high ambient gas pressures (i.e., P(0 2) =

150 mTorr), excess 02 may be required to complete recombination reactions on the substrate
surface, whereas at lower pressures, the discharge produces excited 0 atoms which can then
interact more energetically with the substrate. These processes produce the same result:
stoichiometric thin films. The importance of GeO in the film formation process is not completely
understood. Diatomic GeO is abundant in vacuum but disappears as the 02 pressure is increased.
Since we cannot detect population in other vibrational levels of the ground state, GeO may either
be scattered from the excitation region or the molecule could be dissociated as a result of plasma-
02 interactions.

SUMMARY

Constituents of a laser-produced plume from a GeO 2 target have been spectroscopically
examined. The results indicate complicated processes that occur when the plume interacts with
the ambient 02. High kinetic energy species are produced and the behavior of individual species
in the plume may be governed by several reactive and non-reactive encounters. Chemical
production of diatomic species, which are critical for growing good quality high Tc thin films,
does not occur for laser ablated GeO 2 plumes in 02, and thus does not appear to be important for
growing stoichiometric GeO2 thin films.
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ABSTRACT

The electrical and optical properties of room temperature laser deposited indium tin
oxide films were studied. It was found that the resistivity of the film was quite sensitive to the
deposition conditions. At the optimized conditions, films with a bulk resistivity value of
2.8x 104 fl-cm and optical transmission of greater than 90% could be obtained. By using an in
situ resistance measurement, it was shown that the initial growth mode was via island
formation. Additionally, a classic transition from two- to three-dimensional behavior for the
resistance was observed.

INTRODUCTION

Indium tin oxide (ITO) films are found in a wide range of applications in optoelectronic
devices[l-6], because of their optical transparency and electrical conducting properties.
Recently, very large optical nonlinearities have been obtained from this material[7]. The lowest
resistivity of 7x10"5 fl-cm was obtained by an activated reactive evaporation technique at a
substrate temperature of 350 'C[8]. However, for some devices, the deposition temperature is
an important issue and heating is not desirable. For example, high temperatures are known to
lead to deleterious interface effects in ITO/IlnP solar cells[9], and in ITO/polymer opto-
ferroelectric memory devices[ 10], the polymer dissociates at high temperatures. Therefore, it is
necessary to grow low resistivity ITO films at low temperatures without post-annealing. In this
paper, we demonstrated that the technique of pulsed laser deposition (PLD) was used to
successfully deposit ITO films at room temperature without post-annealing.

FILM PREPARATION

ITO films were prepared in a clean vacuum chamber with a base pressure of 5x10"6
Torr. Details of the deposition system were discussed previously[I 1]. An excimer laser beam at
a wavelength of 193 nm and pulse duration of 15 ns was focused onto a rotating target at a
oblique angle of 30'. The laser was operated at 10 Hz. An energy of 50 mJ per pulse was
delivered to the target with a focal size of 3xl.5 mm2. This corresponded to a fluence of about
I J/cm2 which was sufficient to produce a laser plume. The target was a 2.5 cm diameter
Mn203(900/) + SnO(10%/o by weight) sintered ceramic. The substrates were glass of size
1.5x!.5 cm2 The substrates were cleaned with trichlorethylene, acetone, methanol and
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FIG. 1. Resistivity as a function of oxygen FIG. 2. Resistivity as a function of target-
pressure. The target-substrate distance is 7 cm. substrate distance. The oxygen pressure is

15 mTorr.

deionized water, and they were then thermally contacted with silverpaste on a copper block
which acted as a heat sink to stabilize the substrate temperature. The substrates were not
heated or cooled. The thermocouple was used to monitor the surface temperature of the
substrate at all times. The temperature was found to remain around 20 'C during deposition.
Oxygen gas (98% purity) was introduced into the chamber to the desired pressure. The film
thickness was measured by a profilometer, allowing the deposition rate to be calculated. It was
found that the deposition rate was strongly dependent on the oxygen background pressure and
decreased with increasing oxygen pressure. For example, the deposition rate was 0. 1 A /pulse
at 3x10"5 Ton" and was reduced to 0,03 A /pulse at 5x10"2 Tonf. Incidentally, the absolute
deposition rate is dependent on the laser fluence and can be increased significantly.

ELECTRICAL PROPERTIES

The resistivity of the film was calculated based on the resistance measurement by a
standard four-probe technique[17]. The errors of the measured resistivity were mainly
contributed from the variations of the film thickness. The maximum error of the resistivity was
estimated to be less than 10% of this value. Fig. I shows the resistivity of ITO films as a
function of oxygen pressure. It can be seen that the resistivity is very sensitive to oxygen
pressure. Low resistivity films could be obtained only in a narrow pressure range. Films with
the lowest measured resistivity of 5.6x10 4 f-cm were deposited at 15 mTorr. The sample
thickness in these measurement was 1500 A. It will be shown later that there is a significant
surface scattering contribution to the measured resistance. The actual bulk resistivity for the
ITO film is 2.8x 104 0-cm after some theoretical fitting to the data by a classic model of the
two- to three-dimensional transition[12]. This resistivity value is the lowest ever reported for
films deposited by any method at this low temperature without post-annealing.

On the another hand, it was also found that the resistivity is quite sensitive to the
target-substrtte distance at a fixed oxygen pressure as shown in Fig. 2. It can be seen that the
minimum resistivity was obtained for films deposited at the optimal target-substrate distance of
7 cm for the oxygen pressure of 15 mTort.
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FIG. 3. Optical transmission spectra for films FIG. 4. Conductance of an ITO film
deposited at oxygen pressures of (a) 30, (b) 15 during deposition. The dotted lines
and (c) I mTorr. The film thicknesses are 500, (barely distinguishable from the data) are
1500 and 600 A respectively, theoretical fits.

OPTICAL PROPERTIES

Optical transmission spectra of samples were measured with a 360 W halogen lamp
light passing through samples. The transmitted light was analyzed by an optical multichannel
analyzer in the wavelength range 400-900 nm. This wavelength range is limited by the
sensitivity of the silicon photodiode detector. Fig. 3 shows optical transmission spectra for
films deposited at different oxygen pressures. It should be pointed out that these transmission
spectra include the loss from the surface reflection of the glass substrate itself The
transmission increased with increasing 02 pressure during the deposition. For films deposited
at the optimal conditions, the transmission is greater than 900/ between 600 nm and 900 nm.
This transmission is comparable with that of the best films deposited at high temperatures.

IN-SITU RESISTANCE MEASUREMENT

It is well known that the resistivity of thin films changes from two-dimensional to three-
dimensional behavior as the thickness is increased[12] Because of surface scattering, the
resistivity of thin films is enhanced for films thinner than X, the mean free path of the free
carriers. It can be shown that the conductivity is given by[ 121

f
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where ao is the bulk (three-dimensional) conductivity, K=//. and 1 is the film thickness. In situ
measurement of resistance has been used to measure the resistance change during ITO film
formation as follows. Four silver strips were thermally evaporated onto a glass substrate. Each
strip was separated by a distance of I mm. During the deposition, a standard four-probe
method was used to measure the resistance change. A computer was used to record the

resistance (conductance) values with a time resolution of 0.3 sec.

Fig. 4 shows the conductance change during film growth. It was found experimentally
that the resistance remained very large (greater than 100 MC) for a period of time
corresponding to a film thickness of 22 A. This is direct evidence that the film forms via an
island growth mechanism. After this initial thickness of 22 A, the observed resistance
decreased, indicating coalescence of the islands. After coalescence, the increase in conductance
is not linear in I until very large /, because )f contributions from surface scattering. Equation
(I) was used to fit the data in Fig. 4 with oo and X as adjustable parameters. The result is
plotted as a dotted line in the same figure. The fit and the data overlap very well and are almost

indistinguishable. The values of ). and Po obtained are 550 A and 2.8x10-4 0-cm respectively.

For I < X, the electronic transport behavior can be described as a two-dimensional system with
surface scattering dominating. When the film thickness is larger than the electron mean free
path, normal bulk three-dimensional behavior becomes dominant. Fig. 4 is an almost textbook
example of the two-dimensional to three-dimensional transition in c.

DISCUSSION

The strong dependence of the resistivity of ITO films on oxygen pressure as shown in
Fig. I can be explained by the nature of PLD. From an optical time-of-flight study[ 13], it was
found that laser-generated atoms and ions travel towards the substrate with time duration of
about 10 ps and peak velocity of approximately 106 cm/s. The lighter atoms travel faster
initially. However, these velocities eventually equilibrate owing to the many collisions between
fast and slow atoms and ions. The most important collision is between the energetic atoms and
the ambient 02. From our previous work[13,141, it was also found that the quality of the
deposited film was directly related to the velocity distributions of the different atoms. There
exists a distinct pressure-distance scaling law for the deposition of high quality films. The
reason is that at low 02 pressures, the velocity distribution of various constituents will not be
uniform on the surface of the substrate. This situation is not conducive to epitaxial films
formation and is actually similar to sequential evaporation of various constituent metals.
However, if the 02 pressure is too high, the velocities of the various species in the laser plume
slow down as a result of collisions. Surface activation by moderately energetic ions and atoms
will not be possible. Therefore, at the optimal 02 pressure, energetic ions and atoms with a

uniform velocity distribution of various species combine to produce good quality films.
Essentially, the quality of films deposited by PLD is equivalent to that deposited by other
methods at high substrate temperatures.

It is known that the resistivity of ITO films is dependent on the concentration of

oxygen, because the free carriers are due to oxygen vacancies. Therefore, the 02 pressure may
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aftect both the deposition dynamics and the O-vacancy. The results shown in Fig. 2 indicate
that the velocity distributions of different species in the laser plume play a major role in
determining the resistivity of the ITO film. Furthermore, from our previous work[151 it was
found that oxygen content in the film was mainly contributed by the oxygen coining from the
target itself. This is especially true for films deposited at low temperatures, because the oxygen
ejected from the target is in the form of atoms or ions which are much more chemically active
than the ambient 02. Therefore, when they impinge on the substrate they are easily
incorporated with other constituents to form the stoichiometric film.

Finally, these results are contrary to those for films grown at high temperatures[ 16].
For those cases, the resistivity of the film is not sensitive to the oxygen pressure. This is
reasonable because even if the different species arrive at the substrate at different times or have
low kinetic energies, they can still migrate on the surface of the substrate because of their
thermal energy and can rearrange themselves to form a stoichiometric film.

CONCLUSION

The dependence of electrical and optical properties on deposition conditions for ITO
films grown at room temperature has been studied. The resistivity of the films was strongly
dependent on the deposition pressure and the target-substrate distance at room temperature.
The energetic atoms and ions in the laser plume are believed to be responsible for improving
the quality of films. By carefully controlling deposition conditions, a bulk resistivity value as
low as 2. 8x 10"4 -cm and an optical transmission of greater than 90% for a 1500 A thick film
have been achieved. We have also shown by in situ measurement that the film grows via an
island formation mechanism. The coalescence thickness is approximately 20 A. A classic two-
dimensional to three-dimensional behavior of the film resistivity was also observed for films
thinner than 1000 A.
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EXCIMER LASER INTERACTIONS WITH PTFE
RELEVANT TO THIN FILM GROWTIH
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ABSTRACT

Recently, thin films of polytetrafluroethylene (PTFE) have been grown using pulsed
laser ablation of TeflonTM at 266 nm. 1 ,2 To provide further insight into the growth mechanisms
we have examined the neutral and charged particle emissions generated in vacuum by 0 - 3
J/cm 2 pulses of 248 nm radiation incident on solid PTFE. Measurements include quadrupole
and time-of-flight mass spectroscopy. We find in addition to the neutral monomer (C2 F4 ),
copious emissions of highly reactive neutral and charged radicals, e.g., CF2, CF3 , CF, F, and
Cx. A careful analysis of the fluence dependence of these products provides definitive
evidence that their precursors are generated by a thermally driven unzipping reaction. Models
for the production of the radical species with the observed energies (several eV) involving gas
phase processes are presented. Implications for improving PTFE thin film growth will be
discussed.

INTRODUCTION

Polytetrafluoroethylene (PTFE) has many valuable properties, including low dielectric
constant, high resistivity, high thermal and chemical stability, low surface energy, low
coefficient of friction, potential biocompatibility, and low molecular diffusivities for a number
of species. Thin PTFE films are desirable for a number of applications, and a number of
techniques have been developed to fabricate such films. A plasma environment is often
employed to provide the reactive species necessary for polymerization. Blanchet and Shah have
recently fabricated PTFE films by pulsed-laser deposition (PLD) in Ar and CF4 atmospheres
(50-250 mTorr) on heated substrates; 1 -2 the PTFE targets were irradiated with 10 ns pulses of
266 nm radiation at fluences of 0.5-2 j/cm2 . They propose that the primary ablation product is
the monomer (C 2F4 ) produced by pyrolytic decomposition of the target. PTFE film formation
is attributed to repolymerization of the monomer on the substrate surface.

The polymerization of PTFE films by plasma-assisted polymerization (PAP) has been
shown to require radical and ionic species. 3 ,4 In particular, CF, CF2, CF3 , CF3 +, C3 F5+, F, and
C have been proposed as important reactive species. Several groups have identified these and
other species during UV laser irradiation with PTFE.5-8 Thus laser irradiation produces all the
essential species for polymerization and film growth, although not necessarily in optimum
proportions. For example, polymerization requires a high C/F ratio in the incident flux of
particles; a low C/F ratio can actually result in etching. 4

In this work, we show that the fluence dependence and velocity distributions of the
neutral products produced by pulsed 248-nm irradiation of PTFE are consistent with a thermally
activated emission mechanism. The low activation energy is consistent with known activation
energies of un-zipping reactions, which produce predominately monomers, but also other
neutral species. Ionic species are also observed, presumably due to the collisional ionization of
neutral molecules in the weak plasma generated at the target surface.

EXPERIMENT

The PTFE targets used in this study were 0.5-mm-thick films supplied by Goodfellow
Corporation. Experiments were conducted in vacuum at background pressures of 10 -7- 10-5 Pa.9

20-ns pulses of 248 nm radiation from a Lambda Physik EMG203 excimer laser (KrF) were
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directed at the sample through a 114-cm focal length lens and mask. The fluence at the sample
was varied by adjusting the lens-to-sample distance. A low pulse repetition rate (1 Hz) was
used to avoid accumulative heating. The total energy of the laser was measured with a GenTec
ED500 Joule meter.

Neutral molecule mass spectra were obtained with a UTI 100C quadrupole mass
spectrometer (QMS) with an electron impact ionizer operating at 70 eV. Time resolved signals
at single masses provided time-of-flight (TOF) distributions of the emitted particles. After
correcting the TOF distribution for the velocity dependence of the ionization probability and the
time required for ions to pass through the mass filter, a least squares fit to a Maxwell-Boltzmann
distribution was used to determine the effective temperature of the neutral emission products.
The resulting equation for the measured intensity vs time, 1(t, is of the form:

D+S,() ,,;-' 2 = I f x-3 e. pI ý o x2,1,
1(t) 7, No~2xeP j~dx (1)

where D is the distance from the sample to the tip of the ionizer (17 cm), S is the length of the
ionizer (2 cm), and a = r/kT where m is the molecular mass, k is Boltzmann's constant, and T is
the temperature. No is an adjustable parameter which simply adjusts the amplitude of the curve,
accounting for the overall ionization efficiency and peak emission intensity. The only other
adjustable parameter is T, which determines the shape of the TOF distribution (including the
position of the peak).

Ion mass spectra were measured with both the QMS (ionizer removed) and a Reflectron
time-of-flight mass spectrometer.

RESULTS AND DISCUSSION

PTFE is normally transparent at most excimer laser wavelengths.1 0 The absorption
constant, cc, of nonirradiated samples is typically about 158 cm-1 at 248 nm.11 Despite this
weak absorption, irradiation at 248 nm (and 308 nm) at fluences of 0.5-3 J/cm 2 produces strong
particle emission on the first few laser pulses; the emission intensities at these fluences
subsequently drop to roughly constant values.

In agreement with several other groups, we find that the monomer, C2F4 , is the
dominant neutral species at fluences of about 2 J/cm2 . Spectra are shown in reference 12.
Using cracking fractions from the EPA/NIH Mass Spectral Data Base, 13 we conclude that (in
order of decreasing intensity) the parent molecules include C2F4, C3F6, and C-4F8. In addition,
we observe the neutral radicals CF2, CF3, CF, C, C2, C3, F, and other species of the form C2Fx,
C3Fy, and C4Fz. The relative intensities of the major neutral species changes with laser fluence
and wavelength. Preliminary examination of the neutral emission during irradiation at 308 nm
shows relatively high intensities of CF, CF2, and CF3. These high radical concentrations may
benefit thin film growth and polymerization.

Intense C2F4 emission and relatively strong C3F 6 emission are consistent with thermal
decomposition, as suggested elsewhere [e.g., Refs. 1 and 9]. However, as shown below, the
route to decomposition does not appear to be direct thermal bond breaking; rather a free radical
mechanism is proposed. We can calculate an effective surface temperature by modeling the
neutral particle TOP with a nonlinear least squares routine.14 Figure 1(a) shows a TOF signal
for mass 100 (C2F4) at a laser fluence of 2 j/cm2 averaged over 50 pulses. The curve fit was
generated assuming the signal was due to a single mass (100 amu, corresponding to the parent
C2F14) at a temperature of 987 K. Figure l(b) shows the corresponding signal at the same
fluence with the QMS tuned to mass 31. Here, four parent molecules were needed to obtain a
reasonable fit: 31 amu (CF), 50 amu (CF2), 100 amu (C2F4-the most intense), and 200 amu
(C4Fg), all at a temperature of 988 K. The agreement with the mass 100 temperature is
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somewhat fortuitous. Similar unconstrained curve fits to TOF data taken at the same laser
fluence at mass 50 [assuming two parent masses: 50 amu (CF2) and 100 amu (C2F4)] and mass
69 [assuming two parent masses: 69 amu (CF3 ) and 100 amu (C2F4)] yielded good fits with
temperatures of 930 K and 1050 K, respectively. We are therefore confident that these fits yield
reasonable temperatures of the material yielding the emission. SEM images of the PTFE
surface indicate that decomposition at these fluences is highly localized probably associated
with defects; thus these temperature estimates do not apply to the irradiated surface as a whole
but to localized regions.

Time-of-Flight Curves forNeutralEmisionsat 100 and 30amu

310. 0 Data (a) Mass 31010 f" 9S
= " Fit lme

. 6
4-

0 0.5 1
Time-of-Flight (ms)

amu (the monomer) and (b) mass 31. The curves drawn through the data points are derived

from Mazwell-Boltzmann distributions at the temperatures shown.

Negative ion emission measurements show that, at a fluence of 1.2 i/cm2 , F- is the dominant

negative ion; large quantities of C3 " and CF3" are also detected, consistent with the work of
Gardella et al..8 Copious electron emission is also observed, with an intensity increasing
approximately linearly with laser fluence. Laser-stimulated electrons are easily discriminated
from negative ions by their time-of-flight in weak electric fields.t 5

Fhuence Dependence and Kinetics Model

Figure 2 shows the fluence dependence of the emission intensities for neutral C2F4 and
CF under 248 nm irradiation; also shown are the fluence dependence of the ionic species CFK

and F-/F, where the curves are normalized to a single point. The F" intensity has been divided
by a factor of F, the laser fluence. consistent with the formation of negative ions by electron
reattachinent with neutral species in the plume, where we assume that the electron density is
proportional to fluence. With this adjustment, the behavior of all these species is essentially the
same. The similar fluence dependence of the ionic and neutral species (including the monomer)
suggests that they are both controlled by the rate of polymer decomposition.

TOF data for the neutral monomer at various fluences were used to determine the
Saverage temperature vs fluence. The resulting temperatures over a range of fluences are shown
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in Fig. 3(a). where we have fit the data to a straight line. As expected, the onset of significant
monomer emission is close to the isothermal decomposition temperature for PTFE
(Td - 700 K).1 6

Fluence Dependence of Emission Intensities

10. Fig. 2. E mission intensities
* CF (at 248 rim) as a function of

S80- + CF+ fluenceforneutralC 2F4 and

*60: C2 F 4  S CF, normalized to a single
"point. Also shown are theA40. Femission intensities of the

5, , ionic s pecies CF• and F-,"j 20 where the F - int ensity has

been divided by a factor of F
01 (the laser fluence).

0 1 2
Fluence (Jckm2 )

We take the simplest form for the temperature increase, AT, vs F , namely:

AT - (l-R)aF (2)
p Cv

where R is the reflectivity of the PTFE surface (-0.15), (x is the absorption constant, F is the

incident laser fluence, p is the density of FTFE (2.1 g/cm 3 ) and Cv is the heat capacity, which

we take to be constant = 1.05 J/(g-K). The slope of the data in Fig. 3(a) thus determines a,
which here is about 1770 cm- I-reasonable for "damaged" PTFE. It is important to note that

the resulting value of ct depends on the incubation treatment (i.e., the fluence and number of
laser pulses) before the TOF curve is acquired. Nevertheless, after incubation, provided that
only a few pulses are used to determine T, at does not change with fluence.

The decomposition kinetics (if thermal) should be reflected in the dependence of the
monomer emission intensity on the gas temperatures as determined by TOF analysis. Figure
3(b) shows an Arrhenius plot of loge(I) vs I/T for two data sets (symbols * and + , respectively).
This data does not obey a simple Arrhenius equation (i.e., a single, straight line). At low
fluences (low T), where the slope is the largest, the apparent activation energy, Ea, is - 0.9 eV,
well below the activation energy for isothermal decomposition (3.5 eV/molecule). 1 7

Furthermore, as T increases, the slope of the Arrhenius plot (apparent Es) decreases to -0.2 eV.
We propose that the kinetics of monomer production is rate limited by a low energy

process, namely a depropagation or unzipping reaction,18 where photochemically produced free
radicals sequentially catalyze bond scisstons between monomer units as they move along the
polymer chain. Unzipping reactions account for the high monomer yields in isothermal
decomposition of PTFE, and would explain the high monomer yields accompanying ablation. It
has been suggested that at elevated temperatures, a single radical can produce 105 monomer
units during a period equal to the thermal time constant for the cooling of laser irradiated PTFE(10-7- 10-8 s). I

To model our data we assume that free radicals are created photochemically at a
concentration Ro proportional to the laser fluence F. From Fig. 2(a), F is proportional to T;
therefore, R0 is also proportional to T. Under equilibrium thermal conditions, It is small and
termination typically occurs by disproportionation.19 Under ablation conditions, R0 is much
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larger and termination by the "collision" of radicals on the same chain is more likely. This
would occur at a rate -R2; if we assume that the temperature is constant over the effective
reaction time At, R will be given by second order decay kinetics of the form:

R RO(3)
I+Roktt

where kt is the rate constant for the termination reaction, kt - exp(Et/kT). The emission
intensity will be proportional to the product of R and the rate constant for the depropagation
reaction, kd - exp(Ed/kT). Ed and Et are the activation energies for depropagation and
termination, respectively; for the proposed termination mechanism, both Ed and Et equal the
activation energy for the propagation of the radical along the chain (Ed = EO). The total
emission I(T) is therefore proportional to the integral of kd . R over time, yielding

](I) = A. In [I + B. T. exp(t-)] (4)

where A and B are constants. Equation 4 was fit the data in Fig. 3(b), yielding Et (= Ed) = 0.9
± 0.2 eV. This energy is appropriate for the activated transport of radicals along the polymer
backbones, as opposed to the much more energetic process of forming radicals by thermally
induced bond scissions.

Temperature and Fluence Depotduice of Mass 100 Intensity

3000 (a) 1empersturevs
Fluence

S(YbW LOlge(lntenskty) vs 1/T1'
- --

Fl.nce (Jkm 2 ) 1000

Fig. 3. (a) Temperature estimates (derived from the TOF data) versus fluence for the monomer
emission. (b) Loge(monomer intensity) vs (lM. The symbols * and + represent measurements
taken on different spots.

At low fluences and temperatures, the termination reaction can be neglected and
emission is rate limited by the initial radical density and the thermally stimulated "diffusion" of
these radicals along the chain. This yields a rapidly rising (superexponential) emission with
fluence, consistent with the low-fluence portion of Fig. 2. The rapidly rising emission
intensities between 0.5 and 1.0 j/cm2 in Fig. 2 are significant and cannot be realistically
described in terms of threshold behavior. This strong dependence of the emission intensities on
temperature implies that the hottest regions of the sample dominate the emission process. At
t temperatures before and after the material reaches its peak temperature, the emissions
are much reduced; this would account for the very nearly Maxwellian velocity distribution of
the monomer (wher,. the signal is dominated by a single parent species) despite the necessary
heating and cooling.

At higher fluences and temperatures, the emission intensities are limited by the
termination reaction, resulting in saturation behavior. Only a hint of this saturation appears in
Fig. 2 due to the low fluences employed. However, this saturation has been previously reported
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(e.g., in the etch rate measurements of Iaiper and Stuke)11 and attributed to other factors.
Despite the limited evidence for saturation in Fig. 2, the fact that the model parameters derived
from this data show saturation behavior in the correct fluence range is promising. We also note
that this model does not employ an intensity-dependent absorption coefficient

CONCLUSIONS

Substantial quantities of radical and reactive ion components accompany the ablation of
PTFE at 248 nm. These species, along with the intense C2 F4 emission, are important for the
repolymerization of PTFE at the deposition substrate. The kinetics of monomer emission can
be explained by the photochemical production of free radicals, resulting in a thermally activated
unzipping reaction. Unzipping reactions would also account for the high monomer yields
accompanying laser ablation of PTFE. Termination reactions at higher fluences would account
for the saturation in etch rates with increasing fluence observed from UV ablation of PTFE.14

We are currently extending the kinetic investigations to the well studied PMMA ablation at 248
nm and 308 nm and finding evidence for a low activation energy process. It would also be
interesting to look at the kinetics of PTFE decomposition at 157 nm (the F2 excimer laser)
irradiation where strong single photon absorption and clean etching are observed. 10,20
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by Department of Energy-BES (DE-FG06-92ER14252), the National Science Foundation
(DMR-9201767), the Washington Technology Center, and Washington State University.
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ABSTRACT

An epoxy-compatible layer was produced in the near-surface
region of a fluorocarbon resin by irradiating with an ArF
excimer laser in a gaseous B(CH3)3 or a B(OH)3 water solution
atmosphere. The pure photochemical reaction was employed in
the modification process, the defluorination of the surface was
performed with boron atoms which were photo-dissociated from
B(CH3)3 or B(OH)3. The CH3 or OH radicals, also
photo-dissociated, replaced the fluorine atoms of the surface.
As a result, chemical bonding of the surface with the epoxy was
performed. The adhesive strength was evaluated by the shearing
tensile test, and the epoxy break value of 130 kgf/cm2 was
sucessfully achieved.

INTRODUCTION

Fluorocarbon resin (TEFLON) is superior in chemical,
physical, electrical and mechanical properties. For these
reasons, the surface is chemically stable and is deficient in
hydrophilic, oleophilic and adhesive properties. Thus, a
modification technique of the resin surface has been required.

As conventional methods, the plasma treatment[1,21 and the
chemical treatment (3,4) have been carried out. Plasma
treatment, however, produces cracks on the resin surface.
Although the adhesive property of surface is improved by the
anchor effect of the rough surface with an adhesive agent, the
overall adhesion is weak compared with the case of chemical
treatment. On the contrary, in chemical treatment,
environmental pollution arises from the waste chemicals. In
the future, the chemicals used will be limited; a new

* modification method would be needed.
Therefore, we have proposed a photochemical modification

method using an excimer laser light[5]. By this method, the
surface can be modified to hydrophilic[6,71, oleophilic[8,9]
and to metallicflOJ states at will. In this paper, the resin
surface was photochemically modified to an epoxy-compatible
layer; chemical bonding of the resin surface with epoxy was
performed without a primer to obtain an adhesive strength which
is equal to the epoxy cohesive strength.

PRINCIPLE OF PHOTOCHEMICAL MODIFICATION

Surface Defluorination

A property of material surface is determined by an
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functional group. In case of the fluorocarbon resin, fluorine
atoms at the surface determine the hydrophobic and oleophobic
properties. Therefore, defluorination is needed to modify the
fluorocarbon resin surface. We have reported a photochemical
defluorination method using ultraviolet light. In this method,
an ArF excimer laser which has the photon energy of 6.4 eV(147
kcal) higher than the C-F bonding energy of 5.6 eV(128
kcal/mol) is used; therefore, the C-F bonds can be cut directly
by the ArF laser photons. Then, boron atoms[5], aluminum
atomsi7] or hydrogen atom8ill) are employed to prevent the
recombination reaction of fluorine atoms with carbon atoms of
the surface; these three atoms are possible to pull out the
fluorine atoms. Reason why these atoms are employed for is
that the B-F, the Al-F and the H-F bonding energies are higher
than the C-F bonding energy. Especially, the boron atoms and
the aluminum atoms have the bonding energy with fluorine atoms
of 8.1 eV(184 kcal/mol) and 6.9 eV (159 kcal/mol),
respectively; the B-F and the Al-F bonding energies are higher
than the photon energy of ArF laser. Accordingly, B-F and Al-F
bonds are not photo-dissociated under the irradiation of ArF
laser, which means the defluorination reaction effectively
takes place. On the contrary, the hydrogen atoms have the
bonding energy with fluorine atoms of 5.9 eV(135 kcal/mol),
which is lower than the photon energy of ArF laser.
Fortunately, the absorption band of the HF is shorter than
161nm wavelength. As a result, the H-F bonds are not
photo-dissociated by ArF laser light; the defluorination can be
performed. In consequence, by using these atoms, the surface
defluorination is effectively performed. In this paper, the
boron atom which is the highest in efficiency for
defluorination is employed.

Substitution of CR3 and OH groups

In general, epoxy resin is widely used as an adhesive
agent. The resin is composed of C-H and O-H bonds. If the
fluorine atoms of the surface are replaced by CH3 or OH groups,
the fluorocarbon resin can be modified to an epoxy-compatible
layer. Thus, chemical bonding of the surface with the epoxy is
possible without a primer.

In order to modify to the epoxy-compatible layer, B(CH3)3
and B(OH)3 which are compounds of boron with CH3 or OH groups
are used. B(CH3)3 and B(OH)3 are photo-decomposed by the ArF
laser light as follows[12]:

B(CH3)3 + hL'(193nm) B B + 3CH3

B(OR)3 + hv(193nm) B + 30H

As a result, the surface is defluorinated by the boron atoms
which are photo-dissociated; the substitution reaction of the
functional group such as CH3 or OH takes place[121.

IX3UBINMAL M3T3O0

Schematic diagram of the experimental setup is displayed
in Figure 1. (a) is the came of using the gaseous B(CB3)3.
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The fluorocarbon resin film was set in the reaction chamber.
After evacuation, gaseous B(CH3)3 was sealed in the chamber at
the gas pressure of 40 Torr. Then, the ArF laser irradiated to
the surface at the laser fluence of 0-50 mJ/cm2 and at the
laser shot number of 0-10000.

(b) shows the case of using the B(OH)3 water solution.
B(OH)3 solution was dropped on the surface of fluorocarbon
resin; the solution dropped surface was covered on the fused
silica window. And the ArF laser irradiated to the sample
surface. In this setup, a liquid layer of about 50 uni was
formed between the sample surface and the window by the
capillary phenomenon. For this reason, the laser light
irradiated effectively to the sample surface; producLion of
bubbles in the solution were prevented.

A&s zase on Ars adnef Laser

a ~ b

es~a (all

Fig.1 Schematic diagram of the experimental setup.
(a) is the case of using the gaseous B(CH3)3,
(b), the case of using the B(OH)3 water solution.

RESULTS AND DISCUSSION

Substitution of CH3 groups

Fluorocarbon resin in an atmosphere of B(CH3)3 gained the
affinity for oil after being irradiated with ArF laser. In
order to evaluate the oleophilic property of the modified
surface, the contact angle with benzene was inspected[91 as a
function of the laser fluence, as shown in Figure 2. The
contact angle of the non-irradiated surface was about 57
degrees. With increasing the laser fluence, the modification
density of the surface became high; the contact angle gradually
became small. In case of 25 mJ/cm2 fluence, the angle became
about zero degree. However, the contact angle became larger at
the fluence of over 25 mJ/cm2 because the substituted CH3
groups were broken.

Therefore, the epoxy was applied to the modified sample,
and a strip of metal was placed there; the shearing tensile
test was examined. The strength as a function of the laser
fluence is also exhibited in Figure 2. The shearing tensile
strength became stronger with increasing the laser fluence. in
case of 25 mJ/cm2 fluence, the strength woo 130 kgf/cm2 of the
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epoxy break value. However, the strength became weak at the
fluence of over 25 mJ/cm2. The strength dependence on the
laser fluence precisely agreed with the results of contact
angle measurement.

150

04 20
0s 0

eneeaafucinof the lae ece

amin of 440orr

*20

40 V

0 10 20 30 40 50
Laser Fluence (mi/ens'

Fig.2 Shearing tensile strength and contact angle with
benzene as a function of the laser fluence.
The specimens were modified in the B(CE13)3 gas
ambient of 40 Torr.

Then, the shearing tensile strength as a function of the
laser shot number was investigated, as shown in Figure 3. The
laser fluence was kept at 25 mJ/cm2. With increasing the laser
shot number from 0 to 500 and 1000, the strength gradually
became strong; the epoxy break value of 130 kgf/cm2 was
obtained at the shot number of 3000. However, the strength
became weak at the shot number of over 3000. The strength
dependence on the laser shot number also corresponded to the
results of contact angle measurement.

ArF laser flunec ," AS25mJlcm' , 0O -

.5
~l100 20~

S U II 6

io 60

100 1000 10000
Laser Shot Number

Fig.3 Shearing tensile strength and contact angle with
benzene as a function of the laser shot number.
The specimens were modified in the B(CH3)3 gas
ambient of 40 Torr.
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In order to investigate
the relation be-ween the FIs
contact angle and the shearing
tensile strength, X-ray /
photoelectron spectroscopy (XPS) 0,,hot
analyses of the modified surfaces ., 0shot
were conducted. Figure 4 shows.-
F Is (690eV) spectra. The peak .
of the non-irradiated surface was 500 shos
due to CF2-CF2 fluorocarbon resin Z _
structure. With increasing the
laser shot number from 0 to 500 r
and 1000, the fluorine of surface
gradually decreased. In case of C
3000 laser shot number, the F Is CF2 - CF2

peak almost disapeared. By these
defluorinations, the substitution
density of CH3 groups became high
[9]. As a result, the chemical
bond density of the CH3 groups
with the epoxy becomes higher; 700 680
therefore, the shearing tensile
strength became high. Bindng Energ (eV)

Fig.4 XPS spectra of the mod-
ified surfaces at four
different laser shot

Substitution of OH groups number.

B(OH)3 water solution is very stable compared with the
case of using the gaseous B(CH)3. Moreover, the fluorocarbon
resin can be modified in air atmosphere by using the B(OH)3
water solution. Therefore, the sample surface was irradiated
with the ArF laser in the way as illustrated in Figure 1 (b).
Thus, the irradiated surface remarkably became strong in the
affinity for water. Figure 5 displays the contact angle with
water as a function of the laser shot number, The laser
fluence was kept Lt 25 mJ/cm2. The contact angle of the
non-irradiated surface was about 114 degrees. When the
concentration of B(OH)3 water solution was zero, that is H20
only, the ArF laser induced the photo-decomposition as follows:

H20 + h'(193nm) - H + OH

As a result, the surface was defluorinated with the hydrogen
atoms. Since the hydrogen atoms were difficult to defluorinate
compared with the case of using the boron atoms, the contact
angle of less than 30 degrees was not obtained by irradiating
the shot number of 6000. In case of 0.3 Normal concentration,
the contact angle of about zero degree was obtained at the shot
number of 4000. Then, the concentration of B(OH)3 solution was
changed from 0.3 to 2 Normal. As the absorption of B(OH)3
solution became strong, the laser shot number of 10000 was
needed to obtain the contact angle of about zero degree.

Thus, the shearing tensile stength of the modified sample
at the shot number of 4000 is examined, as exhibited in Figure
6. The shearing tensile strength of the non-irradiated sample
was less than 0.2 kgf/cm2112]. After modification, the
strengthbecame over 550 times as strong as before and was 110
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Fig.5 Contact angle with water as a function of the laser
shot number 't three different concentrations of
B(OH)3 water solution.
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Fig.6 Break-point chart of the shearing tensile test.
The specimens were modified in the B(OH)3 water
solution of 0.3 N concentration.
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CONCLUSION

A fluorocarbon resin surface was photochemically modified
by using the ArF excimer laser light and gaseous B(CH3)3 or
B(OH)3 water solution. Chemical bonding of the surface with
epoxy was carried out. The adhesive strength corresponded to
the results of the contact angle measurement. And the epoxy
break value was achieved at the optimum laser fluence and laser
shot number. Moreover, the surface morphology of the sample
was observed smooth and similar to the non-irradiated surface,
which was by the scanning electron microscope (SEM). Thus,
chemical bonding of the fluorocarbon resin and the epoxy agent
was demonstrated. As a result, the photomodification method
can now be applied to the development of a high electric
insulation material or high strength structural materials.
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T. T. Chau, P. M. Lam, and K. C. Kao, Electrical and Computer Engineering. University
of Manitoba. 15 Gillson Street, Winnipeg, Manitoba, Canada, R3TS5V6.

Abstract
Electronic and physical properties of SiO 2 films deposited by microwave ECR

plasmas of the mixtures of SiH 4 and N20 have been measured as functions of the pressure
and the gas-flow ratio of N20 to SiH 4 gases in the processing chamber. Experimental

results show that the film deposition rate increases with increasing SiH 4 concentration, that
is, with decreasing gas-flow ratio. The films deposited at N20/SiH4 gas-flow ratios

smaller than 10 tend to have a refractive index higher than the thermally grown oxide.
However, for the N2 0/SiH4 gas-flow ratios between 10 and 20, the films have the
refractive index close to that of thermally grown oxide, which is about 1.45-1.46. The film
deposition rate increases linearly with increasing pressure. In general, the films deposited at

high pressures (> 100 mTorr) have a higher refractive index as compared with the thermally
grown oxide; also films deposited at high pressures have more electron traps. Good quality
SiO 2 films can be deposited at pressures with the range of 20 -50 mTorr and the N20/SiH4

gas-flow ratio of 10.

Introduction
Plasma enhanced chemical vapor deposition (PECVD) is an important fabrication

process for microelectronics. It has been used for the deposition of metal and insulating

films for many yearsl, 2. Its advantages are: a) it operates at low pressures so that the
contamination of foreign particles can be easily controlled and b) it operates at low
temperatures, low thermal budget, which is essential for sub-micron device fabrication3 .
"This is why silicon dioxide (SiO 2) films fabricated by PECVD have attracted the interest of

microelectronic industry.
Many investigators5 -6 have reported that for SiO 2 films fabricated by PECVD the

deposition rate has to be low in order to achieve high quality SiO 2 films. In practice, the

low deposition rate may be acceptable for the gate oxide fabrication because the thickness
of the films can be easily controlled precisely. However, for other applications such as
SiO 2 films used as the inter-layers for metal routing, thick films (>1000 A) are required. In
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this case a high deposition rate is necessary. In this paper we present our experimental

study on the effects of deposition parameters on the quality of the SiO 2 films deposited by

PECVD, and discuss the tra'.i-off between the quality of the films and the deposition rate.

Experimental

The microwave electron cyclotron resonance (ECR) plasma system used in the
present investigation has been reported elsewhere7 . The substrates were n-type, 1-2 (cm,

<100> oriented silicon wafers. All of the substrates were cleaned using RCA method, and

then dipped in PF:H20 (1: 100) solution for 2 min. The deposition temperature was 300'C,

and the gases used were N 20 and 5 % of SiH 4 in Ar (for simplicity the latter gas is referred

to as SiH 4 from here on). SiO2 films were deposited as functions of: a) gas-flow ratio of

N20:SiH4 (apparent ratio with the understanding that SiH 4 is in fact the mixture of SiH 4

and Ar) between I and 20 at a constant pressure of 27 mTorr and b) the pressure of the

mixed gas between 10 mTorr and 220 mTorr at a constant gas-flow ratio of 10. After the
SiO 2 films were deposited, each substrate was cut into two portions. One portion of the

substrate was used for the thickness measurement by ellipsometry and kept for later use.

The remaining portion was immediately loaded into another vacuum system for
metalization. Aluminum was deposited on the top of the SiO 2 through a shadow mask to

form the gate electrodes, the size of each electrode being 5x10-3 cm 2 in area. After this,

aluminum was also deposited on the silicon side to form the back electrode. The

capacitance-voltage (C-V) characteristics were measured before and after the MOS devices

being subjected to thermal annealing at 400 °C in forming gas (10% of H2 in N2) for 30

min.

Results and Discussion
Figure I(a) shows the deposition rate and the refractive index of the SiO2 films as

functions of the gas-flow ratio. The deposition rate is about 65 A/min at the gas-flow ratio

of I. The films deposited at gas-flow ratio of I have a refractive index of 1.477 indicating
that the films are silicon rich. However, as the N2 0 gas-flow ratio increases, the deposition

rate tends to decrease and so does the refractive index. But when the gas-flow ratio reaches

10, the refractive index and the deposition rate tend to be saturated if the gas-flow ratio is

further increased. The films deposited at the gas-flow ratio of 10 have a refractive index of

1.46, which is close to the refractive index of the thermally grown oxide. Figure I(b)

shows the deposition rate and the refractive index of the deposited films as functions of the

gas pressure. The deposition rate increases linearly with the gas pressure. Thus much

higher deposition rate can be achieved. However. a high gas pressure also results in a high
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Figure I: (a) Deposition rate and refractive index of SiO 2 films as functions of gas-
flow ratio at constant pressure of 27 mTort and (b) deposition rate and
refractive index of SiO 2 films as functions gas pressure at constant gas-
flow ratio of 10.

refractive index. Figure 2(a) shows the breakdown strength as a function of the gas-flow
ratio. The breakdown strength increases with increasing gas-flow ratio for the gas-flow
ratios less than 10. But for gas-flow ratios between 10 and 20, the breakdown strength

becomes saturated. For the pressure dependence, the breakdown voltage decreases with
increasing pressure in the range between 10 and 50 mTorr as shown in figure 2(b).
However, the final breakdown strength is around 8-9 MV/cm for films deposited at gas
pressures larger than 100 mTort. This can be explained as due to the increase in electron
trapping in the high field region, which is caused by the non-stoichiometry of SiO2 or

silicon rich films 8. The presence of trapped electrons due to high field injection creates an
internal field that opposes to the applied field as indicated by the ledge in the I-V

characteristics. Figure 3(a) shows that the oxide fixed charge and the interface state density
(Dit) as functions of gas-flow ratio. Films deposited at a low gas-flow ratio have a higher

oxide fixed charge than those deposited at a high gas-flow ratio. An increasing in oxide

375



15 I

o oi
10 I1 20 25 10 S 00 150 200 7,5

Gas-Flow Ratio Pressure (mTorr)

(a) (b)

Figure 2: (a) Breakdown strength Of SiO2 films as a function of gas-flow ratio at a
constant pressure of 27 mTorr and (b) breakdown strength Of SiO2 films as a
function of gas pressure at a constant gas-flow ratio of 10.

fixed charge is also observed with increasing gas pressure as shown in figure 3(b). For the
PECVD films fabricated at low substrate temperatures, the adsorbed gas molecules on the
substrate surface have a low mobility and hence they need a certain time to move around
to reach a stable state. When the deposition rate is high, the adsorbed gas molecules could
not move around to search for the minimaim energy state. T7his incomplete chemical reaction
may lead to creating more defects or silicon rich films, Figure 3(a) and 3(bo) show that after
PMA (post metalization annealing at 400 °C) process, the value of Dit can reach as low as
10- 11 CV- 1 cm-2 for films deposited at gas-flow ratios between 10 and 20. The value of Ii
follows the same trend of the oxide fixed charge. However, the value of Dit is not
dependent on pressure. This may suggest that the value of Dil may not depend on the,
growth process. 'This may be due to the fact that our films were fabricated using our now
system7, and therefore they were not subjected to either ionic particle or photon
bombardment, and that prior to the deposition process a thin native oxide film was already
present on the silicon surface. Of course, more experiments are needed to verify this
speculation. It is also worth to mention that before the PMA process, the 13ý1 level is quite
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Figure 3: (a) Oxide fixed charge (Qf) and interface state density (Dit) as functions of
gas-flow ratio at constant pressure of 27 mTorr and (b) oxide fixed charge
(Qf) and interface state density (Di,) as functions of gas pressure at constant
gas-flow ratio of 10.

high (>1013 Cv-I cm-2). However, this high value of Di, can be annealed out by the PMA
process. The high value of Dit before annealing may be due to the difference in the

formation of an interface transition layer between Si and SiO2 film. For PECVD films the

transition layer is grown at low temperatures; thus this layer may be similar to the native

oxide that had already been present prior to the deposition process. This may be why the

quality may not be as good as the transition layer of the thermally grown oxide before
annealing. Nevertheless, the treatment of the deposited SiO 2 in the H2 environment at 400

°C can anneal out the excess Dit as we have mentioned. This indicates that the role of the
H2 in the annealing of PECVD films is as important as in the thermally grown oxide.

