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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 II-VI compound semiconductors is covered in Part Il together with several
studies discussing new precursors. Part 11l 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 be 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.). 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 usc 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 mode! 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 finite-radius RDR which mimics the ideal, 1-D behavior
from the von Karman (similarity) solution. Coltrin, Kee, and Evans [5,6) developed a 1-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 1-D model. As has been shown before {4}, the fluid
flow in this reactor is well-understood and easily modeled; gas-phase temperature profiles
match the 1-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."

3
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EXPERIMENT

The experimental RDR has been described elsewhere {4]. 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
[3]. 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 909, spectrally selected with
a 0.5 meter monochromator, and detected with a photomultiplier tube. Si atom density
measurements were done by tuning the laser to the J=2—»1 line of the 453 PU—»3p2 3p
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 [6] solves the 1-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 [8,9). The low-pressure and high-pressure limits of the rate constants are given by

ko= AT™exp(-E,/ R.T),
k. =AT" exp(-E./R.T).

The rate constant as a function of pressure is then

P
k=k (——=)F,
'(HP.)

L

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

2 1
logP, +¢
2|14 —22 2 (| logF...
log F [+[n—d(logP,+C)]] OB £ com

¢=-04-0.6710g F,,
n=0,75-12710gF,,
d=0.14

The constants are

and F., =(1-a)exp(-T/ T**)+aexp(-T /T*)+exp(~T**/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 G1 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 [10-12] 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 G10 is the main production / destruction route for Si
when disilane is used as a starting gas [7], 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 [13] were used.

TABLE 1
__Reaction Rate coefficients (seemotes) ~ Notes
Gl SiH4(+M) o SiH2+H2(+M) 3.12E09 1.7 54710 ab

5.214E29 -3.545 57550 c
-0.4984 888.3 2094 2760 d
G2 SipHe(+M)eH2+H3SiSiH(+M)  9.09E9 1.8 54197 ae
1.945E44 -7.772 59023 c
-0.1224 793.3 2400 11.39 d
G3  SioHe(+M) & SiH4+SiH2(+M) 1.81E1I0 1.7 50203 ae
5.09ES3  -10.37 56034 . ¢
4.375E-5 4385 2726 438.2 d

G4 H2+H3SiSiH & SiH4+SiH2 941E13 0 4092.3 ae
943E10 1.1 5790.3 f
G5 Si3Hg(+M)e>SiH4+H3SiSiH(+M) 3.73E12 1 50850 ag

4.36E76 -17.26 59303 c
04157 3653 3102 9.724 d
G6 SizHg(+M)e>SiH2+Si2Hg(+M)  697E12 1 52677 ag
L73E69  -15.07 60491 c
-347E-5 442 2412 1283 d

G7 SiH4+H3SiSiH & SiH2+Si2Hg 1.73E14 0.4 8898.7 ag
2.65E15 0.1 84734 f
G8 H3SiSiH(+M) &H2SiSiH2(+M)  2.54E13  -02 5381 a,h
1.099E33 -5.765 9152 c
-0.4202 2145 103 1363 d
G9 SiH4+Si &H3SiSiH 1.0E12 0 5000 ah
G10 Si2He+Si «>H3SiSiH+SiH2 1.3E15 0 12600 ah
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), B_ (unitless), E_ (cal/mole)

b Fits to data in Ref. 10

¢ Arrhenius coefficients for the Iow-fressum limit: A, (units depend of reaction order, but are
given in terms of moles, sec, and cm>), B, (unitless), E, (cal/mole)

d Troe parameters (see text): a, T***,T* and T**

¢ Fitg to data in Ref. 12

f Arrhenius 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, & Si+H,

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.
1t 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 1 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.
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The effect on the calculated H2-dependence of adding the reaction (which we will call G11)
SiH, & Si+H,

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 1 as Case 1). The
peak Si density for the baseline conditions when G11 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 Torr H) added, with the intermediate cnrves 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 G11 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
sho;'_tcr the distance before a Si atom collides with an H) and is destroyed, thus the narrower
profile.

Generally speaking, the rate of the forward direction of G11 is independent of added H2, but as
{H2] 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 G11; the
behavior depends on the equilibrium constant for G11 (ratio of forward to reverse rate
constants) no matter what the value of the forward rate constant &, itself. The equilibrium
constant, in turn, depends on the reaction thermochemistry, which'is well established for these
species. For a given k,, 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 &, to be in error by a factor of 100, which is also too large.

Due to the marked H7-effect on profile widths, reaction G11 could only be the dominant Si
atom production route if there is some other reaction that can compete with the reverse of G11
for Si-atom destruction. Because the H2 concentration is so great at 10 Torr (relative to most
other species in the gas), the only plausible collision partner with a concentration large enough
to compete with HY is SiHg, i.e., in reaction G9. To test this possibility, a mechanism including
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is increased by a factor of 50. (Case 3)

Si production by G11 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 groﬁle 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 G11 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 1 mechanism
plus reaction G11) also exhibit a very weak dependence of Si density upon inlet silane.

The combination of results just presented essentially rule out reaction G11 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 G11 by the necessary factor of 100. When a fast reaction with SiHy is allowed to
compete with the H2 for the destruction of Si, the profiles become t0o narrow (Fig. 7) and the
Si density becomes independent of silane partial pressure (Fig. 8).

The dependence on silane peartial pressure for the nominal mechanism in Table 1 (labeled Case
1 in Fig. 8) shows a slight sub-lincar behavior. Earlier in the paper, it was mentioned that the

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 G9 by a factor of 10.
With this change, the calculated Si density increases by a factor of 3.5, but at the expense of
further deviation from the nearly linear dependence on silane partial pressure seen
experimentally.




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 eneigy 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 159 leads to a factor of 3 uncentainty 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 G1-8 were held fixed. But, for example, if the rate
constant for G1 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 SILICON
HYDRIDE SPECIES

JOSEPH M. JASINSKI
IBM Rescarch Division, Thomas J. Watson Rescarch Center, Yorktown Heights
NY 10598

ABSTRACT

This paper presents a summary of the current state of our understanding of
the absolute reactivity of transient siticon hydride species, such as SiH, SiH; and
SiHj in the gas phasc and at the surface of thin films.

INTRODUCTION

Over the past decade, substantial progress has been made in understanding the
absolute reactivity of transicent silicon hydride specics. The goal of such activitics
has been to provide a general, transferable sct of rate data for usc in modclling
and understanding various types of silicon CVD processes. The philosophy be-
hind this cffort is summarized in a recent review article [1].

Thus far, time resolved gas phasc kinctic techniques such as flash photolysis
with laser absorption, laser induced fluorcscence (L1F), laser magnetic resonance
(LMR), and photoionization mass spcctrometry have been brought to bear on
understanding the absolute reactivity of SiH, SiH2 and SiHj in the gas phasc.
More recently, LIF, resonance enhanced multiphoton ionization (REMPI) and
low energy clectron impact ionization mass spectrometry have been used to detect
these species as they are consumed at surfaces, thereby allowing the dircct deter-
mination of fi, 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 SiH, SiH; and SiH; rcacting in the gas
phase with a range of reaction partncrs are presented in Tabic 1, Table I and
Table 111. For comparison the rate constants are 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 temperaturc and pressurc ranges. The data arc comprchensive
through July 1993, and summarize the available Kinctic data basc for the gas
phase reactions of these radicals. 1t should be noted that in many cascs, partic-
ularly for reactions of SiH and SiH,, the rate constants arc pressure dependent
becausc the reactions are threec body association rcactions in the fall off or low
pressurc regimes. Nothing is known about the temperature dependence of the
rate constants for SiH. There is some temperature dependent data for SiHa. In

1
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particular it should be recognized that the rate constant for inscrtion of SiH; into
the Si-H bonds of silane has a negative temperaturc dependence (i.c. the reaction
becomes slower as temperature increases). The silyl radical SiH3 has perhaps
been the most thoroughly characterized kineticaily, with a number of temperature
dependent studies. A notcable exception is the rcaction of silyl with silane
(SiDy), which was studicd only at room temperature, and was too slow to be ob-
served under those conditions.