Conclusion
The deposition rate can be increased by either increasing the SiH4 concentration or by

increasing the gas pressure. The increase in deposition rate is more sensible to the increase
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in gas pressure than to the increase in gas-flow ratio. However, the trade off is that a high

deposition rate is always accompanied with a high electron trap concentration and less
stoichiometric for SiO2 films. Good quality SiO 2 films can be deposited at a relative high

deposition rate by keeping the gas-flow ratio of 10 and the gas pressure within 20 - 50

mTosy.
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FLOW TUBE KINETICS OF GAS-PHASE CVD REACTIONS

BRUCE H. WEILLER
The Aerospace Corporation, Mechanics and Materials Technology Center,
PO Box 92957/M5-753, Los Angeles, CA 90009-2957

ABSTRACT

This paper explores the use of a flow-tube reactor coupled to an FTIR spectrometer to study
gas-phase chemical reactions in CVD systems. We show that our apparatus can generate reliable
kinetics data by reproducing the literature rate constant for the reaction between 03 and isobutene.
We present data from this apparatus on two technologically important systems: TiN from
Ti(NMe 2 )4 (TDMAT) and NH3 and SiO 2 from tetraethoxysilane (TEOS) and 03. The results
presented include kinetics data for the reaction of Ti(NMe 2 )4 with NH3 and ND3 at room tempera-
ture and the IR spectra of the products from the reaction of TEOS with 03 at 175 OC.

INTRODUCTION

Gas-phase chemical reactions often occur in CVD systems but relatively little effort has been
made to understand them. These reactions often determine what species reach the surface of the
growing film and can affect the growth rates, purity, morphology and step coverage. Therefore, in
order to control the properties of the resultant film, it is important to understand this chemistry.
Information on the identity of reactive intermediates and the rates of chemical reactions is needed in
order to develop quantitative kinetics models of deposition processes.

We have developed a useful apparatus for this purpose, a flow tube reactor coupled to an FTIR
spectrometer. The flow tube reactor is a relatively simple technique in which two reactive flow
streams are mixed via sliding injector that provides control over the distance between where the
reagents are mixed and the products detected. Under constant laminar flow conditions, the dis-
tance along the flow tube is simply related to the reaction time. This technique has proven itself to
be an extremely useful kinetics tool over the years.I However, it remains largely unexplored for
the study of CVD chemistry. Here we demonstrate the use of the flow-tube reactor to study two
technologically important CVD processes: 1) SiO 2 from TEOS and 03 and 2) TiN from Ti(NMe2) 4
and NH 3 .

EXPERIMENTAL

The experimental apparatus is shown in Figure 1. The flow-tube reactor is a 1-m long, 1.37"
i.d. teflon-coated stainless-steel tube equipped with a sliding injector port that provides a variable
distance from the focus of the IR beam. The injector is a 1/4" tube ending in a pyrex loop with
many equally spaced holes for gas injection counter-current to the mait flow for good mixing. The
observation region and sliding injector are shown in Figure 2. The observation region is a stan-
dard cross (NW-40) equipped with purged windows, purged capacitance manometers, and a throt-
de valve controller to maintain constant pressure. A stainless-steel tubular insert with 0.75" diam.
holes aids in separating the reactants and products from the KRS-5 windows. Both the flow tube
and the observation region are wrapped with heat tape for temperature regulation when desired.
The IR beam from the FTIR spectrometer (Nicolet 800) exits the spectrometer on the right-hand
side and is focused in the middle of the observation region using a combination of flat and off-axis
parabolic mirrors. A Nicolet detector module with focusing mirror is mounted on the other side of
the flow tube. The focusing optics and the detector module are enclosed in plexiglass boxes and
the entire beam path is purged with dehumidified, C02-free air. Mass flow meters measure the
separate flows of buffer (Ar or He), bubbler, and purge gases, and the flow of a dilute mixture of
NH in buffer (6.0%). The flow meters are calibrated by monitoring the pressure rise in a stan-
dard volume as a function of time. The buffer gas and NH3 flows are mixed and fed into the side
arm of the flow tube while the Ti(NMe2 )4 mixture flows into the sliding injector. A mechanical
pump (Sergeant Welch 1397) was equipped with a liquid nitrogen trap for pumping. For the 03
experiment, a mixture of He and 02 flows into an ozone generator and then into the sliding injector
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of the flow tube. It was possible to generate a mixture of 1.4 % 03 in 02 and He. This was
confirmed by IR absorption usinp the integrated absorbance of the 1042 cm-1 band and the
accepted integrated band intensity. Isobutene flowed into the side arm of the flow tube along with
the buffer gas. The following chemicals were used as received from the following suppliers:
Ti(NMe 2)4 (Strem); Ar (Matheson, UHP grade); NH 3 (Matheson, electronic grade), He (Spectra
Gases, UHP grade), 02 (Airco), isobutene, (Aldrich). TEOS was obtained from Aldrich and was
distilled prior to use. The spectrometer was operated at 8 cm-1 resolution and 256 scans were
averaged. For kinetics measurements integrated intensities were used.

Purged
Enclosures

Injector MCT "-'
Bubbler Detector Pump

Buffer ur 
1

AI NH3/Bufrer

FICS

Spectrometer

Figure 1. Experimental apparatus.

Baratron
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Purge Purge Valve
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seal ea l

Pump

Sliding Glass

Figure 2. Diagram of the observation region and sliding injector.
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KINETICS OF A KNOWN REACTION: 03 + ISOBUTENE

In order to confirm that this flow tube reactor produces reliable kinetics data, we have mea-
sured the rate constant for the reaction of 03 with isobutene. This reaction was selected for several
reasons: 1) a reliable value is available since this reaction is important in atmospheric chemistry and
has been measured numerous times over the years by several different techniques. 3 2) the rate
constant is close in magnitude to the value for Ti(NMe2)4 + NH3 , and 3) the IR absorption bands
of isobutene are sufficiently removed from the 03 band at 1042 cm-1 to prevent interference.

The disappearance of 03 was measured as a function of reaction time as shown in Figure 3.
The isobutene pressure ranged from 0.5 to 2.3 torr and is far in excess over the [03]. Therefore
pseudo-first order conditions apply and we expect an exponential decay of 03: [03] = [03]oexp(-
kbi[C4Hs]t), where kbi is the bimolecular rate constant. Furthermore, we expect a linear relation-
ship between the logarithm of the IR absorbance and the reaction time: ln(AIA0) = -kobst, kobs =
kbi[C4H8]. Here A is the integrated absorbar..,e of the 03 band, A0 is the average integrated
absorbance of the 03 band before and after isobutene addition, and kobs is the observed, decay
constant. Figure 3 shows such a linear dependence for two isobutene pressures. The slopes of the
lines in Figure 3 (kobs) should show a linear dependence on isobutene partial pressure. Figure 4
shows this expected result and provides the bimolecular rate constant, kbi = (13.8 ± 0.1) x 10-16
cm 3(molec.-s)-lat 25 OC and 10 tort total pressure. We have also measured the rate constant at 5
torr total pressure and find no significant difference.

0.0 1.2-

-0.2 "-1.0

-0.4 •0.8

80.6-

-0.8 U0.4

-1.0 0.2

-1.2 __ 0.0-

0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5 2.0 2.5
Time (sec) Isobutene Pressure (torr)

Figure 3. Plot of ln(A/A 0 ) vs. time for the Figure 4. Plot of the observed decay
reaction of 03 with isobutene. The squares constants (kobs) vs. isobutene pressure for
and circles are for 1.15 and 2.32 torr the reaction of 03 with isobutene.
isobutene respectively.

The best literature value for this reaction is (13.6 ± 0.2) x 10-16 cm3 (molec.-s)-I which is in
excellent agreement with our result.3 This is particularly significant since very different conditions
and techniques were used, a static sample at a total pressure of 760 torr and ex-situ measurement of
03. The fact that we are able to reproduce this rate constant is important. A serious concern in
flow tube studies is the rate of mixing of the two reagents to produce a homogeneous mixture. For
very fast reactions this is the limiting rate and can prevent measurement of the reaction rate
constant. The lack of dependence on total pressure is also significant since the diffusional mixing
time will be substantially shorter at the lower pressure. This observation coupled with the good
agreement with the literature clearly demonstrates that mixing is not important under these condi-
tions and validates the reliability of our kinetics data.
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367

KINETICS OF LOW TEMPERATURE CVD OF TIN: Ti(NMe 2)4 + NH 3

TiN is a material with a unique combination of properties including high hardness, high
melting point, chemical inertness and good electrical conductivity. The potential applications of
this material include wear resistant coatings, optical or thermal control coatings for spacecraft com-
ponents that would be less susceptible to erosion by small particles and as a diffusion barrier for
metallization layers in integrated circuits.

This last application is of much current interest and one of the best methods of depositing TiN
diffusion barders is the reaction of Ti(NMe2)4 with NH3 since it proceeds at low temperatures and
gives high quality films with good conformal coverage.

4 
Other workers have shown that a gas-

phase pm-reaction between Ti(NMe2)4 and NH3 is required in order to deposit low-carbon films
of TiN.

5 
Quantitative kinetics data on this gas-phase reaction is required in order to optimize this

process and design improved CVD reactors. We have presented preliminary results on the use of
the flow-tube reactor to study this reaction.

6 
Here we present refined data for this reaction.

When Ti(NMe2)4 is reacted with NH3 in the flow tube reactor, the IR spectra show the forma-
tion of HNMe2 concomitant with the removal of Ti(NMC2)4.

7 
As the reaction time is increased

from 0.7 to 5.5 s at a fixed NH3 partial pressure (0.245 torr), we obsexrve tie disappearance of the
Ti(NMe2)4 bands at 2779, 1254, 949 and 594 cm-

1 
and formation of bands assigned to HNMe 2

(1450, 1158, and 735 cm-
1
).

8 
This is expected for a transamination reaction and similar results

were rerorted by Dubois et al. although, as those authors pointed out, their rates were limited by
mixing.J

Figure 5 shows the disappearance of Ti(NMe2 )4 as a function of time and NH3 pressure. The
integrated intensity of the NC2 stretch (949 cm-') was used to determine the number density of
Ti(NMe 2 )4 . Using the available vapor pressure data, we estimate the partial pressure of
Ti(NMe2 )4 to he -0.01 torr.

9 
The NH 3 pressure ranged from 0.1 to 0.4 torr and therefore pseudo-

first order conditions hold and we expect an exponential decay for [Ti(NMe 2 )4] (as discussed
above for 03 above). The data were fit to a straight line using a weighted least squares routine and
the slopes of these lines give the observed rate constant (kobs) at each NH3 pressure. For this data
He buffer gas was used but we have obtained similar data using Ar and find no significant differ-
ence. Since the diffusion rate is about three times slower in Ar, this result demonstrates that
mixing is not rate limiting under these conditions.
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Figure 5. Plot of ln(A/A0 ) vs. time for the Figure 6. Plot of the observed decay
reaction of Ti(NMe2 )4 with NH3 . The NH3  constants (kobs) vs. NH 3 pressure for the
pressures are 0.090 (circles), 0.179 reaction of Ti(NMe 2)4 with NH 3.
(triangles) and 0.357 ton' (squares).
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Figure 6 shows that a plot of the observed decay constants (kobs) vs. NH 3 pressure is linear
with a zero intercept as expected for pseudo-first order conditions. The slope of Figure 6 gives the
bimolecular rate constant kbi = (1. I ± 0.1) x 10-16 cm3(molec.-s)-l. To our knowledge, this is the
first measurement of the rate constant for such a reaction. The rate constant is fast, especially
considering that the temperature is only 26 OC and that both Ti(NMe2)4 and NH 3 are closed-shell
species.

We have also obtained kinetics data for this reaction using ND3 instead of NH3 . The rate
constant is reduced by a factor of kh/kd = 2.4 ± 0.4 from value for NH3 indicating a primary
isotope effect and that H-atom transfer is involved in the rate limiting step of this reaction.7 Our
observation of a kinetic isotope effect is consistent with labeling studies that showed the amine
proton in the product HNMe2 originates from NH3. 10 This result is important for two reasons. It
serves as a good confirmation that the disappearance of Ti(NMe 2)4 is due to a chemical reaction
with the added reagent and it also provides some mechanistic insight. One likely scenario for the
mechanism of this reaction is the formation of a weakly bound adduct between NH3 and
Ti(NMe2)4 followed by rate limiting H-atom transfer to the dimethylamido moiety and elimination
of amine. We have shown that a simple mechanism involving transamination and the production
of Ti(NH2)4 can quantitatively simulate our data. 7 Work in progress includes direct spectroscopic
identification of the intermediates from this reaction, temperature dependent kinetics measurements
as well as related experiments with Ti(NEt2 )4 .

CVD OF SiO2 : THE REACTION OF 03 WITH TETRAETHOXYSILANE (TEOS)

The deposition of SiO2 from TEOS and 03 is an important process since it provides thin films
of this important dielectric material at relatively low temperatures ( < 400 OC) and with good
conformal coverage for electronic applications. I In addition, SiO2 for multilayer optical compo-
nents could be deposited on temperature sensitive substrates with this approach. Because 03 is a
reactive, unstable molecule, the possibility of gas-phase reactions with TEOS is significant.
Therefore, we have made a prelim'inary examination of the gas phase chemistry in this system with
our flow tube reactor.

Figure 7 shows the IR spectra obtained when we react TEOS with 03 in our flow tube reactor.
Using a bubbler, TEOS was injected via the sliding injector and 03 was mixed via the side arm. At
room temperature the reaction rate is too slow to measure with this apparatus and therefore we
heated the flow tube to 175 oC with heat tape. Even at this temperature the reaction is relatively
slow and in order to observe reaction we raised the total pressure to increase the residence time and
the partial pressures of the reactants. The top spectrum is taken at 2.0 s while the middle and
bottom spectra are taken at 10.0 and 18.1 s respectively. We observe the decay of the TEOS bands
at 2982, 1394, 1119, 962 and 794 cm-1 and the 03 band at 1042 cm-1.3,8 We also see the forma-
tion of products at 3591, 2349, 1786, and 648 cm-1 . These bands can be assigned to CO7
CH3CHO, and possibly CH3 COOH.8 These results are consistent with those of Kawahara et a].
who made similar measurements in a static cell and with recent results of Mucha.1 3 Currently we
are working on determining if the products result from the reactions of 0 atoms or 03 and to what
extent surface reactions may be involved.
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HIGH RATE DEPOSITION OF SiO2 BY THE REMOTE PECVD TECHNIQUE

ARICHIKA ISHIDA, MASATO HIRAMATSU and YOSHITO KAWAKYU
R&D Center, Toshiba Corporation, 1, Komukai Toshiba-cho,
Saiwai-ku, Kawasaki 210, Japan.

ABSTRACT

The deposition of SO2 by remote PECVD using microwave activated
oxygen species and SiH4 were examined. The deposition rate has
been found to be greatly enhanced by reducing the distance
between the substrate surface and the end of the supplying nozzle
for the plasma excited oxygen species.
The deposition rate decreased with increasing substrate

temperature under the condition that the activated oxygen species
and SiH4 molecules collide with each other many times. Its
activation energy was -0.27 eV.

It has been found that the gas phase reaction caused by the
collision is important to obtain high quality films. A SiO2 film
with a resistivity larger than Ix10 16 0.cm was able be obtained
with high deposition rates beyond 200 nm/min, at low temperatures
below 400 0C. The minimum interface state density was 4.3x10 10

cm-2eV-1 for a film deposited at 230 nm/min, and 2.0x1010 cm- 2eV-1
for a film deposited at 30 run/min.

INTRODUCTION

A low temperature deposition technique for high quality surface
passivation films is strongly required for Si-ULSIs and thin film
transistors (TFTs) used for active matrix liquid crystal displays
(AMLCDs). In remote PECVD, plasma excitation and film deposition
were spatially separated. Therefore, the ion bombardment effect,
which occurs in conventional PECVD, is expected to be eliminated.
Some groups have reported the deposition of insulator films by
the remote PECVD technique using RF (13.56 MHz) plasma (1,2].
Fuyuki reported that high quality SiO2 films could be obtained by
the remote PECVD technique using activated oxygen species
generated by a microwave (2.45 GHz) plasma and silane (SiHA) as
the source gas [3).

A high deposition rate is necessary to obtain a high throughput
in order to apply this technique to the deposition of surface
passivation films for TFTs used in AMLCDs. However, the
deposition rates for SiO2 films previously reported were below 10
nm/min, and were insufficient to apply this technique to the
deposition of surface passivation films in actual devices.

In this study, the authors have discussed the deposition
mechanism and the effect of the deposition conditions on film
quality, varying the gas pressure, substrate temperature, and the
distance between the substrate surface and the end of the
supplying gas nozzle for the plasma excited oxygen species. The
deposition rate was greatly enhanced by reducing the distance.
It has been found that high quality SiO2 films could be obtained
at high deposition rates beyond 200 nm/min.
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EXPERIMENTS

Figure 1 shows a schematic diagram of the remote PECVD
apparatus. SiH, gas was introduced into a deposition chamber
through a ring shaped nozzle made by quartz located at a distance
of 30 mm from the substrate surface. Oxygen was excited in the
plasma generated by a microwave (2.45 GHz, 100 W) in a quartz
tube (12.7 mm diameter). The activated oxygen species were
introduced into the deposition chamber through the quartz nozzle.
The distance between the substrate surface and the end of the gas
nozzle for the activated oxygen species was varied from 10 nm to
90 nu. The gas pressure was changed from 0.05 Torr to 0.5 Torr,
by adjusting the conductance of the evacuation system. A typical
02 gas flow rate was 10 cmJ/min, and the SiH4 gas flow rate was
1-10 cm3/min. The substrates were treated with the activated
oxygen species prior to deposition in order to improve the
interface property (4].

The film thickness was measured by a surface roughness profiler.
The etching rate was examined with a buffered HF solution
(HF:NH4F:H20-6:30:64 at 230C). The capacitance-voltage (C-V)
characteristic was measured using Al/Si02/Si MIS capacitors to
analyze the Si02/Si interface property. The substrates for the
C-V measurement were (100) oriented n-type Si wafers. MIS
capacitors were annealed prior to the C-V measurement in a
forming gas at 400 0C ,for 1 h. The film resistivities were also
measured.
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RESULTS and DISCUSSION

DEPOSITION RATE

Figure 2 shows the substrate temperature dependence of the
deposition rate for depositions obtained by varying the gas
pressure (P) and the distance between the substrate surface and



the end of the supplying gas nozzle for the activated oxygen
species (L). The flow rate of the 02 gas and that of the SiH, gas
were both 10 cml/min.
For the conditions of 10 mm L and 0.5 Torr P, the deposition

rate decreased with increasing substrate temperature, and it
saturated below 2000C. The deposition rate at 4000C was extremely
high at 230 nm/min. The activation energy was -0.27 eV. The
negative value of the activation energy shows that the deposition
rate depends on the desorption rate of the reactive species from
the substrate surface.
For 0.05 Torr P and 10 mm L, the deposition rate was independent

of the substrate temperature. The mean free path is about 0.1 mm
for 0.5 Torr P, and 1 mm for 0.05 Torr P. Therefore, the
collision between the activated oxygen and SiH4 molecules
occurred only a few times for 0.05 Torr P. The amount of
precursors generated by a gas phase reaction for 0.05 Torr P was
much less than that for 0.5 Torr P, taking account of the number
of collisions. The difference in the temperature dependence of
the deposition rate seems to be caused by the difference in the
amount of precursors.

On the other hand, for 90 mm L, the deposition rate decreased
with increasing substrate temperature not only for the deposition
for 0.5 Torr P but also for the deposition for the 0.05 Torr P.
The activation energy was the same value as for the deposition
for 10 mm L and 0.5 Torr P. The amount of precursors increased
by elongating L due to the increase in the number of collisions
between the activated oxygen species and the SiH4 molecules.
Consequently, even under 0.05 Torr P, it is considered that the
deposition rate has the same temperature dependence as in the
deposition under 0.5 Torr P.
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FILM QUALITY

Figure 3 shows the etching rate of films with a buffered HF
solution. The refractive indexes measured by elipsometry were in
the range from 1.45 to 1.46. For all deposition conditions, the
etching rate decreased as the substrate temperature increased.
The etching rate for the film deposited under 10 mm L and 0.05
Torr P was much higher than that for other films. Except for the
film deposited under 10 mm L and 0.05 Torr P, the etching rate
tended to saturate beyond 300 0C substrate temperature. The
etching rate for films deposited beyond 300 0 C were about three
times higher than that for thermal Si 102 films.
Figure 4 shows the pressure dependence of the resistivity for

films deposited under 10 mm L and 3000 C substrate temperature.
The applied electric field was I MV/cm. The resistivity increased
with increasing gas pressure. A high resistivity beyond 1016 2ocm
was obtained for the deposition at 0.5 Torr P. Although the
deposition rate increased with increasing gas pressure, the film
quality deposited at higher gas pressure was superior to that
deposited at lower gas pressure.

These data indicate that precursors produced by the gas phase
reaction played an important role in obtaining the high quality
Si02 films.
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C-V CHARACTERISTIC

Figure 5 shows the high frequency (1 MHz) C-V curve and
quasi-static C-V curve for the SiO2 film deposited under 10 mm L
and 0.5 Torr P. The 02 gas flow rate was 10 cm3/min, and the SiH4
gas flow rate was 10 cm3/min. The substrate temperature was
400 0C. The deposition rate was 230 nm/min under this condition.

The minimum interface state density derived by the Terman method
was 4.3x10°' cm-2 eV-'. The hysteresis width was below 0.05 V. It
has been shown that excellent film can be obtain with a high
deposition rate of 230 nm/min.

However, the fixed charge density derived from a flat band
voltage shift was slightly high, 3.OxlOlcm-2 . It is speculated
that Si rich layer might be formed by the activated oxygen prior
to the deposition.

The interface property can be improved by reducing the SiHA gas
flow rate. Figure 6 shows the C-V characteristic of the sample
fabricated under SiH4 gas flow rate of 1 cm2/min. The deposition
rate was 30 nm/min. The minimum interface state density was
2.OxlO0 cm-2eV1-, comparable to thermal Si0 2 films.
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CONCLUSIONS

The deposition of SiO2 films by remote PECVD using microwave
activated oxygen species and SiH4 were examined, varying the gas
pressure, substrate temperature, and the distance between the
substrate surface and the end of the supplying nozzle for the
plasma excited oxygen species. The deposition rate has been found
to be greatly enhanced by reducing the distance.
The temperature dependencies of the deposition rate varied with

the change in the gas pressure and the distance. The deposition
rate decreased with increasing substrate temperature under the
deposition condition that the activated oxygen species and the
SiH, molecules collide with each other many times. Its activation
energy was -0.27 eV. On the other hand, the deposition rate was
constant under the condition that the number of collisions was
small. The difference in the temperature dependencies seems to
be caused by the difference in the amount of precursors generated
by the gas phase reaction.

It has ben found that the gas phase reaction caused through the
collision is important to obtain high quality films. Films with
resistivities larger than 1016 9.cm were able to be obtained with
high deposition rate beyond 200 nm/min, and at low temperatures
below 400 0 C. The minimum interface state density was 4.3x10°'
cm- 2eV-1 for the film deposited at 230 nm/min, and 2.0x1010 cm-2eV'-
for the film deposited at 30 nm/min.

The feasibility of the remote PECVD technique to be applied to
the deposition of surface passivation films of practical devices
has been confirmed.
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KrF EXCIMER LASER INDUCED PHOTOCHEMICAL MODIFICATION OF
POLYPHENYLENESULFIDE SURFACE INTO HYDROPHILIC PROPERTY

H.KASHIURA, M.OKOSHI and M.MURAHARA

Faculty of Engineering, Tokai University, 1117 Kitakaname,
Hiratsuka, Kanagawa 259-12, JAPAN

ABSTRACT

Carboxyl groups were photochemically substituted for
hydrogen atoms at a polyphenylenesulfide surface by using an
KrF excimer laser light and vaporized formic acid. In the
process, the polyphenylenesulfide film was placed in the formic
acid vapor, and the surface was irradiated with the KrF excimer
laser light. Irradiating with the laser, the surface was
dehydrogenated by the hydrogen atoms which were
photodissociated from the formic acid; the dangling bonds on
the surface combined with the CODE radicals which were also
photodissociated. The hydrophilic property of the
photomodified surface was evaluated by the measurement of the
contact angle with water. The dehydrogenation reaction and the
substitution reaction of the COOH radicals were inspected by
XPS analysis. Surface morphology of the sample was observed by
SEM photograph.

INTRODUCTION

Engineering plastics have been developed and widely used as
structual materials. When extending the use of the material,
the requirements for industrial use in various fields are
difficult to satisfy by using a single type of engineering
plastic. Thus, the polymer blending is carried out to improve
the capacity of material; by this method, the properties of
individual materials to be blended can not be maintained.
Therefore, surface modification method is considered more
useful and easier. The method is generally conducted by the
plasma treatment and is essencially physical. Such a physical
method, however, generally damages the material surface; the
mechanical strength of material decreases. Consequently, we
have proposed a photochemical modification method using an ArF
excimer laserll-4| at very low fluence.

Of many polymers, polyphenylenesulfide (PPS), which has
excellent chemical and thermal properties(5-7], has been
employed as a structual material and expected for wider
use[8,91. However, adhesion characteristics of the surface are
not sufficient to form composite materials with metals and to
use for filtration devices. Thus, surface modification for
adhesion Is needed and is often carried out by the plasma
treatment method. The method is physical and the resulting
adhesion is not sufficient. To increase adhesion, the surface
must be treated chemically. We propose the photochemical
modification of the PPS surface by using KrF excimer laser



light and formic acid vapor; the surface was successfully
modified to a hydrophilic state by substituting the COOH
radicals for the hydrogen atoms of the PPS.

PHOTOCHEMICAL REACTION

Generally, a photochemical reaction
requires two conditions as follows: 0.2
first, the substrate must have an
optical absorption at the wavelength
of laser; second, the dissociation
energy of molecule or atom must be
lower than thephoton energy of laser
11-4]. w A tout

Both formic acid (HCOOH) and PPS A inradon
used in this study have strong
absorption at the 248nm wavelength of
KrF laser as shown in Figure 1. And,
the C-H bond of 80.6kcal/mol(3.5eV) is
lower than the photon energy of KrF K ith
laser (equivalent to ll4kcal/mol, 5.0 i . aiation'-
eV). Therefore, the above conditions-- ----
are satisfied in order for the ' 043
photochemical reaction to be 19 e e0h 400(430

effectively induced. Wavelengh(nm)

In order to modify the surface to a
hydrophilic state, the surface must Figure 1. UV Spectra
be dehydrogenated and be replaced with of HCOOH vapor
hydrophilic radicals. Figure 2
illustrates the principle of photochemical reaction in this
method. The C-H bonds were cut by KrF laser photons; the
hydrogen atoms of the surface were pulled jut by the hydrogen
atoms which are photodissociated from the HCOOH vapor. Thus,
the surface was dehydrogenated to form H-H bonds. At the same
time, the hydrophilic radicals combined with the dangling bond
of carbon atoms on the surface. By these reactions, the PPS
surface was photochemically modified to be hydrophilic only on
the parts irradiated.

KrF excimer laser

HCOOH (114kcal)

COOH H/ C-H Bond after irradiation
(80.6kcaVmol)

H H H COOH H H COOH

H H H H H H H H

Figure 2. Principle of this photomodification method
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EXPERIME4NTAL PROCEDURE

Schematic diagram of the experimental setup is shown in
Figure 3. A PPS film of 50pm thickness was put in a reaction
chamber. After evacuating the chamber, the vaporized formic
acid was sealed in the chamber at the gas pressure of
0-120Torr. And, the surface was irradiated with the KrF laser
at the fluence of 0-200mJ/cm2 through a mask-pattern.

mirror

KrF cxcimer laser

Slens

HCOOH ambient E t_.>,'

• " •stage

Figure 3. Schmatic diagram of the experimental setup



RESULTS AND DISCUSSION

Hydrophilic Property

Generally, a measurement of contact angle with liquid is
important to quantify the adhesive property of a surface.
Stronger the hydrophilic property of surface becomes, smaller
the contact angle becomes. Therefore, the hydrophilic property
of a photomodifled surface can be evaluated by measuring its
contact angle with water. Figure 4 (a) shows the contact angle
as a function of laser fluence. Non-treated PPS surface
indicated about 70 degrees. In the range of 0-25mJ/cm2
fluence, the contact angle gradually became smaller with the
increase of laser fluence. The contact angle was about 15
degrees at the 25mJ/cm2 fluence and stayed there in the range
of 25-5OmJ/cm2 fluence. However, the contact angle became
larger at the laser fluence of 50mJ/cm2 and over due to the
damege given to the substituted COOH radicals by the excess of
laser irradiation. Figure 4 (b) indicates the dependence of
contact angle on the gas pressure. Without HCOOB vapor, the
contact angle of the surface did not change. With the increse
of HCOOH gas pressure, the contact angle became lower; it was
about 15 degrees at the pressure of 30 Torr. That is, the
amount of hydrogen atoms increased when the amount of hydrogen
atoms enlarged. And the dehydrogenation and substitution
reactions easily took place. With the HCOOH gas pressure of
120 Torr, the contact angle exhibited little change. This
resulted from the photon of KrF laser that could not reach to
the surface because of the absorption of HCOOH vapor.

0 0,(b

HCOOH One Pfmmeu 30on •mf KrF LAMe Fluence 25md/cml

0 S0 100 IS0 200 0 30 60 90 120
Lmar fwne (mJ/na ) HCOOH Gas Presue (Ton)

Figure.4 Dependence of the contact angle
(a) is on the laser fluence
(b) is on the HCOOR gas pressure
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Substitution of COOH radicals

TO Investigate the incorporation of COOH radicals into the
PPS surface, the carbon and oxygen bondings of the
photomodified surface were analyzed by the X-ray photoelectron
spectroscopy (XPS). Figure 5 (a) indicates the Cis XPS peak
with and without laser irradiation. The Cls peak of the
non-treated surface was at 285eV. The peak of the treated
surface was shifted from 285eV to 287.6eV. Figure 5 (b) shows
the Ols peak with and without irradiation. Without laser
irradiation, the Ols peak was at 532eV. With laser irradiation,
the peak increased in corresponding to the Cls peak shift. The
curve-fitting analysis of the Cls peak was carried out, as
indicated in Figure 6. The peak was separated to 286.1, 287.6,
and 289.7eV. The first peak was identified as C-O bonding; the
second, as C-0; the third, as COO. We propose that these peaks
are derived from the substitution reaction of the hydrophilic
radicals, reacted like Figure 2. Figure 7 displays the
scanning electron microscope (SEM) photographs of the
photomodified surface and the laser ablated surface. (a) shows
the photomodified surface without ablation; Its surface
morphology was the same as the non-treated surface. (b) shows
the surface ablated with the laser fluence of 400mJ/cm2. The
modification was photochemically performed.

(a) <b)

-- , C=O

with
with

irradiaon irrdation 2

(a)~ ~ is Cl,(b-0

withoutwithout irraiStion 24~ 7

294 278rg 540 ) Bindin En (cV)

Figure.6 The results of
Figure.5 XPS spectra of the the curve fitting analysis

photomodif led surface
(a) is Cia, (b) is Ols
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CONCLUSION

A polyphenylenesulfide(PPS)
surface is photochemicallymodified
to be hydrophilic by using the
formic acid vapor and KrF excimer
laser light. The surface is
dehydrogenated with the hydrogen (a)
atoms which are photodissociated
from HCOOH, and the dangling bonds
of the surface are occupied by the
COOH radicals which were also
produced by photodissociation. The
contact angle with water of about 15
degrees is easily achieved with
proper laser fluence and HCOOH gas
pressure. From the results of XPS (b)
and SEM photographs, it is
confirmed that this is an effective
method for photochemical
modification without damage on the
surface. This photomodification
method will be applied to other
plastics which have C-H structures.

Figure.7 The SEM photograph
of the surface

(a) is photomodifled
(b) is ablated
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NEW DRY-ETCH CHEMISTRIES FOR HI-V SEMICONDUCTORS

S. J. PEARTON, U. K. CHAKRABARTI, F. REN, C. R. ABERNATHY, A. KATZ,
W. S. HOBSON AND C. CONSTANTINE*
AT&T Bell Laboratories, Murray Hill, New Jersey 07974
*Plasma Therm IP, St. Petersburg, FL

ABSTRACT

For some dry etching applications in Ill-V semiconductors, such as via hole formation in
InP substrates, the currently used plasma chemistries have etch rates that are up to a factor of 30
too slow. We report on the development of 3 new classes of discharge chemistries, namely
C12 /CH4/H2/Ar at 150 0C (yielding InP etch rates of>l jm - min-I at I mTorr and -80V
dc), HBr/H 2 for selective etching of InGaAs over AIlnAs, and iodine-based plasmas (HI/H 2,
CH3 I/H 2) that offer rapid anisotropic etching of all HI-V materials at room temperature. In all
cases, Electron Cyclotron Resonance sources (either multipolar or magnetic mirror) with
additional rf biasing of the sample position are utilized to obtain low damage pattern transfer
processes that generally use metal contacts on device structures as self-aligned etch masks. The
temperature dependence of etch rates with these new chemistries display non-Arrhenius
behavior in the range 50-250°C and a detailed study of the phenomenon are reported.
Electrical, optical and chemical analysis of the etched surfaces show that it is possible to
achieve essentially damage-free pattern transfer.

INTRODUCTION

Modem lightwave communication systems arm based on transmission at 1.3 or 1.5 gm
through optical fiber. The long wavelength lasers currently used for photonic signal generation
are IP-lnGaAsP solid stale devices grown by epitaxial growth techniques like metal organic
chemical vapor deposition (MOCVD). Processing of these structures involves several etching
steps for grating or mesa formation.(t-?) Many of the common laser smtctures are relatively
large in microelectronic terms, with stripe widths of mom than 5 pim ani stripe lengths of
Z 250 lim. Wet chemical etching is generally employed for these structures because tolerances
on active ma dimensions art not strlnpgnt.t

Increasingy, however, there Is a need for closer contml of the pattern transer fidelity,
particularly in mlorophowoic arrays wher the active elements may be only a few microns in
dimeer. Dry esching must be used for these sauctur, but a number of issues must be
addmmed to deivet de full beneta of this Wchnique. Frst, the choice of plasma chemistry
dmine the etch rae and srface stoichiometry of th InP-InCWAsP heterounction. There is
often a need epitaxially to repow a current blocking layer on the etched surfce,() and,
therefore, the morphology must be smooth and defet-free. Second, there must be sufficient
selectivity for etching the semiconductor relative to the masking material to achieve the
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required etch depth without loss of the mask. Finally, the ion sputtering component of the
etching must be minimized in order to avoid introduction of non-radiative generation-
recombination centers in the semiconductor materials, while still maintaining anisotropic
pattern transfer.

The normal dry etching chemistries for rn-v materials are based on chlorine-containin•
mixtures, and these work well for GaAs and related compounds. Etch rates of > 1 im min-
are easily obtainable for these compounds for applications such as via hole etching, while for
most purposes much lower rates are desirable to improve control of the etch depth. Dry etching
of InP and related compounds is more difficult because of the low volatiles of In chlorides at
room temperature. The CH-/H 2 chemistry provides slow smooth etching of all Ill-V
materials, but suffers from several drawbacks including the extensive polymer deposition
that occurs on the mask and within ghe reactor chamber, the need for careful conditioning of the
chamber and the slow rates (<500A • min-' ). In this paper we report on the development of
3 new dry etching chemistries with particular advantages for InP, namely

(i) C12 /CH 4 /H 2 /Ar, with the sample held at ? 150 0C

(ii) HIU/H 2 /Ar or CH 3 I/H 2

(iii) HBr/H 2

RESULTS AND DISCUSSION

Dry etching was performed in a PlasmaTherm SL720 shuttlelock system [10], employing a
Wavemat Model 300 ECR source operating at 2.45 GHz of the type developed by Asmussen.(9)

Gases were introduced into this source through electronic mass flow controllers at total flow
rates of approximately 30 standard cubic centimeters per minute (sccm). The sample position
was biased by application of 13.56 MHz radio-frequency power to produce dc biases of -100 to
-250V. In this hybrid ECR-rf approach the plasma density and ion energies are controlled
separately and, therefore, allow creation of high density (> 5 X 1011 cm- 2 ) plasmas with
moderate ion energies at low pressure (1 mTorr). The flow rates of C12 /CH 4 /H 2 /Ar were 10,
5, 17, 8 scm respectively, while those of HI, HBr and CH3 I were all 10 sccm.

I. Ca2 /CH4 /H 2 /Ar Chemistry

Table 1 shows the relative volatilities of possible etch products for IH-V materials. Note
that InCI3 , which is the main etch product for removing In when using chlorine-based mixtures,
is quite involatile. One can improve desorption of InCl3 by increasing the sample temperature
during etching.0(-O 3) At high pressures (>0.3 Toir) the apparent activation energy for etching
lnP is close to the latent heat of vaporization of lnCl3 , even though the published vapor pressure
would suggest this would not be a limiting factor.(t1 4
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Table I. Volatilities of possible etch products for GaAs, AlGaAs and InP etched in HBr- or

HI-based discharges. Chlorine related etch products are included for comparison.

Substance Boiling Point (OC) Melting Point (*C) AH(kCal-mole- t )

AIC13  262 190 -139

AIBr3  263 98 -102

AII 3  360 191 -49.6

GaCI3  201 78 -107

GaBr3  278 121 -92
GaI3  345 212 -34

AsC13  130 -8.5 -62.5

AsBr3  221 33 -26
As13  403 146 ?
AsI2  ? 136 ?
AsI 5  ? 76 ?

InCI3  600 586 -128
InCI2  550 235 ?
InCl 608 225 ?
InBr 662 220 -13.6

InBr2  632 235 -67.4

11l 711 351 1.8

WI2  ? 212 ?

Inl3  ? 210 -28.8

PCI3  75 -112 -68.6

PBr 5  173 -40 -33

P13  decomposes 61 ?
PH3  -88 -132 +1.3
AsH 3  -55 -116 +15.9

We have investigated use of elevated temperature Cl2 ECR etching, and found that while
the etch rates are rapid (up to several microns per minute), the etched surfaces are rough due to

preferential loss of In above -130 0 C, and the features are undercuL(15) The surface
morphology can be drastically improved by adding H2 to the discharge to promote the removal
of P (or other group V elements) as PH3 (or other hydrides). This leads to a stoichiometric
surface, with equi-rate removal of both In and P. The undercutting can be suppressed by adding
a small amount of CH4, which causes a sidewall passivation reaction with polymer deposition
on the sidewall.(13) Ar is also added to facilitate ignition of the discharge at low pressure and
improve the thermal properties of the plasma.

Figure I shows etch rate vs. time plots for different plasma chemistries. Under our
conditions (I mTorr, - IOOV d 200W microwave power) the etch rates of InP, InGaAs,
InGaAsP and InGaP am -300A m min-, requiring very long plasma exposures for deep

s•rctres such as laser mesa etching (-4 ptm deep) when using CH4 /H 2 /Ar. Substitution of
C2 H6 for CH 4 produces slightly faster (-20%) etch rates. The fastest etch rates were obtained
with the C12/CH4/H 2 /Ar chemisuy.
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Fig. I. InP etch depth versus time for four different discharge chemistries. The process
pressure was I mTorr, the dc bias - 100V and the microwave power 200W in all
cases.

Figure 2 shows the etch rate of InP in these mixtures as a function of CH4 flow rate. As the
CH4 flow is increased, the semiconductor etch rate drops rapidly as expected because of the
much slower rates achievable with CH 4 /H2 . At low CMI additions it is possible to retain rates
of -I ptm m rin-' while having sufficient polymer deposition on the sidewall to maintain
anisoftopic profiles. We have used the C12/CIH4 H2/Ar chemistry to produce laser mesas
suitable for regrowth(16) and also through-wafer via holes for InP power device
applications.05)

1.2

1.0

rj 0.8

S0.6

0.4

0.2

o 2 4 6 10 12

CH, Flow (sccm)

Fig. 2. InP mh ras a function of MI+ flow rats in Cl/lCH4IHl/Ar BCR dischargs
(2 mTorr Iaam and --SOV dc).
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2. Iodine (HI, CH 3 1) Discharges

The iodine-related etch products are more volatile than those associated with C- 4 /H 2 , and
therefore iodine-based chemistries provide faster etch rates with less polymer
depoSiigon.(17-19) P 12 is a difficult material to handle and usually requires some form of
heating to obtain a sufficient flow rate. By conuast, HI is a gas easily applicable to dry etching.

Figure 3 shows the etch rates of Ill-V materials as a function of de bias in HI/H 2 /Ar
discharges. The etch rates for all these semiconductors increase monotonically with dc bias due
to the increase in the sputtering component of the etching. The rates are 8-10 times faster than
for CH4 /H 2 /Ar discharges under the same conditions in the same reactor. With HI/H 2 /Ar
ther is no polymer deposition and we did not observe any incubation time required for the
onset of etching with any of the materials, indicating that the native oxides are rapidly removed
in these, discharges.

3000 -30 10 HI/10 H2/5 Ar

I mTorr,

250 W MICROWAVE

0 InP

2500 0 GaAs
A InAs

a nbGaSb

200 AlInAs
v I InGaAs

� %V AIInP

•* AIGaAs

W 1500-

WU 1000-

0 ¢

(I 00o 2 0 0ot
DC BIAS (V)

Fig. 3. Etch rates of Ill-V materials in I mTorr, 250W (microwave) 10HI/I0H 2 /5Ar
discharges as a function of rf-induced dc bias on the samples.

Figure 4 shows removal rates of various mask materials during exposure to HI/H 2 /Ar
discharges with different dc biases on the sample. The selectivity for etching InP over
photomlst is - 100:1 at -100V dc bias, and higher values are obtained for dielectrics or metal
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masks. A compilation of data from the different discharge chemistries investigated is given in
Table 2. High selectivities over resist and dielectrics are obtained in most cases, with the
exception being use of resist with the CI2 /CHj4 H2 /Ar mixture. The need to hardbake the resist
also leads to difficulties with its removal after the semiconductor etch is completed. For this
reason, dielectric masks are preferred with this mixture.

120

10HI/10H 2/5Ar
10mTorr

100- 250W MICROWAVE
* PHOTORESIST
0 Au
A• SiNS A sio

"E 80 0 AI[0

El Ti
T Mo

W V Ni
I-60 XPt
< 0-J

> .

S40
a:

/

20- C', . •../
-

.A

0 100 200 300 400

DC BIAS (V)

Fig. 4. Removal rate of various masking materials for InP in HI/H 2 /Ar discharges, as a

function of dc bias.

Table 2. Selectivity for etching InP over various mask materials in different discharge
chemistries. The plasma parameters were the same in each case - I mTorr pressure, -100V dc
bias and 200W microwave power.

Selectivity over InP

Discharge Chemdstry Photoreslst SlO2 Si 3 N4

CM4/H 2 /Ar infinite"') 80:1 60:1

CH13 I/H 2 /Ar infinite"') 120:1 100:1

HI/H2/Ar 100:1 >500:1 >500:1

C)2/MI4H 2/Ar 4:1(2) 10:1 12:1
odymer depositki aocc on the resist with these mixtures.

(2) resist is hud-b&ked (l0--C) prior to plasma exposure.
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An Arrhenius plot of etch rates of InP, GaAs and AlGaAs is shown in Fig. 5. The plots are
not described by a single activation energy, but the curves are similar for all three materials,
with an initial rapid increase in etch rates between 50 and -100 0 C, followed by less rapid
increases thereafter.

1 4
o ----- ---------

A-0

l-ll/H2/Ar

-- 0-- GaAs
-A--AGaAs

10- 8 2.0 2.2 2.4 2.6 2.8 .3.0 3.2

1 O00/T(K)

Fig. 5. Arrhenius plot of etch rates of lnP, GaAs and AIGaAs in a I mTorr, 250W

(microwave), - 200V dc HI/H-2 /Ar discharge.

Carrier density profiles in n-type GaAs samples were also measured as a function of the
temperatures during HI/H2 /Ar dry etching. Figure 6 shows that a reduced carrier concentration
in the surface region occurred for etch temperatures E 100 0C. There are two possible
explanations - compensation of the Si donors in the material by deep acceptors caused by ion
bombardment damage, or passivation of these donors by atomic hydrogen from the discharge.
It is a common feature of ion-damaged semiconductors that the depths over which the effects of
the lattice disorder are evident are much greater than the projected ranges of the most energetic
ions in the plasma, and hence mechanisms such as recombination-enhanced defect diffusion or
channelling are usually invoked to explain the discrepancy.2D2 IlTe other alternative, that of
hydrogen pessivation, is more amenable to direct measurement.2 SIMS profiling of deuterium
in a n-type GaAs sample after dry etching for 5 mins at 2000C in an HIID2IAr discharge
showed theme is a aub tantial indiffusion of deuterium, with the concentration being above
10'8 cm-3 for -4000 A, in good agreement with the electrical profile for this etch condition.
T'he carrier profiles were restored to their initial state by annealing at 4000C for 5 min in a N2
ambient - this is a signature of hydrogen passivatiot in GaAs, and implicates the hydrogen as
being the caimn of the carrier reduction in as-etched samples. Dopant passlvation during plasma
etching is also a problemt when using other hydrogen-containing mixtures, such as MH4M 2 -

24

In stuanny ftbr HI/H2/Ar chemistries, Electron Cyclotron Resonance discharges at
elevated sample iemperantres were examined using InP, GaAs and AIG&As. The etch rates of
these materals Increase rapidly with temperature, but in a non-Arrhenius fashion. lnP surfaces
show a anooth-w-rouigh transition at -1I0C in HBr/H2/Ar discharges, with degraded
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anisotropy of etched features. Both GaAs and AIGaAs are more resistant to this surface
roughening, but preferential loss of As occurs at elevated temperatures. Similar results are
obtained with HI/H 2 /Ar discharges, with loss of the group V elements above - 100 C. The
electrical properties of all three materials are affected by the etch treatments, with creation of a
highly conducting surface layer on InP and dopant passivation occurring in GaAs (and
AIGaAs). Use of elevated temperatures does not appear useful for dry etching of InP in either
of the two chemistries investigated here because of the surface roughening that occurs, but for
GaAs and AlGaAs the increased etch rates may be a useful trade-off against the much less
obvious morphology changes.

0 50°C

-0-- 1 oo0C
A- 150°C

-- 6- 200°C

10
0.1 0.2 0.3 0.4 0.5 0.6

DEPTH (trm)

Fig. 6. Carrier profiles in n-type GaAs after dry etching in HI/H 2 /Ar discharges at different
temperatures.

Since HI is very corrosive and will attack the gas delivery lines, mass flow controllers and
the mechanical pumps, and has a shelf life of approximately six months before decomposing to
hydrogen and iodine, there are clearly drawbacks to its use. Alternative chemistries involving
iodine include methyl, ethyl- and propyl-iodide (CH3 I, C2 H5 I, C3 H7 I). These iodine-
containing liquids are stable at room temperature but have sufficiently high vapor pressures that
practical gas flows can be obtained even without heating the liquid source, and moreover they
are less corrosive than HL(2)

FIgure 7 shows the etch rates of different IN-V materials in methyl- or ethyl-iodide
diwJshrps as a function of dc bias. The etch rates are always faster for CH3 1 than for C2 Hs I,
and simlanly the rams woe slower still for C3 H7I. These results can be understood if the
presence of CHx species reduce the availability of active iodine to the semiconductor surface,
either by blocking surface sites, or by recmbinint with iodine in the gas phase. We found
previouly dth addition of CH4 to HI/H 2 1Ar discharges reduces the resulting etch rates. The
fact that incresing dc bias leads to more rapid etch rates and that thresholds for the
counneacement of etching (k-I00V) ae observed an consistent with a mechanism of
sputter-induced sptio of the etch producm The etch rates of InP, InAs, inSb, GaAs,
Al ~aAs and GISb am -SO- 100% faser with 3 l/H1 /Ar than with 014/H 2 /Ar at the same
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flow rates, pressures and microwave power for dc biases of 2- 150V. Under low bias
conditions (5- 150V dc) the halocarbon mixtures do not offer any advantage over C-14/H 2 /Ar
and have significantly slower rates than HI/H 2 /Ar. The fact that the etch rates increase rapidly
with bias is similar to what we and others have observed with methyl chloride dry etching of
InP and related compounds. The surface morphologies were smooth for all IlI-V materials over
a wide range of discharge conditions with the halocarbon iodides, and this window was wider
than for CH 4 /H 2 /Ar. The etched surfaces are also chemically clean, with no evidence for
polymeric contamination. While the etch rates with CH3 I, C2 H151 and C3 H71 discharges are
still considerably slower than those obtained with HI, the former offer advantages with respect
to their stability and less corrosive nature.

CH3I'•:'Al 250 W MICROWAVE
'ooo T

0. -- ;n -

750 0 InS

500

7W0 o 1ý "A%
CJt3 'IIAA1

V AIIýP

u 2 5 O • /

G•siA,

0 --

25 0  ,

* 50

i0- 200 300 $2 A

DC BIAS M -

Fig. 7. Etch rates of various IM-V semiconductors in 10 CH31/10H2/SAr or
10C2Hs/10H2/5Ar, I retort, 25OW (microwave) discharges as a function of the dc
bias on the sample during the plasma exposue.

3. Bromine Ch-mistries

Litte infonamati is available on the etching characteristics of bromine-based discharges
for" m-v's, pad ay wider th ionenane condtons neesar for th production of small
featwe lle.(26-2) Moso et&l.(27) nreptud extremely fast etch rates for GaAs
(60OJm • min-') in high Ipresoe (0.3 Tor) Br2 plasmas. Temperatures in excess of 200*C
w=r toquind to ahmdev etching of lnP. Takimoto et al.(29) fabricated etch-fhcet laer using
Br2/N2 and W2/Ar reactve ion etchbig toobtain rame of 2 jim - rain- I for'power densities of
0.8 W • CM-" at a press= of -4 mTorr. Also, H~r plasma etching has recently attacted
antention for deep feature fabrication in Si technnoguy.(9
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Figure 8 shows the etching rate of different Ill-V materials as a function of the dc bias at
fixed pressure (1 mTorr) and microwave power for 15 HBr/5 H2 , 15 HBr/5 CH4 or
15 HBr/SAr discharges. The etch rates are quite slow and have the same trend for each different
semiconductor in that CH4 addition produces faster rates than H 2 , which in turn is faster than
Ar addition. The surface morphologies were smooth, and the features anisotropic over a wide
range of discharge conditions with HBr-based chemistries. ()

200 - "OXHA ISOWMIROWAVE - -

100 - *53.4,

50 43

1 0

.,3 150 - 1.�i5 s

,50 H::-

•iAu sb

0 v

0 100 200 3M 4Do

DIC BIAS MV

Fig. 8. Etch rate of different III-V materials in I mTorr, 150W (microwave) discharges of
15 HBr/5CH4 15HBr/5H2 or 15HBr/5Ar, as a function of dc bias on the sample.

Figure 9 shows an Atrrhnius plot of the etch rates of InP, GaAs and AIGaAs in the
HBr/H2/Ar mixtureI. The etching is not characterized by a single activation energy, which
Would imply there are several different product desorption mechanisms present. One might
assume that ion-assisted desorption of group II (and possibly group V) bromide species and
reaction of hydrogen with P and As to form PH3 and AsH3 are occurring. It is generally
observed that dry etching at low pressures does not occur with a single activation energy
because of the importance of ion-enhanced reaCtions.(31 -33) By contrast, at higher pressures
(a0. 3 Torr) the apparent activation energies for etching of InP and GaAs art close to the latent
h& Of Vspodzaton for InC13 and GaCI3, respectively, even though their published vapor
p=="me would suggs tha these would not be a limiting factor. For each of the three
different 20micondut there is a break in the etch rates above -150*C, with more rapid
removal, of the mAWsL. Chemnicsl reactions, such as evaporaton of the etch products from the
surfac without need for ion-enhancemant, may become more important at elevated
temperannme
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Fig. 9. Arrhenius plot of etch rates of InP, GaAs and AlGaAs in a 10 mTorr, 250W
(microwave), - 200V dc HBr/H 2 /Ar discharge.

The etch rates of IIl-V materials in HBr-based discharges are quite slow under the
conditions needed for smooth, anisotropic etching. Relatively high self-biases are needed to
initiate etching with any of the three mixtures we investigated (HBr/H 2 , HBr/CH4 , HBr/Ar).
At high dc biases, the binary In-based materials show surface roughening due to preferential
sputtering of the group V element and at high microwave power levels the surfaces of all the
In-based semiconductors except InAlAs become rough. For these materials the HBr/CH4
mixture provides smooth etching over the widest range of conditions. Changes in the electrical
and optical properties of the semiconductors are generally not as severe as might be expected at
the high (-250V) dc biases used in many of our experiments because of the passivation of
deep levels by hydrogen from the dischanges.

CONCLUSIONS

A variety of dry etch chemistries was examined from the viewpoint of patterning rI-V
semiconductors. Conventional CH4 /H 2 discharges offer smooth, controlled etching with high
selectivities to standard masking materials, but the etch rates are too slow for practical
fabrication of deep structures. Iodine-based mixtures (HI/1. 2 , CH3 I/H 2 ) offer faster etch rates,
but the HI has a relatively short shelf-life and the CH 3 I/H 2 chemistry requires careful
seasoning of the reactor. Fast, smooth etching of all In-containing III-V semiconductors is
obdM With a2/CQ H2 /Ar discharges with the sample held at -150 0C. This requires the
use of dielectric masks. Changes to the electrical and structural properties of the lnP are
minimal with this etch mixture, and it has been used to fabricate novel microdisk lasers that
may form the basis of photonic arrays.
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GaAs ETCHING BY C12 and H(3: Ga- vs. As- LIMITED ETCHING

CHAOCHIN SUT, ZI-GUO DAI, HUI-QI HOU, MING XI, MATITHEW F. VERNON,
AND BRIAN E. BENT

DEPARTMENT OF CHEMISTRY, COLUMBIA UNIVERSITY, NEW YORK, NY 10027

ABSTRACT

Results in the literature indicate that C12 etches GaAs at room temperature but
HCI etches GaAs at a measurable rate only at temperatures above - 670 K. In this work,
molecular beam scattering and surface analysis techniques have been applied to address
the fundamental kinetic differences between these two systems. The results indicate
that the onset of GaAs etching by C12 is determined by the kinetics of Ga-removal as
GaCI3 while etching by HC( is limited by As evaporation as As2. The results also
suggest that HCl selectively etches gallium from GaAs at temperatures between 600 and
650K.

INTRODUCTION

C02 and HCl are two halogen compounds widely used in various GaAs etching
processes because of the high reactivity of chlorine and the high volatility of the
generated products. Since the etching presumably involves the dissociative adsorption
of the etchant molecules on the surface, it is of interest to compare GaAs etching by C12
and H(3, Cl-containing molecules with dramatically different bond energies (59
kcal/mol for (32 and 103 kcal/mol for HCI). Previous studies of C12 and HCI etching of
GaAs at steady state have shown a dramatic difference in the onset of etching: C12
etches GaAs from room temperature while HCl etches at a measurable rate only at
temperatures above 670 K [1-51. The experiments reported in this paper address the
rate-limiting step in these etching systems. In the case of GaAs etching by C12, the
reaction products and kinetics suggest that the onset of etching is controlled by the rate
of GaCI3 formation/desorption. By contrast, the onset of GaAs etching by HCI is
limited by the rate of arsenic evaporation as As2.

EXPERIMENTAL

Studies of the etching products, etching rate at steady state, and etching kinetics
for the C02 and HCI reactions with GaAs were carried out in a molecular beam
scattering apparatus which has been described elsewhere [3]. To measure the surface Cl
coverage, Auger electron spectroscopy experiments were performed in an ultra-high
vacuum (UHV) chamber as described in reference 4.

RESULTS AND DISCUSSION

Reaction of GaAs and Cl,

Previous molecular beam scattering studies of the GaAs/C12 etching reaction
have reported the product formation rates as well as the total etching rate as a function
of surface temperature under steady state conditions [3]. Five product species

_ distributed over the temperature range of 330 -930 K are found as summarized in Table
S- I. The etching rate profile obtained from summing up all the Ga- or As- products
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formation rates is given by the open circles in Fig. 1. An interesting feature of the

Ga -
AS2
GaCI
As4
GaC%

300 400 500 600 700 Soo 900 1000
SURFACE TEMPERATURE (K)

Table L The steady state product distribution over the temperature range of 330 - 900 K
for the etching of Gas by iC12. The shading represents the relative yields of different

products at the indicated temperature ranges, with the yield increasing in the order

temperature dependence of the etching rate is that there are two regions in which theetching rate increases with surface temperature (330 - 460 K and 600 - 700 K), consistent
with the ranges in which the formation rates of GaCI3 and GaCI increase. This result
suggests that the steady state etching of GaAs by C12 is limited by Ga removal as GaCI3
and GaCI. The additional increase in the etching rate above 850 K is due to the

evaporation of GaAs.
The temperature dependence of the steady state etching rate can be correlated

with the surface chlorine coverage. Fig. I also shows the temperature dependence of
the surface C3 coverage as measured by Auger electron spectroscopy. Since the C12 flux
in this experiment was two orders of magnitude lower than that used in measuring the
steady state etching rate, the dashed curve indicates the behavior expected for the
higher C12 flux (which is not experimentally accessible in our UHV apparatus). The
counter profiles for the steady state rate and the surface CI coverage are striking; as the
surface Cl coverage decreases, the etching rate increases by a proportionate amount.
This relationship has been quantified in previous work which shows that the surface Cl
coverage during steady state etching is in the monolayer regime and that the etching
rate is proportional to (I-Oci) [4], the fractional coverage of empty sites on the surface.
Such a functional form has also been found for the C12 dissociative adsorption rate on
GaAs(100) and GaAs(1l0) by Sullivan et al. [6).

The correlation between the number of Cl-vacancies in the surface monolayer
and the steady state etching rate suggests a Langmuir adsorption model for GaAs/Cl2
etching. At steady state, the Langmuir formulation can be written as [4]:

"4s(l-0) ke- (1)

where * is the flux of reactive species to the surface, s is the sticking probability on
vacant surface sites, 0 is the fractional occupation of surface sites, n is the reaction order,
and k is the rate constant for monolayer removal. Equation (I) can be used to derive the
steady state surface Cl coverage as follows [41:
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Figure L Surface temperature dependence of the absolute etching rate (open circles)
and surface Cl coverage (solid squares) for GaAs etching by C12. The dashed line

indicates the behavior expected for the higher C12 flux used in the etching rate study.

Model for GaAs/Cl 2 Etching
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Figure 2. Simulation of the steady state G&As/Ci2 etching rate (solid line) and surface
chlorine coverage (dashed line) as a function of surface temperature.
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where a is the Cl/Ga stoichiometry of the etch product (3 for GaCI3 and 1 for GaC1) and
the factor 2 accounts for the two Cl atoms per C12 molecule.

In the case of GaAs/Cl2 etching, two Langmuir models (one for low temperature
and one for high temperature) are required to explain the two plateau structure in the
etching rate as a function of surface temperature and to account for the formation of two
different gallium chloride products, GaC13 and GaCl. Having previously studied the
desorption kinetics of GaCI3 and GaCl by temperature-programmed reaction (TPR)
experiments, the rate constants k for chlorinated monolayer removal have been
determined by analyzing the TPR peaks as pseudo first order processes with pre-
exponential factors of 1013 s-1: the activation energies for GaCl3 and GaCl evolution are
25.5 and 39.0 kcal/mol, respectively. Since the incident Cl2 flux is known to be 1.2
monolayers (ML)/sec 14], and the reaction probability is -1 [6] for Cl2 incident on
vacant surface sites, the surface Cl coverage and steady state etching rate as a function
of surface temperature can be calculated. The results in fig. 2 show the same qualitative
behavior as the experimental results (compare to fig. 1). Note, in particular, that
without any adjustment of the kinetic parameters, the calculated etching rate increase
over the same temperature ranges and the absolute rates are within 30% of those
measured experimentally. This agreement provides strong evidence that a Langmuir
model with kinetic parameters from monolayer adsorption experiments captures the
dominant features of the steady state GaAs/C12 etching reaction.

Three important points emerge from the results above. First, the major chloride
products, GaCl3 and GaCl, are both Ga-containing species. The only AsClx species is

* AsCI3 , and it is formed in small yield (see Table 1). Second, the temperature dependent
changes in the steady state etching rate correlate with the changes of the surface CI
coverage as well as with the evolution of GaC13 and GaCI in TPR studies. Third, a
Langmuir model, which includes desorption kinetic parameters for only the Ga chloride
species, semiquantitatively describes the steady state etching rate.

It should be emphasized that while the kinetics of arsenic removal have been
neglected in predicting the steady state GaAs rate, the observation of stoichiometric
etching [4] necessarily implies that the Ga and As removal kinetics are interconnected.
What the results here imply is that the gnse of etching is dominated by the rate of Ga
removal. The interplay between the Ga and As removal rates becomes significant as
etching approaches the flux-limited regime. We note also that the fact that the vast
majority of Ca leaves the surface as Ga chlorides does not necessarily imply that CI exits
on the surface primarily as GaClx species. Arsenic to gallium transfer of surface Cl is
possible, and recent photoemission studies of Shuh et al. have documented the presence
of AsCI, AsCI2, GaCI, and GaCl2 on a chlorinated GaAs(l10) surface [7].

Reaction of GaAs and Ha

Fig. 3 shows the three major etching products (GaCI, As2 and Ga) detected in the
reaction of GaAs with HCI over the surface temperature range of 670 to 930 K. No
gallium hydrides or arsenic hydrides are formed. Below 850 K, etching occurs through
the reaction of HO with GaAs, while above 850 K etching also occurs by GaAs
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evaporation. The total etching rate can be represented by the As2 formation rate since
this is the only As-containing product and the reaction of GaAs/HCI is stoichiometric in
Ga and As [2]. Two important results emerge from this experiment. First, the onset of

1 .1 . . I I *

0.9 As 2 desorption GaAs
onm G~ Evaporation

S0.5 AS2

3:0.3 GaCI

GadA datoion

0.1 from chlorinated GaAs
-0.1

350 450 550 650 750 850 950
SURFACE TEMPERATURE (K)

Fiure 3. Surface temperature dependence of the indicated product formation rates for
GaAs etching by HOI. The vertical arrows indicate the approximate temperatures at

which the indicated processes achieve measurable rates.

etching by HOI (670 K) is significantly higher than the TPR peak temperature for GaCI
(600 K) which is the sole gallium product at the onset of the GaAs/HCI reaction.
Second, Auger measurements show no surface Cl at temperatures above 650 K for
GaAs/HCI system. Since Gad1 is the only Cl containing product in this reaction and the
surface Cl coverage remains below detection limits, it is unlikely that GaAs/HCl
etching is rate-limited by Ga removal.

To see whether the etching is controlled by arsenic removal, modulated
molecular beam scattering measurements of the evolution kinetics of GaCI and As2
were performed. Fig. 4 shows the modulation waveforms for GaCI (A) and As2 (B)
acquired at 770 K. Also plotted in fig. 4(B) with a dashed line is the modulation
waveform of the reflected HC1. Clearly, the rate of arsenic evolution responds slowly to
the changes in rthe HO] flux compared with the GaOI evwlution rate. Also notice that Ga
is only removed when the HCI beam is on while As2 continues to desorb after the HOI
beam is off. These results suggest that during the steady state etching by HCI the
surface is As-rich. The role of HO1 is apparently to remove Ga atoms as GaCI to
generate a sufficiently AS-rich surface so that evaporation as As2 can occur. This
conclusion is strongly supported by the report of Banse et al. that the onset of As2
evaporation from an As-rich surface occurs around 670 K [8], which is same
temperature as the onset of GaAs etching by HOI. The inability of HOI to etch As-rich
GaAs at lower temperatures may be related tothe recombinative desorptlon of HCI
reported by Nooney et aL for such surfacae [91.
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o02 Importantly, the results above
I ",.7 K (A) GaCI indicate that HCI selectively etches gallium

60.145 from GaAs at temperature between 600 and
HCIB~n~ff670 K. 600 K is the onset for GaCI

0.09 formation while 670 K is the onset for AS2
"evolution from an As-rich surface.

0.035 Consequently, HCl does not etch GaAs
between 600 and 670 K because only Ga

0 atoms can be removed, leaving an As rich
"4" "0' surface which only evaporates at a

0107 significant rate above - 670 K. Studies are
0(in progress to develop a chemical process

S05 (B) As2  for selectively removing this arsenic layer

0,04at lower temperature.

"0o031 CONCLUSIONS

0.o2 The rate limiting steps for the

0.01 GaAs/CI2 and GaAs/HCI etching reactions
has been addressed by measuring the

00 1 0 60. I 01 120 temperature dependence of the steady state

TIME(SEC) etching rate, the steady state surface Cl
coverage, and product desorption kinetics.

Figure 4. Modulated molecular beam In the GaAs/Cl2 reaction, the etching is
scattering waveforms at 770 K for GaCl controlled b Ga removal as GaCl3 at lowand As2 evolution during GaAs etching temerturoled bGandmo as GaCl3 at high

by HCl. temperature and as GaCl at high
temperature. In the GaAs/HCI reaction,

the onset of etching is controlled by the removal of arsenic as As2 . The results provide
indirect evidence for selective Ga removal from GaAs by HCI at 600 - 670 K
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SCANNING TUNNELING M!CROSCOPY OBSERVATION
OF THE REACTION OF AICI13 ON Si(I 1 l)-7x7 SURFACE

Katsuhiro UESUGI, Takaharu TAKIGUCHI, Michiyoshi IZAWA, Masamichi YOSHIMURA
and Takafumi YAO
Department of Electrical Engineering, Hiroshima University, Higashi-Hiroshima 724, Japan

ABSTRACT

The initial stage of the reaction of aluminum trichloride (AICI) with the Si( 111)-(7x7) surface
and the annealing effects of the adsorbed surface are investigated with a scanning tunneling
microscope (STM). Reacted and unreacted sites manifest in the contrast of adatom sites on the
AIC13-exposed surface. An AICI, molecule dissociatively adsorbs onto the Si(l I 1)-(7x7) surface at
room temperature, which yields Cl atoms. Preferential adsorption site is found to be the center
adatom site rather than the corner adatom site, and C! atom adsorbs onto the top site of the center
Si adatom. The migration of adsorbed molecules (AICI,) in the (7x7) unit cell is observed at room
temperature. The SiCIk species desorb from the surface by thermal annealing at 600 °C, leaving
vacancies behind. After annealing at 1200 'C, Al deposition occurs in a limited area and the surface
shows the vý7xv7 reconstruction, which is a characteristic Al-induced surface structure.

Introduction

Halogen gases such as chlorine, chlorosilane and dichlorosilane are widely used as source
gases for chemical etching or chemical vapor deposition (CVD). The interaction of gas molecules
with Si surfaces is both scientifically and technologically important. The reaction of gas molecules
with clean Si surfaces has been intensively investigated using many techniques such as X-ray
photoemission spectroscopy (XPS),' low-energy electron diffraction (LEED)," temperature
programmed desorption (TPD),S and so forth. However, few attention has been paid to the
atomistic and electronic studies of the reacted sites and resulting structures.

Schnell es aL reported C0 exposed Si(l I 1)-(7x7) surface by XPS.' SiCI, SiCI2, and SiCl3 were
found on the surface at room temperature. After annealing at 400 OC, only SiC! remained on the
surface. Recently, Boland et a. reported the adsorption and desorption kinetics for Cl on
Si(! 1104(7x7) surfaces by scanning tunneling microscopy (STM)5'. Reacted and unreacted sites
were distinguishable in both cunfnt-voltage curve and topographic image. Chlorine was observed
to adsorb on the top site of Si adatom. At saturation coverage, the Cl atoms eliminated the Si
adatom layer in the (7x7) reconstruction by thermal annealing, so that the underlying Si rest-atom
layer appears.

In this Fer, we investigate the initial stage of the reaction of AIC3 with the Si(l I i)-(7x7)
surfaces by STM. It is found that the AICI, molecules adsorb dissociatively onto the Si(1 11)
surface at room temperature. The annealing effects of the AIC exposed surfaces was also
investigated to enhance the surface reaction. Thermal annealing resulted in the desorption of SiCIl
species from the surface at 600 `C, while at 1200 OC the deposition of Al atoms were observed.

An ultra-high vacuum (UHV) STM-system was used in the present experiments, which
consists of n STM chamber, a prIpmation chamber, and a loid-lock chamber. The STM chamber
was evacuated by an ion pump and the base pressure was -Sxl(-" Ton. The specimen w= cut
from a Si(l 11) wafer of 0.1-I .gm. It was preboked at -500 9C for 12 Kand was ned by
repeted flash heating to -1250 °C to obtain a dean Si(lll) surface. The STM observation
confirmed that the surface had a large flat area of (7x0) reconstruction. Then, the surface was
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exposed to 0.1-20 L (1 Langmuir (L) = x0-6 Torr sec) AICI3 gas at room temperature in the
preparation chamber. After exposure, AICI3 was evacuated and the sample was transferred again to
the STM chamber for the observation. The tip used was a tungsten wire with a diameter of 0.3 mm
which was sharpened by electrochemical etching.

Results and Discussion

(a) AICI3-exposed Si( 111)-(7x7) surfaces

Figures 1 show topographic STM images of a 0.1 L-exposed Si(l 11) surface. The tunneling
current is 1.1 nA and the sample bias is (a) 1.15 V and (b) 1.96 V. In both images one can see the
contrast of adatom sites which reflects reacted and unreacted sites. We observed many kinds of
protrusions which showed different contrast with the bias voltage. In another part of the surface,
the as exposed surfaces show essentially the same features. These protrusions can be classified
into three patterns: A site is considered to be a vacancy because no protrusion was found at any
bias voltage. B sites are invisible at 1.15 V, while with increase of the bias voltage up to 1.96 V. we
can observe a protrusion at B sites though they are still darker than the surrounding adatoms. This
fact suggests that the B sites are not vacancies but reacted sites. Since this behavior is similar to that
observed by Boland and Villarrubia for Cl adsorbed Si(1 11)-(7x7) surfaces,5" we can assign the B
site to a Cl atom being bonded to the underlying Si adatom. Namely, AICI, molecules
dissociatively adsorb onto the Si(l 11) surface at room temperature, which yields Cl atoms. It is
noted that the site B is preferentially distributed on the center-adatom site. In this area, the reactivity
ratio of the center adatom to corner adatom is 22:0. The other protrusions C through E are also
observed on the surface. The brightest protrusions (E) are located either at adatom sites (left E) or
between adatoms (right E). These are considered to be undissociative AIC 3 molecules or its
fragments (AICI) since they have not been observed on the Cl-adsorbed Si(1 11) surfaces.5 "

On the other area of this surface, we have observed migration of adsorbed molecules in the
(7x7) unit cell at room temperature. Figures 2 show successive STM images of 7.5x6.7 nm2 area
of a 0. 1 L-exposed surface taken every 60 sec. The unit cell at the same position is shown by a
solid line. The protrusion (A) is located near a rest atom site. The protrusion indicated by arrows
moves from A site to B site within the (7x7) unit cell, and it eventually sits on the center adatom site

Fig. 1. STM topographic images of a partially reacted surface after 0. 1 L AICI5' exposure
( I2x I nmn). The tunneling current is 1. 1 nA and the sample voltage is (a) 1. 15 V and (b)
1.96 V. The unit cel at the same position is shown with a solid line.
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Fig. 2. Successive STM images of 7.5x6.7 nm2 area of a 0.1 L exposed surface at room
sempenare taken every60 sec. The tunneling current is I nA and the sample voltage is - 1.15
V. The unint cell at the same position is shown with a solid line.

(C). Although an adatom is not observed at the center adatom site (D) in Fig. 2(a), it becomes
visible when the protrusion moves to B site as shown in Fig. 2(b). This is because the electronic
state of the center adatom is affected by weak chemisorption of the molecule onto the proximal rest
atom. We note that not Cl atom but AICI. species dissociates and adsorbs on the center adatom site
(C) because the site shows bright contrast. This fact suggests also the important role of the rest
atom at the inital stage of the reaction of AICI4 with Si(l I I) surface.

Figure 3 shows the dependence of density of Cl-adsorbed sites and reactivity ratio of center
adatom to corner adatom for various AICI,-gas exposure. The density of Cl-adsorbed site becomes
larger as the exposure increases. Although CI atom is preferentially adsorbed onto the
center-adatom site rather than the corner adatom site at lower exposure, the reactivity ratio is
reduced as the exposure increases.

The mechanism of the initial stage of the reaction of AICa with the Si(11) surfaces is
proposed as follows. It is well known that the Si(l I l)-(7x7) reconstruction contains different
surface dangling bonds with different electionic structure through charge tansfer, where the
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Fig. 3. The relationship between the AICIp-gas exposure and the surface
density of Cl-adsorbed sites. The reactivity ratio of the center adatom to
corner adatom is dependent on the AICIl-gas exposure.

adatom has much smaller density of state in the occupied state near the Fermi level than that of the
rest atom."" As a result, the rest-atom can act as a Lewis base, while the adatom plays as an electron
acceptor. Since AICI4 is a Lewis acid, the rest atom plays a crucial role in the decomposition
process of AlCa. AICI, go molecule exists as AI1Ci, below 440 OC, where A) atoms and Cl atoms
are positively and negatively charged, respectively. Hence, as the molecule approaches the surface,
one of the Al atoms in the molecule is located at the rest-atom site. We note that the distance
between an Al atom and a furthermost Cl atom in AI2CI, is -0.46 rnm, which is close to the distance
between the rest atom and proximal adatom (-0.44 wn), As a result, the negatively charged a atom
can easily bond to the proximal Si adatom to break the Al-CI bond. This process produces the Si-
Cl species observed at site B. Owing to both the geometric difference aroumd the rest atom and the
distortion effect caused bq adjacent dimer rows, the center adatom has more unoccupied character
than the corner adatoms. Therefore, it is considered that the center adatom is more reactive to the
Cl atoms. Based on the above discussion, it is considered that the migration of adsorbed molecules,
observed in Fig. 2 shows the process that the molecule of A12CI6 migrates around the rest atom
until the C1 atom reaches to its react site.

(b) Annealing effects on the AICI3 exposed surfaces

Although the surface density of Ci adsorbed Si adatom sites on the 0.2 L-exposed surface
was 44x10 cm-2 before annealing, we could not observe any Cl-adsorbed sites after annealing at
600 *C. In contrast, the number of vacancies increases to 3.7x10' cm- by annealing, which is
about three times larger than that of vacancy before annealing. These facts suggest that the
desorption of SiCI2 svecies is promoted by annealing, leaving vacancies behind. This result is
consistent with the anaeling experiments on Ca exposed surface,-" where annealing at 470 *C
results in desorption of SiCI, from the surface.

Figure 4 shows an STM image of a 0.2 L-exposed surface after annealing at 1200 *C. The
protrusions form the N/7xN/7 reconstruction with each protrusion 1 nm apart. The V7xV/7
reconstruction is observed on the Si(I11)-AI surface, which appears at the coverage of 3n7 ML.'
Since Si(I 11)-Al structure was observed on the annealed surface, it suggests the deposition of Al
atoms through annealing.
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Fig. 4. STM topographic image of a 0.2 L-exposed surface (lIxlO nm2)
after annealing at 1200 -C. The protrusions form V7x-/7 reconstruction.
The sample voltage is -1.14 V and tunneling current is 1.1 nA.

Conclusions

We have presented the STM study on the initial reaction of AICI3 with the Si(111)-(7x7)
surfaces. It is found that AICi; molecules dissociatively adsorb onto the Si surface at room
temperlaure, resulting in CI atoms and AICI, fragments. The Ci atom preferentially adsorbs onto
the center adatom sate rather than the corner adatom site. The migration of adsorbed molecules in
the (7x7) unit cell is observed real time at room temperature. The desorption of SiCI species from
the surface by thermal annealing at 600 OC, and the Al deposition with the V7x¢' reconstruction in
a limited area occurs by thermal annealing at 1200 OC.
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CHEMICAL TOPOGRAPHY OF Si ETCHING IN A Cl 2 PLASMA,
STUDIED BY X-RAY PHOTOELECTRON SPECTROSCOPY AND

LASER-INDUCED THERMAL DESORPTION

V. M. DONNELLY, K. V. GUINN, C. C. CHENG, AND I. P. HERMANa
AT&T Bell Laboratories, 600 Mountain Ave., Murray Hill NJ, 07974

ABSTRACT

This paper describes x-ray photoelectron spectroscopy (XPS) studies of etching of Si in
high-density Cl 2 plasmas. Polycrystalline Si films, masked with photoresist stripes, are etched
and then transferred in vacuum to the XPS analysis chamber. Shadowing of photoelectrons by
adjacent stripes and differential charging of the photoresist and poly-Si were used to separate
contributions from the top of the mask, the side of the mask, the etched poly-S; sidewall, and
the bottom of the etched trench. In pure C12 plasmas, surfaces are covered with about one
monolayer of Cl. If oxygen is introduced into the plasma, either by addition of 02 or by ero-
sion of the glass discharge tube, then a thin Si-oxide layer forms on the sides of both the poly-
Si and the photoresist. Laser-induced thermal desorption (LITD) was used to study etching in
real time. LITD of SiCI was detected by laser-induced fluorescence. These studies show that
the Si-chloride layer formed during plasma etching is stable after the plasma is extinguished, so
the XPS measurements are representative of the surface during etching. LITD measurements
as a function of pressure and discharge power show that the etching rate is limited by the posi-
tive ion flux to the surface, and not by the supply of Cl 2 , at pressures above 0.5 mTorr and for
ion fluxes of -4x 1016 cm-2 s- 1.

INTRODUCTION

With the advent of high charge density (10"1 - 1012 cm- 3 ), low ion energy (<100 eV), low
pressure (0.3-10 mTorr) plasmas for anisotropic etching of microelectronics materials, mechan-
isms for etching need to be re-examined. At ion energies of several hundred eV traditionally
used in higher pressure processes, etching is generally believed to occur by an ion-
enhancement of surface reactions with species (e.g. Cl-atoms) formed from the etchant gas (e.g.
C12 ) in the plasma [1,2]. The chemically enhanced ion sputtering yields exceed one Si atom-
per-ion, and the flux of neutrals is orders of magnitude larger than the ion flux. In low pres-
sure, high density plasmas, however, the low ion energies cause the yields to be less than one,
and the ion flux is comparable to the neutral flux.

In this paper, we describe ex situ x-ray photoelectron spectroscopy (XPS) studies of aniso-
tropic etching of photoresist-masked polycrystalline Si in a high-density helical resonator C12
plasma. The XPS analysis uses shadowing of photoelectrons by adjacent features to spatially
resolve adsorbate coverages. This principle was first reported by Fadley [3,4], and was more
recently adapted by Oehrlein and co-workers to study etched features [5-8]. We also use in situ
laser induced desorption measurements performed in real time during etching to determine Cl-
coverages as a function of time and plasma conditions. More detailed accounts of this work are
reported elsewhere [9-11].

EXPERI• MENTAL PROCEDURE

The apparatus described in detail previously (Figure 1) [9-12], consists of a plasma reactor
and an ultrahigh vacuum chamber equipped with an X-ray photoelectron spectrometer (XPS).
The plasma reactor contains a high-density helical resonator source with magnetic confinement.
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Samples used for XPS analysis consist of SiO 2 -covered Si(100) substrates on which are depo-
sited 3000A of undoped polycrystalline Si. These samples are then masked with patterned
photoresist (PR). Samples are clamped to a stainless steel holder so that after etching they can
be moved under high vacuum to the analysis chamber. Etching was carried out at a pressure of
I mTorr Cl2. The plasma density was I -2x 101 1 positive ions/cm 3, and the ion current was
6.3mAlcm 2 (3.9x10' 6 ionslcm 2 1s) (Ill. A radio frequency bias was applied to the sample
stage to obtain a DC bias of -35 V in most experiments, or 0 to -100 V in experiments that
investigated the effects of bias. The plasma potential was 50 V, so the energy of ions bombard-
ing the substrate was 85 eV, when the DC bias voltage was -35V.

PLASMA REACTOR UHV ANALYSIS
GASESCHAMBER

HELICAL LGLASSRESONATOR P"TUBE -e-ENERGY

HIGH-EN~iT ANALYZER

PLASMA

ELETROAGN TS RBSOURCUE

LOAD-LOCK WAFR

SAMPLE HOLDER SAMPLE SMLTRNFRTRANSFER TRANSFER
ARM F CHMBERARM

BIAS TO IION
TO PUMP

TURBOMOLECULAR
PUMP

Figure I. Schematic depiction of the plasma Wtching chamber and
XPS analysis chamber.

After etching, samples were transferred under vacuum to the XPS chamber. In XPS
analysis, the sample is irradiated with an X-ray beam that penetrates several microns into the
material. Photoelectrons are detected at different take-off angles, 0. When 0=900, the top of
the mask and the bottom of the trench are mainly detected. When 0=30*, the top of the mask
and the side of the features an seen. Also, since PR is an insulator, the XPS peaks are shifted,
allowing adsorbates on PR and Si to be resolved. We can also flood the surface with low
energy electrons, neutralizing the charge and shifting the peaks back to their normal binding
energies to aid in making assignments.

Laser-induced desorption measurements were performed In situ, both during and after etch-
ing of buse Si(100) substrafts. The excimer laswr (XeCI, 308 unm 0.2-0.6j1cm 2, 15 ns pulses
at 1-80 Hz) irradiated the surface at normal incidence and caused transient heating of the sur-
face. Products am thermally desorbed and are excited both by the tail of the laser pulse and by
electron impact excitation in the plasma. The former, laser-induced fluorescence (LIF) method
was used to detect laser-induced thermal desorption of SiCI, and is described elsewhere
(1 1,121. The latter method was not used in the study reported here and is discussed in another
report [121.
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RESULTS AND DISCUSSION

X-Ray Pbotoelectron Speetrocopy

Figure 2 shows an example of Si(2p) spectra for 0.75p1m lines and spaces after etching in a
Cl2 plasma. Etching was stopped before reaching the SiO 2 layer. At 0=90*, we see elemen-
tal Si (Si(2p) peak at 99.5 eV) at the bottom of the poly-Si trench. Since the poly-Si does not
charge up, the flood gun has no effect on the electron kinetic energy and hence apparent bind-
ing energy. At 0=30', photoelectrons from the top and side of the mask and a small amount
from the poly-Si sidewall can reach the electron energy analyzer. The small Si signal at 99.6
eV comes from the poly-Si sidewall. In addition, with the charge neutralizer off, a broad
feature is observed between 100 and 114 eV. This apparent binding energy is too high to be
due to a chemical shift. When the flood gun is turned on, the broad feature shifts to the posi-
tion expected for SiO 2 . Therefore this feature originates from oxidized Si (SiO 0 Cly, see
below) on PR. Since the broad feature is not observed at 0--900, this SiO 0 Cly adsorbate is
only on the side and not on the top of the PR.

JAI 0-90'. CHARGE CM0.91 e• CHAR-•• g
n EUTRALIZER OFF NEITRALIZER ON

.... .... . .. ..... ....... .... ....
lcl e -W0. CHARGE [M 0 B-W, CHARGE

NEUTRALIZER OFF NEUTRALIZERoN (X40)I (.40)

130 125 120 115 110 105 100 95 90
B1NING ENEMGY (eV)

Figure 2. Si(2p) spectra for the region of 0.751im lines and spaces,
recorded after etching. (a): Charge neutralizer off, 0=90'. (b):
Charge neutralizer on. 0=90*. (c): Charge neutralizer off, 0=30'.
(d): Charge neutralizer on, e= 330*.