Table 1 Absolute Rate Constants for SiH Rcactions

Reactant Rate Constant Conditions Reference
{cm3 moleculct s-)

H, < (1.240.2)x10- 14 S Torr He [2}
D, < (1.840.2)x10- 14 5 Torr He [2]
NO (2.540.3)x10~ 10 2 Torr Ar [3]
0, (1.740.2)x 10~ 10 2 Torr Ar 3]
CoHSiH, ~3x10-10 2 Torr Ar [3]
SiH, (4.340.3)x10- 10 S Torr He [2]
(2.740.5)x10~ 10 2 Torr He [2]
(2.840.6)x10-10 2 Torr Ar 3]
(3.34£0.5)x10- 12 4-50 mTorr, (4}
500 K

H, (1.6£0.1)x10- 1 SiHv = | (2]

S Torr He

12




Table 2 Absolute Ratc Constants for SiH, Reactions

Reactant Rate Constant Conditions Reference
(cm3 molecule! s-)
H, (1.0+0.4)x10~ 13 1.8 Torr He [5]
(2.6+0.6)x10- 13 2 Torr He (6]
D, (2.6+0.7)x10- 12 5 Torr He 7]
(1.940.2)x10- 12 S Torr SFq, (8]
268-330K
Sitl, (6.740.7)x10 - 11 1 Torr He 6]
(1.14£0.2)x10- 10 | Torr He [51
1.3x10- 10 I Torr He 9]
4x10- M1 1 Torr He [103
2.5x10- 10 | Torr SF,, [24}
SiD, 2.6x10- 10 2 Torr He [26]
CH,SiH; (3.74£0.2)x10~ 10 5 Torr SF, [9]
(CHjy),SiH; (3.340.3)x10- 10 5 Torr SF, 9]
’I (CH;);SiH (2.5+0.1)x10- 10 5 Torr SF, 9]
SioHg (5.740.2)x10-1? I Torr He {5]
(1.54£0.2)x10- 10 1 Torr He [6]
(2.840.3)x10- 10 5 Torr He [6]
(4.6+0.7)x10- 10 5 Torr Ar [93
1.7xi0- 10 I Torr He [10]
CH, < (2.540.5)x10- 14 S Torr He [
C,H, < (1.210.5)x10- 14 5 Torr He [
g C,H, (9.711.2)x10- 1 1 Torr He (53
(2.640.3)x10- 1! I Torr He [
39x10-1 1 Torr Ar [23]
6.7x10- 1" 1 Torr SF [23)
C;3Hg (1.240.0)x 10— 10 5 Torr He [
(propylene) 24x10- 10 - 91
13
'
1




C,Hq (1.940.2)x10- 10 5 Torr He (]
(butadicnc)
C,H, (9.8+1.2)x10~ 1! 5 Torr He [
Hcl (6.8+1.0)x10- 12 $ Torr He [12]
Cl, (1.4+:0.2)x10-10 5 Torr He [12]
NO (1.740.2)x10- 1! 5 Torr He [12]
0, (7.7+1.0)x10- 12 5 Torr He [12}
co < 10~ 13 5 Torr He [12]
N, < jO- 13 5 Torr He (123
N,O (1.90+0.09)x 10~ 12 10-100 Torr Ar [13]

In summary, the monositicon hydride radicals SiH and SiH; are cxtremely reac-
tive with the Si-H bonds of silane. As a result, their gas phasc 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 rcactive 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], regardiess of the relative production rates of cach radical by
clectron 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 wilt
easily reach film growth surfaces. In thermal systems where only silylene, SiH»,
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 [1].

While the data summarized here provide a consistent qualitative picture,
careful inspection of the rate constants, especially in the casc of SiHj, reveals the
need for further work. For example, while all studies agree that silylene reacts
rapidly (in the sense of ncarly gas Kinetic) with silane, the rate constants arc
scattered over a factor of two to three in valuc, while the error bars tend to be
+10-20% for any given study.
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Table 3 Absolute Rate Constants for SiH; Reactions
Reactant Rate Constant Conditions Reference
(em3 molecule? s1)
SiH, < (6.1+3.5)x10- 1! 9.5 Torr He [14]
(1.540.6)x10- 10 0.9 Torr H, [15]
(7.9+2.9)x10- 1! 9.5 Torr He [16]
(1.24+0.4)x10-10 5 Torr He [17]
H (2.0+1.0)x10- 1! 9.5 Torr He [16]
0, (9.74:1.0)x10- 12 1-27 Torr Ar [18]
, (1.3+£0.4)x 10~ 1! 1-6 Torr He [19]
(1.3+0.3)x10- 1 1-10 Torr N, [20]
1.2% 10~ 11 [25]
v NO (2.540.5)x 10~ 12 9.5 Torr He [14]
. (R2+0.9)x10- 3 a 3-11 Torr N, [20]
N,O < Sx10-18 [19]
‘- NO, (5.140.9)x 10~ " 3:10Torr N,  [20]
’( 5.05x10~ 1 [25]
CyH, < (343)x10- 18 9.5 Torr He [14]
)
i C;H, < (1.540.5)x10- 14 9.5 Torr He [14]
: {(propylene)
C;H, < (1.810.4)x10- 14 9.5 Torr He [14]
(propync)
{ NOCI (1.340.3)x10- 1 S Torr Ar [18]
| ;
| f $,Cl, (2.440.5)x10- 1! 4-7 Torr He, [21]
r : 326K
3
i ccl, < (5+£2)x10-14 9.5 Torr He [16]
!
i SiD, < (4+2)x10- 14 9.5 Torr He (16]
)
§ SiyHy < (7+4)x10-13 9.5 Torr He [16]
15
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HBr (1.7740.29)x 10~ 12 4.7 Torr He [22]

HI (1.7940.21)x 10~ 1! 1.8 Torr He [22]

a Rate constant is lincar in total pressurc. Units are cm® molecule s}

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

TRANSIENT SPECIES CONTAINING MORE THAN ONE SILICON
ATOM

Very little experimental information is available on transient silicon hydride
specics containing more than one sificon atom. The family of molecules SipHy,
x = 1-5 has been cxtensively studied by ab initio theoretical techniques. Ground
state structures and the cnergetics of the ground state potential surfaces have
been characterized. This work, along with photoionization data for some of these
specics is summarized in references [28,29]. To date, only SizH; 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. Jasinski
[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. [t is not clear whether these transients arc the
same as those rcported carlier in a silanc flash photolysis experiment [34].
Jasinski [33,35] 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 threce monosilicon hydride radicals. Ho et al. [36]
have reported a value of f#=0.94 for the loss of SiH on the surface of a growing
amorphous silicon film. This value was detcrmined using a spatially resolved LIF
technique. Robertson and Rossi [37,38] have used REMPI in a static bulb cx-
periment to determine a value of f=0.15 for silylene. Most recently Jasinski
{391 has used a discharge flow mcthod to determine a value of $=0.05 for silyl
on a surface containing silicon, hydrogen and chlorine. Krasnoperov et al. [40]
have reported a similar experiment, using LMR to detect silyl and report surface
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loss cocfficients as a function of temperature which are in the samc range as
Jasinski‘s result. Howecver, the flow dynamics in Krasnoperov's experiment, and
hence the determination of f from the experiment, arec complicated by thermal
gradients which were not fully modelled [41]. While the qualitative ordering of
these coefficients appears to reflect the relative gas phasc 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 SiH3 result is not in good agreement with values derived
from PECVD film growth studics [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

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.

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 1o model such processes. Current models encompass a variety of complex processes.
including nucleation, coagulation. coalescence, transport, and sintering [1-4]. 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 [3] 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 caiculations 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 Gaussian90 {5.6] 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 H,0 and SiH4 [7). 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 H;SiO and H1SiOH 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-O) = 628.3(exp -2.42r); where r is the Si-O bond distance calculated at the

/6-31G(d) level and E is the energy correction in kcal's calculated at the MP4/6-31G(d.p)
level. Spin contamination effects for open shell species have been corrected using the procedure
outlined by Schiegel [9] 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 moiecule 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 incvitably 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 eipressed as follows:

Apg + A = Ap*
Ap* + M = Ap + 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 saddie 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 {12]. Since there are no experimental
kinetic data for the (SiO), 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 panticular
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-!. The last number is based on
high-temperature studies of the decomposition of organic molecules.
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Based on prior experimental and detailed chemical kinetic modeling for a silicon/silica mixed
stoichiometry system, it was conciuded 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.

SiO + Sio
— 108 A .
/ /(“?TC\ AH=-2253 Fig 1. Equilibrium structures and
e energetics for SiO polymerization,
o g 2 .\.—2\ MP4/6-31G(d,p)//HF/6-31G(d)

\ IJ’.LO

—

-
AH=- 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 L.R. spectroscopy studies on matrix isolated SiO species
concluding that (SiO),, (SiO)3 and possibly (SiO)s rings were polymerizing from monomeric SiO
[15]. 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 computaticnal requirements.

1

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 barrier. 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. [18] 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 tenﬁrature 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

ition. Behavior for the trimer and tetramer have similar characteristics and are shown in
Fig's. 2b,c, although the three body effects are most pronounced for the dimerization due to the
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smailer size of the molecule and the relatively

low activation energy tor the dissociation. The
magnitudes of the nucleation rates are
significantly different as are the temperature
dependencies. The rate of trimer formation via
reaction of monomer with the dimer is two
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
demonstrate that the initial stage of
condensation process is dependent not only on
the concentration of the reactive species but
also directly on the pressure of the bath gas or
equivalently a (p)2+r dependence where n is
less than 1. With everything else being equal,
the increase in molecular size will lead 10 a
gradual reduction of n.