We can perform similar analyses for the other elements to derive separate XPS signals for
elements on poly-Si and PR. We then use measurements at 0=900 to determine atomic con-
centrations for species on top of the PR and at the bottom of the poly-Si trenches. This infor-
marion, in conjunction with measured 0 dependences and the angle response function of the
analyzer, and modelling of geometric shadowing of photoelectrons and X-ray absorption, is
used to determine the atomic concentrations of adsorbates on the PR and poly-Si sidewalls.
These concentrations are then converted into a two-dimensional bar graph or "chemical topog-
raphy" of the etched surface, as shown in the example in Figure 3. In this method of presenting
the results, the atomic concentration of each surface species is ratioed to that of the main bulk
component (i.e. Si for poly-Si regions, and C for PR regions). In this example, the bottoms of
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etched poly-Si features are covered with roughly a monolayer of Cl and not much else. There
appears to be somewhat less CI on the poly-Si sidewall, in addition to some 0. In contrast, PR
picks up much more C1 on the side and less on top. The PR sidewalls are also covered with a
thin layer of oxidized Si (SiOx Cly). The 0 on the poly-Si sidewall and SiO x Cl y on the side
of the PR come from deposition of products from erosion of the glass tube where the helical
resonator plasma is formed. [9] When the reactor was modified to minimize this erosion, etch-
ing in a pure CI 2 plasma produced about a monolayer of Cl on etched surfaces, and much less
O (on poly-Si) and Si (on PR). One of the more striking conclusions is the lack of C on the Si
over a wide range of conditions, even though the mask was also etching. It is often speculated
that C eroding from PR produces a thin film that protects poly-Si sidewalls and prevents under-
cutting. We find no evidence for this process under the etching conditions used in this study.

Coi

uJ
2

I,-

THICKNESS

Figure 3. Chemical topography plot of the photoresist/poly-Si
structure after etching with a pure 0 2 plasma, under conditions
where the glass tube containing the high-density plasma was eroding
at an accelerated rate. The thickness of each of the bands is
proportional to the atomic concentration of adsorbates on that surface,
ratioed to the major component for the bulk material (i.e. Si for the
poly-Si regions and C for the photoresist regions).

Laser-Induced Thermal Desorption

One question frequently asked in post-processing analysis is whether the analyzed surface
is representative of the one present during etching, i.e. do adsorbates desorb in the time that it
takes to move the sample to the XPS chamber, or is the surface further chlorinated during the
pump down and transfer period. To address these issues, we have developed an in situ analysis
technique. We use laser pulses to thermally desorb and detect adsorbates present during etch-
ing. In the present case, the same pulse excites LIF of SiC! [11-141, unambiguously identified
from the observed fluorescence spectrum corresponding to the transition (1BX+ -+ X211).
The signal observed as a function of time (Figure 4) at a fixed wavelength (2930X) is a real-
time, relative measure of the coverage of Cl during exposure to Cl 2 with the plasma either on

* or off [I I). We see that the C0 coverage from exposure to Cl 2 immediately doubles and then
remains nearly constant when the plasma is turned on. When the plasma is turned off with the
laser blocked, the Cl 2 is pumped away, and laser irradiation is resumed (-5tmin later), the sig-
nal observed on the first laser pulse is nearly equal to (about 90% of) the steady-state signal
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Sduring etching, indicating that the surface has changed little during this 5 rain period. Conse-
quently, the chemical topographies derived form XPS measurements are a good reflection of
the surfaces during etching.

2.5 • I I I . I

Cl2 plma (steady-state etching)

20 - desorption:
:~afe Zl plasmaune o

m and evacuation•v1.5 C62 (steady-

u. 0.5
as

0 2 4 a 8 10 12

TIMSE (s)
lFigure 4. LIF intensity of laser-desorbed SiCI (2930A) as a function
of time. T]he open squares show steady-state laser-induced etching of
Si by Cl 2, and then etching with the plasma suddenly turned on (at 3
s). (0): Time dependence of desorbed SiCI after chlorination with the
plasma and subsequent pump down. For comparison, this trace has
been placed immediately after the steady-state measurement. Laser
repetition rate = 5 Hz, laser fluence-''-0.5J/cm2.

We have also used the laser-desorption method to determine CI coverage in real time as a
function of discharge power, sample bias, and pressure. These results are reported elsewhere
[11]. We show the power and bias dependences in Figures 5 and 6. Also plotted in Figures 5
and 6 are the poly-Si etch rates and (in Figure 6) the saturated ion current density. The Ci cov-
erage increases rapidly with power and saturates at - 100W. The etch rate rises less steeply
with power, and saturates at the same power (-200W) at which the ion current density
saturates. These results indicate that the etching rate is limited by the flux of ions to the sur-
face, and not by the neutral chlorine flux, under typical etching conditions (a pressure of 1-10
reTort, and a power density of - I W/cm3 (-40OW in our plasma source)). This is also sub-

i stantiated by an etching rate that is nearly independent of pressure. From etch rate measure-
ments as a function of DC bias voltage (Figure 6) and saturated ion current density measure-
ments (3.9 x IO16 CM-2 s-1,independent of bias), we determined that the chemically enhanced
ion sputtering yield (Si atoms-per-positive ion) is 0.38 at an ion energy of 50 eV and 0.60 at
120 eV.

CONCLUSIONS

We have used ex situ x-ray photoelectron spectroscopy, with vacuum sample transfer, to
study etching of Si in a high-charge-density (I-2xl0'nions/em3), low pressure (0.3-10

k mTorr) C] 2 plasma. After etching in a pure CI 2 plasma, polycrystalline Si films, masked with

photoresist stripes, are covered with about one monolayer of C1 on the top of the mask, the side
of the mask, the etched poly-Si sidewall, and the bottom of the etched trench. When oxygen is -
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Si (100) ETCHING IN A C12 HELICAL RESONATOR PLASMA
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present in the plasma, either by addition of 02 or by erosion of the glass discharge tube, then a
thin Si-oxide layer forms on the sides of both the poly-Si and the photoresist.

Using in situ laser-induced thermal desorption, combined with laser-induced fluorescence
detection of SiCI, we have shown that the Si-chloride layer formed during etching is stable
after the plasma is extinguished, so the XPS measurements are representative of the surface
during etching. Laser-desorption measurements as a function of pressure and discharge power
also show that the etching rate is limited by the positive ion flux to the surface, and not by the
supply of Cl 2 at pressures above 0.5 mTorr, and ion fluxes of -4x 1016 cm-2 s- I. The chemi-
cally enhanced sputtering yield is 0.38 Si atoms-per-ion at 50 eV ion energy and 0.60 at 120
eV.
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KINETICS OF REACTIVE ION ETCHING OF POLYMERS IN AN OXYGEN PLASMA:
THE IMPORTANCE OF DIRECT REACTIVE ION ETCHING

SANDRA W. GRAHAM and CHRISTOPH STEINBRUCHEL
Materials Engineering Department and Center for Integrated Electronics
Rensselaer Polytechnic Institute
Troy, NY 12180

ABSTRACT

The etching of polymer films in oxygen-based plasmas has been
studied between 5 and 100 mTorr in a reactive ion etch reactor using
Langmuir probe and optical actinometry measurements. Results for the
etch yield (the number of carbon atoms removed per incident ion) are
analyzed in terms of a surface-chemical model for ion-enhanced etching
proposed by Joubert et al. (J. Appl. Phys. 65, 5096 (1989)). A proper
description of the results requires that this model be modified by in-
cluding a term due to direct reactive ion etching and physical sputter-
ing. The contribution by direct reactive ion etching to the overall
etching turns out to be significant under all conditions and even domi-
nant at the lowest pressures. The modified model should be applicable
to the etching of polymers in other types of reactors, especially high-
plasma-density reactors. The relationship between these results and
the anisotropic patterning of polymer films is also discussed.

INTRODUCTION

Dry etching of polymers in oxygen-based plasmas has been an essen-
tial step in microelectronics fabrication for many years. The earli-
est application of the process was for the stripping of photoresist by
isotropic etching (1]. More recently, fine-line patterning of poly-
mers by anisotropic etching has become important (2-4]. The general
features of the process are fairly well understood: oxygen atoms are
the main neutral reactants, and in the presence of ion bombardment the
etch reaction is ion-enhanced. However, a detailed picture of all the
components contributing to the overall process is still lacking. Spe-
cifically, it is unclear which of the four possible mechanisms for ion-
enhanced etching, (1) surface-damage-promoted etching, (2) chemical
sputtering, (3) chemically enhanced physical sputtering [5], or (4) di-
rect reactive ion etching (6], are dominant. Joubert et al. have pro-
posed a surface-chemical model for the ion-enhanced etching of poly-
mers [7], without specifying which of the mechanisms (1) to (3) are
really involved. It is the purpose of this paper to demonstrate that
in order to obtain good agreement with experiments, it is necessary to
include mechanism (4), direct reactive ion etching. Our results show,
in fact, that direct reactive ion etching is important for the react-
ive ion etching of polymers in the entire pressure range from 5 to 100
mTorr, and is even dominant at the lowest pressures.

THEORETICAL BACKGROUND

In the surface kinetics model of Joubert et al (7], the surface
concentration of oxygen atoms is assumed to be given by the following
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aFe = b[O] (1-9) (1)

where F is the ion flux to the substrate (ions/square cm and s), (0]
is the oxygen atom concentration in the plasma, e is the oxygen sur-
face coverage, a is an ion-induced desorption factor containing the
etch yield, and b is an adsorption factor containing the sticking co-
efficient of 0 atoms. The left side of Eq. 1 represents removal of
oxygen by ion-enhanced etching, and the right side of Eq. 1 represents
adsorption of oxygen. From Eq. 1, the following expression follows
for the etch rate R, assuming a steady state for 0:

abnF [0]
R = (2)

aF + b[O]

where R is the number of C atoms removed per square cm and s, and n is
the number of C atoms removed per 0 atom removed (n = 0.5 to 1).

In order to incorporate into the model the effects of direct react-
ive ion etching and sputtering, we propose to add another term cF in
Eq. 2 [8]:

abnF (0]
R - + cF (3)

aF + b[O]

The constant c in Eq. 3 denotes the sum of the direct ion etch and the
sputtering yield, and cF represents the etch rate in the limit of
[01 = 0. This limit, which is almost realized in ion beam etch experi-
ments [9], is not described properly by Joubert's model since it gives
R = 0 when [(0 = 0.

Now, if one divides Eq. 3 by the ion flux F, and if one defines
the total etch yield Y by Y = R/F, so that Y stands for the total num-
ber of C atoms removed per oxygen ion,, then Eq. 3 can be rewritten in
the form

1 + AF/[O]
V/Y = F/R = (4)

B + CF/[0]

where A = a/b, B = an + c, and C = ca/b. If c = 0 (thus C = 0) as in

Joubert's model, then Eq. 4 simplifies to

I/Y = F/R = (1 + AF/[0])/B (5)

An expression essentially equivalent to Eq. 5 has been used by Joube,:t
et al. (7] and Carl et al. [10). One way of comparing Eqs. 4 and 5 is
to note that W/Y is a non-linear function of F/[O] in Eq. 4, but a
linear function of F/[O] in Eq. 5. The goal of this work is to show
which of these equations provides a better description of experimental
results.

EXPERIMENTAL DETAILS

The details of the present experiments are the same as described
before [8). The etch reactor was an Applied Materials 8130 hexode re-
actor. Ion densities and electron temperatures were measured as a
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function of position above a wafer with a Langmuir probe and analyzed
as described previously (11,12]. From the probe data, the ion flux to
the substrate was determined according to the Bohm criterion (12].
Optical emission actinometry was performed using the 844.5 nm oxygen
line and the 750.4 nm argon line. Emission from 0 atoms represents an
average across the discharge.

The polymer films investigated were: (1) Shipley 1400-27 positive
photoresist, (2) Ciba-Geigy Probimide 285 polyimide, and (3) amorphous
carbon (8]. Experiments were performed at pressures between 5 and 100
mTorr, either in pure oxygen or in oxygen with varying amounts of car-
bon tetrafluoride and nitrogen. The rf power was held constant at
1000 Watts.

Various loading conditions were also examined. No loading refers
to the situation where all bare silicon wafers and exposed polymer
(electrode-covering) surfaces were removed except for the wafer being
etched. Medium loading was achieved by covering all polymer surfaces
but leaving all bare dummy Si wafers exposed to the plasma. High
loading was obtained by exposing all Si wafers and polymer surfaces to
the plasma. Further details can be found in [13).

The total etch yield Y was deduced from the formula [14]

R d(Nc -No)
Y - = r N (6)

F MF

where r is the etch rate in cm/s (i.e. the rate of change in polymer
film thickness), d is the density of the polymer film, Nc is the num-
ber of C atoms per monomer, No is the number of 0 atoms per monomer,
M is the molecular weight of the monomer, and N is Avogadro's number
(see Eqs. 2 and 4). An assumption implicit in Eq. 6 is that oxygen
atoms in the polymer are used up to volatilize carbon atoms of the
film. The etch rate r was measured interferometrically.

RESULTS AND DISCUSSION

Data were collected for 30 different combinations of sample mater-
ial, gas composition, and reactor loading configuration. Regression
analysis was performed to fit both Eq. 4 and Eq. 5 to the data. In
about half the cases, Eq. 4 clearly provided the better fit (see Figs.
I and 2), whereas in the other half of the cases neither equation was
better than the other. (Figs. 1 and 2 also show an additional fitting
curve for which c, the yield for direct ion etching and sputtering,
was fixed at a value of 2, see below, but this case is seen to be al-
most equivalent to the linear Eq. 5). The non-linear relationship
between l/Y and F/[O) is particularly evident for those sets of data
which had been taken over the widest possible range of pressures
(5 - 100 xTorr), The same trends were also observed at different loa-
dings [13). We note that the lowest values for l/Y (i.e. the largest
yields) in Figs. I and 2, at the low end of the FI[O] scale, corre-
spond to the highest pressures, and vice versa.

It is worth pointing out that the shape of the curves in Figs. 1
and 2 is independent of the accuracy of determining the ion flux F to
the substrate, since F enters as a factor common to both the x- and
the y-scales (F/(O] and l/Y = F/R). The effects of other sources of
uncertainty have been discussed elsewhere [13] and do not affect the
conclusions reached here either.
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Fig. 1: Plot of data for I/Y vs F/[O] of photoresist in pure
oxygen plasma (low loading), with various model fits.
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Fig. 2: Plot of data for l/Y vs F/I[O] of polyimide in pure
oxygen plasma (low loading), with various model fits.

Eq. 4; : Eq. 5; -..- Eq. 4 with c = 2.
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Sets of fitting parameters corresponding to the data of Fig.l are
given in the tables below:

Table I: Fitting parameters for data of Fig. 1

A B C

E. 4 4.0 16.5 14.7
Eq. 5 0.46 11.1

Table ii: Contribution of direct reactive ion etching and
sputtering to total etching for data of Fig. 1

pressure Y c c/Y
(mTorr)

100 13.6 3.7 0.27
60 11.4 3.7 0.32
20 8.1 3.7 0.46

5 4.5 3.7 0.81

The fitting paraeters corresponding to the data of Fig. 2 are similar
to those given abve in Tables I and II. We note that the yield c for
direct reactive ion etching plus sputtering is obtained from the fit-
ting parameters A, B, and C by c = C/A. The constants a and b in the
surface kinetic model (Eq. 3) can be deduced in a similar fashion.
The value chosen for n (n between 0.5 and 1) turns out not to affect
the fit in a significant manner.

it is apparent from these numbers that direct reactive ion etching
plus sputtering are the dominant etch mechanism at the lowest pres-
sures (5-10 mTorr) and still contribute almost 30 % of the overall
etching at 100 mTorr. If the sputtering yield under our conditions is
estimated to be about 0.3, from ion beam experiments (9], then the
direct reactive ion etch yield is of the order of 3 C atoms per ion.
This number is somewhat larger than a yield of about 2 expected on the
basis that molecular oxygen ions react completely to give CO as a pro-
duct. However, SIMS experiments, bombarding a polymer with oxygen
ions, indicate that it is possible to produce species containing more
than one C atom per 0 atom (151. Furthermore, the experimental total
yields reported here are in good agreement with previous results from
the reactive ion etching and the magnetron ion etching of polymers in
different reactors (2].
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CONCLUSIONS

The etching of polymers in oxygen-based plasmas has been shown to
require inclusion of direct reactive ion etching and sputtering for a
reasonably complete description of the etch yields. In a reactive ion
etch process, direct reactive ion etching accounts for anywhere bet-
ween 80 % and 30 % of the total etch yield in a pressure range from
about 5 to 100 mTorr. This mechanism should clearly be taken into ac-
count also in corresponding experiments involving high-density, magne-
tically enhanced plasmas. Future work in our laboratory will incorpo-
rate isotropic etching into the surface-kinetic model of the process
and will examine to what extent such a model can form the basis for a
description of the evolution of etched profiles.
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HIGH SELECTIVE ETCHING OF Si02/Si

BY ArF EXCIMER LASER

K. KITAMURA* and N. URAKARA**
*Graduate student of Tokai University, Faculty of Engineering"**Faculty of Engineering, Tokal University,
1117, Kitakaname, Hiratsuka, Kanagawa 259-12, JAPAN

ABSTRACT

Dry etching of SiO2 insulation layer has been required in
the Si semiconductor manufacturing process. The etching of
Si02/Si is chemically carried out by using HF solution. We
successfully demonstrated a new method for exclusive etching of
SiM2 using the nitrosyle fluoride (FO) gas which was produced
from the mixed gas of NF3 and 02 with an ArF excimer laser
irradiation.

Si02 and Si substrates were placed side by side in a
reaction cell which was filled with 3% 02 gas in NF3 at the gas
pressure of 380 Torr. ArF excimer laser beam was irradiated
parallel to the substrates. The laser fluence was kept at
100mJ/cm2. As soon as the mixed gas of NF3 and 02 was
irradiated with the ArF laser beam, an intermediate product of

FO was produced. The chemical behavior of NFO was confirmed
from the UV absorption spectrum with absorption in the 310 to
330nm wavelength region. In the presence of Si02, the
absorption of 3FO diminished. The absorption of 302, instead
of NFO, appeared at 350nm. This indicates that the oxygen
atoms of Si02 were pulled out by NFO.

The etching reactions continued for 3 minutes after
irradiation when the Si02 and Si substrates were kept in an
atmosphere of the reactant gases. As a result, not the Si but
SiO2 substrate was etched with the depth of 2000A.

INTRODUCTION

In the LSI process, the etching of Si02 insulation layers
is important. The HF solution has been used for wet etching;
however, there is a resolution limit with this method. A dry
etching such as a plasma bombarding method has thus been widely
employed. The plasma method, unfortunately, induces etching
not only on the S102 layer but also on the Si semiconductor
layer. Thus, an exclusive SiO2 etching is required and has
been extensively studied [1,21. In this work, we successfully
demonstrated the selective etching of SiO2 using the NFO gas,
which was produced from a mixed gas of 3F3 and 02 by an ArF
excimer laser irradiation 13,4,51. In this novel etching
method, the 3FO molecules were produced by the photochemical
reaction of the mixed gas of NF3 and 02, which is very
Important (6[. The U70 gas pulled the oxygen atoms out of the
Si02 insulation layer$ the isolated Si atoms of the etched S102
layers were then captured by fluorine atoms 17,8,91. The
exclusive 8i02 etching method was found, and its etching
mechanism was clarified by the spectroscopic measurement.
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PHOTOCHEEICAL REACTION

Production of NFO gas

NF3 gas has an absorption band at the 193nm wavelength of
ArF excimer laser; the N-F dissociation energy of 72kcal/mol is
lower than the laser photon energy of 147kcal. Accordingly,
ArF laser decomposes NF3 into NFx and F, as given in the
following equation:

NF3 + hP(193nm) - >NFx + F (x=0-2) ---------- (1)
In order to clarify this photo decomposition mechanism,

the ultraviolet absorption spectra of the mixed gas of NF3 and
02 were measured by the spectroscopic measurement system as
Fig.l. Fig.2 shows the UV spectra of the NF3 and 02 mixed gas
with and without the ArF laser irradiation. When the mixed gas
was irradiated with ArF laser light, an absorption appeared at
330nm wavelength, and the spectrum was identified as NFO. The
absorption gradually increased with the laser shot repetition.
Thereupon, 02 concentration in the mixture ratio was changed
from I to 6% in order to produce as many NFO molecules as
possible. In the case of I to 3% 02 concentration, as shows in
Fig.3, the NFO UV absorption gradually increased. The NFO
absorption remarkably diminished at the 02 concentration of 6%.
As a result, an absorption of 350nm appeared, along with P2 IR
absorption [101, and was identified as N02. This is caused by
the NFO molecules to easily combine with oxgen atoms in the gas
phase. The amount of N02 thus becomes more than that of NFO.

ArF excimer
laser

F UV spectrophotmeter

S~NT•3 0 gas

;UVlI U lamp)

Fig.1 Measurement system of UV spectra with and without
ArF laser irradiation in an atmosphere of NF3 and
02 mixed gas.
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Fig.3 UV spectra of intermediate products for three
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Etching mechanism of SiS2

Si02 substrate was put in an atmosphere of the mixed gas
of KF3 and 3% 02 ambient. When the mixed gas was Irradiated
with ArF laser beam, N02 absorption increased and NFO
decreased. This means that the oxygen atoms of the SI02
insulation layer were pulled out by the NFO molecules.

As mentioned above, NFO was produced by the ArF laser
irradiation In an optimum mixture ratio of 3% 02 in the NF3
gas. The UFO have high chemical activities and can etch the
8102 layers. In the reduction of Si02, the oxygen atoms from
S102 were pulled by the P atoms in the gas phase and the *i
atoms became isolated. The etching mechanism of 8102 was given
by the following equations:

2NF3+02+hP (193nm) -- 2NFO+2F2 --------------- (2)
Si02÷2KFO+2P2 2NO2+SiF4 ----------------- (3)
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Experimental method

As illustrated in Fig.4, the SiO2 and Si substrates which
were coated with PMMA resist were placed in a reaction cell
with the CaF2 window. A thermaloxide Si wafer was employed as
the Si02 sample. The cell was evacuated and then filled with
NF3 and 02 gases. The ArF laser was irradiated parrarel to the
substrates, which were kept in an atmosphere of the reactant
gases for 3 minutes after irradiation. In the experiment, the
mixture ratio of NF3 and 02 gases and the ArF laser fluence
were changed. The Si02 etching rate was compared with that of
Si under each condition. The ArF laser shot number was 10000 at
a pulse repetition of 20pps; the total gas pressure was kept
at 380 Torr.

chamber

Si

Si 02

ArF excimer laser

Si02

Si

02 He NF 3

Fig.4 Shematic diagram of S102/Si selective etching
system by ArF excimer laser

Results and discussion

In order to find the optimum conditions for an exclusive
S102 etching, experiments with different mixture ratios of NF3
and 02 gases as well as with different fluences of ArF laser
were carried out. The etching rates of Si02 and Si substrates
were then measured.

First, displayed in Fig.5 is the etching rate as a
function of the gas mixture ratio. The laser fluence and the
shot number were kept at 1OOmJ/cm2 and 10000 shots,
respectively. The respective etching depths on the S102 and Si
layers were 2000A and 150A when the partial pressure of NF3 and
02 was 100:3; this was the optimum condition. When the partial
pressure became either lower or higher than 100:3, the Si
layerwa. also etched.
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Fig.5 Dependence of the Fig.6 Dependence of the
etching depth on etching depth on
02 mixing percentage laser fluence for
against NF3 for SiC2 Si02 Si substrates.
and Si substrates.

Second, indicated in Fig.6 is the etching depth as a
function of the laser fluence when the mixture ratio was set at
3 %. When the laser fluence was lower than 40mJ/cm2, the Si
layer was etched deeper than the SiO2. As the fluence was
increased, the etch depth of Si had a peak at 40mJ/cm2 and then
decreased to about zero at a fluence of 1OOmJ/cm2. When the
fluence Increased to l20mJ/cm2, Si was etched again. It
appears that the most effective Si02 etching was at a fluence
of 100mJ/cm2, of which condition described above.

The following were found from the results of the two
experiments. When the laser fluence was higher than 1OOmJ/cm2,
the Si was etched by the F radicals because the oxygen content
was insufficient for photo-decomposition of NF3 gas to NFO. On
the other hand, when the laser fluence was lower than
100mJ/cm2, the Si was etched by the F radicals because the
oxygen content was excessive and oxygen reacted with the NFO to
form N02 and F radicals. That is, the large amount of NFO is
required in the reaction cell for exclusive etching of SiC2*
The SEN photo of the etched feature obtained under the optimum
02/NF3 condition was shown as in Fig.7. The space between
lines was 5um, and the etching depth was 2000A.
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Fig.7 Etched feature of the
thermal oxide Si wafer

Conclusion

The selective etching of Si02 was successfuly demonstrated
by using the NFO gas and the ArF excimer laser beam. The
production amount of the NFO gas was closely related to the
selectivity of Si02 etching. The amount of NFO produced
critically depended on the laser fluence and the partial
pressure of NF3 and 02. It was substantiated that the oxide
insulation film which covered the semiconductor surface was
exclusively etched. It was presumed that the mechanism of the
Si02/Si selective etching was the deoxidization reactions by
NFO molecules. This new method may be applied for improvement
of high integration and high efficiency semiconductor devices.
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Plasma Etching and Surface Analysis of a-SiC:H Films Deposited by
Low Temperature Plasma Enhanced Chemical Vapor Deposition

J. H. Thomas, Ill,* David Sarnoff Research Center, Princeton NJ 08543

and M. J. Loboda, and J. A. Seifferly, Dow Corning Corp. Midland MI 48686

Abstract

Organosilicon precursors were used to deposit thin films of highly stable amorphous
hydrogenated silicon carbide at low temperatures by plasma enhanced chemical
vapor deposition. X-ray photoemission and Auger electron spectroscopy were
employed to characterize the surface chemistry of air exposed and plasma etched
films. Auger analysis of the as-deposited material shows its composition to be
constant throughout its depth. RF plasma etching was performed in CF 4 /02 and
SF6/O2 gas mixtures. Etch rates in these atmospheres are similar to those reported in
the literature. After plasma etching, the surface was converted to a highly fluorinated
state. In addition to the expected SiC bond, Si-OF bonds were found after plasma
etching. Fluorocarbon residue was not produced in this process. Chlorine etching of
this low temperature PECVD film is described and is shown to be compatible with
standard integrated circuit manufacture processing as an hermetic-like sealant.

Introduction

Hydrogenated silicon carbide derived from plasma enhanced chemical vapor
deposition (PECVD) has been investigated for many uses. In this study, we have
investigated the compatibility to silicon device processing of reactive ion etching (RIE)
gases. such as, pure chlorine, CF4/O2 (1-3) and SF102 (3,4). The surface of the
etched a-SiC:H was investigated using x-ray photoelectron spectroscopy. The
material system of interest is that used to form ceramic-based hermetic sealed
integrated circuits as proposed by Chandra (5). This requires that a-SiC:H be
applied at low temperatures on SiO 2 coatings and adhere to gold. It is preferred that
the a-SiC:H etch stop at the Si02 surface. Chlorine was chosen as the preferred
etchant. Chlorine and the other etchants of a-SiC:H will be described in this paper.

Experimental

The details of film growth parameters and composition are shown in table 1. Films
were deposited using standard PECVD techniques (6) from trimethylsilane and
silacyclobutane source gasses. The carrier gas used was argon at 2 Torr, deposition
temperature =250 - 350C. Layer stoichiometry and uniformity was studied using
Auger electron spectroscopy. a-SiC:H was found to be uniform throughout the
deposited layer and has a thin oxide layer at the surface. Within experimental error,
the ClSi ratio was held in the range of 1 - 1.2. The oxygen content was less than 3 at.
% and the hydrogen content was 20-30 at. %.

Fluorine based etchants have been shown to be effective in removing a-SiC:H, if the
gas contains an appreciable amount of oxygen. This results in SIC etch selectivity

IB i over silicon and silicon dioxide (1-4). The select"ty is not large and requires
significant ion bombardment, that is, etching does not occur spontaneously. To
demonstrate etching with fluorine based etchants, the CF410 2 and SF8 /O2 systems
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were chosen. Published data describing the gas mixture that provides the highest
selectivity and etch rate were chosen as operating points.

In the CF4/O2 etchant system the ratio of CF 4 to 02 was set at 0.44. The operating
pressure was set at 100 millitorr and the plasma was RF generated at 13.56 MHz, 30
watts to develop a self bias of - 240 volts. The etching system is described in detail in
reference 7 and is operated in a diode configuration.

In the SF6AO2 etchant system (ratio of SF6/0 2 = 0.25). measurements were performed
in an Innotec Vertical In-line system. This system has large electrodes but the power
was adjusted to roughly match the first experiment (-240 volts bias). The operating
pressure was set at 200 millitorr. With a-SiC:H on SiO2 , the process could not be
controlled to chemically stop at the interface since both materials are etched. The
measured etch rate on a-SiC:H was - 100 nmlmin. This etchant was also shown to
sputter gold (SF5+ -> Au).

Experiments using chlorine plasma etching were performed in two reactors, a
PlasmaTherm In-Line RIE system and an MRC Aries MERLE (magnetically enhanced
RIE) reactor. Table 2 shows the etch rates as a function of operating power and
pressure for the two materials deposited and for the two reactors. All etching was
performed at 40 sccm chlorine flow rate.

X-ray photoelectron spectroscopy (XPS) measurements were performed on a system
built around a Leybold Heraeus EA-10 hemispherical analyzer. This system is
controlled using an HP-10001E minicomputer and photoelectrons are excited using
Mg Ka non-monochromated radiation. Survey spectra were obtained at a 200 eV
pass energy and high resolution spectra at 50 eV pass energy. Data were obtained
digitally at 1 eV increments for the survey spectra and 0.12 eV increments for the high
resolution spectra.

Results and Discussion

Figure 1 shows a typical XPS survey spectra taken before and after exposing the a-
SiC:H sample to the plasma without etching through the film to SiO 2. The sample
was transferred into the analysis chamber without exposure to air. Prior to exposure,
the surface shows peaks due to silicon, oxygen and carbon. Figure 2 shows the C Is,
0 Is, Si 2p and F Is peaks before and after plasma exposure. Hig' resolution
spectra show that the surface is oxidized (also shown by Auger electron
spectroscopy). After exposure, shifts are observed in the oxygen and carbon and
structure developed in the silicon and fluorine peaks. After plasma exposure, the
surface is fluorinated. However, the fluorine is not bound to the carbon of the carbide
surface. Chemically shifted peaks at binding energies of >289 eV may be expected in
the C Is spectrum (8) for bound fluorine to carbon. This structure is not observed.
The SI 2p and F Is spectra show a two peak structure. In the Si spectrum, one
component at 100 eV is due to carbide bonding and the other component is due to
Si(OFy) bonding. The components of the F is spectrum are due to Si-F bonding
(685 eV) and Si-O-F bonding (688 eV). Exposing the carbide surface to the oxygen
containing plasma results in oxidation of the surface and consequently the formation
of the i(.OxFy). The C Is peak also shows the presence of the dominant Si-C
bonding. Similar results have boen reported In exposure of the surface of silicon to a
CF4/O2 plasma (9).
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Table 1
Characteristics of Organosilicon Source on PECYD a-SiC:H Films

Source Gases: Silacyclobutane or Trimethylsilane
H2SiC#42CH 2CH2  (CH3)3SiH

Carrier Gas: Argon
Pressure: 2 Torr
C/Si Ratio:* 1 < C/Si < 1.2
Oxygen Content: < 3 at. %
Hydrogen Content: 20-30 at. %

from Auger Electron Spectroscopy

F is

Figure 1 XPS
Survey spectra before
and after CF4 /02

AS Plasma Exposure and
DEOlrSUE VacuumTransfer

AP LASOM~

ois cis
Figure 2 a. 0 Is
and C is before and
after Plasma Exposure

I-

AFTER PLASMA

III BINDING ENERGY (eV)
hInu C Is- Plummesbon audu n 81afe CP4/" IMEpe
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Figure 2 b. Si 2p
and F ls (from fig. 1.)

AS DEPOSITED

q 2P

FIS S512P

110 100

690

AFTER PLASMA

110 100
BINDING ENERGY (eV)

After Cl Plasma Etch After HF Etch

I|

Figure 3 SEM miorograph of a-SIC:H S $102 on 81 after CIPleema etch and after HF etch
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A similar effect is observed when etching a-SiC:H with the SF6/O2 Results are not
shown here for brevity. However, there is a difference with respect to the CF 4 system
in ion bombardment (10). The ion fragments in the SF6/O2 etchant system are
heavier and hence sputtering yields may be higher than with the CF 4/0 2 system.
When etching a-SiC:H/SiO 21Au, the Innotec reactor etched through the Si0 2 and
gold layer to the substrate. Without in-situ thickness monitoring in the etching
chamber, this and the CF4 etchant system would be difficult to control. Selectivity for
these etchants have been published by other authors (1-4) and will not be reported
here.

The etching mechanism appears similar to fluorine etching of silicon and silicon
dioxide. Atomic fluorine and oxygen in the plasma reacts with the silicon and carbon
to form SiFx and COx species. respectively. With ion bombardment these species are
removed at an accelerated rate over the rate found without ion bombardment.

A better approach to etching a-SiC:H selectively over SiO 2 is to use pure Chlorine
reactive ion etching. It is well known that chlorine RIE has a good selectivity of Si to
SiO2 (11,12). It is expected that the chlorine plasma will react with C, Si and H to form
the volatile species CCd4, SiCI4 and HCI. Spontaneous etching is expected. The
selectivity with respect to silicon dioxide is good at 10 and 300 milliTorr (see table 2).
Photoresist is shown for completeness and etches at a comparable rate to a-SiC:H at
300 milliTorr. The source material does not appear to strongly affect the etch rate, that
is, the use of Me3 SiH and SCB. Clearly, the chlorine etch is superior to the fluorine
based etchants for etching a-SiC:H and should be effective in etching single crystal
SiC. An example of chlorine etching is shown in figure 3 after chlorine etching and
after wet etching the oxide layer with HF on a typical bond pad window on an
integrated circuit.

X-ray photoelectron spectroscopy shows that the surface of the a-SiC:H exposed to a
chlorine plasma is similar to that observed in fluorine etching where Cl is observed in
place of F. The SiC peak of the Si2p is observed along with a peak due to Si-ClOx
bonding (101.6 eV) where the ClOx is due to air exposure of the sample. Chlorine is
bound to the carbon peak and shows a chemical shift due to C-Cl bonding (13). It is
reasonable to project that the etching mechanism is the same as fluorine except the
roles of Cl and F are switched making it possible for more volatile species to be
formed.

Table 2

Chlorine Reactive Ion Etching
Film Pressure Power Etch Rate

_, (mTorr) (watts) nm/min
a-SiC:H from SCB (250C 10 500 60

a-SiC:H from SCB O25OC _ 300 150 100SiO2g (Thermal) 10 500 26-
BiO2 (Thermal) 300 15_ .

FPhotoresist i0 1 500 190
Phtoesst300ý ISO 94

a-Sic:H from USiH _0 10 500 60
s-SiC:H frtom M0Sil (350) 3 150 997
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Summary

In summary, we have observed that CF4102 based reactive ion etching leaves a
typical SiOyFx type of layer behind and is not a good etchant for selectively etching
SiC with respect to SiO2 . This reaction chemistry is similar to that found on other
oxygen containing silicon compounds or silicon. SF6/02 produces similar results to
the CF 4 /O2 etchant. Etch rates of a-SiC:H using fluorocarbon and sulfur hexafluoride
are in good agreement with results published for etching high temperature SiC films.
However, the etching appears to depend more on ion bombardment rather than
significant chemically induced etching of the a-SiC:H.

Chlorine etching at - 300 milliTorr is not sensitive to the starting material or
composition (SCB or Me3SiH) and can be used in hermetically sealing bond pads on

integrated circuits. In using a pure chlorine etchant at moderate pressures (- 300
mTorr), the a-SiC:H is removed with good selectivity against etching SiO2 . Chlorine
appears to be the preferred etchant system that is compatible with integrated circuit
manufacture.
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ABSTRACT

Spatial confinement of mass-selected ions and extracting them to a solid surface at low
kinetic energy is achieved by using rf ion trapping which is combined with multi-photon
ionization by a KrF laser. SF5+ fragment ions of SF6 generated by photo-ionization are
separated from other ionic species and then confined in the cylindrical ion trap cell for at least
100 Ins. The stored ions are extracted onto the seniconductor surface. This technique is
promising for clarifying surface reactions of semiconductors, which is the key to controlling
surface structure on an atomic scale.

INTRODUCTION

In the near future microfabrication on an atomic scale will be needed in processes such
as dry etching. For future devices that have a scale of nanometer order, it is necessary to greatly
improve material selectivity, damage effects and dimension accuracy. So far plasma etching
using microwaves has been the main method for dry etching processes. However, it is difficult
to make conventional plasma etching satisfy the above requierments because of the two main
drawbacks of plasma etching. First, the selectivity for material is not very high because of
many kinds7of chemical species in plasma..Second, the kinetic energy of the etchant particles in
the plasma is so large ththe he etching is manly due to collision induced spattering. This in turn
induces damage in the semiconductor. To prevent damage, we need to lower the kinetic energy
of the particles. However, this lowers their reactivity. Instead of kinetic energy we must use
the inhe paicles. Dependence of chemical species on internal state for
chemical proletis was reported i the caseof Si etching with a [1]. Nanometer scale etching
is very likely to be achieved by using these chemical species whose internal states are specified
and by uniformly iradiating them onto the semiconductor surfaces, that is, their kinetic energy
and dirction of motion are made uniform.

On the basis of the above discussion, we used ions as etchant species in this study
because ions are easy to control and are advantageous for fine pattern fabrication. In the first
step we selected ion species and gave them low kinetic energy. The next step will be to control
their internal state. Conventionally the mass selection is achieved by using a quadrupole mass
filter. However, this separates tons while they are being transmitted. Therefore it is not
suitable for controlling the internal state of ions by laser because the intersection of the two
beams is so small. To control the internal state by laser, it is necessary to confine the ions. The
rf ion trapping method is a promising key to the confinement of ions for laser excitation. In this
paper we report on the confinement and low-energy extraction of photo-fragment ions by using
rf ion trapping.
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EXPERIMENTAL

The ion trapping method and its general characteristics have been described in derail
elsewhere [2-4]. Figure 1 shows a schematic of the apparatus and the timing chart of the
experimental procedure. The cylindrical ion trap (CIT) cell consists of three electrodes: a
cylindrical electrode and two endcap electrodes. The inner dimensions of the cell are 40 mm in
diameter and 38 mm in height. The cylindrical electrode was biased by an rf voltage whose
frequency was in the range of 100-200 kHz and whose amplitude (Vac) was less than 300 V.
The end cap electrodes were kept grounded while ions were being trapped. A dc voltage (Vdc)
could also be superimposed on the rf potential in order to separate the trapped ions depending
on their charge to mass ratio (m/z). Moreover the initial phase (e) of the sine wave of the rf is
also adjusted in order to make the confinement easier. The phase corresponds to the initial value
of Vac including its magnitude and polarity.

A supersonic free jet of a 1.5-atm gaseous mixture of 20% SF6 and 80% He was
generated by a pulsed nozzle system with an orifice of 0.8 mm diameter. The free jet was
skimmed by a I--mm-diameter skimmer. The pulsed molecular beam was brought into the CIT
cell through one of the inlet holes. The SF6 molecules in the beam were photo-ionized by 248-
nm light of a KrF excimer laser at the center of the cell where the molecular beam and the laser
beam were crossed. The generated ions were trapped easily in the CIT cell because the
translational energy of SF6 molecules is of the order of several tens of millielectronvolts. After
trapping the desired ions for the required time, they were extracted downwards by applying
pulsed positive voltage to the upper end cap electrode. First extracted ions were directly
detected by a quadrupole mass analyzer to evaluate ion trapping characteristic. Next extracted
ions were thus irradiated onto the semiconductor surface. The ion species from the surface
were analyzed by a quadrupole mass analyzer.

RF ion trap cell 2

] molecular beam

.JV--I'- Molecular Beam

•" ions e) A....-. . Laser Lightm 4, 4, KrF excimer laser
"•t'• RF Voltage

\ • ,. ) Extraction Voltage

5 Time

-" " ...,,quadrupole mass
UjJ: analyzer

Figure 1. Experimental apparatus and timing chart for this experiment.
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RESULTS AND DISCUSSION

Figure 2 shows the mass spectrum obtained by extracting directly without trapping the
ions produced from SF6 at 1 ps after laser irradiation. In this case the quadrupole mass
analyzer was positioned below the ion trap cell without the semiconductor sample. Since the
ionization potential of SF6 is 15.6 eV and the photon energy of KrF laser light is about 5 eV,
SF6 is ionized by absorption of more than three photons. The parent SF6+ ion was not be
observed. SF6+ ion is unstable due to Jahn-Teller distortion and dissociates into the smaller
ions immediately [5). The observed singly charged fragment ions were SFx+ (x--0-5), F+ and
He+ ions. Fragment ions with an odd number of fluorine atoms were produced more
abundantly. The doubly charged ionic species such as SFx2 + (x=1-4) were also observed. In
this case fragment ions having an even number of fluorine atoms were produced more
abundantly. The doubly charged ions were produced by ionization of the singly charged ions.
Probably an F atom was dissociated when the singly charged ions were ionized, that is,

SFn++hv - SFn 2++F+e-.
The ionic fragmentation of SF6 via S2p inner shell excitation has already been investigated by
electron impact [6]. The observed ionic species were the same, but the intensity distribution
was different from the results of this study, that is, in the case of high-energy electron impact
the intensity of the smaller fragment ions are high but not in the case of multi-photon ionization.
So this comparison shows the multi-photon ionization is a rather soft one.

Figure 3 shows the mass spectrum obtained after trapping the ions stored in the CIT cell
for 1 ms. The trapping condition of rf bias and dc bias which was adjusted for SF5+ ions is
described in the figure. SF5+ ions were separately confined and the other ion species were
excluded. The trapped ion number is estimated to be about 104 ions/pulse from the resulting
ion current and the amplification factor of the secondary electron multiplier of the mass analyzer
(107).

++

SFS4 +

C \6 53 V, v==- 135 V +,

n SF3
SF2+ + wl2.- -200 kHz S;

h4  SF3- 0 - 2
F+ SF + SF

-T

o 5 100 150 9 0 Ibo IS
Mass Number (m/1) Mass Number (mlz)

Figure 2. Mass spectrum of photo-fragment ions Figure 3. Mass spectrm of trapped ions
of SF6 obtained by KrF laser excitation, selected from photo-fragment ions.
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The change in intensity of trapped SF5+ ions as a function of trapping time is shown in
Figure 4. The SF5+ ions survive for at least 100 ms. This property suggests that it is possible
to control the internal state of the ions by another laser excitation during this trapping time. On
the other hand, no SF5+ ions were observed even at 3 As after multiphoton ionization when ion
trapg was switched off. This is because the ions continue with their initial velocity, which is
estimated to be about several tens of millielectronvolts.

The dependence of the SF5+ ion intensity on extraction voltage is shown in Figure 5.
This voltage is applied to the upper end cap electrode. The ion intensity is almost constant at
extraction voltages down to 10 V from 300 V. This is probably because trapped ions with low
kinetic energies of a few electronvolts are confined in the small volume of about several tens of
cubic millimeters in the center of the cell.

Next, we show the tentative results obtained when the extracted ions of about 100 eV
were irradiated onto the semiconductor surfaces. Figure 6 shows the mass spectra obtained by
analyzing the ions from Si(100) surfaces. Figure 6 (a) shows the mass spectrum for the
irradiation of ions as shown in Figure 2. Figure 6 (b) shows in the case of irradiation of ions as
shown in Figure 3. The observed ion species are almost the same as the irrcident ion species.
They are the elastically scattered ions. However, no product ions were observed. The reason is
probably that the reactivity of incident ions are not enough to cause detectable amounts of
product ions. Deposition of sulfer may block the surface etching [7]. We will study the surface
reactions with more reactive ions in the trap cell such as F+ ions.

- 10 S-* .5 - -s . .... ..

SF~ .1.5 ~

S0.5

0 no trapping
C IC

.5 0.1 01 1 100 -- 0 1 10 100 1000

Time (ms) Extraction Voltage (V)
Figure 4. Dependence of the intensity of Figure 5. Dependence of the intensity of

extracted SF5+ ions on trapping time. SF5+ ions on extraction voltage.

:5 M2- Nm (a) Ms(b) N b

SFF+ ions

LeI
S040 0801 120il0 0 0 lo0 40 80 120

Mass Number (rn/a) Mass Number (rn/1)

Figure 6. Mass spectra of the ions fromt the Si surfaces after irradiation with (a) all ions and (b)
SF5+ ions.
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i
CONCLUSION

Spatial confinement of photo-dissociated ions and their extraction with low kinetic
energy have been demonstrated. We were able to select, confine, and extract specific reactive
ion species out of various kinds of photo-fragment species by using ion trapping and
multiphoton ionization. By using this method for the study of surface chemical reactions with
ions, etching phenomena will be greatly simplified. Moreover, from the viewpoint of industrial
needs, the potential of this ion trapping method is promising for achieving dry etching using
state selective ions.
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SURFACE PERTURBATION BY ENERGETIC PARTICLE BEAMS
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Abstract

The state of the surface after energetic keV particle bombardment is
investigated using molecular dynamics. The model utilizes a Ag{110}
microcrystallite which is statically bombarded by Ar particles at normal incidence.
After being bombarded at incident energy of 1 keV, the relocation probability is
<0.3 for all the surface atoms initially residing within four lattice spacings from
the target. The probability decreases exponentially as the initial distance of the
substrate atom from the target is increased. The most probable distances of
displacement from the lattice site also vary with the initial atomic distance from
the target atom. The probable displacement of the surface atom, except the target
atom, is less than one twentieth of the surface lattice spacing. An analyticai
formulae for the initial-distance dependence of the relocation probability is also
proposed. The formula has three adjustable parameters which are determined by
the least-squares method.

I INTRODUCTION

When the impinging energy is above the bond strength of the solid, the
series of collisional events that are initiated by particle bombardment may result
in changes of the surface morphology [1] and ultimately may alter the surface
property 12]. This knowledge of the structural perturbation that impinging
particles introduce to a solid surface during collision [4-6] is essential to the
fabrication of nanometer-scale structures in electronic and optoelectronic devices.
Collision-induced damage, such as that caused by a focused-ion beam [7] during
etching, affects the electrical and optical properties of materials. Schottky barrier
characteristics of metal to ion-etched semiconductor surfaces may be degraded [8]
and the luminescence efficiency in optical materials processed using energetic ion
beam may be reduced [9]. On the other hand, the ion-induced damage process
may produce conducting channels under the patterned areas in the
heterostructure material. The regions outside these areas are nonconducting
such that the electrons are confined in the channel as the two-dimensional gas
110].

Characterization of the state of the crystal surfaces that have been
perturbed by an energetic ion beam is clearly central to our understanding of the
properties of the material surface. In this work, we perform a series of molecular
dynamics calculations to study the collision-induced structural damage in the
crystal surface. We first focus on the influence of energetic incident particles on
surface structural integrity by examining the displacement distribution and the
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Surface Perturbation by Energetic Particle

probability that the surface atoms in the impact region are displaced from their
lattice sites. The ejection behavior of the underlayer atoms which leave late in
the collision cascade when the surface is damaged is then investigated. Our
calculations of keV Ar atoms incident normal to AgIll0} show that under the
static bombardment condition the surface retains to a significant extent the initial
crystal order. The most probable displacement, i.e. the distance by which most
substrate atoms are displaced from their initial locations, is less than one
twentieth of the crystal lattice spacing (LS, 1 LS = 4.0862 A). In addition, the
relocation probability, i.e., the probability that the substrate atom is relocated to a
position away from the initial lattice site by more than half of the substrate Ag-Ag
bond-length, is found to be <0.3 for all atoms (except the target atom) remaining
in the surface after the collision. This probability decreases exponentially as the
distance of the initial site from the target atom is increased. It approaches zero at
an initial atomic distance of -4.5 lattice spacings from the target.

II DESCRIPTION OF THE CALCULATION

A full three-dimensional moleular dynamics calculation procedure [11] is
employed to simulate the particle collision process in the surface. In the
calculation, the positions and momenta of all the particles in the particle-
substrate system are determined as a function of time by integrating Hamilton's
equations of motion. The primary particle used for the bombardment is Ar atom
at normal incidence. The substrate consists of nine layers of Ag atoms with about
200 atoms per layer and with the 1110) crystal face exposed. To represent the
interaction potential, we assume that a sum of pairwise additive potentials exists
for all of the atoms. A Thomas-Fermi Moliere potential is used to describe the
interaction between the primary particle and the Ag atom. Our previous study
[11] showed that this potential, with a scaling factor of 1.0 for the Firsov screening
length [12], was adequate in describing Ar atoms scattering from the Aglill0
surface. Further, a potential consisting of three parts was utilized to describe the
interactions among Ag atoms: an attractive Morse function at long range, a
repulsive Moliere potential for small internuclear separations, and a cubic spline
to connect the two.

For each set of initial conditions, approximately 2000 collision sequences
are computed. The points of impact are uniformly distributed over a zone of
irreducible surface symmetry. For each collision sequence, the final positions and
velocities of all the atoms with five lattice spacings from the target atom are
stored for subsequent analysis. Specific sequences of interest may be recalculated
in order to trace the important microscopic collision events of atoms in solids.

III RESULTS AND DISCUSSION

The surface damage created by bombardment of energetic particles are
simulated by a series of full molecular dynamics calculations of the collision
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cascade. The extent of the damage may be explored by examining the
displacement of the surface atoms from their initial lattice sites after the cascade
subsides. Fig. 1 shows the displacement distribution of the surface atoms which

0.0 02 OA 0.8 0.8
DWSANCE OF D&PACEMENT(L

Fig. 1. Displacement distributions of the atoms remaining in the Ag(ll0} surface
after the surface is bombarded by Ar atoms of I keV incident energy. The solid
curve represents the distribution of the displacement from the lattice site for all
the atoms initially residing within four lattice spacings from the target atom. The
dashed, dotted, dot-dashed, and dot-dot-dashed curves represent the
displacement distribution for the atoms initially located within the first , the
second, the third, and the fourth lattice spacing, respectively.

are initially located within four lattice spacings from the target atom and left in
the Agl10) surface after the surface is bombarded by Ar atoms of 1 keV incident
energy. As shown in the figure, most surface atoms remain at their lattice sites
after the bombardment. For those atoms displaced from their initial sites, the
most probable distance (i.e. the distance to which most atoms are displaced) of
displacement decreases with increasing initial distance from the target atom. The
overall distribution shows that these displaced residual atoms have a most
probable displacement of about 0.04 LS (or 0.12 A).

Since the most probable displacement of the atoms near the target atom is
much less than half of the Ag-Ag bond length in the bulk, the surface thus
retains to a significant extent the initial crystal order during static particle
bombardment. This is quite interesting since the impinging energy is
significantly higher than the strength of the chemical bond in the solid. The
retention of the surface structure may also be studied by numerically following
the ejecting trajectories of the underlayer atoms which leave the surface late in
the collision cascade. It has been suggested that when particles leave the surface
late in the cascade much of the surface order is no longer present [13]. The take-
off points of these atoms are expected to be randomly distributed in the surface
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plane of the top-layer atoms if the substrate lattice structure is completely
destroyed during the collision. Shown in Fig. 2 is the take-off point distribution
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Fig. 2. The calculated distribution of the take-off points, in the plane of the top-
layer atoms, for the atoms originating from the second layer of AgIlll0 and with
long collision time of >150 fsec. The open circles represent surface atoms in the
topmost layer and the small closed circles the take-off points. The incident energy
is 2 keV.

of the second-layer atoms which eject with collision time, i.e. the time interval
between the moment of the primary impact and the instant the ejecting atom is
out of the interaction range with the surface, greater than the most probable
collision time. As shown in the figure, the path of these ejected atoms are mostly
constrained to the spacings on the 1110) face between the first layer atoms.
Although the processes that lead to the ejection of the underlayer atoms are very
complex, the constraint of the ejection path reveals that the first-layer atoms are
present close to their lattice sites and that these atoms exert strong directional
force on the ejecting atoms. The brevity of the interaction between the keV
incident particle and the surface atom as well as the presence of the weak
chemical bond between surface atoms may account for the retention of crystal
order in the surface during particle bombardment.

It is of interest to also understand the dependence, on the initial atomic
distance from the target atom, of the probability that the surface atom is relocated
to a position more than half of the Ag-Ag bond length away from the initial
lattice site. This information is very useful in determining adequate etching
conditions for precise control of the generation and propagation of damage in
fabricating nanostructure devices. In Fig. 3, the relocation probability of the atom
remaining in the surface after the collision is shown as a function of the initial
distance of the atom from the target atom. As shown in Fig. 3, about 60% of the
incident trajectories results in a significant displacement of the target atom. The
probability decreases rapidly as the distance is increased. The relocation
probability decreases to -0.3 for the first-nearest-neighboring atoms of the target,
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to -0.2 for atoms within the second lattice spacing from the target, to -0.1 for the
ones within the third, and to -0.01 for the atoms located at 4 LS away from the

141 r -> AEIU

0 1 2 3 4

NTIAL AITOd DISTANa"S
Fig. 3. Dependence of the relocation probability on the initial distance of the
residual surface atom from the target for Ar atoms of I keV energy incident on
AgIll0}. The solid line represents the least-squares best-fit curve.

target. Fig. 3 also gives calculated best-fit curves, using the least-squares method,
for the relation between the relocation probability and the initial atomic distance
from the target. The corresponding analytical expression in the exponential form
is

fl(r) = -0.37 r0 -3 5 + 0.61
where r is the distance, in LS, between the initial location of the target atom and
that of the residual substrate atom and H is the relocation probability. In addition
to the prediction of the extent of surface damage during particle bombardment,
this equation may also be used to select an adequate size of the model crystallite
for the computer simulation of sputtering. The equation predicts that the
relocation probability falls to zero for the atoms originally located at a distance of
greater than -4.5 LS. The crystal size used in this work is 7.5 LS, which is
sufficiently large compared with the distance at which the relocation probability
is zero.

IV CONCLUSION

In this work, molecular dynamics calculations are employed to study the
surface damage induced by energetic particle collision. A high degree of crystal
order is found to be retained under the static keV particle bombardment. For the
residual atoms in the impact region of within four lattice spacings from the target
atom, the most probable displacement is less than one twentieth of the lattice
spacing. The relocation probability of the atoms remaining in the impact region
is less than -0.3. Further, the probability decreases rapidly as the initial distance
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of these atoms from the target increases. Because of the retention of crystal order
during the collision, the ejection path of the underlayer atoms are mostly
confined within the spacings between the top-layer atoms.

The retention of crystal order under static keV particle bombardment
makes dry etching by a focused-ion beam [a] a useful technique for realizing
nanostructure formation and for precisely introducing damage to the substrate in
producing conducting channels of desired dimensions. Further studies to
explore the damage mechanism on the atomic scale and the transport properties
of the ion-damaged, heterostructure material at various temperature are
underway. These studies are critical for better controlling the electrical potential
created by the damage in the conducting channel of the heterostructure material
such that the sheet resistance of the nanowires does not exceed a certain value to
pinch off the wire.
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ABSTRACT

In this paper, we report our results on surface preparation for the growth of epitaxial Si
films. Hydrogen passivated surfaces are currently being investigated for application in Si epitaxy
to eliminate the high temperature in-situ bake necessary to remove the native oxide. Hydrogen
passivation is obtained by a dilute HF dip before the substrate is loaded in the process chamber.
However the passivation is partially lost when the HF dip is followed by a water rinse which
results in oxygen absorption on the substrate. It was found that the peak oxygen concentration at
the epitaxy substrate interface increase by an order of magnitude due to a five minute water rinse.
We report here that oxygen and carbon at the epitaxy substrate interface can be desorbed during
initial stage of epitaxial growth by reducing epitaxial growth rate. In this work, epitaxial Si films
were deposited over a wide range of growth rates obtained by varying Si 2H6 flow rates. The peak
oxygen concentration decreases by an order of magnitude by changing the growth rate from 3000
to 7OOA/minute for a deposition temperature of 800*C. We believe that at higher growth rates Si
overgrows on absorbed oxygen maintaining epitaxial alignment reflected in the good electrical
quality of the epitaxial films. However, at low growth rates oxygen has sufficient time to desorb
before overgrowth can take place, improving the epitaxy substrate interface quality.

INTRODUCTION

Low temperature Si epitaxy for application in deep submicron devices has been the
subject of numerous investigations [1-6]. Good quality Si epitaxy has been demonstrated at low
temperatures by several different techniques [1-6]. An atomically clean substrate surface is
essential for the successful growth of device quality epitaxial Si. In conventional reactors, a clean
surface is obtained by baking the substrate in a hydrogen ambient at high temperatures for long
times which is unacceptable in future submicron technologies. A variety of methods have been
proposed to obtain clean surfaces at low temperatures. These include sputter cleaning [7],
thermal desorption in ultra-high vacuum (UHV) environment [81, hydrogen plasma clean [91,
reaction with reactive gases like Si 2H6 [10], SiH4 [111, GeH4 [12) and reduction by molecular
beam of Ga [ 131, Si [ 141, Ge [ 151. Another important issue in surface preparation for epitaxy is
that an atomically clean Si surface is very reactive and hence it can recontaminate if the surface
is not passivated or the growth is not commenced immediately after cleaning.

HF cleaning provides a potential method by which the high temperature in-situ clean can
be eliminated completely. In this method the substrate is dipped in a dilute HF solution before
introduction to the process chamber. The HF dip leaves a predominantly hydrogen covered
surface which is stable in air for several minutes. Meyerson et. al. have shown that in a UHV
environment, if the Si deposition is initiated on a hydrogen passivated surface during ramp up,
before the hydrogen desorption begins (<400PC), a good quality film can be deposited without a
high temperature bake [3]. Similar results have also been reported by Iyer and co-workers [161.
They have reported good quality films on HF treated surfaces using UHV/CVD as well as
molecular beam epitaxy (MBE). In their work, epitaxy was accomplished without a high
temperature clean by commencing deposition at temperatures below the hydrogen desorption
temperature at extremely low rates, and gradually increasing both the growth rate and
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temperature to conventional MBE values. One disadvantage of this technique is that the film
quality can degrade if the HF treated surface is rinsed in water before introduction to the process
chamber. GrIlf et. al. have reported that water rinse results in oxygen absorption on the HF
treated surface [17]. Therefore, although the technique developed by Meyerson et. al. is very
successful for blanket Si substrate, it may not be acceptable for patterned substrate with oxides as
any left over HF will result in nonuniform and uncontrolled etching of the oxide.

Rapid thermal chemical vapor deposition (RTCVD) is one of the promising techniques
for application in single wafer in situ processing in multichamber clustertools. In RTCVD, the
deposition process can be initiated and terminated by rapid changes in the substrate temperature.
Therefore, films can be deposited at higher temperatures for short times while maintaining a low
thermal budget. Good quality Si epitaxy has been demonstrated using RTCVD [4, 18, 19].

In this study, our objective was to develop a low thermal budget surface preparation
process for the growth of epitaxial films using RTCVD. The approach presented in this report
combines an ex-situ HF dip with cleaning during initial stages of growth for removal of any
residual oxygen on the wafer surface.

We have previously reported epitaxial films with generation times exceeding 100 pts in our
UHV-RTCVD reactor, in the temperature range from 700°C to 800°C using Si2 H6 as the reactive
gas, without an in-situ clean [5]. This was achieved even though the integrated dose of oxygen
(0) at the epitaxy-substrate surface was on the order of 10% of a monolayer. In RTCVD, since
the substrate is rapidly heated to the deposition temperature, the deposition starts immediately as
the hydrogen desorbs and no contamination of the interface occurs in the deposition chamber.
High interfacial 0 was obtained due to a water rinse used in this previous work. In this report, we
present our results on controlling the interfacial 0 and carbon (C) by changing the deposition
parameters, Si 2H6 partial pressure and temperature. Gated diodes fabricated in epitaxial Si have
been used to evaluate the electrical quality of the substrate epitaxy interface.

EXPERIMENTAL

In this work, the depositions were carried out in an UHV-RTCVD reactor. The detailed
description of the UHV-RTCVD system can be found elsewhere [5]. In brief, the system consists
of a load-lock (sample entry chamber), an intermediate chamber and a reaction chamber. The
intermediate chamber serves as a vacuum buffer. The load-lock is pumped with a dry molecular
drag pump to a base pressure of 10-5 Torr. The intermediate chamber is pumped by a cryopump
to a base pressure of 10-9 Tort. The reaction chamber is pumped by a cryopump to a base
pressure of 10-9 Tor" and the process gases are pumped by a turbomolecular pump. The reaction
chamber is water cooled stainless steel with a quartz window on top. The wafer is heated through
the window by a 35 kW PEAKTM Systems LXU-35 arc lamp. The wafer sits on a quartz wafer
holder which can rotate during film growth.

In this study, we have used 100mm, p (100) oriented Si wafers. The wafers were cleaned
using a standard RCA solution and stored in a nitrogen purged box. Immediately prior to loading,
each wafer was individually dipped in a dilute 5% HF solution for 20 seconds and rinsed for 10
seconds in deionized (DI) water and finally blow dried in N2 obtained from a liquid source. Upon
insertion into the reactor each wafer underwent the following procedure: the entry chamber was
pumped down to - 8XIO-5 Torr in - 10 minutes before transfer to the intermediate chamber. An
intermediate chamber base pressure of high 10-9 Torr was routinely achieved within 10 minutes.
The wafer was then transferred into the reaction chamber and was cryopumped to a base pressure
of about 3X10-9 Tort. Then, the chamber was switched to the process pumps and gas flows were
initiated. Gases used in this work were 10% Si2 H6 in H2 and 500ppm B2H6 in H2 . After
establishing steady gas flows, the arc lamp was turned on to heat the substrate to the deposition
temperature at a ramp rate of approximately 150 0C/s. Oxygen and carbon concentrations were
measured using Secondary Ion Mass Spectroscopy (SIMS).
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RESULTS AND DISCUSSIONS

In the first experiment, we have studied the effect of water rinse on the 0 and C at the
epitaxy substrate interface. Si substrates were individually dipped in 5% HF and subsequently
rinsed in deionized (DI) water for 0, 10, 30, 90 and 300 seconds. Each wafer was then inserted
into the epitaxy reactor. Silicon films were deposited at 650'C with 250 sccm of 10% Si2H6/H2
(25 sccm Si2H6) gas mixture and at a pressure of about 90 mTorr. The deposition temperature
was selected to be 650'C because there is no desorption of 0 and C at or below this temperature.
The 0 and C profiles obtained in these films are shown in Figure 1. As shown in Figure 1, a 10
second water rinse results in a about 4 to 5 time increase in the 0 at the substrate epitaxy
interface compared to a no water rinse condition. Further increase in the rinse time to 300
seconds i. e., a 30 fold increase in the water rinse time results in only 2 to 3 times increase in the
O at the interface. These results are similar to the result of Graf et. al. on the reaction of water
with a Si surface treated with 40% HF [17]. According to Grif et. al. reaction of water with an
HF treated surface proceeds in two steps. When HF treated Si is dipped in water there is an
instantaneous increase in Si-OH bonds and then the number of Si-OH bonds increase
progressively following a logarithmic variation with time for about 3-5 hours. The Si-OH bonds
on the Si surface are responsible for the increased 0 at epi-substrate interface in water rinsed
substrates. It is interesting to note here that C at the epitaxy substrate interface was almost
unaffected by the water rinse. All the other experiments in this work were conducted with a 10
second water rinse. Since there is only a logarithmic increase in the 0 at the interface with the
rinse time, all the data obtained in this work can be extended for higher rinse times.
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Fig. I Effect of water rinse time on the 0 and C absorption on HF treated Si.

To study the effect of deposition temperature on the 0 and C at the interface, films were
deposited at 650, 700, 750 and 800'C with 250 sccm of 10% Si2 H6/H 2 gas mixture (25 sccm
Si 2H 6 ) and a pressure of 90 mTorr. Figure 2 shows the integrated dose of 0 and C at epitaxy
substrate interface as a function of the deposition temperature. As seen clearly, 0 and C
decreases as the deposition temperature is increased. We propose that this is achieved because
there is a desorption of 0 and C during initial stages of epitaxial growth. As the temperature is
increased, the desorption becomes more efficient resulting in decreased 0 and C at higher
deposition temperatures. We have previously reported that good quality Si films with generation
time exceeding 100 Its are obtained with these deposition conditions which requires a good
epitaxial alignment [5). We argue here that during the initial stages of epitaxial growth, the filw
is nucleated only on silicon sites and not on 0 and C absorbed sites on the substrate. At high
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growth rates Si overgrows on the 0 and C sites while maintaining a good epitaxial alignment. A
fraction of absorbed 0 and C is desorbed before overgrowth takes place.

It appears that if the hypothesis presented
1015 above is true, more 0 and C will be desorbed if

the film growth rate is reduced during the initial
0 stages of epitaxial growth as there is more time

/ for the desorption of 0 and C before overgrowth
S114 U can take place. To investigate this, films were

4ý deposited with different growth rates at 800°C.
9 The growth rate was changed by varying the

Si2H 6 flow rate during the first 10 seconds of the
film deposition. The Si 2H6 flow rate and

13 temperature profiles used in this experiment for
io different wafer are summarized in Figure 3. The

. 25 scc disilane wafer was ramped to 800*C in a Si2H6 flow of 0,
1, 2.5, 5, 10, 20 or 40 sccm. At the deposition90 mTorr temperature, the Si2 H6 flow rate was changed to
20 sccm after 10 seconds and the deposition was

1012 Icontinued for additional 30 seconds to obtain a
600 650 700 750 800 850 cap layer of about 2000A for SIMS

Deposition Temperature (0C) measurements. It should be noted that since a
10% Si 2H6/H 2 gas mixture was used in this

Fig. 2 Integrated dose of C and O at the experiment the amount of H2 and pressure
epitaxy substrate interface as a function of changed proportionately as Si2H 6 flow rate was
the deposition temperature. changed. Figure 4 shows the integrated dose of 0

and C at the epitaxy substrate interface as a function of the Si 2 H6 flow rate. It is observed that the
0 and C decrease monotonically as the Si2 H6 flow rate decreases. For flow rates of 0 (vacuum)
and 1 sccm 0 and C were below the detection limit of SIMS instrument which were IX 1018 and
5X1017 cm-3 respectively.
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Fig. 3 Temperaure and flow rate profiles Fig. 4 Integrated O and C dose as a function
used to study the effect of growth rate on of disilane flow rate during initial stage of
interfacial 0 and C the epitaxial growth.

Electrical quality of the epitaxial film and the substrate epitaxy interface were evaluated
using gated diodes fabricated in the epitaxial films. For this purpose, approximately 4000A insitu
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boron doped (- 5XI016 cm-3 ) epitaxial films were deposited at 7500 C with 200 sccm of 10%
Si2H6 /H2 (20 sccm Si 2 H6) and 0.15 sccm of 500 ppm B2H 6/H2 gas mixture. Gated diodes (n+p)
were fabricated in these films by diffusing phosphorus from in-situ doped Sio.7Geo.3 deposited
selectively in 600pm! X 600pm active areas defined in isolation oxide. The junction depth was
approximately 400 A. A detailed description of the fabrication and characterization of gated
diodes have been reported elsewhere [20]. It should be noted here that low temperature oxides
and shallow junction were employed in this fabrication to minimize the thermal budget received
by epitaxial films. A typical current-voltage (I-V) characteristics obtained for the diodes is shown
in Figure 5. In the forward bias an ideality factor (n) of 1.04 was calculated over at least 5 orders
of magnitude of current. The same ideality factor was obtained for diodes fabricated in bulk Si.
The reverse leakage current at a reverse bias voltage of 3 volts was on the order of 5 pA which
compares favorably with what is typically obtained in industry for devices of this size. It is
interesting to note that high quality epitaxial films can be obtained even with high levels of 0 on
the order of 10% of a monolayer, at the epitaxy substrate interface.

Even though good quality Si films are obtained with high interfacial 0, the heavily
contaminated interface may result in excessive generation if the interface is included in the active
region. To investigate the effect of interfacial 0 on the electrical quality, about 200 A of epitaxial
film was deposited at 5 sccm Si2H6 flow at 750"C for about 20 seconds. This was followed by
deposition of 4000A film according to the condition described in the previous paragraph. We
expect that the film with a buffer layer deposited with 5 sccm Si 2 H 6 will have a substantially
lower oxygen at the interface. Figure 6 shows reverse leakage current for film deposited with
and without the buffer layer. It is seen that in the film without the buffer layer a kink is observed
in the I-V curve. This kink corresponds to the depletion region reaching the epitaxy substrate
interface. The location of the interface was identified from the change in the doping
concentration associated with the interface from capacitance voltage characteristics. This kink is
not observed in the film deposited with a low growth rate buffer layer which has lower interfacial
0 and C. This suggests that interfacial 0 can contribute to degradation of electrical quality and
therefore deposition conditions must be optimized to reduce 0 and C contamination at the
epitaxy substrate interface.

It is clear that films deposited with lower growth rates results in superior interface
properties. However, in a single wafer reactor, growth rate can not be reduced below a certain

10-1 Temperature 750"C 1010 Are = 6OOimX6OOtim
Disilane 20 sccmHydrogen 180 sccm Without buffer layer
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Fig. 5. A typical INV characteristic of diode Fig. 6. Reverse INV characteristic of diodes
fabricated in UHV-RTCVD Si epitaxy in films with and without a buffer layer

limit to meet the throughput requiremnents. In this work, we have observed that a Si2H6 flow rate
of 5 sccm gives an interface with good electrical properties. We have previously reported the
growth rate of epitaxial Si as a function Of Si2H6 flow rate for the deposition temperatures of
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750°C and 800 0C [21]. It was found that with Si 2H6 flow rate of 5 sccm the growth rate was
about 700 A/minute. This is an acceptable growth rate for single wafer manufacturing especially
for applications that require films thinner than 1000A. Therefore, we conclude that epitaxial
films can be deposited without a separate high temperature in-situ clean by optimizing the
growth conditions to remove any residual oxygen via desorption during initial stages of growth
following an ex-situ HF dip which removes bulk of the oxygen on the surface.

CONCLUSIONS

In conclusion, we have shown that a hydrogen passivated surface can be recontaminated
by 0 during a water rinse. However, the 0 and C can be removed in a UHV-RTCVD reactor
during initial stages of epitaxial growth by reducing the growth rate by allowing sufficient time
for desorption. Good quality films can be deposited even with a high interfacial 0, although the
interface does contribute to excessive generation if it is included in the active region of the
device. The process however can be optimized to remove the interfacial components below the
SIMS detection limits while maintaining growth rates compatible with single wafer
manufacturing.
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THE IMPACT OF GAS PHASE AND SURFACE CHEMICAL
REACTIONS ON STEP COVERAGE IN LPCVD

GREGORY B. RAUPP AND TIMOTHY S. CALE
Department of Chemical, Bio and Materials Engineering
Center for Solid State Electronics Research
Arizona State University, Tempe, Arizona 85287-6006

ABSTRACT

The characteristic step coverage behavior which a given LPCVD process exhibits depends on
the nature of the controlling gas phase and/or surface chemical reactions. Physically-based
ballistic transport and reaction film profile evolution simulation has provided a structure
wherein the origins of step coverage limitations can be understood in the context of the
interaction of transport and the controlling chemistry. Based on comparisons of the
simulations to literature and in-house experimental data, we have categorized LPCVD
mechanisms into one of three types. In heterogeneous deposidon, conformal step coverage
can usually be found under at least some process conditions. Step coverage typically
degrades with increasing deposition temperature. In homoeeneous precursor-mediated
deposition, a reactive intermediate is formed in the gas-phase above the wafer surface,
resulting in poor to moderate step coverage. Step coverage may or may not degrade with
increasing temperature. In byproduct-inhibited deposition, a gas-phase byproduct generated
via a surface reaction readsorbs on the growing film surface and slows the deposition rate,
yielding a poor to moderate, relatively temperature-insensitive step coverage. Poor step
coverage is manifested in a marked film thickness discontinuity at the feature mouth, with a
relatively uniform film down the feature sidewalls.

INTRODUCTION

Step coverage is a critical production-level constraint in low pressure chemical vapor
deposition (LPCVD) processes employed to deposit conducting, semiconducting and
insulating films over patterned wafers in microelectronics fabrication. This constraint must
be met while simultaneously meeting film intensive property constraints, as well as
intrawafer and interwafer or run-to-run film thickness uniformity constraints. The procems
must also be "production-worthy%, i.e., films must be deposited at acceptable deposition rates
with acceptable source gas utilization so that reasonable throughputs and costs are realized.
In this context, an understanding of the origins of step coverage limitations for a given
process chemistry may be instrumental in identifying operating windows, in guiding
experiments to attempt to optimize the process, or in guiding the search for alternative CVD
source gases.

Our understanding of step coverage behavior in LPCVD has dramatically improved in recent
years due largely to the development of first-principles, physically-bawd descriptions of
transport, reaction and film profile evolution in features on patterned wafers [1-6]. Because
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transport is rigorously predicted, these models have allowed researchers to test alternative
reaction mechanistic schemes and associated kinetics for a given process chemistry by
comparing feature-scale simulations to experimental film profiles. With these new tools our
database of chemistries has now grown to the point where we can begin to categorize the
various process chemistries of technological interest according to the controlling or dominant
chemical reaction mechanism as follows:

* Class I: Heterogeneous Deposition
* Class II: Homogenous Precursor-mediated Deposition
* Class III: Byproduct-inhibited Deposition

In this paper we first review the ballistic transport and reaction model (BTRM) valid for
LPCVD processes. We then describe the characteristics of each chemistry class and in
particular the origins of step coverage limitations unique to that class. Selected examples are
provided based on our current knowledge.

BALLISTIC TRANSPORT AND REACTION MODEL

Full descriptions of the BTRM can be found in publications by Cale and coworkers [1-3],
Islam-Raja et a/.[41, Singh et al. [5], and Hsieh and Joshi [6]. The model is based on
material balances for the various species which exist in the deposition system, both in the
vacuum and on the surface of the evolving film. The basic principles are briefly reviewed
here with a focus on LPCVD processes. Assumptions appropriate for LPCVD processes are:

1. The frequency of particle-particle collisions is negligible relative to particlc-wall
collisions; i.e., intra-feature transport is by free molecular flow.

2. The film grows slowly relative to the redistribution of fluxes to the walls due to film
growth.

3. Deposition occurs by heterogeneous reactions between gas phase species which are
transported ballistically within the feature and the evolving film surface.

4. The open end of the feature is exposed to a low pressure, ideal gas with a Maxwellian
distribution of velocities.

5. Molecules are emitted from surfaces with cosine flux distributions.
6. Reactive sticking factors do not depend on the incident angle or collision history of

the impinging molecules.
The second assumption is supported by comparing molecular speeds with the speed of an
evolving film profile. The third assumption is a direct consequence of the first assumption,
and does not imply that homogeneous reactions do not occur in the reactor volume above the
wafer. As discussed belcw, such homogeneous reactions can indeed lead to precursors which
then react on the surface of the evolving surface. The fourth assumption is reasonable for
most LPCVD processes, because it implies only local thermal equilibrium in the gas phase
above the wafer. There is little information regarding the last two assumptions; however, all
of our CVD process simulations to date have included them and we have achieved good
agreement between simulated and experimental film profiles. To complete the model for a
specific LPCVD chemistry one must specify the intrinsic kinetics of the deposition
reaction(s), the surface diffusivities of adsorbed species, and the local deposition conditions
(partial pressures at the feature mouth and wafer temperature).
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EVOLVE [71, a low pressure deposition process simulator based on the BTRM, is used to
simulate topography evolution during deposition processes. Instantaneous deposition rates as
a function of position on the interior surface of a feature are obtained by solving the
integrodifferential equations which represent the BTRM. Film profile evolution is performed
using the method of characteristics [8] to move surfaces in a manner which guarantees that
conservation laws are satisfied.

CLASS I: HETEROGENEOUS DEPOSITION

In this chemistry class, source gases are fairly stable and do not react in the gas phase.
Instead, the source gas molecules adsorb on the growing film surface and undergo
unimolecular or bimolecular decomposition reactions to deposit new film and release
byproducts into the gas phase. This reaction scheme may be simply represented as follows:

R + < --- R 5

R5  
-~-" F(. + *+ B,

The first reaction represents reversible adsorption of the source gas molecule R on a bare
surface site * to produce a molecularly-chemisorbed R* surface intermediate, which
subsequently decomposes heterogeneously to add to the growing solid film F, regenerate a
surface site and release byproduct gas(es) B. The dependence of the individual reaction rates
on temperature enters through the adsorption/desorption equilibrium parameter Ka and the
surface reaction rate parameter k, If Langmuirian behavior governs adsorption/desorption
and one further assumes that the surface decomposition step is rate limiting, then the film
deposition rate G is given by

G - k, K. P '
I + K.P,

where PR is the partial pressure of the source gas. Depending on conditions of local partial
pressure and surface temperature, the reaction rate may exhibit a range of partial pressure
dependence from zeroth to first order. High partial pressures and low temperature yield a
zeroth order or low fractional order dependence, corresponding to a surface which is
saturated or nearly saturated with the surface adsorbate. Low partial pressure and high
temperature yield a first order or near first order partial pressure dependence, corresponding
to a surface which is largely free of adsorbate molecules; under these conditions the reaction
becomes adsorption rate limited.

For the heterogeneous chemistries, step coverage for a given feature is determined by the
reactive sticking factor(s) for the source gas precursor(s). The local reactive sticking
coefficient c is the fraction of molecules striking the surface which react, and can therefore

* be estimated by dividing the specific reaction rate G by the local flux 'l of source gas
molecules to the surface. For the generic, single source gas mechanism summarized above,
the reactive sticking coefficient can also be written
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where S, is the "initial" or sticking coefficient at zero surface coverage and 0. is the fraction
of surface sites which are unoccupied. At high to moderate fractional surface coverage, the
reactive sticking factor is less than the zero coverage by a factor of 0., and is a function of
reactant gas flux. For low coverages, the reactive sticking factor approaches So and is
independent of reactant flux.

"These ideas can be used to understand the step coverage behavior of blanket tungsten LPCVD
through the hydrogen reduction of tungsten hexafluoride. Although the reaction mechanism
has not been unequivocally established, it is generally agreed that homogeneous reactions are
unimportant and that deposition proceeds through surface reactions between adsorbed WFx
species and adsorbed hydrogen atoms or impinging H2 molecules. For conditions typical of
low pressure commercial operation, the reaction rate exhibits a fractional order dependence
on H2 partial pressure and a near-zeroth order dependence on WF6 partial pressure [9].
Figure l(a) shows typical step coverage behavior in trenches for the hydrogen reduction
chemistry at low total pressure and moderate temperature [10]. EVOLVE simulations
employing a heterogeneous reaction rate expression, shown in Figure l(b). are in excellent
agreement with the experimental profiles. A key-hole shaped void is formed, with the void
increasing in size as aspect ratio of the trench increases. Under these process conditions poor
step coverage is largely caused by high reactive sticking coefficients for WF 6 [10], with local
values increasing spatially down the length of the trench, and increasing temporally as the
instantaneous feature aspect ratio increases as the feature fill proceeds.

Consideration of the reaction rate partial pressure dependencies suggests that lower sticking
coefficients can be achieved while simultaneously increasing the deposition rate by increasing
the total pressure and holding the WF 6:H2 partial pressure ratio and temperature constant.
Indeed, this new operating window has been found to yield excellent step coverage even for
high aspect ratio trenches [11], as can be seen in Figure 2.

In the Langmuir chemisorption model employed above, site exclusion prohibits an impinging
molecule from adsorbing if the site is occupied by an adsorbate. Alternatively, one can
envision an adsorption process in which a reactant molecule condenses, or physisorbs on the
surface without making a strong chemical bond; this weakly-bound, mobile molecular
precursor then diffuses on the surface until it either desorbs or locates a site for strong,
dissociative chemisorption. There exists mounting evidence that this "precursor-mediated
adsorption* mechanism [12] is important in the chemisorption of a variety of gases on
semiconductor surfaces, including 02 113], Si(C 2HS) 2H2 [141, SiCI4 [15] and SiCI2H2 [161
on silicon. An obvious question to ask is: 'To what extent does the precursor mobility effect
film conformality?*

To focus the discussion, consider deposition of silicon through heterogeneous decomposition
of silane. For this chemistry, the reaction sequence can be written as follows:
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(a)

(b)

Fig. I (a) Experimental and (b) EVOLVE-simulated tungsten film profiles deposited in
tapered trenches at 753 K, 0.88 Torr H2 partial pressure, and 0.0078 Torr WF6
partial pressure [101.

S~a

SiW4 () + 2 . SiH2 * + H2

Sil* Si & + "1(.) + *

Physisorbed (p) silane may be thought of as a weakly-bound entity, not associated with any
particular surface site and free to move about on the surface in search of a site at which
strong dissociative chemisorpion can occur. Once dissociatively chemisorbed, the silylene
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Fig. 2 Conformal tungsten film profile deposited in a high aspect ratio trench at 60 Torr total
pressure [11].

and hydrogen intermediates are assumed to be immobile. Thus we distinguish between two
types of surface diffusion: in the first type, the mobile precursor behaves like a two-
dimensional gas and the precursor need not surmount a significant activation barrier for
diffusion to take place; in the second type, the chemisorbed intermediate must surmount a
significant energy barrier (chemical bonds must be broken and reformed) in moving from one
specific site to an adjacent site. We presume that this latter diffusion type is unimportant in
this example. This assumption is supported in the case of adsorbed hydrogen by the work of
Koehler et al. [17], who used laser-induced thermal desorption to show that hydrogen surface
mobility on Si(I 11) 7x7 is negligible up to at least 740 K.

A relatively simple rate expression for the mechanistic model presented above can be
developed by assuming that (i) the condensation coefficient a for the precursor is constant,
independent of flux, temperature and surface concentration; (ii) the binding energy of the
precursor is the same above both filled and empty sites; (iii) the chemisorbed state follows
usual Langmuirian behavior, i.e., a maximum of one monolayer adsorption at specific,
uniform surface sites; and (iv) adsorbed silylene and adsorbed H2 are kinetically
indistinguishable. The steady rate of film formation G is

G a, ,= k 9.,,
+ 47
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where 0sGm is the fractional coverage of sites by the silylene surface intermediate. The term
preceding the silane flux is the reactive sticking factor of Sil-4 , i.e., the fraction of impinging
silane molecules which react. A site balance allows the steady surface coverages and the
deposition rate to be predicted once all rate parameters are set. We have used the precursor
model to fit the low pressure data of Buss et al. [18]. At a fixed silane flux, the data can be
characterized by two regimes: a low temperature, highly-activated regime and a high
temperature, mildly activated regime. At low temperatures the reaction rate is controlled by
the surface decomposition reaction. At high temperature, the process becomes adsorption
rate limited.

At low temperatures silane's adsorptive sticking coefficient approaches the value of the
condensation coefficient. In physical terms, desorption from the precursor state is the rate-
limiting step in the overall adsorption process; precursor molecules remain on the surface for
relatively long periods, encountering many potential chemisorption sites as they migrate
across the surface. The fact that the precursor molecule can "seek out" vacant active sites
leads to a coverage-independent, high sticking factor as the surface sites fill. At higher
temperatures, the desorption rate becomes higher, the mean residence time decreases, the
average diffusion length of the precursor molecules therefore decreases, and the likelihood
that a precursor reacts with an active site before it desorbs decreases.

An order of magnitude estimate of the residence time and the number of diffusive hops a
precursor can make in that time can be obtained from the Frenkel equation and transition
state theory. Assuming a desorption activation energy of 40 kJ/mol (the high end of values
for physisorption), we estimate a residence time at 300 K of ca. 10-6 s and ca. 107 diffusive
hops. The situation is markedly different at the elevated temperatures employed in
deposition. At 850 K these values drop to 2 x 10-"1 s and 370 hops, respectively. On the
basis of this estimate, and considering the fact that atomic separation distances are on the
order of tenths of nanometers and that typical feature dimensions are on the order of microns,
it seems unlikely that precursor mobility will have a major effect on film profiles. On the
other hand, mobility may have a significant affect on microscopic film properties (e.g.,
crystallinity), and the most general model should therefore account for surface mobility.

CLASS 1: HOMOGENEOUS PRECURSOR-MEDIATED DEPOSITION

In this chemistry class the source gases are relatively unstable and react in the gas phase to
form highly reactive precursors to deposition, which then adsorb and ultimately react on the
growing film surface to deposit new film. This reaction scheme may be generically written
as follows:

+ A4M +A(,) + B+ .

1(5)+ + B .±s.

I
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The first reaction represents coilisionally-activated gas-phase decomposition of the source gas
R to produce a reactive gas-phase precursor L This reactive precursor adsorbs reversibly to
produce a molecularly-chemisorbed I* surface intermediate, which subsequently decomposes
heterogeneously to add to the growing crystalline film F, regenerate a surface site and release
byproduct gas(es) D. The film deposition rate G is given by

G - k, K, P,
I + K,P,

where P, is the local partial pressure of the reactive intermediate. The deposition rate and the
step coverage depend on the partial pressure and reactive sticking coefficient of the
intermediate. The precursor partial pressure is in turn a complex function of the interaction
between the fluid mechanics and the gas-phase and surface chemical kinetics, so that in
general a complex relationship results between apparent step coverage phenomena and the
partial pressure of the feed gas R.

Potential gas-phase reactions in LPCVD systems include isomerization, abstraction,
insertion, and various free-radical reactions. For chemistries in which significant free-radical
concentrations are produced, a complex chain network of homogeneous reactions, not unlike
those found in combustion chemistry, may control the production of a large slate of reactive
intermediates. Examples include silicon deposition from silane [191, and silicon dioxide
deposition from silane and N20 or oxygen [201.

For accurate prediction of film conformality, the local reactive precursor concentrations
above the wafer surface and their heterogeneous reaction kinetics must be known. To
demonstrate the impact of homogeneous reactions on step coverage, we have used the
reactor-scale model predictions of Coltrin et a. [19] for silicon deposition from silane in a
rotating disk reactor as input to the feature scale simulator EVOLVE. Coltrin and coworkers
employed 27 homogeneous reactions and a detailed description of the reactor fluid dynamics
to predict the spatial distribution of 17 gas-phase species at steady state over a rotating,
heated wafer. The data of Buss et al. [18] were used for the reactive sticking factor for
silane; unity sticking was assumed for all gas-phase intermediates. Figure 3 summarizes
EVOLVE-predicted step coverages at feature closure for a silicon film deposited from a
0.1% silane in hydrogen carrier feed in long rectangular trenches. The reactor scale model
predicts that homogeneous reactions make an insignificant contribution to the deposition rate
at 900 K and below; conformal step coverage is obtained under these conditions. As the
temperature is increased, the homogeneous silane decomposition rate increases. Silylene and
to a lesser extent disilylene become primarily responsible for the overall deposition rate.
Because these precursors react with unit probability, the predicted step coverage degrades.