For the tetramer the rate constant at room
temperature is at the high pressure limit (i.e.
pressure independent). This results from a
combination of high third body density and the
tact that the tetramer has sufficient number of
internal oscillators to dispose of the excess
energy more efficiently than the dimer or
trimer. As the temperature is increased. the
nucleation rate declines again due to third body
collision effectiveness and to a relatively small
density of states for the tetramer (as compared
to the trimer with a much deeper well depth).
As such. the pressure dependence of the
reaction becomes more pronounced as the
temperature increases.

If there are no changes in the general pattern of
the chemistry then as one proceeds to higher
mers the increasing size of the molecule will
lead to values of the rate constant approaching
the high pressure limit. Of course this will also
be the consequence if an exothermic
decomposition reaction should occur after
insertion during any step of the overall process.
It is clear, however, that the rate coefficients
for association are far below the gas kinetic
collision rate that has at times been used for
modeling purposes. This is in contrast to large
cluster growth calculated by molecular
dynamics methods which shows unity sticking
coefficient resulting from the large number of
available oscillators {16).

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 nomenciature or classical nucleation theorv 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 resuits 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.

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 H;O 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,O is
stabilized by the adjacent O 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 kJ/mol for the dimer and trimer respectively.
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\ Ve 2728 237.8
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Fig. 3 Cluster Oxidation Reaction Potential Pathway

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.

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 | atm. For the purposes of the illustration SiO is
assumed to be formed by the atomic recombination of Si and O with a rate(moles/cm3-s) =
1.0E09(Si]{O] and the final product in the simulation is SisOs formed by reaction of SiO with
Si4O4 at arate = 1.0E12(SiO][Si404]. Simulation results are summmarised 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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Fig. 3a,b. Species profiles at 1000 and 1500 K

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 Si0; ON Si(100) USING THE SEQUENTIAL
DEPOSITION OF SiClq4 AND H20

OFER SNEH, MICHAEL L. WISE, LYNNE A. OKADA, ANDREW W. OTT 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+ SiCly — Si-Cl1 + HC1

(B) Si-C1 +H20 — Si-OH + HCl

for controlled $iO2 film deposition. In this binary ABAB... sequence, each surface reaction may
be self-terminating and ABAB... repetitive cycles may f;3x'oduce layer-by-layer controlled
deposition. Using this approach, the growth of SiO; 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 SiO- film
was also produced as revealed by TPD and AES analysis. $iO 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
technology!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;. 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
tsqc&n?;quﬁl(’lnonsequenﬂy, a growth method is desired for conformal and atomic layer controlled

i in s.

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
amorphous material. This deposition technique involves two separate stages. Each of the
individual stages terminates itself after the deposition of a monolayer (ML) or less. The result is
thickness control and a precisc definition of the 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
aspect ratio structures compensates for the time-inefficiency of the ALE process. In addition, a
higher capacity for CVD reactors is possible by decreasing wafer spacing without creating
uneven deposition profiles3.

ThecemgaldepoliﬁonofmopmumnAmdBisemployedinALEorALP. Each
grecumr completely react with the surface and t & stoichiometric layer. This

not straightforward and requires the right selection of the "A" and "B" precursors, as well as

adjusting the 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 arc never flux-limited.
Atomic layer epitaxy has been demonstrated for several systems. In particular, ALE has been
successful for depositing I1I-V and II-VI materials3, as well as some oxide materials such as
Al03%-6 TiO>7-8 and ITO3. Some approaches for silicon ALE have also been suggested?-11,
The techr;igue has been applied for growing crystalline or amorphous films on a variety of
substrates>-S.

SiCl4 and H20 have been used to deposit SiO2 films!2-14, In one deposition scheme,
physisorbed layers of H20 react with gas phase SiCls at temperatures around 300 K!2, These
reactions were not atomic layer controlled according to the strategy of ALE or ALP. We have
used the sequential deposition of SiCly and H20 to grow stoichiometric SiO; 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 SiO; film using Auger electron
spectroscopy (AES), laser induced thermal desorption (LITD) and temperature programmed
desorption (TPD). Stoichiometric and vitreous SiO; films were grown on 8i(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 2-5x10-10 Torr.
The chamber was equipped with a LEED/AES optics (Perkin Elmer PHI 15-120) which was used
to characterize the clean §i(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 100C quadrupole mass spectrometer was used in the LITD and TPD
experiments.

The surface mounting and preparation has been described elsewhere!l3. Briefly, a ~1 Q-cm
kOxl 1x0.38 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 1 . 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 o‘:!fy surface contamination was carbon with levels ranging from <0.2-1 %. The
clean Si(100) surface displayed the expected 2x1 LEED pattern.

A necessary bridge between the UHV techniques and the 10-50 Torr pressures used for CVD
deposition is a high pressure chamber inside the UHV chamber. A few schemes have been
proposedi6-21 following the pioneering work of SomorjailS. The common denominaor of all the
schemes is minimal surface arca 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 cm? of surface area. Once this high pressure cell is
sealed, the cell can be pumped by a turbomolecular pump to sressures below 10-7 Torr. Typically
a pressure of 100 Torr in the high pressure cell will cause a pressure increase in the UHV
chamber of less than 4x10-10 Torr,

The sample holder is attached to a liquid nitrogen cryostat through a He thermal switch?2,
The thermal switch controls thermal conductivity between 0.05 to 1.25 WAC by varying the He
pressure between 5 to 500 mTorr, respectively. Sample temperatures can be ac{ieved 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
1 MAN!PULATOR

Fig. 1: An illustration of the high pressure dosing
apparatus. (1) Liquid nitrogen cryostat; (2) He
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)
Sample holder heater; (8) Viton gasket; (9)
Si(100) sample; (10) Cap; (11) Translation stage;
(12) Pumping line; (13) High pressure dosing line.

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 H20
(up to 20 Torr) and SiCly (1-50 Torr) 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 SiClz
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
obtainec from a H2O saturation dose. H20 exposures on Si(100) are known to saturate at an
oxygen coverage of 80= 0.5 ML (1 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 SiCly ("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
saturation coverage. The first chlorination stage is performed at 300 K and 1 Torr for 30 sec. to
avoid surface etching. The second and third SiCly "A" stages saturate after 20 minutes at 50
Torr. In comparison, 10 minutes were necessary for 10 Torr of H2O 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 SiCly is given relative to the first SiCly dose. This chlorine is then
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removed by the H2O reaction to deposit oxygen on the surface. Evidence that this stage leaves
surface hydroxyls is the subsequent reaction with SiCly to yield a chlorine coverage comparable
to the first SiCly 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 H20 exposure

at 10 Torr at 600K.

Controlled SiQ, Growth
SiCl,/H,0 Binary Reaction Sequence

A cigicl cal
Jm,o
— 8 HH H H
10 Torr Water 20 0 O + HCI
e
21600 K
9 ‘L+s101.
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_ 0
50 Ton SCi, + Her
s

Fig. 2: Atomic layer controlled growth of SiO;
using SiCly and H20.
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The saturation conditions described above were used to deposit SiO2 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 increase of the
film thickness. This is a typical behavior of SiO desorption from thick $iO films on silicon23,
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 o7 chlorine on
the m;rfaoe. The thermal oxidation then proceeds very slowly after depositin), two 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 10x(AB) process resembles the spectrum of a ~15 A thick
thermally grown SiOz film24, Chlorine incorporation into the film is minor (<1%).
Representative AES spectra are displayed in Fig. 6.

1.
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Fig. 6: AES taken after various AB cycles  Fig. 7: Oxygen coverage after 60 s and 120 s
during SiO; growth on Si(100). H20 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 Torr 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 "B1" 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 study23, The reaction
proceeds to completion in less than one minute in the temperature range of 640-700 K. A similar
optimization edure has determined that the "A2" and "A3" reactions saturate in less than 1
minute at 10 Torr at 660 K. However, saturation of the "B2" and "B3" reactions after less than 1
minute requires a temperature of 680 K.

g
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CONCLUSIONS

Atomic layer controlled growth of SiO; has been demonstrated using a binary ABAB...
reaction sequence with SiCly and H2O. These studies were facilitated using a high pressure
chamber for the ABAB... SiO; growth that was internal to the UHV chamber . The SiO; 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 $i07 on silicon surfaces.
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INFRARED STUDIES OF OZONE-ORGANOSILICON CHEMISTRIES
FOR §iO, 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 O3 decomposition and the reaction of O3 with tetramethylsilane and
tetracthoxysilane. The results confirm the interpretation that O3 decomposition is heterogene-
ous, and a dominant factor in SiO, deposition using these chemistries. Product analysis shows
that the higher reactivity of TEOS with Oj; 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

cthoxy groups.