In general, several strategies can be employed to reduce the extent of homogeneous reactions
when they have a deleterious effect on step coverage. These strategies include: (i) a
reduction in temperature to slow the rates of the (usually) highly-activated homogeneous
reactions; 0i) reduction in pressure to slow the rate of collisional activation; (iii) judicious

* choice of carrier gas to promote reverse mactions; and Ov) careful design of the reactor and
choice of process conditions to minimize gas residence time, and in particular gas
recirmlation loops, in the heated or active zune of the reactor.
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Fig. 3 Step coverage (solid line) vs. temperature for Si deposition from silane pyrolysis in a
trench of aspect ratio equal to 2. Also plotted is the fractional contribution of the
total deposition rate from homogeneous precursors (dashed line).

CLASS M: BYPRODUCT-INHIBITED DEPOSITION

In this chemistry class, byproducts released into the gas phase during the course of film
deposition readsorb on the growing film, blocking sites and slowing the local deposition rate
according to:

R(*, + * • R*

R* F I,) + B*

B* B(- S) + *

The first two reactions are nearly identical to those presented for the Class I chemistries,
except that the byproduct B does not desorb in the film formation step. The last reaction
represents desorption/readsorption of the byproduct. The film deposition rate G is

o = k, K, P,
I + K.P, + K, P,

where P8 is the local partial pressure of the byproduct gas. The deposition rate expression
clearly shows that the greater the byproduct partial pressure, the lower the deposition rate,
and in turn the lower the reactive sticking factor of the source gas. We speculate that the
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byproduct inhibition mechanism may be most commonplace in metallorganic CVD
(MOCVD) processes, since release of the last metallorganic ligand, perhaps through radical
desorption, is thought to be the slow step in several such processes. If the byproduct released
is indeed a hydrocarbon radical, then one would expect that readsorption would occur with a
high probability. Moreover, free radical reactions in the gas phase over the wafer and the
sweeping action of the convective gas flow over the wafer surface should serve to give a
significantly lower level of the byproduct in the bulk gas space than within microfeatures.

Tetraethoxysilane (TEOS) sourced thermal LPCVD silicon dioxide film thickness in deep
trenches drops dramatically in the region of the feature mouth, but is of fairly uniform
thickness down the walls of the trench [21]. Figure 4 shows that this characteristic behavior
is not reproduced if a homogeneous precursor-mediated deposition model is employed, but
can be accurately predicted with the byproduct inhibition model and an appropriate choice of
KB [10,22,23]. The lower film thicknesses in the interior of the feature are caused not by
"*depletion" of source gas down the length of the trench (a decreasing source gas flux profile
with increasing depth), but rather by a greater flux of byproduct to the interior walls of the
feature relative to the external wafer surface, as graphically illustrated in Figure 5(a) for the
initial stages of film deposition. Figure 5(b) shows that the byproduct flux builds up as the
film deposition proceeds and the instantaneous feature aspect ratio increases. The feature
"traps" the byproduct species in the feature in the sense that byproducts molecules or radicals
desorbed from the growing film must undergo a relatively greater number of randomizing
collisions with the feature surfaces to escape the feature as the aspect ratio increases.

We have undertaken preliminary studies which suggest that several MOCVD TiN chemistries
may be governed by byproduct inhibition [24,251. This conclusion does not preclude the
existence of homogeneous reaction, but rather implies that byproduct inhibition is a
controlling factor in film profile evolution. We suspect that additional chemistries will be
shown to belong to this class of processes in the years to come as new MOCVD chemistries
are developed and as this relatively newly-discovered phenomenon is tested more broadly.

S/T = 0.56 SIT = 0.67 SIT = 0.54

T

IB

B/T - 0.33 B/T = 0.33 SIT = 0.33

Fig. 4 Comparison of experimental TEOS-sourced silicon dioxide film in a high aspect ratio
trench with EVOLVE simulations assuming a homogeneous precursor-mediated
kinetic model (left) and a byproduct-inhibition model (right) [23].
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Fig. 5 EVOLVE predictions of the byproduct to TEOS flux ratio for (a) distance down the
depth of the trench at initiation of film deposition, and (b) at the bottom of the trench
as a function time (amount of film deposited).

SUMMARY

Table I summarizes a number of practical and developmental LPCVD chemistries by class
based on current experimental evidence and current understanding.

TABLE I. Summary of LPCVD Process Chemistries by Class

Heterogeneous Homogeneous Precursor- Byproduct-inhibited
Deposition mediated Deposition Deposition

SiH4 -+ Si (low T, low P) SiH 4 -+ Si (high T, high P) TEOS -4 SiO2
WF6 + H2 -* W SiH4 + 02 -- SiO2  SiH4 + PH3 -- P-doped Si

TIBA --+ Al SiH 4 + N 20 -+ SiO2  t-DMAT + NH 3 -- TiN

Cu(hfac)2 + H2 -+ Cu t-DEAT + NH3 - TiN

TiCI4 + NH3 -, TiN
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ABSTRACT

The influence of temperature gradients on the partial pressures of a binary mixture in a cold
wall low pressure chemical vapor deposition reactor was determined by Raman spectroscopy of
the gaseous species in the reactor. It is demonstrated for the first time that the partial pressure of
the heavy constituent in the hot region of a low pressure reactor is reduced by 35 % due to the
Soret effect. Model calculations that included the Soret effect are in agreement with the
experimental data.

INTRODUCTION

Due to the decreasing size of the smallest features in integrated, circuits chemical vapor
deposition (CVD) is more and more used as deposition technique for films in microelectronics [I].
The properties of CVD processes and films are dependent on the partial pressures of the reactants
at the wafer surface. The CVD films have to meet ever more demanding requirements in terms of
uniformity, step coverage and stress. The transport processes responsible for supplying the
reactants to and removal of reaction products from the wafer surface are, therefore, becoming
increasingly important. For instance in W-CVD the step coverage of H2 reduced tungsten films
depends both on the H2 and the WF 6 partial pressures [3]. In addition, the mechanical stress in
tungsten films depends on the partial pressures of the reactants [4].

In a cold wall reactor (the type of reactor most frequently used for tungsten CVD) the gas
mixture is subject to large temperature gradients. These gradients have a separating effect on the
mixture due to the Soret effect [5,6]. The Soret effect or thermal diffusion forces the heavy and
large species to concentrate in the colder regions of the accessible volume. The Soret effect
therefore effectively reduces the partial pressures of the heavy constituents in the hot area.

In this paper the results of experiments with a model system are given. The gas mixture
consists of hydrogen and nitrogen. This system allows to study the influence of the Soret effect on
the partial pcessures of a species without any interference of chemical reacdions. The experiments
are performed in a cold wall reactor under conditions resembling those of actual LPCVD
processes. Raman scattering allows the determination of the partial pressures and local
temupeaue without disturbing the heat or gas flow profile in the reactor. The experimentally
observed values for the partial pressures are compared to the values calculated with a numrical
reactor model [7,8].
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RAMAN SCATTERING

The partial pressures and temperatures of the gas were determined by Raman scattering.
When light is scattered by a gas from an intense monochromatic light beam, spectral lines with a

low intensity can be observed on either side of the elastically scattered Rayleigh line [9]. These

Raman lines are due to photons which have lost or gained energy in the scattering process. The

photons that emerge as red-shifted photons are called Stokes shifted photons while the photons
that are shifted towards higher energies are called anti-Stokes photons. The Raman lines are due to

transitions between the various rotational and vibrational energy levels [10] under influence of

light. The use of Raman scattering for determination of the composition of a gas mixture has

become feasible with the introduction of high power laser systems. Nevertheless, when the
determination of local partial pressures is required under the combined conditions of low total
pressures, elevated temperatures, and short sampling times the technique is still very demanding
[11]. The Raman lines can also be used for temperature measurements. Most methods used for

determination of the temperature in gases are based on the relative intensity of Stokes and anti-

Stokes Raman scattered radiation. Since for most Raman wavelength displacements the anti-

Stokes lines are at least one order of magnitude less intense than the Stokes lines, we relied

exclusively on the Stokes lines for determination of the partial pressures and temperatures. The

intensity of the Stokes vibrational Raman line at 2331 cm-1 was used to determine the density of
the nitrogen. The rotational lines at 587 cm-I and 1034 cm-I were used to determine the density as

well as the temperature of hydrogen.

NUMERICAL REACTOR MODEL

The numerical reactor model is described more extensively elsewhere [7,8]. The model is

based on the assumption that the gas in the reactor behaves as a continuum. The density of the

species and the temperature distribution were calculated using the fundamental equations for mass,

momentum, heat, and chemical species. These equations were solved numerically with a finite
volume discretization technique on a numerical grid that was refined near the wafer surface and
other places in the reactor where steep gradients are likely to occur. The model includes a detailed

description of thermal diffusion, based on the kinetic theory of gases.

EXPERIMENT

The experiments were performed in a cold-wall LPCVD single wafer reactor suitable for the

processing of 100 mnm Si wafers. The gases are introduced into the reactor at the top of the

rotational symmetrical vessel and pumped at the bottom of the vessel. During the experiments the
flows of the gases were controlled by mass flow controllers. The 100 mm wafer in the reactor was
heated by a resistance heater. The temperature was varied from 290 K to 800 K. The pressure in

the process chamber during the experiments was 533 Pa. A nitrogen flow of 0.130 slm and a

hydrogen flow of 0.310 sim were used for the experiments.
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An excimer pum dye laser
(Lambda Physik 315i, 3002 fl,

Gas 390 nm)[121 was used as a light
inlet source for the Raman experiments.

The dye laser generates 30 mJ

pulses with 25 nanoseconds
duration at repetition rates up to 100

hertz. The probing volume was

Wafer viewed at 900 with respect to the

propagation direction and the

polarization direction of the laser

beam. The collected light is filtered
by a double monochromator (Spex

1403). The photons were detected
by an array detector. The elements

Heater of the array were grouped and acted

Dome as a single light sensitive channel.

Due to the small cross section for
Raman scattering integrating times

of 200 seconds were necessary to

achieve sufficient signal to noise
Cooled reactor ratios for accurate determination of

walls the 'partial pressures and

Gases to temperatures at low pressures. The

pump intensity of each measured line was
determined with the monochromator

Figure I Cross section of the reactor used in this tuned to the specific wavenumber of

study. The wafer is placed on top of the heater dome, and is the line. The background signal and

heated by the graphite chuck in the heater dome. The the relative sensitivity of the

diameter of the reactor is 0.40 m. experimental set-up to each line

were determined at room

temperature at various pressures for each specific species. The power of the laser during the

experiments was monitored at the exit window of the reactor. The temperature as well as the

composition of the mixture is probed at 17 mm above the center of the surface of the 100 mm-

wafer. The number of counts that was measured during the integration time was divided by the
total energy delivered by the laser to the energy monitor. The total energy measured by the energy

monitor during such a measurement amounted to approximately 60 J.

RESULTS AND DISCUSSION

In the figures 2, 3 and 4 the results of a study on the composition of a gas mixture consisting

of H2 and N2 are shown as a function of the wafer temperature. The intensity of the measured
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Figure 2 The intensity of the measured Raman lines. The measurements were taken at 17 mm

above the center of the wafer. The intensity is shown as a function of the wafer
temperature. The dashed lines connect the points of a single Raman line.
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Figure 3 The temperatures of the gas at 17 mm above the center of the wafer, as calculated from
the total density (black squares) and as calculated from the hydrogen Raman spectrwn

(open squares). The solid lines show the best linear fit to the measured values.
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Raman lines is shown as a function of the wafer temperature in figure 2. As the temperature

increases in the probing volume the density decreases, this effect is directly observed in the
decreasing intensity of the N2 line in figure 2. The behaviour of the lines of the hydrogen spectrum

is more complicated since the occupancy of the energy levels changes with the temperature. The
intensity of the line at 587 cm-1 decreases due to the decrease in density and due to a decrease in

occupancy of the low rotational levels at higher temperatures. The occupancy of higher rotational

levels increases and causes an increase in the intensity of the line at 1034 cm-1 .
In figure 3 the temperature of the hydrogen is shown as it was deduced from the hydrogen

Raman spectrum. The temperature was also determined from the ratio between the total density
and pressure in the reactor. Both values of temperature are in agreement. The rotational
temperature from the hydrogen is not very accurate especially at higher temperatures. The error is
systematic and due to the weakness of the hydrogen line at 1034 cm-1 at the calibration temperature
of 290 K. The temperatures during these experiments are such that the rotational and translational

temperatures are in equilibrium.

In figure 4 the partial pressure of nitrogen and hydrogen are shown as a function of the wafer

temperature. From the intensity of the Raman lines the density of both hydrogen and nitrogen were
determined. The partial pressure is then easily calculated from the partial density, the total density,
and the total pressure. The partial pressure of nitrogen is significantly reduced in the hot area of the

reactor. This reduction is due to the Soret effect. The results of the numerical calculations are also

shown in figure 4. The solid lines are the partial pressures of both species when a Lennard-

2 0 0 1 • T N 2 P e s rT

IS - H 2 pressure ] 0l" 0 • " - 4 2 0

-400
160-

380
140•-

Z -360

120-

100 
340

300 400 500 600 700 800

Wafer Temperature (K)

Figure 4 The partial pressures of hydrogen and nitrogen at 17 mm above the center of
the wafer. The reduction in the partial pressure of nitrogen Is due to thermal

diffusion. The solid lines are the partial pressures calculated with the
assumption of Lennard Jones interactions between the molecules. The dashed
lines were calculated with the rigid spheres approximatio

4V7 J
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Jones(6-12) type intermolecular potential function was used in the calculations. The dashed lines
are calculated assuming rigid spheres interactions between the molecules. In addition to the
boundary conditions of the reactor the gas flows and the wafer temperature were used as input for
these calculations. The calculated values are in agreement with the observed values for the partial
pressures.

CONCLUSIONS

In this paper it is shown that the influence of temperature gradients on partial pressures can be

observed by Raman scattering. This was done for the first time in a low pressure CVD system

under conditions comparable to actual process pressures and temperatures. The partial pressure of

the heavy species (N2 ) was reduced from 155 Pa at the inlet to 110 Pa near the wafer surface when

the wafer temperature is increased to 800 K. The calculated values are in agreement with the

observed values.
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SURFACE REACTION INTERMEDIATES IN Ge CHEMICAL
VAPOR DEPOSITION ON SILICON

C. MICHAEL GREENLIEF AND LORI A. KEELING
University of Missouri-Columbia, Department of Chemistry, Columbia, MO 65211

ABSTRACT

Computational programs are often used for estimating molecular orbital
energies and geometries. The results of these calculations can also provide
information needed for investigation of adsorption and decomposition
mechanisms on surfaces. In this study, ab initio methods are used to calculate
properties of gas phase diethylgermane and GeHx-substituted silanes (x=1-3). The
silanes are used as models for surface Ge hydrides. The calculated gas phase
molecular orbital energies are then compared with experimentally determined
molecular orbital energies for the adsorbed species. The surface species are
prepared by germane, digermane, ethylbromide, or diethylgermane adsorption on
the Si(100)-(2xl) surface and the molecular orbital energies are measured by
photoelectron spectroscopy.

INTRODUCTION

The growth of Sil-xGex alloys and heterostructures on Si(100) has received
attention recently because of the potential electronic devices that can be made with
these materials. Digermane, Ge 2H 6, and germane, GeH 4 , are the two most
common germanium containing molecular precursors that are used in the
chemical vapor deposition (CVD) of Ge [1-5]. However, these two gases are
pyrophoric and their handling and disposal are becoming important safety
concerns. With these concerns in mind, there is interest in the development of
alternative precursors for germanium. Alkylgermanes, such as diethylgermane
(GeH 2Et 2), are possible substitutes because they are liquids at room temperature
with suitable vapor pressures for CVD, are less reactive with air, and are easier to
handle than conventional hydride sources.

As part of an effort to understand the surface chemistry of possible alternative
precursors, the adsorption and decomposition of GeH2Et 2 on Si(100) at low
temperatures is investigated by ultraviolet photoelectron spectroscopy (UPS). The
position and identification of molecular orbitals is aided by ab initio calculations.
The eventual thermal decomposition products are molecular hydrogen, ethylene,
and adsorbed germanium. During the decomposition of GeH2Et 2, ethyl groups are
deposited onto the surface and desorb at higher temperatures as C 2H 4 . The
proposed mechanistic step for the decomposition of surface ethyl groups to form
C2 H4 is a P-hydride elimination [6-8]. Ethylbromide (EtBr) is also used as a
precursor to deposit ethyl groups onto Si(100) [9]. Ab initio calculations are used
to help distinguish adsorption on Si sites and these results are compared with
those obtained for GeH2Et 2 on Si(100).
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P-Hydride and P-alkyl elimination reactions and their role in chemical vapor
deposition have been reported by Bent and co-workers (10,111. The thermal
decomposition of trisisobutylaluminum (TIBA) on Al(111) and Al(100) were
investigated. This molecule was an effective precursor for the deposition of Al
with the evolution of isobutylene and hydrogen. The formation of isobutylene
was possible only through a P-hydride reaction. However, when the same
molecule is exposed to Si(111) or Si(100), reversible desorption is observed at low
surface temperatures [11]. This observation suggests that TIBA decomposes
differently on Si than on Al and makes the comparison with diethylgermane
studies difficult.

EXPERIMENTAL

The TPD and UPS experiments are performed in a stainless steel ultra-high
vacuum (UHV) chamber that is described in detail elsewhere [12]. Diethylgermane
(Gelest, purity > 98%/6), germane (Solkatronic, electronics grade, min purity 99.99%),
digermane [Voltaix, ultrahigh purity (UHP) grade, min purity 99.999%], and
ethylbromide (Aldrich, 99+% purity) are further purified by several freeze-pump-
thaw degassing cycles and the purity of the gases is checked in-situ by mass
spectrometry. The gas is admitted to the chamber through an effusive doser and
directed onto the front face of the crystal at an apparent pressure of 3 x 10-10 torr
above the base pressure for various periods of time.

Sample preparation and cleaning procedures have been described previously
[13]. All the reported UPS binding energies are referenced to the Si valence band
edge, which is assigned as 0 eV binding energy.

Ab initio molecular orbital calculations are performed with the Gaussian 92
system [14] using a modified double zeta effective core potential basis set
(LANLIDZ [151). All equilibrium geometries and transition state geometries are
fully optimized at the Hartree-Fock level. Vibrational frequencies and zero point
energies are obtained from the analytical second derivatives [16] calculated at the
HF/LANL1DZ level using the HF/LANL1DZ optimized geometries.

RESULTS AND DISCUSSION

Figure 1 shows three substituted silanes used as models for adsorbed Ge
hydrides (GeH, GeH2, and GeH3) on Si(100). These structures reflect the calculated
equilibrium geometries for each molecule. The Ge-H bonding molecular orbital
energies for each of these molecules is also determined. These energies are listed
in Table I and compared with the experimentally determined binding energies for
each of the Ge hydrides on Si(100) [13] and Si(111) [171. The Ge hydrides are
generated by the thermal decomposition of either GeH4 or Ge2H6. The calculated
molecular orbital. are in good agreement with the experimentally-measured
results.



H

H

H

H H

Figure 1: Ge-hydride substituted silane and germianes used in ab' initio
calculations to examine the molecular orbital energies of Ge-H bonds.

Table I: Summary of GeHx Measurements and Calculations

GeH(SiH3) 3  RGeH 1,564 5.37H2

GeH2 5.6 5.4
GeH 2(SiH3) RG.-H 1.566 5.930

GH3 6.1 5.9
GH3Si(SiH3)3R~eH 1.535 6.389

a Calculated energy level
bReference 13, Si(100)
c Reference 17, Si(111)
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The room temperature adsorption of GeH 2Et2 on Si(100) is dissociative [8] with
both ethyl groups transferring to the Si surface. This can be summarized in the
following reaction:

GeH2 Et2 (g) + 3 Si* --+ 2 Et (ad) + GeH2 (ad) (1)

where Si* represents a surface Si atom. There is also the possibility that the ethyl
groups remain attached to the Ge atom. In order to help distinguish between these
two possibilities, EtBr was thermally dissociated to generate surface ethyl groups
[9]. This process generates a surface with all the ethyl groups adsorbed on Si sites.
Figure 2a shows the UPS spectrum obtained from 2.7x10 14 ethyl groups cm-2 by the
thermal dissociation of EtBr. This spectrum can be compared with the spectrum
shown as Fig. 2b, which obtained after the room temperature adsorption of
GeH 2Et 2. The peaks observed near 6.5, 9, 14, and 18 eV are assigned (using the
symmetry notation of Jorgensen and Salem [18]) as follows: i(CH3), 6.5 eV; Xr'(CH 3),
9 eV; a(CH3,CC), 14 eV; and C(2s), 18 eV. The close agreement between the two
spectra is interpreted as due to the ethyl groups generated from the decomposition
of GeH2Et 2 being adsorbed at Si sites rather than being bound to Ge.

This interpretation is also consistent with the calculated results. The bar graph
at the top of Figure 2 indicates the calculated molecular orbital energies for gas
phase C2HsSi(SiH 3)3 . This substituted silane is a model molecule for adsorbed
ethyl groups on the Si surface. There is reasonable agreement between the
calculated levels and the measured spectra. The calculated level near 16 eV is due
to the G(CH3,CC) molecular orbital. The almost 2 eV difference between the
measured and calculated spectra is due to the effective core approximation that is
used in the basis set and this approximation is starting to break down for these
more tightly bound molecular orbitals. Calculations were also completed for a
substituted germane, C2HsGe(SiH 3)3, to use as a model for ethyl groups adsorbed
on a Ge atom. The molecular orbital energies obtained were in poorer agreement
with the measured spectra.

It is also interesting to note that the ethyl-substituted silane is more stable than
the ethyl-'3ubstituted germane. This result shows that there is a thermodynamic
driving force for the ethyl groups to reside on Si sites over the Ge sites. The
calculation is also consistent with measured carbon bond strengths to Si and Ge.
The typical Si-C bond strength is 90 kcal mol1 [19], while the Ge-C bond strength
averages about 58 kcal mol-1 [20].

SUMMARY AND CONCLUSIONS

Several different reaction intermediates involved in the CVD of Ge on Si have
been isolated and identified by photoelectron spectroscopy. The identification of
the reaction intermediates is aided by the use of calculations. The model systems
used in the calculations are simple substituted silanes and germanes. The
molecular orbital energies calculated are in good agreement with the
experimentally-measured results. While this approach works well for molecular
orbital energies, it is not expected to predict reaction energetics reliably.
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Figure 2: a) He if spectrum for a coverage of 2.74<014 cm"2 ethyl groups on Si(100)
generated by the room temperature adsorption of EtBr. b) He 11 difference
spectrum obtained after the room temperature adsorption of GeH2Et2 on Si(100).
The coverage of ethyl groups is 1.4x`1014 cm-2. The bar graph at the top of the
figure is the calculated photoelectron spectrum Of C2H5Si(SiH3)3.

40-



Acknowledgements

The authors gratefully acknowledge the Donors of The Petroleum Research
Fund, administered by the American Chemical Society, and the National Science
Foundation (Grant CHE-9100429) for support of this research. CMG also
acknowledges the National Science Foundation for a Young Investigator Award.

REFERENCES

1. B.S. Meyerson, K.J. Uram, and F.K. LeGoues, Appi. Phys. Lett. 53, 2555 (1988).
2. P.M. Garone, J.C. Strum, and P.V. Schwartz, Appl. Phys. Lett. 56, 1275 (1990).
3. M. Racaneli and D.W. Greve, Appl. Phys. Lett. 56, 2524 (1990).
4. D.J. Robbins, J.L. Glasper, A.G. Cullis, and W.Y. Leong, J. Appi. Phys. 69, 3729

(1991).
5. S.-M. Jang and R. Reif, Appl. Phys. Left. 59, 3162 (1991).
6. P.A. Coon, M.L. Wise, Z.H. Walker, S.M. George, and D.A. Roberts, AppI. Phys.

Lett. 60,2002 (1992).
7. A.C. Dillon, M.B. Robinson, S.M. George, and D.A. Roberts, Surf. Sci. 286, L535

(1993).
8. W. Du, L.A. Keeling, and C.M. Greenlief, J. Vac. Sci. Technol. A, accepted.
9. L.A. Keeling, L. Chen, C.M. Greenlief, A. Mahajan, and D. Bonser, Chem. Phys.

Lett., in press.
10. B.E. Bent, R.G. Nuzzo, and L.H. Dubois, J. Amer. Chem. Soc. 111, 1634 (1989).
11. B.E. Bent, R.G. Nuzzo, and L.H. Dubois, J. Vac. Sci. Technol. A 6, 1920 (1988).
12. C.M. Greenlief and D.A. Klug, J. Phys. Chem. 96, 5424 (1992).
13. D.A. Klug, W. Du, and C.M. Greenlief, J. Vac. Sci. i..chnol. A 11, 2067 (1993).
14. Gaussian 92, Revision C, M.J. Frisch, G.W. Trucks, M. Head-Gordon, P.M.W.

Gil, M.W. Wong, J.B. Foresman, B.G. Johnson, H.B. Schlegel, M.A. Robb, E.S.
Replogle, R. Gomperts, J.L. Andres, K. Raghavachari, J.S. Binkley, C. Gonzalez,
R.L. Martin, D.I. Fox, D.I. Defrees, 1. Baker, J.J.P. Stewart, and J.A. Pople,
Gaussian, Inc., Pittsburgh PA, 1992.

15. P.J. Hay and W.R. Wadt, J. Chem. Phys. 82, 270 (1985); W.R. Wadt and P.J. Hay,
J. Chem. Phys. 82, 284 (1985); P.J. Hay and W.R. Wadt, J. Chem. Phys. 82, 299
(1985).

16. J.A. Pople, R. Krishnan, H.B. Schlegel, and J.S. Binkley, Int. J. Quantum Chem.
Symp. 13,225 (1979).

17. S. Van, D. Steinmetz, F. Ringeisen, D. Bolmont, and J.J. Koulmann, Phys. Rev.
B 44,13807 (1991).

18. W. L. Jorgensen and L. Salem, The Organic Chemist's Book of Orbitals
(Academic Press, New York, 1973).

19. R. Walsh, in: The Chemistry of Organic Silicon Compounds, edited by S. Patai
and Z. Rappoport (Wiley, New York, 1988), chap. 5.

20. F. Glockling The C aistry of Gemanium (Academic Press, New York, 1969),
P. 10.

404



f

Growth and Characterization of Si-GaP and Si-GaP-Si Heterostructures

N. Dietz, S. Habermehl, J. T. Kelliher, G. Lucovsky and K. J. Bachmann
Department of Material Science and Engineering and Department of Physics

North Carolina State University, Raleigh, NC 27695

ABSTRACT

The low temperature epitaxial growth of Si / GaP / Si heterostructures is investigated with
the aim using GaP as a dielectric isolation layer for Si circuits. GaP layers have been deposited
on Si(100) surfaces by chemical beam epitaxy (CBE) using tertiarybutyl phosphine (TBP) and
triethylgallium (TEG) as source materials. The influence of the cleaning and passivation of the
GaP surface has been studied in-situ by AES and LEEI, with high quality epitaxial growth
proceeding on vicinal GaP(100) substrates. Si / GaP / Si heterostructures have been investigated
by cross sectional high resolution transmission electron microscope (HRTEM) and secondary
ion mass spectroscope (SIMS). These methods reveal the formation of an amorphous SiC
interlayer between the Si substrate and GaP film due to diffusion of carbon generated in the
decomposition of the metalorganic precursors at the surface to the GaP/Si interface upon
prolonged growth (layer thickness > 300A). The formation of twins parallel to (I ll ) variants
in the Gap epilayer are extended into the subsequently grown Si film with minor generation of
new twins.

1. INTRODUCTION

The dielectric isolation of Si epilayers by epitaxial interlayers of Gap in vertical epitaxial
interlayers of integrated microelectronic circuits and the possible use of epitaxial Gap on Si for
optoelectronic applications is of interest in the context of optical interconnection1 .2. The potential
use in microelectronic applications requires low temperature processing to avoid interdiffusion.
A low temperature processing also is favorable to decrease impurity segregation and to reduce
thermal induced stress due to the mismatch of thermal expansion coefficients of GaP and Sit. In
this paper, we report the growth of Gap on Si(100) substrates using metalorganic sources and
the epitaxial growth of Si from 10% silane in hydrogen on GaP surfaces using remote plasma
CVD. Epitaxial growth at low substrate temperature was achieved by both techniques.

!I. EXPERIMENTAL

Thin GaP films deposited on Si substrates have been demonstrated in a CBE system which
has been described elsewhere3 . The Si substrate received an ex-situ RCA clean followed by a
buffered HF etch and a final DI water rinse. The substrate is then loaded immediately into the
CBE growth chamber via a load lock chamber. The TBP and TEG flows are first established
into a separated pumped bypass chamber and switched over into the growth chamber when the
desired temperatures we reached. The TBP is flowing into the growth chamber as the subtrate is
heated up to the GaP deposition temperatre.

The Si thin film deposition and the initial surface treatment am done in an ultra-high vacuum-
compatible integrated processing system, described previously 4 . An analysis chamber attached
to the remote plasma enhanced chemical vapor deposition (RPECVD) system allows to monitor
the surface chemical composition by Auger electron spectroscopy (AES) while surface
crystallinity was determined with a four grid reverie-view LEED system. The ex-situ cleaning
procedure involves a 60 sec etch of NI 4OH : H20 2 : H20 (1:1:10) followed by 5 min DI water
rinse, both at room temperature. The deposition of Si on GaP surfaces was achieved with a
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remote plasma process, where the deposition is accomplished by exciting a downstream H2-
SiH4 injected mixture by active species extracted from an upstream He plasma source. The
process parameter are RF power of 50 W, H2 flow of 25 scem, He flow of 200 sccm and a
dilute SiH4 :He (10:1) flow of 10 sccm. The substrate temperature and the process pressure, are
maintained in the range from 300-4000 C and from 50-500 mtorr, respectively.

III RESULT AND DISCUSSION

a) Si deposition on GaP surfaces
After the ex-situ wet chemical treatment the AES spectra reveals significant amounts of

residual carbon and oxygen on the GaP(l 11) surface, as shown in fig. Ia. The GaP surface
was then heated to 530'C and annealed in a 10 mtorr H2 ambient (50 sccn H2 flus). After a two
minute H-plasma exposure (fig. Ib) the 0 KLL peak is significantly reduced, which is due to the
chemical reduction of native Ga-0 and P-O bonds by activated hydrogen species5 . After 6 min
H-plasma exposure no oxygen or carbon traces are found in the AES spectra (fig. Ic) within the
detection limits, which indicates a clean GaP surface. The vicinal GaP(100) surface was
successfully cleaned using the same parameters except for a longer H-plasma exposure time of
15 - 20 min. The longer H-plasma exposure time can be understood assuming a more complex
bonding situation at steps on the vicinal (100) surface4 ,5 . Si films are deposited on (111) and
vicinal (100) GaP surfaces in the temperature range between 300-4001C with process pressures
from 50-500 mtorr. For the GaP(1 11) surface, LEED analysis of the deposited Si films for
various temperature and pressure conditions revealed surface disorder after only a few
monolayers of Si growth. Compared to a clean GaP(1 11) LEED pattern, a broadening of the
diffraction spots and a loss of contrast is observed. Better growth results are obtained for
stepped GaP(100) surfaces with a substrate temperature of 400*C and a process pressure of 500
mtorr. LEED patterns were observed for film thicknesses up to 1000 A.

Fig. 1 O0cuL GaLAM
Auger electron spectra of GaP(I 11) 2 C/IL
after
a) wet chemical cleaning,
b) 20 min annealing at 530*C and I I

2 main H plasma exposure 0

c) 6 min H plasma exposure at o
5300 C. b)

-2

"3I| ' ' l ' I ' ' I ' I, l l

100 300 500 700 900 I100 1300
Kkiedc En• y (eV)

Figure 2 shows a LEED pattern for a 530A Si film deposited at 4000 C and 500 mtorr process
pressure. A fairly well ordered Si(100) - 2xi reconstructed surface can be observed, which is
slightly streaked along the <01> direction, a a result of surface steps.
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Fig. 2

2xl LEED pattern of 530A Si
on vicinal GaP(100) surface.

Fig. 3

High resolution cross sectional
TEM image of a 775A Si epilayer
grown on a stepped GaP(100)
substrate at 400'C.
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The high-resolution cross-sectional transmission electron micrograph in fig. 3 shows high
quality single crystal growth can be maintained upwards to at least 775A film thickness. The
image indicates a heteroepitaxial growth with no evidence of misfit slip dislocations propagating
in the bulk surface Closer examination of the interface revealed terraces in the range of 50 to 60
A. Depostion on stepped (100) surfaces results in a better epitaxial Si layer than similar
deposition experiments on unstepped surfaces, which indicates an improved surface mobility of
deposition species at the stepped surface.

b) GaP deposition on Si
SIMS analysis on GaP films grown at 310*C with a TBP:TEG flow ratio of 25 for longer

growth times (>30man) revealed an increase in the signals of mass over charge (m/e) ratio 12 for
carbon and m/e=16 for oxygen in the interfacial region 3'6 . Figure 4a shows a plot of the signals
nVe=12 and rm/e=40 versus film thickness for a GaP layer deposited at 3 10°C for 3 hours. The
m/-e=40 signal increases sharply at the GaP/Si interfacial region marked by arrows. The m/e=12
signal decreases inside the Gap film and shows also a maximum at the GaP/Si interface.

1.2-
1.0,

3 C: niq =12S', • SiC : V/q --40U o.so.i~ * scmqA

0.60 2"

80.40-

0.20

0.0 .

sputting depth (A)

Fig. 4 a) SIMS plot for the carbon and silicon carbd signals for a GaP layer deposited at
310*C for 180min. b) HRTEM image of a 800A GaP film deposited at 310 0C.
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The results give evidence to the formation of a subcutaneous SiC/SiO2 interlayer for film
thicknesses above 300A3, while for layers thinner than 300A no significant carbon accumulation
is revealed at the interface.

Figure 4b shows a HRTEM image of a 800A GaP film deposited on Si(100) at 310*C for I
hour growth time revealing the formation of an amorphous layer in the interfacial region. The
thickness of this layer varies from 40 to 50A. The formation of the amorphous SiC interlayer is
understood as a diffusion-controlled steady state growth due to carbon diffusion through the
GaP film with an estimated diffusion constant at 3100 C of -2 x 10-14 cm 2s-1 . (The GaP grows
highly selective to silicon with regard to SiO2, the selectivity of Gap on SiC is still maintained 3).
The delay in the formation can be explained as an induction period which is needed to get a
sufficient supersaturation of carbon at the silicon surface to start the nucleation of a SiC
interlayer. This is consistent with the epitaxial growth of the overlaying GaP film. However, as
seen in fig 4b, several twins along the (1ll) plane are formed at the interface as well as during
the growth phase. This twin formation at the interface may be significantly reduced by using an
in-situ atomic-H plasma cleaning procedure, as shown on grown silicon layers on in-situ cleaned
Gap surfaces.

c) Si-GaP-Si heterostructures

Figure 5 shows a HRTEM image of a Si-GaP-Si heterostructure. The 800A GaP layer is
deposited on an ex-situ cleaned Si(100) surface at 310*C. Before the silicon has been deposited,
the surface of the Gap film was cleaned in-situ using 5 win annealing at 5300 C in 10 mtorr H2
ambient followed by a 15 rmin H-plasma exposure.

Fig. 5 Cross sectional HRTEM image of a (100)Si-QaP-Si heterostructure, deposited at 310 0 C
and 400TC for GaP and Si, respectively.
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The AES spectrum reveals a clean GaP surface, the LEED pattern however, shows already
fairly broadened diffraction spots. This is consistent with the HRTEM image in fig. 5, which
shows a fairly high amount of twin formation starting at the Si-GPP interface along the (111)
plane with a relatively rough GaP-Si interface. The twin formation can also be seen at the GaP-
Si interface and during the growth of the Si layer. Here however, the amount of twin formation
is significantly reduced compared to the amount generated at the Si-GaP interface. This reduction
can be explained by an improved surface quality due to the in-situ surface cleaning procedure on
the second interface. A further improvement of the film morphology and crystallinity can be
obtained by interrupted cycle chemical beam epitaxy with H2 flowing6 .

IV CONCLUSION

We have shown the epitaxial growth of Si-GaP-Si heterostructures at low substrate
temperatures. High-resolution cross sectional transmission micrograph images show the
existence of an amorphous SiC interlayer and the formation of twins on the Si-GaP interface. It
is shown, that the in-situ H-plasma exposure is an effective cleaning procedure of GaP surfaces,
which allows the growth of high quality Si epilayer on GaP surfaces.
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THE ROLE OF BARIUM IN THE HETEROEPITAXIAL GROWTH OF
INSULATOR AND SEMICONDUCTORS ON SILICON
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Naval Surface Warfare Center Daligren Division, White Oak Laboratory, 10901 New Hampshire Ave.,

diver Spring, MD 20903, USA
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ABSTRACT

The epitaxial growth of an insulator, BaF2 , and semiconductors of the IH-VI and the IV-VI families on Si
substrates were carried out. In-situ XPS analyses during the growth of the first meolayen were used to study the
surface chemical reactions involved. The results point to a comm•n ingredient in these growths: that the Ba atoms
am involved in forming interfacial compounds that would facilitate the heteroepitaxies. in the case of BaF2/Si, a
BaSi 2 compound has berm idmetified previously. In the case of PbTe and CdTe, the heteroepitaxies on Si are made
possible with the BaSs2 buffer. As a resul, the impinging semiconductor molecules are broken up, and the metallic
elements are ejected from the Be2 surface. A new surface chemical, BaTe, is thereby formed. These surface Ba
compounds appear to be the dominant fackto as the crystal orientations of the BaF 2 , CdTe, and PbTe layers are
independent of those of the Si s

INTRODUCTION

The heteroepitaxial growth of materials is a subject of not only of scientific interest, but
has practical technological applications also. The majority of efforts in the past have dealt with
materials that are similar in terms of crystal structures and lattice constants. This is a natural
outcome of the atomic stacking model of the heteroepitaxial interface, in which atoms above the
interface are perceived to perch either directly on atoms below the interface, or on some
interstitial site between atoms below the interface. The successful growth of heteroepitaxies
between semiconductors that are lattice-matched and nearly lattice-matched has resulted in
practical and commercial devices; examples include diode lasers and the high electron mobility
transistor. The growth of heteroepitaxies between insulators and semiconductors, on the other
hand, is not as successful; even though the technological pay-off may also be high. An important
example is the development of better insulating layers for micro-electronic circuitry. Another is
substrate engineering whereby semiconductors of different structures and different electronic
and/or optical properties can be combined into a single integrated chip.

A group of insulators that has received attention is the (cubic) Group Ila fluorides. This
is because of their superior dielectric qropertie, and their potential replacement for SiO2 in MOS
and other devices. Of special interestT is Ca=2, since its lattice constant is close to that of Si. In
addition, BaF2 is also of interest as a substrate material for the IV-VI semiconductors2.

Early attempts1,4 to grow BaF 2 on Si by the MZE process indicated that [111] is the
preferred growth direction irrespective of the orientation of the Si substrate. A detailed
investigations of the growth process revealed that there is a strong chemical interaction between
the impinging BaF 2 molecules and the Si substrate so that a new Ba-Si compound is formed at
the interface between the substrate and the deposited BaF 2. In fact, by a proper heat-treatment
of the deposited BaF2/Si film, a 'pure' Ba-Si (i.e. fluorine-free) surface layer can be formed.
This surface layer is very thin - on the order of 10 A -and can serve as a buffer for the epitaxial
growth of PbTe6. In this paper, we will report on our on-going investigation on the properties
of the Ba-Si layer and the successful growth of epitaxial CoTe thereon. We will present evidence
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to show that the growth of BaF2, PbTe, and CdTe are facilitated by surface chemical reactions
in which the Ba occupies a crucial role.

FUM DEPrON

Our present investigations are facilitated by two important ingredients: (1) the growth
rates are very low, on the order of one or two molecular layers per minute; and (2) the chemistry
of the deposited layers were analyzed by XPS in an interlocking chamber. The growth
conditions for BaF2 and PbTe have been described previously2. The condition for CdTe growth
were the same as for PbTe, except that a CdTe molecular source and atomic Cd and Te sources
were used instead. The epitaxial quality was monitored in-situ with RHEED, and after growth
by x-ray diffraction. XPS analyses were carried out after various times of growth. These time
periods are on the order of a few minutes.

BARIUM FLUORIDE/BARIUM SILCIDE

In the MBE deposition of BaF2 at 700*C, as soon as BaF2 molecules impinge upon the
Si surface, a chemical reaction takes place and a new compound BaSi 2 is formed5 . This is
illustrated in Figure 1, where the spectra of the Ba 4fM12 and Ba 4 3/2 levels and the Si 2p3/2. 1/2
level are shown in the same XPS window. As the deposition time increases ( at deposition rates
of - 6 A/min.) the Ba levels displayed a shift to higher binding energies. Eventually it becomes
that of Ba in BaF2, obtained after approximately 15 minutes of deposition. Concurrently, the Si

Bo 4f5/2. 3/2 Si 
2
P3/2,/

1 /2

900

300

0 90 100 105

Binding Energy (ev)

Figure 1. Variation of the XPS Spectra of the Ba 4f5 /2, Ba 4f3/2 and the Si 2P3/2.1/2 levels with
time of W2 deposion.

levels showed a shift toward lower energies. Notice that the magnitude of the Si signal stayed
mo.e or less the same while the Ba magnitudes increased sharply after 2 minutes of deposition.
A BOF 2 film thus deposited can be converted to a BaSi2 film' by a prolonged (- I hour)
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annealing at the deposition temperature. The position of the Ba spectra of the BaSi2 surface is
essentially those of the 1 minute film. In fact, it had been shown that a Ba spectrum can be de-
convoluted into two distinct compoeets: pertaining to the BaF 2 and the BaSi2 states
respectively5 . The behavior of the Si signal indicates that the initial growth of BaF 2 proceeds in
an island mode, mostly likely on a BaSi2 surface. 6 (The thickness of the BaSi 2 layer is on the
order of 10 A.) As a result, a certain portion of the BaSi2 molecules are exposed and the Si signal
persists even after about 20 A of BaF 2 coverage. After about twenty minutes of de7 p ition, the
BaF2 converts to 2-D growth. This has been confirmed by RHEED patterns, and by the
disappearance of the Si in the XPS spectrum. 5

The crystal structure of the BaSi 2 layer can not be determined from the present results,
because the BaSi 2 layers obtained are too thin to yield any signal with our x-ray diffractometer.
Furthermore, the strength of the XPS signal from the BaSi2 layers is independent of the thickness
of the BaF 2 . It appears that the BaSi2 layer may not be effective against any further reaction
between BaF 2 and Si. In bulk form, BaSi 2 has been reported to be either orthorhombics or
hexagonal (AIB 2 type)9 . An examination of the RHEED pattern, given in Figure 2, indicates that
this thin BaS 2 layer is similar to that of a Si(1ll) surface, and hence may be hexagonal.

Figure 2. RHEED Pattern of a BaSi2 Film on a Si(100) Substrate (eft). For comparison, the
Pattern of a Si(100) Substrate, Heat-cleaned at 9500C for 3W hrs., is also shown (right).

LEAD TILUIDE AND CADABU TELLURIDE

The deposition of epitaxial PbTe on the BaSi2 /Si substrate has been reported previously6.
It was shown that at 500 C, PbTe essentially decomposed at the BaSi 2 surface, with most of Pb
atoms ejected from the surface. Te was retained in some sort of chemical bond with Ba and Si.
The orientation of the PbTe film was (100). This orientation was independent of the Si substrate
with the thin layer of BhSi2 prempared prior to the PbTe deposition. Because of this
decompoition, the deposition rate at 5000WC was extremely low. At lower temperatures <
- 450-C, Pb wa retained. The XPS spectra of the Te 3dS/2 level for deposited PbTe films can
be deconvoluted into two components: one pertaining to the PbTe compound, and the other
apparently due to some surface compound involving Te, Ba, and perhaps Si. The nature of the
data precludes any definitive conclusion on this interfacial compound. It was suggested that since
PbTe and CdTe have the same anion, and that their lattice constants are almost identical, CdTe
could grow epitaxially on the BaSiSi substrate2.
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XPS analyses of the surfaces of CdTe deposited on the BaSi2/Si substrate revealed
behaviors that were essentially the same as that of PbTe. At a temperature of 500* C or higher,
CdTe largely decomposed, leaving Te in a reacted state with atoms on the substrate surface. As
the substrate temperature is lowered, more Cd is retained. Figure 3(b) shows the wide scan XPS
spectrum of a CdTe surface after 30 sec. of deposition at 400°C. Figure 3(c) shows the
spectrum for a film after 5 mint. deposition. (For comparison, the spectrum for a BaSi2 surface
is also shown in Figure 3(a).) Except for their magnitude, the spectra at deposition times longer
than 5 miin. are unchanged from that of the 5 min. deposition, indicating that the surface is
CdTe.It is obvious that after a 30 sec. deposition time, there is a deficiency of Cd at the surface.
A closer examination of the XPS spectra suggests that the chemical state of Cd is essentially
unchanged once it adheres to the surface. On the other hand, the Te peaks positions vary with
deposition time. A detailed monitoring of the Te 3d levels showed that they shifted to lower
energies as the deposition time increased. This is shown in Figure 4. Concurrently, there were
shifts in the Ba 3d levels to higher energies. As the Ba signal was rather small, and became
progressively so with increasing coverage of CdTe, no quantitative analysis was pursued. It thus
appears that the deposition of CdTe at 4000 C resulted in a partial decomposition of CdTe. The
retention of Te is accompanied by a chemical reaction with Ba. The atomic Cd is ejected from
the surface. Subsequent growth of CdTe occurs thereafter on a surface at least partially covered
by the Ba-Te compound. In view of the observation that the chemical state of Cd is unchanged,
this compound is tentatively identified as BaTe.

S~Te3d
Si2p Si2s • b

D 
Cd•d

0 100 200 300 400 500 600 700 600 600

Binding Energy (eV)

Figure 3. The Wide Scan XPS Spectra of (a) A BaSi2 Surface, (b) A CdTe Film of 30 sec.
Deposition at 400'C, and (c) A CdTe Film of 3 min. Deposition. The Vertical Scales of These
Curves Are Displaced with Respect to Each Order to Show Their Differences.

The epitaxial quality of the CdTe film was monitored in-situ with RHEED. Figure 5
shows the pattern obtained with an electron beam at an energy of 25kV. A surprising result of
the CdTe deposition is that the film is (I l1) oriented. And, similar to the cases of PbTe and
BaF2, the orientation is independent of the Si wafer orientation. Figure 6 displays the evidence
on a two-theta plot of the x-ray diffraction result, where the (I 1l) and the (333) CdTe peaks are
evident.
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Figure 4. XPS Spectra of the Te 3d Levels at Figure 5. RHEED Pattern
CdTe Deposition Times of. 1- 30see., 2- 60see., of aCdTe Film on a
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Figure 6. Diffraction of the Cu Ka Lines by an CdTe Film Deposited on a BaSi2/Si(lOO)
Substrate. Inset shows details of the Cd(333) peak.

DISCUSSION AND CONCLUSION

In a series of growth studies involving an insulator (BaF2) and two semiconductors (PbTe
and CdTe) on Si substrates, reported here and prviously,2,, We have demnifstrated that there
are important chemical reactions at the nterfLaces between atoms on the substrate surface and ihe
incoming molecules. Exploitation of these chemical reactions have allowed the epitaxial growth
of Ba02 , MbTe, and CdTe on Si substrates. All of these materials have lattice constants that are
considered quite large compared to that of Si by conventional standards. (6.21 A for BaF2 , and
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6.46 A for PbTe and cdTe, versus 5.43 A for Si.) Their crystal structures are also different from
that of Si, and fromt each other: BaF 2 - fluorite, PbTe - NaCI, and cdTe- zincblende.

Even though the occurrence of cbemical shifts and the formation of interfacial compound
have been reported previously, e.g. for CaF2 on Si10 and PbSel 1 on BaF2, our results
demonstrate that the chemical reactions play crucial roles in the growth of these materials. The
atomic stacking model for heteroepitaxial growth is therefore quite inadequate, if not entirely
inapplicable. In any case, any atomic stacking model should also include an interfacial layer,
even if only a few angstroms in thickness, in order to account for the large mismatch in lattice
constants of the present examples.

Specifically, our series of studies shows that in the hetroexpitaxies of BaF2, PbTe, and
CdTe on Si, the interfacial chemicals all involve a common element, Ba. A rather surprising
property of Ba is that it has relatively large crystal ionic rAdi 12 - 1.34 A for Ba+ and 1.53 A for
Ba+ +. Furthermore, the Ba atomn in the BaSi2 compound occupies a very large volume: in the
orthorhombic form, the Ba-Ba distance varies between 4.38 and 4.44 A, and in the hexagonal
form 4.39 and 4.83 A. In BaTe, which has the NaCI structure, this distance is 4.95 A. It may be
conjectured that the large size of the Ba atom allows it to bond to other atoms in a more flexible
manne. For example, BaSi2 has been reported'13 to be tri-morphic. In addition, the Si-Si bond
length in BaSi2 varies between 2.34 and 2.48 A, which is very close to that of the Si-Si bond,
2.34 A in a Si lattice. In other words, Ba can bond to Si atoms without large disruptions to the
Si-Si bonds. In view of the fact that the Ba-Ba dizance in flaF2 is 4.38 A, and the Te-Te distance
in PbTe and in CdTe is 4.53 A; it may not be surprising that these three compounds can he
grown epitaxially on BaSi.2 as we have described. It may be further argued that successful
manipulation of the Ba chemistry at interfaces can result in heteroepitaxies that are heretofore
considered unlikely.
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TOPOGRAPHICAL EFFECTS REGARDING TRENCH STRUCTURES
COVERED WITH RTCVD SIGE THIN FILMS

G. RITTER, J. SCHLOTE, AND B. TILLACK
Institute of Semiconductor Physics, W. Korsing Str. 2, D-15230 Frankfurt (Oder), Ger-
many

ABSTRACT

The paper presented discusses certain topographical effects being significant for
the coverage of nonplanar structures with undoped and doped thin SiGe films. They
are essential for new integrated heterojunction Si/SiGe devices. To investigate the co-
verage of topographical surfaces SiGe layers have been deposited on different trench
structures in a Rapid Thermal Low Pressure single wafer CVD reactor (RTCVD) from
the system Sill4, GeH4, and H2 using B2H6/ H2 and PH3/ H2 for the in-situ doping, re-
spectively. Various deposition conditions and different film compositions have been
used. The results especially the differences of the thickness distribution within tren-
ches and on the surface have been discussed with regard to different CVD models ta-
king into account distinguished reaction mechanisms.

INTRODUCTION

Recently, the silicon- germanium (SiGe) material system has become increasingly
important because of applications in a wide range of electronic devices. These applica-
tions extend from the heterojunction bipolar transistor to quantum well based devices
and have considerably widened the opportunities of devices which can be fabricated
on silicon substrates with only minor deviations from the well-established silicon tech-
nology. Recent research has shown that chemical vapor deposition (CVD) techniques
can successfully grow SiGe-structures produced first by molecular beam epitaxy
(MBE).

Nowadays a multitude of thermally as well as plasmachemically activated CVD
processes are used to coat workpieces with good homogeneity of both the thickness
and properties of the deposited layers. Nevertheless, difficulties will arise if the work-
pieces have a more complicated surface shape containing small structural details such
as edges, steps, strips or cavities and if the final thickness of the deposited layer is
comparable with the geometrical dimensions of such structural details. A typical
example contributed by the microelectronics industry is a silicon wafer patterned with
narrow trenches to be coated with undoped and in-situ doped SiGe- thin films.

In order to describe the layer thickness distribution within trenches, previous pu-
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blications of several authors have prefer-
---- fred line-of-sight models 1,2 as well as

"continuum-like" diffusion-reaction mo-
dels 3-6 because of the relatively high

(3) (Q computing time consumption of direct
Monte Carlo simulations. In these mo-
dels the reactive sticking coefficient (orthe reaction rate constant) of the layer-forming precursor serves as the disposa-

ble fitting parameter. On the other hand,
some deposition processes characterized

1 A - ) by an abrupt decrease in the growth rate
1 1- •at the trench orifice and a nearly con-stant but smaller rate everywhere within

( • the trench seem to require another mo-
del type for an adequate description of

Fig. 1: Schematic diagram of topographical the observed thickness distribution 7.
phenomena in an idealized trench structure:
left-hand side: edge phenomena (1,2) Various topographical effects are
right-hand side: cavity phenomena (3,4) significant for displacement of the surfa-

ce and the developement of its final sha-
pe due to deposition (see Fig. 1). Some of them (edge phenomena) are of fundamental
nature 8-1 0 and will not be discussed in this paper while others (cavity phenomena)
depend on the chemistry of the deposition reaction as well as on the geometry of the
cavity. For the latter it is assumed that the mean free path length is much greater than
the characteristic measure of the cavity and that the reactants are transported into the
cavity via particle-wall collisions with a low (reactive) sticking coefficient. 'Shado-
wing" effects connected with a high sticking coefficient (typical for physical vapor de-
position processes) will not be considered here.

Cavity phnomena

The restricted efficiency of reactant transportation through the gas phase within a
narrow trench results in a modified non-uniform thickness distribution which over-
laps the edge phenomena. The cavity phenomena are defined by the kinetics of the re-
action controlling the deposition rate and either the geometry of the cavity (depletion)
or the existence of the cavity in itself (rate jump).

If the consumption of reactants by the heterogeneous deposition reaction on the
trench walls becomes comparable with the supply from the gas phase, the film thick-
ness will decrease with increasing trench depth, because surface elements in the depth
are discriminated against surface elements near the orifice. The degree of non-unifor-
mity is controlled by the Thiele modulus a, which is given considering Knudsen diffu-
sion (mean free path length very large compared with trench width w) as 7
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a26q 2a=-- (d/w)2
v

Uniform thickness is to be expected for small values of the heterogeneous rate con-
stant q and the aspect ratio of depth to width, d/w, and for higher values of mean
molecular velocity v, iLe. if the Thiele modulus a is not too large.

Rate jump
For certain deposition processes which are controlled by the so-called byproduct

mechanism the deposition rate diminishes abruptly at the top edge of the trench from
its surface value to a smaller value which is nearly constant everywhere within the
trench. This "rate jump" is caused by the strong and almost uniform adsorption of a
byproduct not taking part in layer formation but retarding the real deposition reac-
tion. The level of byproduct adsorption is always higher within the trenches than out-
side and is nearly independent on the trench width (but it depends on the reaction-ad-
sorption kinetics of the byproduct, of course) .

Unfortunately, the different topographical cavity effects frequently do not appear
clearly isolated from each other. Thus the reliable distinction between depletion and
rate jump needs special attention and can often be done only using special process pa-
rameters and trenches of different widths simultaneously. For this purpose in our in-
vestigations the common gas phase transport induced depletion effect has been sup-
pressed by using low deposition rates.

EXPERIMENTAL

The trench structures have been etched by reactive ion etching (RIE) in the silicon
substrate. The aspect ratio of depth to width d/w is about 5 pW 2 PiM.The Si-surface
has been covered by 80 nm thick Si3N4 film.

On these patterned substrates the film stack containing SioSGeo (undoped, B-do-
ped, P-doped), SiO2 or Si3N4, undoped Si0AG%.2, and amorphous Si has been deposi-
ted by various LPCVD techniques. The layer structure is shown schematically in Fig.2.
The different variants of the corresponding samples are described in Table I.

SIO2 has been deposited at 4201C from SiH 4/ CO, Si3N4 has been deposited plasma
enhanced at 350 OC from Sil4/ NH3, a-Si at 650 'C from SiH4.

The S9- and SiGe-films have been deposited by rapid thermal CVD (RTCVD) in a
single wafer radiation heated stainless steel reactor at a temperature of 6000C and a
pressure of 200 Pa from the mixture of Sil 4, H2, and GeH4. The films have been in-si-
tu doped using B2HW H2 and PH3/ H2 . The Ge-content (20%) In the SIGe-fllMS has
been measured by X-ray analysis, the dopand concentration (about 1020 cma3) has been
determined by secondary Ion mass specroscopy (SIMS).

After the deposition processes the structures have been studied by cross-sectional
transmission electron microscopy M .
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Ca-si TABLE I. Variation of layers A, B, C

A sample layer A layerB layerC

•Si 4 1 Si, undoped SiO 2  Si, undoped

2 Si, B-doped Si3N4 Si, undoped

3 Si, P-doped Si 3N4  Si, undoped

4 SiGe, undo SiO 2  SiGe,undoped

5 SiGe, B-dop Si3N SiGe,undoped

6 SiGe, P-doped Si N• SiGe,undo

Fig.2 Schemnatical layer stack deposited in
trcnch-structures in silicon.

RESULTS AND DISCUSSION

The coverage of trenches by undoped and doped SiGe layers are demonstrated in
the following TEM micrographs (Fig. 3a-c0. One can see that both undoped and B-do-
ped SiGe-layers (the outer SiGe-layers of all three samples and the inner SiGe-layers in
figs. 3a and b) has been deposited uniformely on the wafer surface and in the whole
trench. There is neither depletion nor rate jump effect. The corresponding Si-layers
show the same distribution (not demonstrated here).

On the other hand both the P-doped Si- and SiGe- films exhibit a remarkable rate
jump of the deposition rate inside the trench structures. This is demonstrated for the
a b c

Fi5. 3: X M� •M of renches coated by an outer undoped SiGe-flims and an inner
udoped (a), 5- doped (b), and P-doped (c) SiGe- film. (I-4 Ilam)
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inner SiGe-layer in fig. 3 c and in detail for the P-doped Si and SiGe-layers in figs. 4
and 5, respectively.

0,2ju

Fig. 4: XTEM detail of the top trench edge Fig. 5: XTEM detail of the top trench edge
covered by P- doped and undoped Si films covered by P- doped and undoped SiGe films

For the sake of better clarity, the normalized (versus top-layer) thickness distribu-
tion of different Si and SiGe-films measured from the top across the sidewall to the
trench bottom are shown in figs. 6 and 7, respectively.

1,2 1.

0.8 0,8

0.2 + 0,2 -

0:: 0 _ _ _ _ _ _

0 1 2 3 4 5 0 1 2 3 4

Trench Depih Comd•rdina (Ian) Trench DePiM Co'rdlflub (4m,)

Fig.6: Thickness distribution of different Si- Fig. 7: Thickness distribution of different
films in trenches. SiGe films in trenches.

It has been demonstrated that the deposition processes in trench structures of cor-
responding Si and SiGe films are of the same kind for LPCVD conditions with low de-
position rates.

The absence of any nonuniformities and depletion effect allows the conclusion that
these processes are not controlled by a byproduct adsorption mechanism.
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The significant rate jump of the P-doped (by PH3 ) films within trenches correlates
with a strong decrease of the average deposition rate by adding PH3 to the other gases.
This fact emphasizes the evidence of the byproduct mechanism for explanation of the
experimental results.

CONCLUSIONS

Concerning the thickness distribution of thin films of undoped and doped Si and
SiGe on trinch structures deposited by low pressure RTCVD-processes from the sy-
stem SiH14/ GeH4/ H 2 and B2A6 or PH3 , respectively we can conclude:

1. The thickness distribution of corresponding Si and SiGe films is of the same kind.

2. Undoped as well B-doped films cover trench structures with uniform thickness.
For these processes a byproduct mechanism is not adequate.

3. Both Si- and SiGe- films doped by PH3 show a distinct rate jump inside the trench,
but no depletion effect. Therefore, the process can be described with help of a by-
product model.
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NEW DAMAGE-LESS PATTERNING METHOD OF A GaAs OXIDE MASK AND
ITS APPLICATION TO SELECTIVE GROWTH BY MOMBE

Seikoh Yoshida and Masahiro Sasaki
Optoelectronics Technology Research Laboratory
5-5 Tohkodai, Tsukuba, Ibaraki 300-26, Japan

ABSTRACT

A new damage-less patterning method of the photo-oxidized GaAs mask used for the
selective-area growth of GaAs has been developed. We have found a new characteristic of the
GaAs oxide: a metal Ga deposition onto the GaAs oxide surface lowers the desorption temperature
of the oxide. The patterning method employed is based upon this characteristic. The GaAs oxide
where 15 atomic layers (ALs) of Ga is deposited is locally removed at 540*C to form an opening
area in the oxide mask. After forming this opening area, GaAs is selectively grown there by
metal-organic molecular beam epitaxy (MOMBE).

INTRODUCTION

Photo-oxidized GaAs [I , SiO 2 [21, and SiNx [31 have been used as mask materials for the
selective-area epitaxy of GaAs. Among these mask materials, photo-oxidized GaAs has been
used for the in-situ selective-area epitaxy of GaAs using a metal-organic molecular beam epitaxy
(MOMBE) method [1,4]. Here, the in-situ process means that all of the processes concerning
selective-area epitaxy, including mask formation, patterning, regrowth, and mask removal, are
carried out in an ultrahigh-vacuum (UHV) system [1], Patterning methods of the mask in the in-
situ process using a focused ion beam (FIB) [5] and an electron beam (EB) [6-8] have been
developed. In the case of patterning using FIB, defects induced by ion irradiation were observed
to extend to a depth of more than 2000A [9]. On the other hand, in the case of patterning using
EB, the EB-induced damage was reported to be sufficiently small, compared with that by FIB[6,101.

In this paper we propose a completely damage-free patterning method of a photo-oxidized
GaAs mask using selective Ga deposition in which we do not use an energetic charged beam,
such as EB and/or FIB. We have recently found a new characteristic of the GaAs oxide mask: the
desorption temperature of the oxide can be controlled by varying the amount of Ga deposited onto
the oxide surface [11-13]. The oxides on which Ga molecules from a Knudsen effusion cell were
deposited can be selectively removed at lower temperatures than that in the case of no Ga
deposition. This characteristic of the oxide can also be utilized for patterning the mask. In this
paper we describe the selective-area epitaxy of GaAs using the above-mentioned newly proposed
patterning method.

PATTERNING PRINCIPLE OF GaAs OXIDE BY Ga DEPOSITION

We have reported that Ga-deposited GaAs oxide desoibs at lower temperatures than that in
the case of no Ga deposion [I1-131. Figure I(a) shows the temperature-programmed desorption
(TPD) spectra of GaO+ and * from the oxide when Ga was not deposited onto the surface.
Sharp peaks of Pa20• and As esorption were observed at 660*C. The origin of an As2+ peak
was proposed to be a reactionbetween the oxide and GaAs substrate [14,15]. That is, when the
oxide changes to volatile GaG by reacting with the substrate, excess arsenic is produced as a
reaction product from the substrate and, as a result, both Ga20 and As desorb thermally at the
m temperature.

On the other hand, when 15 atomic layers (ALa) of Oa-deposited oxide was desorbed,
only the Ga2O* signal was observed at 540 C and that of As2+ was not observed, as shown in
Fig.1(b). It is considered that the oxide was completely deoxidized by 15 ALs of Ga, and a
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Fig. I Thermal desorption spectra of GaO+ and As + when the amount of Ga deposited
onto the photo-oxidized GaAs surface was (ay0 ALs of Ga and (b) 15 ALs of Ga,
respectively.

Ga

MaskOxide mk Ga deposition Metalmas

formation (15 ALs)

GaAs sub. S02: 1OTorr
Halogen lamp
Irradiation
15 min.

Opening wme GaAs opl.

at 540 'C L i TMG, As 4 at 480 "C

Fig.2 Illustration of the patterning procedure of GaAs selective growth using the newly
proposed method.

volatile Ga2O as a reaction product desorbed at lower temperatures than that in the case of no Ga
deposition.

We used this characteristic of GaAs oxide for patterning the oxide mask. That is, metal Ga
was locally deposited onto the oxide mask and only the Ga-deposited oxide desorbed at a specific
temperature. The procedure concerning the selective growth using this patterning method is

in Fig.2. That is, at first, a GaAs surface is photo-oxidized. After that, metal Ga is locally
deposited onto the oxide surface by using a metal mask. The Ga-deposited oxide is locally
removed at 540WC. After forming an opening area, a GaAs is selectively grown them.

S1O 2 is often used as a mask for selective-area epitaxy. It is well known that SiOc is
deoxidized to volatile SiO by Ga deposited onto the surface [16]. Therefore, it is expected that
this paternting method using Go deposition can be applied for other mask materials, such as SiO2,
by controlling the amount of Ga.
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EXPERIMENTAL

The MOMBE apparatus used in this experiment is shown in Fig.3. This system comprises
a growth chamber, a surface-treatment chamber and a patterning chamber. A cryoshrouded
quadruple mass spectrometer (QMS) and reflection high-energy electron diffraction (RHEED)
equipment are set in the growth chamber. Metal-organic gas nozzles for introducing trimethyl-
gallium (TMG) (or triethylgallium (TEG)) and a Knudsen effusion cell of As are also positioned
in the growth chamber. A halogen lamp used for the photo-oxidation of GaAs is placed in the
surface-treatment chamber. A metal mask for local Ga deposition is positioned in the patterning
chamber. This metal mask is made of a 150 pn-thick tantalum plate and has five opening areas of
110xlO0 W•n2 in size.

OMIS

"• ~RHEEO GUM

AHALOGEN LAMP

FLUORESCENT

SCREEN SURFAcE TREATMENT CHAMBER PATTERNING

GRowTH CHAMBER CHAMBER

Fig.3 Schematic illustration of the MOMBE system used in this experiment.

At first, a GaAs buffer layer was grown at 550, in a GaAs (100) substrate by using TEG
and As4 in order to obtain a well-defined surface with a (2x4) reconstruction. After that, the
sample was transferred into the surface-treatment chamber a!d the GaAs surface was photo-
oxidized by light irradiation from the halogen lamp (1.2 W/cm ) under an oxygen ambient of 10
Torr. After forming the oxide mask, the substrate was transferred into the patterning chamber.
15 ALs of Ga wen locally deposited at room temperature onto a particular area of the mask in the
patterning chamber by using the metal mask positioned close to the substrate surface. The
s ation distance between the metal mask and the substrate was about 300 pn. After deposition
of ..e substrate was transferred back into the growth chamber. The substrate was then heated
up to 5W00C in order to desorb the Ga-deposited oxide. After forming an opening area, selective-
aa epitaxy of the GaAs was performed by simultaneously supplying TMIG nd As4 at 480C fo
90 minutes. The beam-equivalent pressure of TMG and As 4 were 2410" Torr and 1.5xl0-
Ton', respectively

The selectively grown layer of GaAs was observed using a Nomarski microscope. The
dof the electively grown layer was measured using a conwct-type surface profiler
(M s A)LR ,A-STEP). Tim residual oxygen on te substrate after removing the GaAs oxide
was measured by secondary ion mm specummetry (SIMS).
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RESULTS AND DISCUSSION

Figure 4(b) shows a Nomarski microphotograph of selectively grown GaAs. Its shape
was exactly the same as an opening area of the metal mask (Fig.4(a)). No polycrystalline GaAs
was observed on the oxide mask. The thickness of the GaAs epitaxial layer was about 500A, as
shown in Fig.4(c). The growth rate of the selectively grown GaAs was almost the same as that
on the GaAs substrate using no mask. The boundary between the GaAs epitaxial region and the
oxide mask became abrupt compared with our previous report [13]. This is because the metal
mask was closer to the substrate until 300 gnt in distance, while the separation distance of the
metal mask and substrate was about 1mm in our previous report 113]. The increase in the growth
rate at the edge of the epitaxial layer, which generally appeared during selective-area growth by
metal-organic chemical vapor deposition (MOCVD) [17,18], did not occur. However, the top
shape of the selectively grown GaAs was not flat, as shown in Fig.4(c).

(a) 110 •/n

1000 Wm

Opening
area

W00 gn
Metal mask

800 (c)

600

400

h 200 1
0

0 100 200

DISTANCE (tgm)

Fig.4 (a) Schematic illustration showing an opening area of a metal mask. (b) Nomarski
microphotograph of a region of selectively grown GaAs. (c) Thickness profile to
the lateral direction of the selectively prown GaAs in Fig.4(b).
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It is conjectured that this inhomogeneity of the thickness was caused by the distribution of the
amount of Ga deposited through the metal mask onto the oxide surface. This was probably due to
a shadowing effect of the thick metal mask and the long distance between the mask and the
substrate compared with the mask size. In this patterning size, Ga diffusion was not seen, since
the size of a selectively grown GaAs was the same as an opening area of the metal mask. The
subject of a future study is whether the Ga diffusion becomes a serious problem or not in the case
of nano-meter scale patterning.

We next measured the depth profile of the residual oxygen concentration from the GaAs
regrown layer towards the substrate by SIMS in order to investigate whether the oxide mask was
completely removed or not. As a result, no residual oxygen was observed at the interface between
the regrowth layer and the substrate. Residual oxygen-free patterning was therefore realized by a
comparatively low-temperature desorption process of the oxide mask.

In this patterning method, it is expected that the surface after removing the oxide mask
using Ga deposition remains flat although it is known[15] that the surface after removing the
oxide is usually rough in the case of no Ga deposition. The reason is that no reaction occurs
between the oxide and the GaAs substrate, since the entire oxide is deoxidized to volatile Ga2 0 by
deposited-Ga. In fact, we investigated the entire flateness after desorption of the Ga-depositedoxide using another sample. That is, when 15 ALs Ga-deposited oxide was desorbed, the

RHEED pattern showed a sta (1x6) structure. This streaky pattern immediately changed to astreaky (2×4) pattern when As4 was supplied onto the surface. id the other hand, the RHEED

pattern of the surface after th e desorption using no Ga deposition showed a three-
dimensional spotty pattrn of the GaAs.From the above-mentioned results, the possibility of an in-situ patterning method for aGaAs oxide mask using selective Ga deposition was confirmed. This patterning method has some

excellent advantages: damage-free patterning, no residual oxygen and a flat surface after

Furthermore, in order to realize the formation of a nanometer-scale s such as a

o'uantum box or dot, as a future process, it is necessary to develope a method for direct Ga

deposition by using a close-spaced liquid Ga-ion source [18-20] without the use of a metal mask.

By this method, Ga can be finaly deposited onto a substrate. That is, the tip shape used to emit

Ga-ions can be sufficiently sharp by supplying an electric field, and Ga can be deposited onto the

subsbrate surface region of less than 100A in diameter. The voltage used to initiate the emission of

Ga-ions can bq sufficiently lowered (20-30V) by reducing the distance of the ion source to the

subsfrate (<50A) [181. The damage after Ga deposition is expected to be remarkably small due to

the sufficiently low acceleration voltage. A very limited area of the thus Ga-deposited oxide mask

Scan be thermally removed, as mentioned above. As a result, the fabrication of a nanometer-scale

Sstructure can be achieved by the patterning method of a GaAs oxide mask using the new

S patterning principle proposed here.

SSUMMARY
A new damage-free patterning method of a GaAs oxide mask for the selective-area growth

of GaAs was developed. The GaAs oxide mask where Ga molecules had been selectively

j depoited was thermally removed at 540 C, resulting in the formation of an opening area in the

oxide mask. After forming the opened region, GaAs was selectively grown there by MOMBE.

No residual oxygen was observed by SIMSat the interface between the GaAs selectively grown

layer and the GaAs subsrate.
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SILICON NUCLEATION ON SILICON DIOXIDE AND SELECTIVE EPITAXY
IN AN ULTRA-IllGH VACUUM RAPID THERMAL CHEMICAL VAPOR

DEPOSITION REACTOR USING lISILANE IN iIYI)ROGEN

Katherine E. Violettel, Mahesh K. Sanganeria', Mebmet C. Oztfirk1 , Gari Harris2 , and Dennis M.
Maher2,
I)North Carolina Stawe Uni ersity, Department of Electrical and Computer Engineering, Box 7911,
Raleigh, NC 27695-7911, 2 )North Carolina State University, Depanment of Materials Science and
Engineering, Box 7916, Raleigh, NC 27695-7916

ABSTRACT

Silicon nucleation on silicon dioxide and selective silicon epitaxial growth (SEG) were
studied in an ultra high vacuum rapid thermal chemical vapor deposition (UHV-RTCVD) reactor.
Experiments were performed using 10% Si 2 H6 in H2 in a pressure range of 10 - 100 mTorr at
7600 C. Under these conditions, the growth rate ranged from 75 to 330 nm/minute. Loss of
selectivity via Si island formation on SiO2! was studied using scanning electron microscopy (SEM)
and atomic force microscopy (AFM) revealing a strong dependence on deposition pressure. Cross
sectional transmission electron microscopy (XTEM) was employed to study the vertical
oxide/epitaxy interface where faceting can occur. The incubation time for nucleation was found to
increase from 10s to 70s as pressure is reduced from 100 mTorr to 10 mTorr, allowing thicker
selective epitaxial film growth in spite of the reduced growth rates. This was attributed to the
reduction in gas phase Isuprsaturation of the Si containing species resulting in a lower density of
adsorbed atoms on the $iO2 surface. This process shows a potential for chlorine free selective
epitaxial growth and provides insight to the surface morphology of polycrystalline films deposited
at low pressures.

INTRODUCTION

Low temperature selective epitaxial growth (SEG) is currently being considered for various
novel applicatis in Si integrated circuit processing. Current SEG processes typically use
dichlorosilane with H2 and HC! 1I-51. Reducing the use of chlorinated gases would be desirable
because of existing concerns for chlorine based processing, including the corrosive nature of HC]

rleading t contanaton issues, thin oxide degradation due to etching or pinhole formation, and
difity in pumping chlorinated species potentially leading to cross-contamination in multi-
chamber cluster too. Also, le ofchlorine at reduced mperatures (<850*'C is poorly
understood: while C1 provides a Si etching mechanism, the efficiency of this mechanism is
question"le at tempemtures below 8500C [61.

SEG using non-chlorinated chemistries has been reported before where SiH4 171 or
Si2H.8] were used in hot wall, low pressure chemical vapor deposition or gas source molecular
beam epitaxy systems. Tatmi and his colleagues at the NEC corporation have shown that pure
Si2 H6 in agas source MBE ecur can give a critical selective epitaxial thickness of approximately
100 am before lou of selectivity by Si nucmiceti on the SiO2 surface(SI. Ohmi eL al. demonstrate
that SiI4 cm give approxlmatdy a 50 un critical layer thickness before loss of selectivity in their
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ultra clean low pressure CVD system 171. These reports demonstrate that SiH4 and Si2H6 both
exhibit an intrinsic selectivity to oxide via an incubation time seen under ultra clean conditions,
reinforcing the already well established cleanliness requirement for good quality epitaxial growth at
low temperatures [7, 91.

In recent years, single wafer manufacturing using multi-chamber cluster tools has gained in
popularity 1101. As a potential technique in such systems, rapid thermal chemical vapor deposition
(RTCVD) has been considered for processes including Si epitaxy with successful results I 111. In a
typical RTCVD reactor, the wafer is heated optically through a quartz window, providing thermal
switching to initiate and terminate chemical reactions on the wafer surface in a matter of seconds.
Thus, thin films with abrupt interfaces can be grown at high growth rates which is an important
concern in single wafer processing. The technique aims at minimizing the thermal budget instead
of temperature. Satisfactory growth rates for single wafer processing can be achieved at elevated
temperatures while the process time can be controlled accurately down to a few seconds by means
of temperature switching and computer control.

In this work, Si nucleation on SiO 2 from Si2H6 was studied using ultra high vacuum rapid
thermal chemical vapor deposition (UHV-RTCVD). The method combines temperature switching
capability of RTCVD with the clean growth environment of UHV-CVD essential for high quality
epitaxial growth. The process temperaturetpressure window was chosen to obtain an acceptable
throughput for single wafer processing. For the same reason, Si2H6 was chosen over Sill4 to
maximize the growth rate at lower pressures[ 12]. At lower pressures, the amount of impurities
such as oxygen and water vapor can be minimized providing a cleaner growth environment for low
temperature epitaxy.

Gas Inlet

EXPERIMENTAL RGA

Quartz
0 Viewport

Figure 1 shows the top-view of the Main Proc
UHV-RTCVD reactor used in this study. Chamber
The system consists of a load-lock (sample CyA"mW
entry chamber), an intermediate chamber, and Turbomolecular
a reaction chamber. The load lock is pumped 9UMP
with a dry molecular drag pump to a base
pressure of 10-5 torr. The intermediate Sampe Entry
chamber is pumped by a cryopump to a base chamber turv Gat
pressure of 10-9 Torr. This chamber servesVav
as a vacuum buffer between the sample entry
chamber and the reaction chamber. The termediae
reaction chamber is pumped to its base 0
presSUre with a dedicated LUHV cryopump.
0-ring seals are completely eliminated in this CyMM
chamber in order to achieve UHV conditions.
Dining film growth, the UHV cryopump is s A door
isolated with a gate valve and the process
gases are pumped through a tur omolecul igure A shematic of UHV/RTCVD reactor.
molecular drag combination pump. This
pump features magnetic levitation for oil free processing and is backed by an oil free foreline

echmneal pum. Ss transfer between chambers is achieved using magnetically coupled
transfer arms. Point-of-use gas purifiers are used to remove contaminants such as oxygen and
water vapor from the process gases. The reaction chamber is water-cooed stainless-steel with a
quartz window on top. The wafer is heated through the window with a 35 kW Peak SystemsTm
LXU-35 arc lamp. An optical pyrometer (A - 2.2 ism) measures tmnperature in a closed-loop
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feedback control system. The wafer sits on a quartz wafer holder which is able to rotate during the
process. We have recently reported the generation lifetime of epitaxial films grown in the same
system using the same chemistryl 131.

In this study, 4" Si (100) wafers with 100 nm thick thermal SiO2 were patterned by
photolithography and wet chemical etching. Seven sets of 100ptm x 2 mm windows, spaced
300trm apart, were aligned in the 11101 crystal direction and distributed along the center of the
wafer. The samples were cleaned in a batch Huang clean: 5 min. in a 1:1:5 NH4 OH:H 2 0 2 :DI water
bath at 80*C, 5 min. DI rinse, 5 min. in a 1:1:5 HCI:H20 2 :DI water bath at 800C followed by a
second 5 min. Di rinse. The wafers were spin-dried in nitrogen and stored in a nitrogen purged
box until use. Immediately before insertion into the UHV system, a 20 s, 5% HF dip, 30 s water
rinse, and nitrogen blow dry were performed to obtain a hydrogen passivated native oxide-free Si
surfacell41. It should be noted that the final water rinse results in a partial loss of the hydrogen
coverage. The correlation between the rinse time and the hydrogen coverage is currently under
investigation. Upon insertion into the reactor each wafer underwent the following procedure: the
entry chamber was pumped down to - 8x 10-5 Torr in 10 minutes before transfer into the
intermediate chamber. An intermediate chamber base pressure of high 10-9 Torr was routinely
achieved within 10 minutes. The wafer was then transferred into the reaction chamber and
cryopumped to a base pressure of about 3x10-9 Torr. Then, the chamber was switched to the
process pumps and gas flows were initiated. The gas used in this work was ULSI grade 10%
Si2H 6 in H2 further purified at point-of-use for oxygen and water vapor levels below 50 ppb.
After establishing steady gas flows, the arc lamp was turned on to heat the substrate to the
deposition temperature at a ramp rate of approximately 150*C/s. The deposition process was
initiated and terminated by temperature switching. When the deposition was complete, the lamp
was extinguished, the gas flow stopped and the wafer allowed to cool.

500
RESULTS " 0

We have previously reported the 300[
temperature dependence of the Si growth rate
from 10% Si2H6 in H2 at a total pressure of 200 7
100 mTorr 113, 151. Figure 2 shows the
pressure dependence of silicon growth rate
from 10% disilane in hydrogen. The 100
deposition pressure was set by the input gas
flow and the pum peed of the process
pump. Throttling was 0 10 30 50 70 90
in orde" to maximize the pumping speed and Pressure (mTorr)
hence minimize the background impurity
levels. As shown in Figure 2, even in this Figure 2: Pressure dependence of growth rate
very low pressure regime (10 - 100 mTorr) from 10% Si 2H6 in H2 at 760 C.
very high growth rates can be obtained with
Si2N6. Because the total input gas flow at
these pressures is of the order of <250 sccm, the amount of impurities introduced into the
chamber by the gas itself is greatly reduced. Furthermore, in this low pressure regime,
t elar pumps operate with maximum efficiency, further reducing impurity levels. The
growth rate data presented in Figure 2 exhibit a typical dependence on temperature with two
distinct regions: a surfaWe reaction limited regime governed by hydrogen desorption and a
nearly tenvmuerazindependent regime where growth is predominantly limited by mass
transort of disilane from the gas phase to the Si surface.
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To investigate the effects of pressure on Si nucleation on SiO2 , we have grown films
on patterned wafers. The pressure dependence of Si nucleation on SiO 2 at 750*C is
demonstrated in Figure 3. As shown, the incubation time, defined as the time before
nucleation occurs on SiO 2, increases as pressure decreases. Also shown in Figure 3 is the
incubation thickness, defined as the thickness of the SEG during the incubation time: in spite of
lower growth rates, the incubation thickness increases at lower pressures, allowing growth of
thicker selective epitaxial layers.

100 100 In their recent paper on selective Si
90. '-0 epitaxy from Si2 H6, Tatsumi et. al. report a

88 critical supply volume for Si 2 H6 defined as
80 -80 the maximum gas volume which can be

S70 ( 70 ~I delivered into the growth chamber before
60 loss of selectivity occurs. Their

experimental results indicate that the critical
050 - supply volume of Si2H6 increases with

S40 40 decreasing flow rate. The data here reflects
30 30 the same trend as the pressure in the reactor
20 is proportional to the gas flow rate.

20 Improved selectivity at reduced pressures
101 10 • has also been observed with SiH 2C12 by

0 0 Fitch and Denningl6l. This behavior can
be explained by considering the20 40 60 80 100 requirements for nucleationl161. In

Deposition Pressure (mTorr) chemical vapor deposition, formation of a
Figure 3: Incubation time and thickness as a function continuous film consists of an initial
of pressure at 76 thC nucleation phase followed by coalescence

and film growth. For homogeneous film

growth; e.g., Si on Si, growth occurs readily because the cohesive forces between the adsorbed
atoms (adatoms) and the substrate and those among the adatoms are identical. Heterogeneous film
deposition; e.g., Si on SiO 2 , begins via nucleation because the cohesive forces between the
substrate and adatoms are weak compared to the relatively strong cohesive forces among the
adatoms 1161. The nucleation process is governed in part by the adatom density and in part by the
substrate surface structure. The adatom density is related to the available amount of the depositing
component in the gas phase, in this case Si2H6 , which is determined by the reactant species input
pressure and the deposition temperature. At any given moment, there exists a random spatial
distribution of Si adatoms on the SiO2 surface. When the local density of adatoms reaches a
critical value, a stable nucleus can form. In our experiments, the Si 2H6 partial pressure directly
affects the amount of available silicon in the gas phase and hence the adatom density. By
decreasing the pressure, the average adatom density is reduced which is expected to reduce the
probability of nucleation. Si nucleation on SiO 2 is also determined by the surface defect density on
the oxide. Fitch et. al.6jassert that, for the SiH 2C12-HCI-H 2 system, at reduced pressures and in
clean, leak-free environments, improvement in selectivity is due to an increase in passivation of the
dangling bonds on the SiO 2 surface by atomic hydrogen[6]. Impurities such as oxygen in the
growth ambient can also promote nucleation by providing reactive bonding sites for the adatoms.
.The leve of such impurities will be reduced at lower pressures since the primay sources of these

imurtis e herectr acgrud an h ecatgss hs principle is the basis of epitaxy
by UHV-CVD [171.

Figure 4 shows a cross sectional TEM of a film deposited at 7500C and 10 mTorr. The
micrograph shows the crystalline structure of the film and facets typical of selective epitaxy.
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Figure 4: Cross sectional TEM of sample deposited at 760*C and 10 mTorr.

CONCLUSIONS

In this study, we have demonstrated that an inherent selectivity in the Si 2H6IH 2 system
exists with no apparent nuclei etching mechanism on SiO2. The incubation time was found to
decrease at higher pressures which was explained by considering the requirements for critical
nuclei formation on SiO2. Conversely, the incubation thickness was found to increase at low
pressures due to the reduced adatom concentration. Epitaxial films as thick as 100 nm were grown
on Si with no nucleation on SiO2.

The use of Si2H6 provides a unique advantage over more commonly used silicon source
gases since it provides relatively high growth rates even at pressures as low as 10 mTorr. Thus,
growth rates compatible with single wafer manufacturing can be obtained at very low pressures.
Low pressures not only reduce the probability for critical nuclei formation essential for selective
growth but also reduce the impurity background in the growth ambient which is essential for good
quality film growth.
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Perfect selective Si epitaxial growth realized by synchrotron
radiation irradiation during disilane molecular beam epitaxy

Yuichi Utsumi, Housei Akazawa and Masao Nagase
NTT LSI Laboratories, 3-1, Morinosato Wakamiya, Atsugi-shi,
Kanaqawa pref., 243-01, JAPAN

ABSTRACT

Perfect selectivity in Si epitaxial growth on aSi/Si02 substrate has been achieved by
irradiating SR during molecular beam epitaxy (MBE) using disilane. This differs from
conventional selective growth by MBE using disilane in that no Si nucleation occurs
on Si02 irrespective of growth time. Temperature above 7000 C is necessary for
SR -induced selective growth. This perfect selectivity might result from the elimination
of adsorbed Si atoms induced by photo-stimulated evaporation of Si02 which
results in the perfect suppression of Si nucleation.

INTRODUCTION

Selective epitaxial growth (SEG) of Si which enables Si deposition on Si but not
SiO2, is one of the most promising techniques for the fabrication of fine self-aligned
structures for high-speed Si devices, and SEG by gas source molecular beam epitaxy
(GSMBE) using silane and disilane has been widely investigated [1-3]. In these
works, however, SEG has so far been unsatisfactory in the sense that it finally
breaks down after an incubation period (IP) that ends in Si nucleation on the Si02
surface. This problem is caused mainly by the fact that Si nucleation on SiO2 cannot
be completely inhibited in conventional GSMBE where selectivity relies solely on the
finite difference in the probability of silane or disilane decomposition on either the Si
or Si02 surface. For perfect selectivity to be attained, the Si atoms adsorbed on the
SiO2 surface must be removed to prevent Si nucleation. In the present work
synchrotron-radiation (SR) induced chemical reaction was adopted for this purpose.
SR has recently been used as a I.'h intensity source of vacuum ultraviolet light for
photo-excited processes [4 -7]. The photon energies of SR are very suitable for
inducing electron excitation in materials that leads to the photo-stimulated desorption
of atoms on solid surfaces or the breaking of atomic bonds in bulk materials. This
work demonstrated that perfect selectivity can be achieved by combining GSMBE
with SR irradiation and it investigated the conditions required for SR-induced
selective epitaxial growth (SRSEG). The mechanism of this perfect SEG is also
discussed here.