INTRODUCTION

Previously (1], we showed that SiO, deposition from ozone (O3) reactions with
tetramethylsilane (TMS) and tetracthoxysilane (TEOS) exhibited the same activation energy (16
kcal/mol). Both systems exhibit [1,2] a saturation (1%'- to O-order kinetics) in deposition rate as
O3 concentration is increased. Recent [3] studies with TEOS exhibited an Arrhenius A-factor
about 25 times larger than with TMS, while using less O3 to reach saturation than TMS (1 O;-
per-TEOS vs. 5 O3-per-TMS at 330°C). We interpreted these observations by a mechanism in
which heterogeneous decomposition of O3 was rate-limiting, with saturation behavior resulting
from surface coverage saturation or complete consumption of one of the principal reageats.
Here, we report the application of gas-phase Fourier transform infrared (FTIR) spectroscopy as a
probe for reactants and products during deposition of $i03. 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 t0 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 resuiting
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gas mixtures were blended with an 03/0, mixture (PCI Ozone ozonizer) near the entrance to
the shower-head. Typical reactor feed consisted of about 70% O, and 26% He, with a fixed con-
centration of TMS (0.14 v%) or TEOS (0.09 v%) and variable O concentrations (0.05-3.4 v%).
The lower electrode (sample platen) was heated to typical SiO, deposition temperatures and the
reactor effluent passed through a 15 cm. gas cell for infrared analysis using a Mattson FTIR
spectrometer with 1c¢m™! 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 (Si05)
of the reaction of O3 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 O3 loss in a reactor when no Si-
source is present, we might expect gain insight into: 1) whether O3 decomposition or direct reac-
tion with the Si-source initiates SiO, 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 O3 and its wmperature dependence in our experimental
apparatus require a mechanistic construct to convert measured concentrations of O3 to an
apparent rate constant for ozone decomposition. The accepted mechanism for QO3 pyrolysis has
been given by Benson and Axworthy [4] as:

1

03+M:O+02+M 1,2)
2
3

0+0;920, 3)

where M represents represents a third-body that initiates decomposition. In our experiment (a
dilute mixture of O in O3), M is either O, or a susface 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 O3 loss is given by:

03] _ _ 2k ks [0517[M]
d kz [02] [M] + k3 [O3] ~

For dilme O; mixtures, the overall loss becomes second-order in O3 when
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Figure 1. Arrhenius plot of ky,, for O3 decomposition. Dotted lines are scaled, spline fits to
$i0, deposition rate data for TMS [1] and TEOS {3] reaction with O5.

k3 [03] << k3 [M] [O,], and the overall Arrhenius activation energy, E,, is associated with
the ratio k; k3 /k,. 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 O3 is first-order in O3 with a
temperature dependence governed solely by k. Here, an activation energy of about 24 kcal/mol
is expected for homogeneous initiation (reactions 1 & 2, M=0,).

Figure 1 shows an Arrhenius plot of O3 loss based on infrared results and the second-
order scenario presented above. For comparison, dotted lines showing the temperature depen-
dencies observed for O;-induced SiO, deposition from TMS and TEOS are included. It is
apparent that second-order O3 kinetics gives excellent linearity in the Arrhenius plot of the
resulting rate constant for overall O, loss, ky,,,. A weighted [1/(est. emror)?] least-squares fit
gives an activation ecnergy 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 more heavily since those at lower T comrespond to small differences in large O3 concentra-
tions while those at higher T correspond to low absolute O3 concentration. Analyzing the data
as first-order kinetics resulted in a noticeable curvature in the Arrhenius plot suggesting that
under present experimental conditions ko [M] [0;] >> k3 [O3].

Several points become clear. First, the activation energy for O3 loss is well below that
expected for homogeneous initiation (M = O,), supporting the interpretation that O
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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 (1) by the heat of adsorption. Thus, the observed E, (21.2 kcal/mol) for O,
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, depo-
sition from TMS and TEOS[1,3]. With TMS or TEOS present, the reaction:

O + TMS(TEOS) — —» SiO, (&)}

competes with reaction (3) and a similar steady-state analysis for O atoms gives the overall rate
of 5i0, formation:
d[Si0;] - ki ks [03] [TXS] [M]
dt ks [O2] [M] + k3 [O3] + ks [TXS]

O]

where X = M or EO for TMS and TEOS, respectively. Again, the role of O3 in the overall kinet-
ics is paramount, although we would expect different overall activation energies for SiO, depo-
sition from TMS and TEOS, unless the respective E, (k) are accidentally equal or very small.
When k3 [0, }{M] is large, SiO; deposition is first-order in O3 and Si-source, with an effective
rate constant ~kks/ky. Attributing the suppression in E, (determined above) to k,, 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 O-atom astack
on the Si-source has a low barrier. When k,[0,]{M] is small, agreement with the deposition
rate temperature dependence requires reactions (3) and (5) to exhibit nearly equal E,’s for both
precursors. In either case, the proximity of the activation energies for O3 decomposition and
Si0, deposition tends to rule out the possibility that direct reaction of O3 with the Si-source is
initiating deposition.

Using FTIR product analysis, we have gained some insight into the origin of the factor of
25 greater reactivity that TEOS exhibits relative to TMS in O3-induced SiO; deposition. In pre-
vious work [1,3], it was suggested that this could arise from the ability of TEOS to undergo
spontancous decomposition by a- and B-hydride elimination [6,7], for example. Thus, once
activated by initial attack from an ozone-generated species like atomic oxygen, TEOS could
spontaneously eliminate C,-fragments enhancing the probability of SiQ, formation. At the
same time, such eliminations would result in the lower demand for O3 with TEOS than TMS.

Figure 2 shows portions of the high-resolution FTIR spectrum of an O3-TEOS reaction
mixture with a low O3/TEOS feed ratio (0.63) and low platen temperature (247°C). Also
included are reference spectra of H, O, acetaldehyde (CH 4 CHO), and acetic acid (CH 3 COOH).
Although H,0, CO, CO;,, formaldehyde (H,CO) and formic acid (HCOOH) were common
oxidation products in the ozonation of TMS and TEOS, CH; CHO and CH 3 COOH were unique




-

et 18 it - e e,

(b)

H,0

s CH,COOH

§

£

2

£

<
TEOS+O,

¥ T T T v T T —r T v T
1500 1450 1400 1350 3620 3600 3580 3560 3540
Wavenumber (cm'’) Wavenumber (cm’")

Figure 2. Portions of the high resolution FTIR spectrum of a 247°C, 520 Torr reaction mixture,
initially containing 0.08 v% TEOS and 0.05 v% O;. Spectra of water, acetaldehyde, and acetic
acid vapors are overlaid for comparison.

to TEOS and indicative of some degree of spontaneous elimination. By making gaseous stan-
dards of these products, we have determined that, on average, for the conditions of Figure 2,
each TEOS molecule could be eliminating 1 CH3 CHO and 1 CH3 COOH. This is indeed a for-
midable difference between TEOS and TMS; however, what is more interesting is the absence of
other species. We did not detect a-hydride climination products (C,;H4 and CH3 CH, OH) nor
C,Hg, an indicator of 6-center B-hydride elimination. Mechanisms of B-hydride climination [6]
involving 6-center transition states (2 ethoxy groups) require formation of C,Hg when acctal-
dehyde is eliminated. This suggests that acetaldehyde is formed by a 4-center elimination pro-
cess involving only one ethoxy group and the Si-center. Furthermore, acetic acid has never been
reported as an elimination product of alkoxysilanes and yet it appears to be a major contributor
to TEOS decomposition under our experimental conditions. We studied the reactions of the pos-
sible a,B-hydride elimination products with O3 in our reactor and ruled out the possibility that
acetic acid was formed by their oxidation. By analogy to mechanisms (8] of ozone reactions
with hydrocarbons, acetic acid might form from rearrangement of the biradical CH4HCOO.
Such a species could form only from direct oxidative cleavage of an ethoxy group, a process that
has never been proposed, let alone detected.
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DIETHYLDIETHOXYSILANE AS A NEW PRECURSOR FOR
§i02 GROWTH ON SILICON

MICHAEL L. WISE, OFER SNEH, LYNNE A. OKADA, ANNE C. DILLON, AND
STEVEN M. GEORGE
Department of Chemistry and Biochemistry, University of Colorado, Boulder, CO 80309

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 $iO2 film thicknesses. Deposition of SiO? 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 (FTIR) under UHV conditions. TPD and FTIR results indicated that DEDEOS
deposits ethyl and ethoxy species on the surface which decompose by a f~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 anncaling to 820 K. The amount of Si02
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 Si02 growth by tetracthoxysilane
(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 concems, 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{1]. 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 (DEDEOS). DEDEOS may display very different deposition
properties from TEOS because of differences in its size, stoichiometry, reactivity, decomposition
products, and sticking coefficient. Most notable is the possibility that DEDEOS may sustain
reactive silicon atoms during $iO2 growth that are not terminated by oxygen. In addition,
DEDEOS may allow precise control of $i02 deposition by cycling the adsorption of DEDEOS at
low temperature with thermal annealing to remove the unwanted reaction products.

a w:mwﬁm on silicon using DEDEOS was studied in three regimes using laser-
indu al desorption (LITD), temperature-programmed desorption (TPD), Fourier—
transform infrared spectroscopy (FTIR), and Auger electron spectroscopy (AES). First, the
adsorption and decomposition of DEDEOS were investigated on Si(100)2xi and us silicon.
Second, step-wise growth of SiO2 on Si(100)2x1 was studied by cycling DED! exposure
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with thermal annealing. Finally, SiO; 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 LITD, FTIR, TPD and AES experiments are
identical to those used previously[2,3]. LITD, TPD and AES experiments were carried out under
UHYV conditions at base pressures of ~4 x 10-10 Torr on flat single-crystal Si(100) samples{3].
The silicon samples were obtained from Virginia Semiconductor and were p-type boron-doped
with resistivities of 0.35 to 0.65 Q 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 Torr on
Si(100) samples that had been electrochemically eiched in a HF/C2H50H 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 experimenis were conducted in
anew 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. '{.hngiqup could then be removed and TPD and AES experiments could be performed in
UHV conditions.

LITD 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 2 small spatial area on the silicon sample(3].
Any adsorbates present in this spatial region are thermally desorbed and detected by a quadrupole
mass sf;;cuomctcr 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 LITD. 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 $iO TPD peak for a saturation DEDEOS exposure with the SiO TPD
peak arca for a saturation H2O exposure at 300 K. The H20 exposure saturates on Si(100)2x1 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 Chemi

TPD and FTIR techniques were used 10 characterize the adsorption and decomposition of
DEDEOS on Si(100)2x1 and porous silicon. Only signals at masses 2, 26, 27, 28, and 44 were
detected by TPD. Figure 1 shows the TPD spectra at a heating rate of f§ = 3.8 K/s for masses 2,
27, and 44 after a saturation DEDEOS 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, CoHg4. 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 pm:u?ﬁon of C2Hy4, surface hydrogen, and oxide speclesp'$on decgmposition of
these adsorbates is consistent with a B-hydride elimination mechanism. Ethyl and ethoxy groups
deposited on silicon by other related precutsors such as Si(OC2Hs)4 (TEOS){6,71, C2HSOH[T7],
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and SiH2(C2H5)2 (DES)[8] have also been shown to decompose by a P-hydride elimination
mechanism at ~700 K.

Additionally, transmission FTIR results on porous silicon are consistent with DEDEOS

decomposition by the proposed B-hydride elimination mechanism. After a saturation exposure of
DEDEOS at 300 K, C-O, C-C, and C-H are present 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 cach produced major changes in the spectrum. Figure 2 shows the evolution of the
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Figure 1: TPD spectra for masses 2, 27, and 44 measured after a saturation
exposure of DEDEOS on Si(100)2x1 at 300 K.
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Figure 2: Integrated absorbance for the Si-H stretch (2090 cm-!) and the
C-Hy asymmetric and symmetric stresch (~2900 cm-1) as a function of
annealing temperature.




integrated Si-H stretch region at 2090 cm-! and C-Hx symmetric and asymmetric stretch region
at ~2900 cm-! 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-! assignable to
siloxane bridge species grows as the C-Hy specics decompose. No O-H species were detected.
At T =700 K, the Si-H peaks begin to decrease because of H2 desorption.

Step-wise Growth of Si0 on Sill

In onder to study the deposition of DEDEOS after more than one exposure, repeated cycles
of deposition were performed, cach consisting of a saturation DEDEOS d]:; 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
C2Hg4 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 DEDEQS 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)2x1 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 tion 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 ML/cycle. This behavior

Ethyl + Ethoxy (ML)
o
R
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Cycle
Figure 3: The amount of ethyl and ethoxy species adsorbed as a function of
the number of cycles. Adubedethﬂ_%dednoxyspeme' 3 were
measured using the CoHyg signals.
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Figure 4: The amount of oxygen deposited as a function of cycle as predicted
by adsorbed ethyl and ethoxy species and measured by SiO TPD area.

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 Chemisiry of Si0p Growat

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)2x1
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 are 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 Si02. The oxygen coverage at which the transition from fast to slow steps takes
place in the lower temeperature experiments appears to occur at ~4 - § ML. The slower growth
step represents SiO72 growth on SiO2 surfaces.

Figure 6 shows the Arrhenius plot for linear fits to the slow growth rates of SiO7 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 SiO; deposition with
TEOS[9-11]. 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 sed[9,10,12].
The similar rate-limiting kinetics for DEDEOS and TEOS suggests that the activation energy may

be linked to the B-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 Si02 with DEDEOS was studied in three regimes. For adsorption directly
on 8i(100)2x1, DEDEOS dissociatively chemisorbs at 300 K to deposit ethyl and ethoxy groups.
At higher temperatures, these groups decompose by a B-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 SiO) thin films, SiO2 deposition was studied at high surface
temperatures and DEDEOS pressures. SiO?2 deposition with DEDEOS in this thermal growth
regime displayed an activation barrier very similar to the barrier for $i02 deposition with TEOS.
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DECOMPOSITION STUDY OF TEOS IN THERMAL CVD

Hideki Takeuchi, Hirohiko I1zumi and Atsushi Kawasaki
Nippon Steel Corp., Semiconductor Division, Fuchinobe 5-10-1. Sagamihara, Kanagawa 229,
Japan

ABSTRACT

Thermal decomposition of tetracthoxysilane(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)38i0Si(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 TEQS 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{1].
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
((C2Hs0)28i=0) might be a vapor phase intermediate[2] and calculated the deposition rate profile
utilizing finite element methods[3,4] or bond graph methods[5]. Satake et al.[6] detected ethylene
and ethanol by GC/MS measurement and suggested that the vapor phase intermediate might be
triethoxysilanol formed by ethylene desorption from ethoxy base of TEOS. Egashira et al.| 7} also
supported this model in explaining the pressure dependence of step coverage.

In this study we have concluded that TEOS, triethoxysilanol and hexaethoxysitoxanc 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;I1SS-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(M/e).

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 675°C. The
temperature difference in the bottom region was maintained within 5°C. Reactor pressure at the
inlet was maintained at 1.0 torr. TEOS flow rates were varied from 75 to 120 cc/min.

Distribution of film quality.—The film density was calculaied from the film thickness and
weight change before and after HF etching. The film deposited wafers were cut into 50 cm? 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 900°C 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. 1(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 1. They can be well explained as the fragments of several methyl, ethyl or
ethoxy bases cracked from hexaethoxysiloxane ((H5C20)3Si0Si(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 ]

(b) Reacting gas

INTENSITY {a.u.]
INTENSITY {a.u.)

0 50 150 200 250 300 0 SO 100 150 200 250
Mie M/e
Fig.1 Mass spectrum of (a) raw TEOS and (b) reacting gas.

Table 1 Specific peaks in the reacting gas mass spectrum.

100

mass number bases cracked from
(difference from possible structure hexaethoxysiloxane
JA2) (Si2C12H3008:M=342)
D 298(44) SizCoH2208 CH»,CaHs
2) 253(89) SizCsH130s 4CH»C2Hs
SifCoHi107 CHyC2Hs.C2HO
3 240(102) §i2CsH1208 CH3,3C2Hs
4) 226(116) §i2C4HoOn 4C2Hs
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BYPRODUCT ANALYSES

The atomic composition of the trapped byproducts was found to be Si(32.9wt%), C(15.2wt%),
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.