EXPERIMENT

The experiments used the BLlC beam line of the 2.5-GeV Photon Factory storage
ring at the National Laboratory for High Energy Physics. The beam line and the
reaction apparatus are described In detail elsewhere [3,6]. The reaction apparatus
(Fig. 1) consisted of four chambers: one for load lock, one for cleaning sample
surfaces, one for photochemical reaction and one for analysis. Silicon (100)
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Figure 1 Schematic diagram of
the reaction apparatus for
selective Si epitaxial growth.

substrates covered with thermally-grown SiO2 with Si windows were used for
selective growth. Before growing the Si films we removed the native oxide in the Si
windows by heating the substrate at 9801C for 10 min. Disilane gas with a purity of
99.99 % was fed into the reaction chamber while the SR beam with wavelengths
of 1 to 100 nm and with a peak at 10 nm, irradiated the sample surface
perpendicularly. The average storage ring current during experiment was 310 mA,
which provide 3x10 17 photons/sec-lcm- 2 . SEG was distinguished from non -SEG by
observations made using reflective high energy electron diffraction (RHEED),
secondary ion mass spectroscopy (SIMS), scanning electron microscopy (SEM), or
Auger electron spectroscopy (AES).

RESULT AND DISCUSSION

A. Perfect selective epitaxial growth of Si under SR irradiation

Distinctions between SEG and non-SEG in a series of experiments were inferred
mainly from RHEED patterns observed immediately after growth in the reaction
chamber. When the growth was nonselective, the RHEED pattern for the S102 region
showed a ring structure because a polycrystalline Si layer grew on Si02. When
growth was selective, however, no polycrystalline Si grew on Si02 and RHEED
yielded a halo pattern characteristic of the Si02 surface. Regardless of selectivity, theSi windows yielded a 2x1 RHEED pattern reflecting two-dimensional epitaxial growth.
Also, irrespective of whether growth was selective or nonselective, a SR-induced gas
phase chemical reaction resulted in polycrystalline Si being deposited around the
Irradiated area.

Cross section SEM Images of a substrate before and after SRSEG are shown in
Fig. 2. No Si deposition occurred on the S102 patterns, whereas epitaxial Si films
with [11131 facets on their edges grew on the Si windows. Comparing Fig. 2 (a)and 2 (b) reveals that the S102 pattern edges have became narrower and rounded
Implying that S102 patterns were etched during the SRSEG process. In fact, the
thickness of the S102 films decreased during the SRSEG process. We also found the
etching rate Increased with substrate temperature. This phenomenon is known as
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Figure 2 Cross-section SEM images of the substrate before (a) and after (b) the
20min of SRSEG. The thickness of the Si02 patterns before SEG was 300 nm,
substrate temperature was 750t, and disilane pressure was 1 .5x1- 4 Torr.
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Figure 3 Time dependence of Auger Spectrat of 802 surfaces obtained afte'r SEG
without (a) and with (b) SR Irradiation. Substrate temperature was 750C and
disliane pressure was 3x1 0- Towr.



SR-stimulated evaporation of Si02, first reported by Akazawa et. al.. The underlying
mechanism is oxygen atom displacement into an interstitial site due to electron
excitations followed by thermal desorption of SiO molecules 17].

AES spectra of Si02 surfaces (Fig. 3) show that without SR irradiation, the Si
(LVV) peak at 92 eV appears as a result of Si nucleation on SiO2 when the
growth time exceeds 40 min. The emergence of the Si peak corresponds to the
RHEED pattern change from a halo to a ring. With SR irradiation, the Si peak does
not appear even after 390 min. We have found (data not shown) that the Si peak
does not appear even at growth time up to 800 min.

With SR irradiation, IP increases monotonically with substrate temperature and
becomes infinitely long above 700ft as shown in Fig.4. This is a distinctive feature of
SRSEG. Without SR irradiation, In contrast, the IP vs temperature curve has a
minimum near 700"C, which is characteristic of a SEG by GSMBE [3]. But perfect
selectivity in this temperature range was not obtained without SR irradiation. The
growth modes (SEG or non-SEG) at various substrate temperatures and disilane
pressures are plotted in Fig. 5 for SI growth with and without SR irradiation [8]. Here
the growth mode is defined as selective if no SI nucleation on Si02 is detected by
RHEED within 40 min after the onset of the gas supply. At temperatures below
700 C, however even in the SEG mode, Si nucleation on Si02 starts after a
certain period. At temperature above 700t, on the other hand, it is confirmed SEG
is maintained at least 800 min; that is; selectivity is perfect. In a separate experiment,
it was shown that SR-irradiated Si02 surface became Si-rich below 700"t due to
accumulation of oxygen -vacancy defects as evaporation of Si02 proceeded,
whereas above 700M, the surface stoichiometry was maintained as Si02 [9]. This
was also confirmed forthe present reaction system by using of AES measurements.
Thus, temperature above 7009C are necessary for perfect SRSEG, since the formation
of Si-rich surface cause Si nucleation.

From the results shown in Figs. 4 and 5, we conclude that this distinct difference
between SRSEG and SEG without SR irradiation is caused by SR-induced
chemical reaction.

1000
Ring Current

" 'c G0 31 mA

A •Ttorr

1l00-

z~ ~~S 6 it10- Torr togml

101400 500 600 TO0 800 900
SUBSTRATE TEMPERATURE (C)

Figure 4 Incubation period as a function of substrate temperature for the cases that
SR was Irradiated (open symbols) and not irradiated (close symbols) during SEG.
The disilane pressure was set up at 3x10-5 an 6x10- 5 Tort.
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Figure 5 Selective growth condition in SRSEG as a function of disilane pressure
and substrate temperature. Open circles indicate SEG and solid circles indicate
non SEG.

Figure 6 Irradiation period dependence of incubation period under intermittent SR
irradiation with the substrate as a parameter. The disilane pressure was set at
3x 10-5 Torr.

B. Mechanism of perfect selective epitaxial growth

For perfect selectivity, adsorbed Si atoms have to be removed from the
Si02 surface; otherwise they would become Si nucleation sites for polycrystalline Si
deposition. We investigated the effects of SR irradiation on the annihilation of Si
nucleation sites by irradiating the substrate intermittently. One cycle in intermittent SR
irradiation consists of a 40 min pause period followed by an irradiation period ranging
from 0 to 2 min. During the pause between exposures, the dissociative adsorption of
disilane on the Si02 surface proceeds. If adsorbed Si atoms are desorbed
completely during the SR irradiation period, perfect selectivity can also be obtained
under intermittent irradiation. The IP for Si nucleation on Si02 is shown in Fig. 6 as a
function of the SR irradiation period in one cycle. IP, here including both the pause
and irradiation periods, increases with irradiation period at 750OC and we confirmed
selectivity was maintained at least 800 min for irradiation period longer than 2 min.
This result can be explained qualitatively on a model in which the Si atoms adsorbed
during the pause are completely removed by SR irradiation. At 650 C, a 15-nm
polycrystalline Si film grew on SiO2 surface after a 40-min pause period. Once a
Si film Is formed on Si02 it cannot be removed by SR irradiation. The result
also indicates that SR -induced surface chemical reaction contribute to the removal
of SI from S102 surface.

Next probable mechanism for perfect suppression of SI nucleation on the S102
surface attained above 7000C is proposed based on the experimental results.
Considering the fact that the substrate temperature above which the stoichlometry of
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the S102 surface is maintained under photo-stimulated evaporation coincides with
that above which perfect SRSEG is achieved, SRSEG is probably closely related
to the photo-stimulated evaporation of SiO2. The substrate SiO2 film becomes
chemically active in the photo-stimulated evaporation process because SiO2
molecules are electronically excited and the molecules are broken into some active
species. The adsorbed Si atoms assumed to change Into volatile SiO through
the reaction with the SiO2. As a result, the adsorbed Si atoms that would otherwise
become Si nucleation sites are removed from the SiO2 surface. A substrate
temperatures below 700 00, however, the SiO2 surface becomes Si-rich : the
number of Si nucleation sites is greatly increased and more Si nucleation by
adsorbed Si atoms occurs to a greater extent than does Si atom desorption.
According to these mechanism, the principal features of SRSEG can be qualitatively
explained.

CONCLUSIONS

Perfect selective growth has been achieved by irradiating SR during GSMBE using
disilane at substrate temperatures above 700ct: No Si nucleation occurs on Si02
irrespective of growth time. This perfect selectivity has never been attained in
conventional SEG by GSMBE using silane or disilane. It was also found temperature
above 700*C is necessary for perfect SRSEG. Our experimental results on SEG with
intermittent SR irradiation indicate that perfect selectivity results from the elimination
of Si atoms from S102 surface due to a SR stimulated-chemical reaction. This
reaction is assumed to be the Si atom elimination induced by photo-stimulated
evaporation of S102.
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ABSTRACT

As the feature size of MOSFET devices shrink, issues such as thermal budget associated
with controlling channel doping profiles and oxide growth kinetics raise concerns about using
thermally grown furnace oxides for deep-submicron device applications. To address these
concerns, we have developed a new RTCVD oxide process using a gas system of silane and
nitrous oxide. The RTCVD oxides are depositeo in a lamp-heated, cold wall, RTP system.
Deposition rates ranging from 55 A/min. to 624 A/min. can be achieved at 800°C with silane
nitrous oxide flow rate ratio of 2% and total pressure ranging from 3 to 10 Torr. The results
indicate that this RTCVD process can be used to deposit both thin gate and thick isolation
insulators for single wafer processing. Deposition rates of the RTCVD oxides exhibit a non-
linear dependence on the total deposition pressure. Electrical characterization of the as-deposited
RTCVD oxides shows a mid-gap interface trap density of < 5x10 10 eV-lcm-2 and an average
breakdown field of 13MV/cm. AES, RBS and TEM analyses have been used to study surface
cleaning effects on the silicon-silicon dioxide interface quality and to determine the chemical
composition of the RTCVD oxides. The results show that RTCVD oxides with stoichiometric
composition and atomic flat silicon-silicon dioxide interface can be achieved using silane nitrous
oxide flow rate ratio of <2%. I-V characteristics and transconductance degradation under hot
carrier stress for MOSFETs using as-deposited RTCVD gate oxides have been found to be
comparable to those of MOSFETs using thermal gate oxides.

INTRODUCTION

Thermally grown oxides are commonly used as gate dielectrics in MOSFET structures.
As the feature size of MOSFET devices shrink, issues such as high oxidation temperatures, low
growth rates, silicon consumption, and difficulty in controlling thin oxide growth kinetics raise
concerns about the application of thenally grown oxides for advanced deep submicron devices.
[1] We have investigated low temperature (-8W00C) rapid thermal chemical vapor deposited
(RTCVD) gate quality oxides and compared these films to thermal oxides used as controls. The
RTCVD oxide films were deposited using silane nitrous oxide gas mixtures 12]. Deposition rates
were compared to thermal oxidation rates and also were studied for a range of total system
pressures from 1 -10 Ton. Boron concentration in silicon substrates have been compared after
the formation of the deposited oxide and the control frnace oxide. Electrical performance and
reliability of MOSFET devices and MOS capacitors has been studied for the deposited and
control thermal oxides. Interface trapping and bulk charging have also been investigated for
these RTCVD oxideks and diernally grown oxides. Breakdown fields for RTCVD deposited
oxides and rapid thermal oxides (RTO) were studied as a function of oxide thickness.

DEVICE FABRICATION

NMOS devices were fabricated with a simple four mask process. This mask set had
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various WA. ratios of devices plus enclosed polysilicon gate capacitors. The starting substrates
were boron doped 0.3 ohm-cm silicon wafers with (100) orientation. After a RCA clean,
followed by a field oxidation, the active areas were defined. The deposited gate oxides were
formed in a RTCVD reactor with a cylindrical quartz reaction chamber, cold walls and oil-free
pumps (10-8 Tort base pressure). The RTCVD oxide films were deposited by reacting silane
(10% diluted in Argon) and nitrous oxide at a temperature of 800*C. The RTO oxides were
formed in the same rapid thermal reactor at a temperature of 1050WC and a pressure of 760 Torr
with a constant oxygen flow rate of 2 standard liter per minute (slpm). The furnace oxides were
formed in a standard (Tylan) horizontal furnace system at 900*C using dry oxygen (no HCL).
Both the deposited and the RTO oxides had 2000A of polysilicon deposited in this RTP reactor.
The remaining fabrication steps included polysilicon pattern plus etch, POCL3, LTO 410 oxide,
contact masking and etch, and metalization plus pattern definition followed by forming gas
anneal.

RESULTS

Figure 1 shows the deposition rate for the RTCVD deposited films and the growth rate
for thermally oxidized films verses inverse temperature. The RTCVD deposited films were
formed with flow ratios of 0.5% and 2% silane/hitrous oxide at 800`C with a system pressure of
3 Ton. As shown in Figure 1, the deposited films have a factor 40 to 90 higher deposition rate
than the thermal oxide film growth rate [3). Figure I also shows a dramatic reduction in thermal
budget for deposited insulators verses thermally grown oxide films.

OXIDE GROWTH OR DEPOSITION RATES DEPOSITION RATE VS. (PRESSURE)f
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Figure 1. Deposition Rates for RTCVD Figure 2. Deposition Rates of RTCVD
Oxides vs. Temperature Oxides as a Function of Pressure

Figure 2 shows the deposition rates for deposited oxides verses pressure. The deposition
rate for low pressures (1 - 3 Torr) is in the 10A/min. to 50.A/min. range while for higher
pressures (3 - 10 Tort) the deposition rate is S0AMnin. to 625A/rain. The deposition rates exhibit
a line•r dependence on the square of total system pressure. The square pressure dependence
holds for the range of pressures studied. As shown this RTCVD process has an excellent
deposition rate range for use in both very thin gate insulators and also for thick isolation
insulators.

Figure 3 compares the boron concentration profilp in silicon on which a 500A thick
RTCVD oxide has been deposited and one with a 500A thermally grown oxide to the as
implanted profile. As shown, the boron doping in the silicon, for the RTCVD deposited oxide,
retains the same shape as the original implanted profile while the surface concentration has been
reduced by an order of magnitude for fhe sample with the thermally grown oxide. This shows
the advantage of the low thernml budget RTCVD process.
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BORON CONCENTRATION IN SILICON
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Figure 3. Boron Concentration as a Function of Thermal and Deposited Oxides

Figure 4 show the standard MOSFET Ids vs Vds curves with the vertical axis normalized
to the gate capacitance per unit area. For gate drive voltage equal or below 2V the characteristic
curves are comparable. As the gate drive voltage is increased, the thermal oxide has higher drive
capability. However, for submicron devices with gate insulator thicknesses in the 50A range
operating voltages will likely be reduced to lower voltages.

RTCVD AND THERMAL OXIDE IV CHARACTERISTICS
40D I I
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Figure 4. MOSFET IV Characteristics of RTCVD and Thermal Oxides

Figure 5 is a plot of the field effect mobility verses the gate drive normalized to the oxide
thicknesses for RTO and RTCVD oxides. The field effect mobility is derived from the
transconductance (ald/QVgs with constant Vds). For higher gate drives the mobility falloff is
slightly more for the deposited oxides. This falloff is possibly due to different substrate doping
or scattering at the surface. This result is consistent with the results shown in Figure 4.
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MOBILIT RTCVD AND THERMAL OXIDES
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Figure 5. Field Effect Mobility vs Gate Voltage for Thermal and RTCVD Oxides

Figure 6 shows data for RTCVD oxides which were subjected to an in-situ post-
deposition rapid thermal anneal in a nitrous oxide gas ambient at different annealing temperatures
[4]. The three curves shown in Figure 6 are for MOSFET devices with RTCVD gate oxides. As
shown post-deposition annealing in nitrous oxide at 800*C improves the mobility falloff
characteristics at high gate fields. As the temperature of the rapid thermal anneal in nitrous oxide
is increased, the high field mobility falloff is decreased.

Mobility Characteristics for RTCVD with RTA
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Figure 6. Field Effect Mobility for Different Post-Deposition Annealing Conditions

Figure 7 shows the effect of capacitors stressed under Fowler-Nordheim constant
current densities of 104 A/cm 2 for 200 uec.(see Figure 7). Capacitors using RTCVD deposited
films and standard 900°C furnace thermal oxides are compared with electron injection both from
the gate and the substrate as a function of film thickness. Gate injection gives larger flatband
voltage shifts as the oxide thickness is increased for both deposited and thermual oxides. The
flatband shif proaches zero as the oxide thicknesses for both RTCVD and thermal oxides are
reduced to 505A.
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Figure 8 shows the catastrophic breakdown field of RTCVD and RTO oxides as a
function of gate oxide thickness. The breakdown fields of RTI;VD deposited oxides are
comparable to those of RTO in the gate oxide thickness range of 50A. The breakdown fields of
RTCVD oxides increases as the oxide thickness is reduced. This may be attributed to the reduced
interface and bulk trapping of the ultra-thin RTCVD oxides (Figure 7).
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Figure 8. Breakdown Field of RTCVD and Themnal Oxides vs. Oxide Thickness

Figure 9 shows channel hot electron (CHE) effects on MOSFET devices with channel
lengths of I pn(Vds a 5V, Vp - L.8V). The reduction of transconductance for both RTCVD
deposited and themal oxides is equivalent.

ts
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Figure 9. Peak Gm Change for RTCVD and Thermal Oxides Under Channel Hot Electron Stress

SUMMARY/CONCLUSIONS

We have found that silane/nitrous oxide RTCVD deposited oxides can be used to reduce
the thermal budget by a factor of 40 or more over standard furnace thermal oxides. RTCVD
deposition rates follow a linear dependencp on thq square of the total system pressure. These
deposition rates are suitable for thin (30A - 50A) gate films (1-3 Torr pressure) and thick
isolation type films (3-10 Toff pressure). Boron depletion in the silicon near the silicon
dioxide/silicon interface is eliminated with RTCVD deposited films confirming the low thermal
budget characteristics of these silane/nitrous oxide deposited films. MOSFET device IV indicate
a slight reduction in current drive with the RTCVD films. This reduced current drive is
consistent with a lower mobility for the RTCVD films especially at higher fields. The mobility
characteristics are improved after the RTCVD films are post deposition rapid thermal annealed in
nitrous oxide at temperatures ranging from 800*C to 900*C. Silane/nitrous oxide deposited films
exhibit similar flatband voltage shifts for capacitor stress tests. The flatband shifts also approach
zero as the insulator thickness is reduced to 50A. Preliminary channel hot electron stress show
similar peak transconductance reductions for the deposited and the thermally grown films.
Breakdown fields for the RTO and RTCVD insulators are similar in the 50A range. Breakdown
fields of RTCVD films increase as the deposited oxide thickness is reduced below 50A.
Silane/nitrous oxide RTCVD deposited films show great promise for ultra-thin (30MA - 50MA) gate
films required for deep submicron devices. In addition these deposited films are promising for
sidewall oxides plus other potential thicker isolation films.
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GROWTH KINETICS AND CORRESPONDING LUMINESCENCE
CHARACTERISTICS OF AMORPHOUS C:H DEPOSITED FROM CH4

BY DC SADDLE-FIELD PLASMA-ASSISTED CVD

Roman V. Kruzelecky, Chun Wang and Stefan Zukotynski
University of Toronto, Department of Electrical and Computer Engineering, Toronto, Ontario,
Canada, M5S 1A4

ABSTRACT
Hydrogenated amorphous carbon (a-C:H) thin films were deposited onto various substrates

at 200 °C by DC saddle-field glow-discharge dissociation of CH-. In situ plasma probe mass and
energy spectroscopy was employed to systematically study the effects of the discharge parameters
on the formation of reactive precursors. The ion current at the substrate holder consists mainly
of CH3÷ for pressures < 75 mTorrt higher pressures and lower discharge currents encourage the
formation of C2Hl and Cal radicals in the discharge. The growth rate was largely independent
of the total pressure, increasing approximately linearly with the discharge current. Under 476 nm
photo-excitation, the a-C:H films exhibited room-temperature photoluminescence in the visible,
near 1.9 eV, with an intensity that was strongly dependant on the discharge parameters.

INTRODUCTION
Diamond-like hydrogenated amorphous carbon (a-C:H) films have gained technological

importance due to their extreme hardness and chemical resistance [1], a wide band gap exceeding
2.0 eV [2], and a high dielectric strength [3]. Applications of a-C:H include protective coatings,
dielectric layers, and more recently, electroluminescent devices [4]. The diamond-like a-C:H films
are generally prepared by glow discharge decomposition of organic vapours such as CH4 [5] and
C2HA [3] using DC [II or RF [2,4] excitation. The microstructure, optical and electrical properties
of a-C:H films are strongly dependent on the growth conditions [3].

In this paper, the preparation of a-C:H thin films by glow-discharge dissociation of
methane (CHM) ignited using a DC saddle-field electrode configuration [6] is discussed, focusing
on the effects of the discharge parameters on the formation of reactive precursors and the
resulting film growth rate, hydrogen content and opto-electronic characteristics. In the saddle-field
electrode configuration, electrons can oscillate along the axis of the plasma chamber, resulting
in a relatively large path length for ionizing collisions [6]. This allows discharge formation at
current densities >200 pA/cm2 over a wide range in pressures from about 20 to 150 mTorr,
avoiding the tuning problems associated with RF techniques, while providing more direct control
of the ion energies, ion densities and direction of ion motion.

EXPERIMENTAL PROCEDURE
The DC saddle-field deposition apparatus has been previously described in detail [6]. The

saddle-field electrodes were in the form of discs constructed of stainless steel mesh, each about
15 cm in diameter, comprising a central anode sandwiched between two cathodes, spaced 15 cm
apart. A cylindrical stainless steel tube, kept at ground potential, confined the glow discharge
within the saddle-field cavity and defined the gas flow pattern from the gas inlet near the anode
symmetrically outwards towards the two cathodes. Substrates were mounted on a heated holder,
about 15 cm in diameter, positioned about 3.5 cm behind one of the cathodic screens. A second
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unheated substrate holder was symmetrically mounted 3.5 cm behind the second cathodic screen.
It contained a crystal thickness monitor and a 6 mm orifice at the centre. A differentially-pumped
Vacuum Generators SXP 300 plasma probe was located 5 mm directly behind the orifice. Due
to the symmetry of the electrode configuration, measurements by the plasma probe reflect the
mass and energy distributions of radicals impinging on the substrates during film growth.

The growth chamber was cryopumped to a base pressure of about 5x104 Tort. Just prior
to processing, the cryopump was isolated and pumping was provided by an Alcatel molecular
drag pump. CIA was introduced into the growth chamber through a mass flow controller. The
resulting pressure, PT, as measured by a capacitance manometer, was conbtolled by throttling the
pumping speed. Film growth was initiated by applying a positive DC potential, V,, to the
central anode, keeping the cathodic screens at ground potential, resulting in a discharge current,
1,. The substrate holder was grounded via a 10 Q resistor to enable determination of the substrate
bias current, IJ. The a-C:H films were deposited onto glass slides, resistive (p >10 Ilcm)
crystalline silicon (c-Si), and indium-tin-oxide (ITO) coated glass held at 200 OC. Several
sequences of samples were prepared to systematically study the effects of d, and PT on the
formation of reactive pnecursors and the resulting film growth.

The morphology of the a-C:H films was examined using a Leitz DMR optical microscope.
An Alpha-step 200 profilometer was used to determine film thickness. The incorporation of
bonded hydrogen into the films was investigated using far infrared vibrational spectroscopy. The
FIR transmittance of a-C:H films on c-Si was measured at room temperature between 4000 and
500 cm-' relative to an uncoated c-Si substrate using a N2-purged Perkin-Elmer 621 double-beam
spectrophotometer. The optical transmittance of a-C:H films on glass was measured between 1.5
and 3.5 eV relative to the glass substrate using a Perkin-Elmer 451 double-beam
spectrophotometer. The corresponding photoluminescence (PL) was recorded between 1.2 and
2.5 eV using 476 nm photo-excitation provided by an Ar laser operating at 100 mW.

RESULTS AND DISCUSSION
Figure 1 shows the mass spectra of neutrals in the gas-phase as obtained using the plasma

probe for 3 sccm of CH4 at PT = 60 mTorr
with the discharge "off" (l,= 0.0 mA),
corresponding to the cracking pattern of C-4, 144
and with the discharge ignited ( L.= 20 mA). 9 a.
After discharge ignition, the dominant I
component in the gas-phase is H6, resulting t
from the dissociation of the 01-. The relative as
partial pressures ove the mass range 12-16 ;
ainu, corresponding to CK (n-0,4), are similar
to those observed for the cracking pattern of ; 40
Ml4, suggesting that these peaks are largely 29

due to residual CK.. The partial pressures in U '

the mass range 25-23 amu, attributed to the 6 10 26 il 49
formation of CA (n-l,4), are enhanced by the MMA
glow discharge. The mont prominent peaks are
at masses 26 and 28, corresponding to CA
and CAH., respectively. Increasing P I Fig. 1 Mau spectr of neutal in the gas-
enhances the partial pressure associatd with .-

CIh, indicating greasr gs-phase iphase for C with 4- 0.0 mA (solid ine)Sinictig p-pepoly- ad 16420 A (dotted line).
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Fig. 2 (a) The mass spectrum of 70±10 eV positive ions and (b) the energy distribution of CH3÷
for a discharge in CH4 at PT= 30 mTofr (F(CH4)=5 sccm) and I&=20 mA (Vd= 410 V).

gas flow, F(CH,), reduces the partial pressures associated with CH. and C2H., reflecting greater
activation of input C01 and subsequent deposition on the walls of the growth chamber.

The composition and energy distribution of positive ions impinging onto the substrate
holder during discharge formation in M was examined using the plasma probe in the external
ion mode. Figure 2(a) shows the mass spectrum of 70±10 eV positive ions for P, = 30 mTorr and
lI,=20 mA. The two main components of the ion current at the substrate holder are positive ions
at mass 15 and 27 , associated with CH÷ and C.2 3÷, respectively. Although PT is largely due
to H, during discharge formation in CH4, the plasma probe results indicate that relatively little
of the background H 2 is activated. Figure 2(b) shows the energy distribution of positive ions at
mass 15. The distribution is centred about 70 eV with a tail that extends above 200 eV. The peak
in the energy distribution of positive ions at other mass numbers was also at about 70 eV.

Figure 3(a) shows the mass spectrum of 40±10 eV positive ions impinging onto the
substrate holder for a discharge in CH, at PT=130 mTorr and I,=20 mA. The plasma probe
measurements indicate that operating the discharge at higher pressures enhances the relative
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Fig. 3 (a) The mass spectrum of 40±10 eV positive ions and (b) the energy disuibution of CHI
for a discharge in CH4 at PT= 130 mTofr (F(CH4 -5 occm) and 1&=20 mA (V.m 400 V).



contribution to the ion current by heavier hydrocarbon radicals at mass numbers 27 and 26,
associated with C2H-3 and Cq2H, respectively. Moreover, increasing PT shifts the peak in the
energy distribution of positive ions from about 70 eV at 30 mTorr (see Fig. 2(b)), downwards
in energy to about 40 eV at 130 mTorr (see Fig. 3(b)). This is accompanied by a narrower high-
energy tail in the distribution that is likely due to a shorter mean free path at higher PT.

The growth of a-C:H exhibited a dependence on the nature of the substrate and on the
substrate bias conditions. For a-C:H depositions with the substrate holder at virtual ground
potential, the growth rate on glass was about 1/3 of the growth rate on c-Si and ITO. The
morphology of a-C:H films on glass (=1500 A thick) was relatively smooth and free of pinholes
for PT< 100 mTorr. Higher values of PT encouraged the formation of greyish speckles within the
largely transparent a-C:H films that were most likely graphitic in structure. Thicker a-C:H films
on c-Si and ITO (=4000 A thick) exhibited some cracking due to stress that was enhanced for
films prepared at higher I, and PT. This will be discussed in a subsequent paper.

Figure 4(a) shows the variation in the current I(x) impinging onto the substrate holder due
to positive ions at mass numbers x=27 (o), associated with C2 3H, and x=39 (0), associated with
C3H 1÷, relative to 1(15) (CH3÷) as a function of I., for F(CH4)= 3 sccm and P.=60 mTorr. The
corresponding variation in the growth rate (il), as measured for a-C:H on c-Si, is also shown.
Increasing I, by increasing V,, for fixed PT, reduces the relative fraction of C2H,÷ and C3HII
contributing to the ion current. This may be due to a higher dissociation rate of the larger
hydrocarbon radicals in the plasma at higher discharge current densities. The growth rate
increases approximately linearly with I,, saturating at higher currents due to insufficient CHK
flow.

Figure 4(b) shows the effect of PT on the formation of reactive precursors, as measured
by I(x)/I(15), and on the resulting growth rate for I[= 40 mA and F(CH4)= 5 sccm. 1(27)/1(15)
and 1(39)/1(15) tend to increase with Px, reflecting an increase in the relative formation rate of
C2 H3 and C3H3÷ , respectively. Increasing PT reduces the mean free path of radicals,
encouraging additional gas-phase reactions between CHu3 and neutrals that reduce the relative
fraction of CH3÷ contributing to Ib. The growth rate did not vary significantly with PT despite
the changes in the composition of the ion current at the substrate holder.

The FIR transmittance spectra of 4000 A a-C:H/c-Si prepared at 200 °C exhibited two
significant peaks; a broad peak near 2900 cm1 associated with C-H bond-stretching vibrational
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Fig. 4 Effect of (a) I. and (b) PT on the relative positive ion current at the substrate holder ((*)-
1(27)/1(15), ([1)- 1(39)A1(15)) and the resulting growth rate (4).
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Fig. 5 Variation of (a) a(w) and (b) Ic with PT (F(CH4)=5 sccm, I,-=40 mA, Ts = 200'C).

modes [7] and a weaker peak near 650 cm' that is attributed to C-H wagging modes [7]. Figure
5(a) shows the effect of Pz on the optical absorption coefficient ct(co) associated with the C-H
stretching-mode absorption band near 2900 cm-'. A number of C-H. bond-stretching modes
contribute to this absorption band [7], including C-H3 near 2960 cm-1 (asymmetric), C-H, near
2910 cm- (asymmetric) and C-H near 2800 cm'. The strong optical absorption peak near 2900
cm-' suggests that hydrogen was incorporated mainly into C-H2 sites. The total bonded hydrogen
content is proportional to the integrated absorption,

x,: -f ( dw•-j--•--(1)

taken over the C-H stretching-mode absorption band. As shown in Fig. 5(b), I6, and hence, the
total bonded hydrogen content, increases with PT.

Figure 6(a) shows the effect of PT on the optical transmittance characteristics of 1500 A
thick a-C:H films deposited onto glass slides at 200 0C, keeping F(CH4 ) = 5 ccm and I,= 40
mA. Figure 6(b) shows the corresponding PL spectra as measured at 300 K using 476 nm photo-
excitation. Films prepared at lower PT (30 mTorr) exhibit significant optical absorption below 2.9
eV that extends to about 2 eV. Indeed, the films have a slight yellowish tinge. This suggests the
formation of fairly broad tail-state distributions at the conduction and valence band edges.
Samples prepared at lower pressures (30-50 mTorr) exhibited relatively strong PL with the peak
in the intensity at about 1.9 eV. The a-C:H films prepared at intermediate pressures (75 mTorr)
were largely transparent below 2.9 eV. The corresponding reduced PL intensity is likely due to
weak absorption of the 2.6 eV photo-excitation by the a-C:H films. The preparation of a-C:H
films at relatively high PT (>120 mTorr) again results in appreciable optical absorption below 2.9

eV. Despite the relatively strong absorption of the laser light, a-C:H films prepared at high PT
exhibit weak PL intensity. Moreover. the PL peak is shifted to about 1.75 eV.These results can be explained in terms of the plasma probe spectra. At lower PT, positive
ions such as CH3÷ have a pronounced high-energy tail in their energy distribution that extends

above 200 eV (see Fig. 2(b)). Damage due to bombardment by energetic ions during film growth
at low PT may result in defect structures that contribute to the broad tail-state distributions

indicated by the transmittance measurements. The extent of the high-energy tail as well as the
average energy of the ions is reduced as PT is increased, resulting in less defective film growth.
However, higher PT also increases gas-phase polymerization, resulting in the formation of larger
radicals such as CfI- ions (see Fig. 4(b)). The corresponding films have a pronounced two-phase
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Fig. 6 (a) Optical transmittance and (b) 300 K photoluminescence characteristics for different PT.
Solid lines correspond to 30, broken lines to 75 and dotted lines to 150 meTorr respectively.

structure consisting of diamond-like, four-fold coordinated a-C:H surrounding inclusions of
greyish, three-fold coordinated graphitic a-C:H This is associated with greater incorporation of
bonded hydrogen and additional gap states in the a-C:H that degrade the PL intensity.

CONCLUSIONS
The morphology and optoelectronic characteristics of the a-C:H films prepared by glow-

discharge excitation of CHM using a DC saddle-field cavity are correlated with the discharge
parameters and their influence on the formation and energy distribution of reactive precursors.
Transparent a-C:H films with relatively good PL ch.iacteristics at 300 K were obtained at
intertmediate discharge presstres of about 75 mTorr. Film preparation at lower pressures results
in broad tail-state distributions due to damage arising from bombardment by energetic ions,
predominantly CH,+. Moreover, relatively high PT (>100 mTorr) encourages additional gas-phase
interactions to form heavier hydrocarbons (i.e. CA*) that enhance the growth of graphitic a-C:H.

ACKNOWLEDGEMENTS
The authors wish to acknowledge the financial support extended by the Natural Sciences

and Engineering Research Council of Canada, The University Research Incentive Fund of Ontario
and Ontario Hydro.

REFERENCES
1. D.S. Whitmell and R. Williamson, Thin Solid Films, 35, 255 (1976).
2. D.A. Anderson, Phil. Mag., 35, 17 (1977).
3. B. Meyerson and F.W. Smith, J. Non-Cryst. Solids, 35&36, 435 (1980).
4. Y. Hamakawa, T. Toyama and K Okamoto, . Non-Cryst. Solids, 115, 180 (1989),
5. M. Shimozuma, G. Tochitani, H. Ohno, H. Tagashira and J. Nakaham, J. Appl. Phys., 66,447
(1989).
6. ILV. Kaklcky and S. 7Zkotynnki, "DC Saddle-Field Pum-Enhanced Vapour Deposition"
in editors JJ. Pouch and S. Altemvitz (Trans Tech Publications.
Ltd., Aedermannsdorf, Switzerland) in psm.
7. N.B. Colthup, LH. Daly and S.E., Wiberly, Inrduction t Inrwed ndMM Sncrowco,
2nd ed. (Academic Ptess, New York, 1975) pp. 190-340.

542



I

MOMBE GROWTH OF YBCO SUPERCONDUCTING FILMS
WITH IN-SITU MONITORING OF RHEED OSCILLATIONS

K. Endo, F. Hosseini Teherani, S. Yoshida and K. Kajimura.
Electrotechnical Laboratory, Tsukuba, lbaraki 305, Japan.
Y. Moriyasu.
Asahi Chemical Ind., Fuji, Shizuoka 416, Japan.

ABSTRACT

We have succeeded in in-situ growth of YBCO superconducting films by
developing a new MOMBE technique which employs in-situ monitoring of
RHEED intensity. The X-ray diffraction pattern showed peaks
corresponding to those calculated from the Laue function which indicates the
high quality of films grown using MOMBE. AFM and RHEED oscillations
show 2-dimensional unit cell by unit cell growth.

INTRODUCTION

Among the various deposition techniques used for the in situ
deposition of High Tc materials, such as sputtering or laser ablation,
chemical vapor deposition (CVD) has become increasingly important.
Molecular beam epitaxy (MBE), however, is superior to CVD in control of
composition and regulation of film thickness, allowing monolayer resolution
through in situ monitoring and shutter control. Problems such as oxidation of
sources and requirements for a higher evaporating temperature, however,
limit the use of MBE systems. In order to overcome these problems we have
developed a metalorganic molecular beam epitaxy (MOMBE) system which
combines the advantages of both CVD and MBE. Through the use of metal
chelates as source materials we can obtain a higher oxygen pressure than
with metal sources, because the volatilization temperatures of the former are
much lower than those of metals. The new technique also allows us to
characterize the growth in situ through reflection high energy electron
diffraction ( RHEED). Furthermore the use of metal chelate sources offers
the possibility of atomic layer epitaxy with a self-limiting growth
mechanism, which is one of the more promising techniques for fabricating
future electronic devices.

In our previous studies, we initially used Ba(PPMh (PPM: pentafloro
propanoylpivaloyl methane) as a source material for Ba, where PPM ligand
contains fluorine[l]. Since the as-grown films were amorphous, insulating
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and contained fluorine, a post-annealing step was necessary in order to
obtain a superconducting YBa2Cu 3Ox (YBCO) thin film. The presence of
fluorine inclusions, however, was reported to be responsible for a substantial
decrease in superconducting phase[2]. We then demonstrated that we could
obtain superconducting YBCO thin films (Tc=45K) on MgO(100)
substrates, using high quality, fluorine-free, P3-diketonate chelate of Ba:
Ba(DPM) 2 (DPM: dipivaloyl methane) and ex-situ post-annealing[3]. In this
paper, we report on the successful in situ growth of superconducting YBCO
thin films (Tc=85 K) using liquid ozone.

EXPERIMENTAL

Figure I is a schematic drawing of our MOMBE apparatus. The main
chamber was evacuated to less than 10-8 Tort using a turbo molecular pump
with a liquid nitrogen shroud. The pressure in the chamber during growth
varied between 5 x l0-5 and 6 x 10-5 Tort. The Y(DPM)3, Ba(DPM)2 and
Cu(DPM)2 source materials were loaded into PBN crucibles and heated to
77-78, 143-150 and 60-64 'C, respectively. MgO(100), Nd:YAIO3(100)

d . •substrate
deosion chamber sub e load lock chamber

pure-0,iID ' C/ I'-.\K-cel __L_

supplying unit C(PM),

Fig.l: Schematic drawing of MOMBE apparatus. TMP: Turbo Molecular
Pump, RP: Rotary Pump, HC: Heater Controller, VLV: Variable Leak
Valve.
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and SrTiO3(100) substrates were fixed to an Inconel block using silver paste.
The substrate temperature was varied from 536 to 615 "C, using a graphite
heater coated with silicon carbide. The substrate temperature was measured
using a pyrometer. Ozone, initially liquid in the supplying unit, was
introduced during growth through a nozzle near the substrates with a flow
rate of 0.24 SCCM. The distance between substrate and nozzle was about 3
cm. Under these conditions, the growth rate varied between 70 and 100 Afhr.

The deposition was monitored in situ using RHEED with an
accelerating voltage of 25 kV. Following the deposition, the compositions
and the structures of the films were examined by inductively coupled plasma
spectroscopy (ICP) and X-ray diffraction (XRD), respectively. The surface
morphology was observed using an atomic force microscope (AFM).
Finally, electrical characterizations were carried out using a standard four
probe DC method, where Cu wires were attached with Ag paste to Au
electrodes deposited onto the films.

FILM CHARACTERIZATION

Figure 2 shows the curve of resistive transition versus temperature for
YBCO thin films deposited on SrTiO3(100) under the conditions described
in Table 1. This curve shows a sharp superconducting transition and exhibits
one of the highest zero resistance temperatures Tc (0) = 84 K. Longer
deposition time, for a given substrate temperature and ozone pressure, is
observed to cause an increase in Tc. This table also shows the importance of
the ozone pressure in controlling the Tc value.

Table 1 Growth conditions for YBCO on SrTiO 3.

Sample Deposition Conditions Thickness Tc(zero)

Substrate Ozone
Temperature Pressure

(0C) (Ton) (A) (K)
1 607 5.OX 1O0" 320 85

2 615 5.2X 10.5  80 74

3 605 5.0X 104  210 76
4 548 5.OX 10' 150 78

6776
I /"•.•.;'i • " .

• . . 4. ,'. ...- • • . .

I_. . '• • .. ,- • v



Figure 3 shows the RHEED intensity oscillation during YBCO thin
film growth on a SrTiO3(100) substrate. The electron beam was directed
parallel to SrfiO 3[100]. During the deposition, clear changes in RHEED
intensity and a streaky RHEED pattern were observed. This result shows that
two dimensional layer-by-layer growth is continuous throughout film

84
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Fig.2: Resistance versus temperature
for a 150 A thick YBCO film(b
deposited on SrMi3(100).(b
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Fig.4: X-ray diffraction pattern
measured around the YBCO(001) peak
for (a) the same sample as in Fig.3,
showing a pattern which corresponds

0 10 20 30 40- 50 J to 7 YBCO atomic layers. The

Time/min continuous line corresponds to the
experimental measurement and the

Fig.3: The change in RHEED intensity broken line corresponds to the
through the formation of YBCO on theoretically calculated Laue function.
SrTiO 3(100). The signal was measured (b) the same sample as in Fig. 2
for a specular diffraction spot. Arrows showing a pattern which corresponds
indicate each period of oscillation. to 14 YBCO atomic layers.
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Fig.5: AFM image of YBCO on SrTiO3

growth. The deposition was stopped after seven oscillations. The
development of surface morphology is different from that observed with
MgO(100) or Nd:YAIO 3 (lO0) substrates. Indeed, for YBCO thin films
grown on MgO(100), after 5 minutes the streaky RHEED pattern, which
characterizes the substrate surface, gradually becomes diffuse, revealing
surface roughness. Hlowever, the streaky pattern can be observed again as
the film thickness increases further. The results obtained with
Nd:YAlO 3 (100) substrates are better than those for MgO(l00), but still not
as good as for SrTiO 3(100).

The film thickness was deduced from the Laue function. Figure 4(a).
shows the X-ray diffraction pattern measured around the YBCO(00 1) peak.
The observed oscillatory peaks are attributed to a Laue fuinction calculated
for 7 YBCO atomic layers (about 80A). The reliability of this method was
confirmed by measuring a YBCO thin film with 14 layers (Fig. 4(b)). It can
clearly be seen that there is a critical interdependence of thickness and Tc.
Indeed, the measured Tc for the 7 atomic layer thick YBCO thin film was 74
K, and that for the 14 atomic layer thick film was 84 K.

Finally, AFM observations for a 200A thick film (Fig. 5) showed that
the surfaces of these films have steps with a height of either 1 or 2
monolayers. Moreover, one can notice the absence of screw dislocations.
These 2 points are consistent with RHEED measurements and confirm the 2-
dimensional growth mechanism.

CONCLUSIONS

In this paper, we successfully used MOMBE to grow YBCO thin
films. Through use of RHEED intensity oscillations we could control the 2
dimensional growth. In this way, YBCO thin films could be grown with a
roughness of the order of 1 to 2 atomic layers without the use of miscut
substrates. Finally, our samples were screw-dislocation free, which
represents the first step towards realization of viable devices.
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