Absorbance
£ 8 @

i

Fig.2 IR spectrum of
byproducts.

g

4000 3600 3200 2800 2400 2000 1600 1200 200 00
Wavenumbers [cm™]

CH: CH: OH d)

2 b o
| i
l

H0
d

solvent : DMSO

Fig.3 'H-NMR spectrum of
byproducts.
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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 [6], 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
hexacthoxysiloxane from the following kinetic analysis and distribution of film quality.
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DEPOSITION RATE PROFILE

Figure 5 shows the depositi(_)n rate profile for v.arying 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 iemperature difference was within 5°C, E
whereas therc must be more than 50°C difference based —
on calculation from the activation energy of deposition g
rate in the case that the deposition precursor is only g2 675C. L0orr
TEOS. Thercfore, the existence of peak in the profile must g 2 * 75cc/min
be due 1o the time lag for the accumulation of intermedi- -2 o 80cc/min
atles S 8 100cc/min

e . el 8 100cc/min

This profile was well matched with a sum of three ex- oy o 120cc/min

a

ponential functions of the feed gas residence time. The
solid line in Fig.5 represents the calculated result. The
function can be deduced by the proposed reaction model.
Equations (1)-(3) represent the possible reactions, where
T1. St, and T2 represent TEOS, triethoxysilanol and
hexaethoxysiloxane, respectively.
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Fig.5 Deposition rate profile
and result of calculations.




© e

Equations (4)-(7) represent the simplified one-dimensional kinetic model , where T1, S1, and
T2 represent the concentration of TEOS, triethoxysilanol and hexaethoxysiloxane, respectively.

T KTy - KT Sy - Ty = s )Ty - K9Sy e @)
3%1 =+ KTy - K2TySy - oSy = +K Ty Kg+ I8y oo (5)
Tk TiS) - W= KoS1- BT e 6)
DRO=1T)(0 + 1S, +BhHEO e A

Because the rate of decrease of TEOS is negligible compared with the rate of increase of
tricthoxysilanol, T1 can be regarded constant compared with S1. Therefore, K2T1S1 can be
represented as K2S1. which is a function of S1 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 expl- kit) + Azexp(-kiT) + Asexp(-ksT) ... .. 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 hexacthoxysiloxane. TEOS
and hexacthoxysiloxane 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
hexaethoxysiloxanes 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
exphained 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:

(1) 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(X3z") and OH(X?) 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, plasma and during active deposition of silicon
nitride from a SiH,/NH, 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 H,O 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,'
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 reported? 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.® 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 LIF 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.

OYE LASER

BEAM \

VACUUM CHAMBER

OIFFERENTIAL AN
CHAMBER N

7 N
DIFFERENTIAL D
WALL

MOLECULAR
BEAM

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?z") and OH(XI) at a silicon
nitride film using IRIS. For the NH studies, either a pure ammonia or an NH;/SiH, 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 S (OH).

RESULTS AND DISCUSSION

NH

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,
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 S 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,, and
NH,) 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, - HNSiH,, 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 SiH, groups. Insertion of NH into an
X,SiH bond to give X;SiNH, is energetically very favorable (AH ~ -110 kcal/mol). Again
we find that NH is unreactive with this surface, indicating that either the SiH, 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(X3c") probably has a potential
energy barrier because of the triplet electronic configuration.

OH

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 H,O 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
straight line (E,=-2.9 kcal/mole). The solid line is a best fit to the data using a model®
which has a competition between desorption and reaction, both of which are thermally
activated.
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The pure H,O 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
substrate®. 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 temperature-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; and SiH,/NH, 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 SiO2 CVD: Enhanced Uptake of Tetraethyl
Onthosilicate 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(OCH;CH3)4) with silanol and boranol groups on
$i103. This comparison has direct relevance for boron-daped SiO3 film growth from TEOS and
trimethyl borate (TMB, B(OCH3)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 TEQS chemisorption. In contrast, additional results show that surface ethoxy
groups prodnced 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 SiO2 CVD processes.

Introduction

The addition of trimethyl borate (TMB, B(OCH3)3 ) to a thermal tetracthyl orthosilicate
{TEQS, Si{OCH2CH3)4 ) chemical vapor deposition (CVD) process produces boron-doped oxide
films.! Boron-doped films require a lower temperature than undoped SiO; films to achieve reflow
in the surface planarization step during very-large-scale-integrated (VLSI) device fabrication.!
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
studics designed specifically to determine if there is a chemical basis for the rate enhancement
effect.
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1t 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 Si0;3. This is a relevant consideration since silanols (SiOH) and boranols are expected to be
present on the surface during boron-doped Si0O2 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 Si03.8
Boranols can also be produced either by the hydrolysis of TMB chemisorption products? (water is
produced from TEOS decomposition10), 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 TEQS 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 oriemed three-chamber
system.!! 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. Smg of high surface area silica, supported on a
tungsten screen for resistive heating, was used for the SiOp substrates. Cleaning and annealing
was accomplished by heating at 900K for 30 minutes in 50 mTorr of O2,!2 The methods used for
preparing the precursors and verifying their purity have been reported.!!

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. 1. Annealing the D20 treated surface at 1200K prior to TMB exposure
forms isolated Si-OD groups (2763 cm-! 7) and two-membered siloxane ((Si-0)3) rings (888 and
908 cm-1).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




bonded to boron (B(OCH3)g) 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 (8i-O)2 rings.
This suggests that (Si-O)> rings are ~20 times more reactive than silanols with respect to

SiOD =si si<
O

Ome

—y

Absorbance
TMB Rxn at 300K

D\

1200K
Anneal

3050 2900 2750 ., 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 (8i-O)2 rings.
Although not shown in the figure, TMB reaction at 100 mTorr for 300 sec. decreases the §i-OD
concentration to half of the initial concentration.? It has also been shown that subsequent reaction
with H2O at 900K regenerates some of the silanols and produces boranols at the expense of nearly
all of the methoxy groups.?

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-0)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
(8i-0); 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 TEQS 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.$ In order to measure the rate of
hydroxyl consumption without the interference of concurrent hydroxyl formation at 1000K, a
surface with deuterated Lydroxyls (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 rciative
intensities of the hydroxyls, deuterated or otherwise, was observed. As shown by the spectrum at
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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, D70 exposure did not convert all of the SiOH (3748 cm-! 12) and BOH (3703
cm-15) to SiOD (2763 cm-! 7) and BOD (2731 cm-! 9). Additional experiments using extended
D20 exposures suggest this incomplete conversion is due to the initial H/D exchange being
reversed by secondary reactions with HOD.”

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




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 ethanol %) 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, boranolé, or some other product from TMB
chemisorption and hydrolysis decrease the rate of ethoxy group decomposition on SiO».

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
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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 1000K.

Summary

New information about the deposition of doped SiO3 films from TEOS and TMB sources
has been obtained using FTIR. 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 $i02 CVD processes.
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PREDICTIVE SURFACE KINETIC ANALYSIS:
THE CASE OF TiSi, CVD

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

L INTRODUCTION

Recently, TiSi, has been the object of considerable study because of its low resistivity
among the transition metal silicides 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, from gas phase SiH, and TiCl,
is usually accompanied by a competing reaction which consumes intolerable amounts of
the Si substrate [3,4]. Controlling this consumption is crucial in TiSi, growth; however,
no quantitative correlation exists between silicon consumption and growth conditions or
film thickness. Additionally, the reaction mechanism for TiSi, 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, CVD.

Our studies focus on the selective-area CVD of silicides, particularly TiSi,. 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, film growth on the silicon
surface. In addition to tackling these problems in the particular case of TiSi, 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 TiCl, 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
Cahn 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 8-14um
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 TiSi, 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 TiCl, pressure of 5x10*
torr. TiSi, 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 SiH, pressure was increased. At low SiH,:TiCl, ratios, the transition
from reaction to flux-limited regimes was quite smooth and an activation energy for
reaction-limited TiSi, growth of 50 to 70 kcal/mole was obtained depending on Psinge- At
high SiH,:TiCl, 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. TiSi, growth could be re-initiated at the flux-limited rate by raising the reaction
temperature by roughly 60°C.

The gas phase data for this set of experiments identified the major volatile reaction
products as Hy, HC), SiCl,, and SiH,Cl. At temperatures below 800°C H, and HCI were
the primary products. As the reaction temperature was increased, SiCl, formed for low
SiH, pressures, and SiH,Cl formed for high SiH, pressures. In all flux-limited areas, a
chlorine mass balance was obeyed. As temperature increased, the volatile chlorinated
products shifted from HCI to SiCl, and SiH,Cl. For reaction temperatures near 700°C and
high SiH,:TiCl, ratios, the H, and HCI data showed the abrupt reaction quenching and
hysteresis loops corresponding to the deposition rate data.
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Figure 2 TiSi, 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 Q-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 2x1 pattern. With such preparation, TiSi, 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 8i0,, however the
surface of these samples appeared visually to be slightly hazy, indicative of small etch pits.
In these cases, TiSi, nucleated even at low temperatures with no special treatment. In the
end, both preparation procedures yielded high quality TiSi, films with Py =20 + 5 pQ-
cm.

Figure 3 shows a microbalance trace for a transient growth experiment at 825°C using
Psing = 5x10* torr and Pgipg = 5x10°3 torr. 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 900°C. 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 S§iCl,. As the sample
gained mass, SiCl, production decreased and H, and HC] production increased. SiH,Cl
was observed, and did not change appreciably throughout the experiment. TiCl, 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
casily determined by comparing the TiSi, deposition rate calculated from gas phase TiCl,
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).

St consumed (um)
TiSi2 thickness (wm)

[} 500 1000 1500 2000 250::0
time (seconds)

Figure 4 A continuous measure of Si

consumed and TiSi, formed for one

transient growth experiment.

It is clear that the relative rates of TiSi, forming through heterogeneous reaction with SiH,
and through Si consumption change dramatically as the film thickens. Si is the primary
diffusing species {8] in the TiSi, film. Our transient data suggest that the flux of Si though
the TiSi, film can be written by a Fick’s law expression,
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where D, and Egg are the pre-exponential and activation energy for diffusion; ky 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. UHYV 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: TiCl, + SiH,) — TiSiy, H,, HC, SiCl,, SiH,Cl
Diffusion: TiCl, + Si(g, — TiSiy, SiCl,
If R is an adsorption rate and r is a desorption rate, then the steady state mass balances are:
Ti: Ryq, = rrs;,
Sii Rgy, * Jsi = 2rpisiy * Tsitct * Tsicl,
Cl: 4Ry, = rug * rsingl * 2sic,
H: 4Rgy, =2ry * rpa * 3rsing
Here, "§i is the solid.Si diffusion rate, and Tisi, is the ﬁlm growth rate. Detailed rate
expressions can be written for these various rates in terms of inputs T, Pg;, and Py, and
of unknowns 8y, 8y (surface concentrations of Cl and H), RSiH.c and ITisig:

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 1. Desorption

Product | Order | Order | vong™! Ep(keal/mol)
mH [ma [@)

H, 2 0 1x10° 30

HCl 1 ! 2x10"7 71

SiCl, 0 2 5x10' 78

SiH,Cl ? ? ? ?




K
1

Table II. Adsorption

Reactant | S, Cov.
Dependence

TiCl, 1 | (186

SiH, 002 | (1-8cp6y)

Table 1. Diffusion (Fick’s law)

Diffusing | DAC Eqn
Species | (emlsh) | (Keal
/mol)

Si sx10'7 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, deposition. Steady state growth experiments
have identified H,, HCI, SiCl,, and SiH,Cl as volatile reaction products. Increasing the
SiH,:TiCl, 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)-(2x1): 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)-(2x1) 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 $i(100)-(2x1) 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(100)-(2x1) is "in principle” one of the simplest systems for an adsorbate chemisorbed
on a semiconductor surface.

However, only recently Sinniah, ef al. discovered that the recombinative desorpiion of hydro-
gen from the monchydride phase on the Si(100)-(2x1) surface obeys first-order kinetics in the
hydrogen coverage {2]. Further studies by different groups confirmed this result for hydrogen
coverages greater than approximasely 0.1 3,4] and showed that desorption is second order on the
Si(111)«(7x7) [3] and first order on the Ge(100)-(2x1) surface [5]. Wise, et al. proposed that sur-
face dimerization -- present on the (2x1) 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 {6]. Adsorption of a hydrogen atom, on the other hand, breaks this
=-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 dimers, resulting in Si-Si dimers 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 first-order 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]. Afier 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
the hydrogen pairing responsible for the observed desorption kinetics [7,9).

9
Mst. Res. Soc. Symp. Proc. Vol. 334. #1994 Materials Research Soclety



In this work 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 s:udy [10], showed that acetylene is di-G 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 [12,13]. 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 1-8 behavior in the preadsorbed hydrogen coverage for all examined hydrogen
adsorption temperatures. This lincar 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.

II. 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 10-1!
Torr) equipped with a HREEL spectrometer (1LK-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, » *ungsten filament to produce atomic hydrogen, and a differentially
pumped quadrupole mass sf cvtrometer (UTI-100C) with a cryo-shroud. The chamber is pumped
by a 1000 /s turbomolecular pump.

Atomic hydrogen and deuterium were generated by dissociation of the respective molecules
with a hot (1800 K) spiral tungsten filament positioned approximately 5 cm from the sample. All
reported coverages are relative to the hydrogen coverage for a saturated Si(100)-(2x1) monohy-
dride (6.8 x 1014 atoms/cm?). For acetylene exposures a S-um pin hole doser was used. An esti-
mated acetylene flux of 8 x 1014 molecules/cm? 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.

HL 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 hydrugen 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, I, or
2 hydrogen atoms is given by (1-6)2, 20(1-), and 62, 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 empty 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 srecies, 1-62. (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, (1-8)2. However, in the case
of hydrogen pairing on Si-Si dimers, the probability for a Si-Si din:.r to bond 0, 1, or 2 hydrogen
atoms is simply given by 1-0, 0, and 8, 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 prearsorbed 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)-(2x1) 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 wers 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 Hy, HD, and D, 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 elsewicre [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 deuterium 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
1-8 dependence on the deuterium coverage, regardiess of the deuterium adsorption temperature.
The data clearly disagree with both the 1-82 and the (1-8)2 dependence. The small deviation from
lincar 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
0.7810.05 in the absence of hydrogen, as extracted from Fig. 1 and corrected for 5% molecular
desorption of acetylene, agrees well with earlier studies [12,16].

Figure 2 shows HREEL spectra of deuterated acetylene adsorbed at 100 K (a) on a clean
Si(100)-(2x1) surface and (b) on a Si(100)-(2x1) 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!
are the stretching, the in-plane bending, and the out-of-plane bending C-D modes of the di-o
bonded acetylene molecule, respectively. The encrgy loss peak at 1420 cm! 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-! is the Si-C stretching
mode. In comparison, Fig. 2(b) shows two strong additional energy loss peaks at 2100 and 640
cm! 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 e.xposures 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 SiH; 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 studics [18]. At a coverage of 0.8, the relative intensity of
the SiH; 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 0.7840.05 in the absence of hydrogen, as extracted from Fig. 1 and comrected for 5%
molecular desorption of acetylene, agrees well with earlier studies [12,16].



Figure 2: HREEL spectra of
adsorbed deuterated acetylene (a) on
a clean Si(100)-(2x1) surface and (b)
on a Si(100)-(2x1) surface pre-
exposed to atomic hydrogen re-
sulting in a hydrogen coverage of
0.3. The spectra are recorded at 100
K in the specular direction with an
(o) CD2/ S electron energy of 7.0 eV.
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Preliminary results for ethylene adsorption on Si(100)-(2x1), 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)-(2x1) 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-
namical 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 1-8 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 resuit 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 thenmodynami-
cal preference for hydrogen pairing cannot account solely for the observed high degree of pairing
assuming random hydrogen adsorption.

Further experiments with STM, for example, 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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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)-(2x1) 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

Michael R. Zachariah and Michael J. Carrier

National Institute of Standards and Technology, Gaithersburg, MD
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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.

ntr

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[1]. Several outstanding issues are of primary concern in
phenomenological models and pedagogical approaches to controlling particle formation[2]. This
1s 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.

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.

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.
1 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.
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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 = -Ey N+ E;N?° (1a)
Binding Energy/per atom = -E, + E;N'? 1b)

The fits shown in Fig. 1 are fitto Eq. 1b. By fitting to the temperature dependence one can
obtain an expression that encompasses all the data.

Ey = 4200 - T
E.=19.7 - T

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 [9]. It is clear that the phonon spectra are not
significantly altered as a result of I.Ke large number of surface atoms. The spectra show the two
dominant modes found in bulk silicon (acoustic - 150cm-1; optical- 400 cm-!). As the cluster

temamm is increased the phonon density increases, shows broadening and a softening of the
m 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 [9].

1
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
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The 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[2,3]. 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 10 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.
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Fig. 4 'liempora.l behavior of cluster morphology as a function of temperature for two 120 atom
clusters.

The projected arca 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. § 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 statstically mixed ( a value of 1 would be perfectly mixed). It is clear that particle coalescence
is a much faster process than atomic mixing.

e



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
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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. TFI'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[1-3] and SRAM’s.{4-5] In LCD production, in which
low temperature process is essential, amorphous silicon TFI's fabricated by
PECVD at 250 - 400 T have bee used for pixel driving.[1-3] 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.|9]  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 films by ECR spectrum of silicon films by ECR PECVD.
PECVD.
EXPERIMENTS

ECR PECVD system used in this work was shown elsewhere[14] H: and
Ar were fed to the top of the plasma chamber and flown through ECR zone
to generate high energy species. Pure SiHj or 25 %-SiH, diluted in Ar was
introduced through gas distribution ring above the substrate. Silicon filns
were deposited on Corning 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[15] and the peak areas between 238 nm -
318 nm were calculated. The crystalline fractions were determined as the ratio
of the peak areas to that of single crystalline silicon wafer.|16] Using room
temperature ECR PECVD  silicon nitride[t4] and undoped/P-doped
microcrystalline silicon films TFT’s were fabricated with whole processes at
room temperature.

RESULTS ANTY 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 [16{ 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 cm™. 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. Tt 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. 6 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.[17] The 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 microcrystalline 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 %-PHs/H: and it
exhibited  conductivity of 0.3 (2cm)’ and Ohmic contact with aluminum
electrodes. Using room temperature ECR PECVD doped and undoped
microcrystalline silicon films, TFT’s were febricated. Single crystalline silicon
wafers were used as substrates, which would serve as gates in transistors.
Silicon nitride, undoped and P-doped silicon films were sequentially deposited
by ECR PECVD at room temperature and then aluminum was evaporated to

Table 1. Crystailinity change due to
annealing.  Furnace annealing : 6007, 30
hrs, RTA : 900, 30 sec

micro-

structure amorphous crystalline
As .

deposited 0% 0%

Furnace

annealing 80 % %
RTA 70 %

64 %
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Fig. 7. Transfer characteristic of TFT
fabricated by room temperature ECR
PECVD.

form electrodes. The transfer characteristic is shown in Fig. 7. The transistor
have high ON state current, high Ion/lon and Low threshold voltage. 1t is
the first report of room temperature fabrication of IFI's, in which no heat
cvcle was used, to the best of our knowledge.

CONCLUSION

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. 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. FFY'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, SiH4 and B(CH3)3 mixed gases were
used with ArF excimer 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 ecxcimer laser. Silicon films were deposited onto the
nuclei by photodecomposition of SiH4.

Chemical compositions of the modified layers and the deposited paris 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 polytetrafluorocthylene (PTFE) and the copolymer
of tctrafluorocthylene and hexafluoropropylene (FEP) have excellent chemical,
elcctrical and mechanical properties. Because of the chemical stability, the
surface is difficult to be made conductive.

If the surfacc of fluororesin is modified to semiconductor or mctallic
layers, fluororesin could be employed for a printed circuit  for
high—frequency.optical use or medical use. Some of the modification of the
fluororesin  surface to metallic layers reported are carried out by the
clectroless plating method{1]{2).

We have been studying the substitution of functional groups into the
fluororcsin  surface by wusing the ArF excimer laser{3}{4]{5]. Based on the
photochemical modification method, wc tried the deposition of silicon films
onto the fluororesin surface at room temperaturc in order for the surfacc to
be semiconducting. In this method, thc fabrication process was simplificd
because the modification and depncition 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
surfacc 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 surfacc shows no affinity
for any atoms. Therefore, defluorination of thc surface is required to deposit
silicon films. Even though C-F bonds of 128 kcal/mol are broken by Arl laser
photon of 147 kcal, the fluorinc atoms recombine with the carbon atoms since
fluorine has the highest electronegativity. Thus, we have employed boron atoms
to defluorinate thc surface cffectively[3]. As the boron atoms have a high
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bonding energy with the fluorine atoms, the boron atoms casily combine with
the fluorine atoms which are broken by ArF Ieser light. As a result, the
sorface is cffectively 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
fluororcsin surface. On the other hand, SiH4 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[5].

In the second stcp, SiH4 gas is employed to produce silicon atoms. SiH4
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[6). 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 um 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[4]). 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,
SiH4 (5 % in He) and B(CH3)3 gases were sealed at the partial pressure ratio
of 40:100 Torr. Then, the surface was irradiated the ArF Jaser beam at the
laser fluence of 12.5 mJ/cm2 and the laser shot number of 9000 through

(a) mirror mirror

mask lens
AfF excimer laser < window

0 FR | & simasncray
\]

Fig.1 Schematic diagram of the

experimental setup
(8) is for surface modificarion
and (b), for silicon CVD




a mask—pattcrn. After modification, thc 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 flucnce of 1 J/cm2 and the
laser shot number of 90000 in order to decompose thc SiH4.

RESULTS AND DISCUSSION
Chemical composition of the modified and deposited surface

In order to inspect the chcmical composition of the photo—modified
surfacc, X-ray photoclectron spectroscopy (XPS) analysis of F 1s, Si 2p and
C 1s spectra arc carried out, as shown in Figure 2.

(a) cxhibits the XPS spectra of the non—irradiated surface.

The strong peak of F 1s was mcasured and was identificd as CF2-CF2 bonds of
fluororesin  structurc. The C 1s peak was positioned at 292 ¢V, which was also
duc to thc CF2—-CF2 structurc bonds. Naturally, the Si 2p peak was not detected
at all.

(b) displays thc XPS spectra of the modification surface. The F 1s peak
remarkably decrcased after modification. The C 1s peak was shifted from 292 to
284 cV; thc 284 ¢V peak was identified as Si—C bonds. The Si 2p peak clearly
appcared at 100 eV and was aiso identified as Si—C bonds. Accordingly, the
surfacc was defluorinated and was modificd into silicon carbide like.

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

F Is C1s Si2p
;—_\ [O)]
E non—irrad
2
£
[ L—e— e
<
'g Si- C
2 PR
< i ss—modified
= ". .........
<
Si- Si
© © N @
m—deposited | w—deposited ,' ‘\ s—depomed
PR i \_\
—————————— ———— f— e SN F,_...._./ e =
700 680 294 278 114 94

Binding Energy (eV)

Fig.2 XPS analyses of F 13,C 1s and Si 2p spectra.
(8) is without irradiation, (b) is as modified and (c),as deposited




R ia e T

Thickness mcasurement of the silicon dcposition.

The deposited surface clearly turned to a metallic brown in contrast with
the non—modificd surface. Figure 3 indicates the film thickness as a function
of the laser shot number. With the laser pulse repectition the film thickness
lincarly incrcased. And the 1000 A of thickness was obtained at the laser shot
number of 90000. With the 1000 A  film thickness, thc optical bandgap
significaniiy 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 mecasured by the surface roughness
interference—meter. A selective  dcposition was confirmed only on the parts
irradiated. The line and space was 200 um.

1200

1000 r

Thickness (A)
8

Fig.3 The film thickness as

a function of the laser shot

number.
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Fig.4 Measurement of the film thickness by the surface roughness
interference--meter.




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 cV. The
modification and silicon film  deposition of the fluororesin surfacc werc
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 -
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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-
gotgerme%l and non-stationary deposition kinetic models using the obtained results were

eveloped.

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 c\:l'grosition of Si from SiH, induced by cw Ar* laser [1-4]. Models
of pyrolytic LCVD are de oged in case of cw lasers [5,6]. With the excefmon 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 ex&lerimental set-up for LCVD was described in our previous work [er.hA
focused, 1.2 W CBVL was used to irradiate (111) silicon monocrystailine wafers. The
substrates were enclosed within a gas cell containing 1-1000 mbar of electronic grade
5% SiH, in Ar and were translated perpendicular to the ogtlcal axis with speeds of 40
- 400 um/s. Typical focal spot diameters were at about 100 pm resulting in intensities
of 8 - 48 MW/cm? 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 spectrqsco?y.

__ Theprofile of the deposited material approximately follows the laser beam power
distribution. As shown on Fig.1 the height of the Si stripes deposited from SiH,
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 varyieng the surface temperature at lower activation energies [10]. If we consider
the reported activation energy for Si growth from SiH, - 25 kcal/mol [11] as relatively
low value then we can apply Bauerle's model. It could explain the width behavior when
changigl'l_g the scanning speed.

e 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]. i%her laser power results in increase of the silicon grains which is demonstrated
on F'i 1.2]- a) and b). Raman spectra indicate the typical for crystalline silicon shift at 520
cm 3
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Fig.1 Average stripes height as a function f\’f scanning speed at 1000 mbar 5% SiH,
in Ar

' »

Fig.2 Scanning electron microgra;‘sz of Si stripes - 40 um/s scanning speed, 1000
mbar 5% SiH, in Ar a) 0.214 W laser power b) 0.490 W laser power

MODEL

The maodel is based on the following assumptians: (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 ettects 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,.

Modeliing of temperature distribution

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

K(T) 2T
XT) J1
where SF is the source function, K(T) the temperature dependent thermal conductivity
and D(T) the thermal diffusivity. To solve this uation, Kirchoff's transform can be used
which linearizes it by introduction of linearized temperature .
T
K(T)

9(T)=9(To)+fm 2)

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

To
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where T_ = 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"dbeﬂnmg of the source function. In case of round spot and Gaussian beam its form
will be

2
SF(x.y.2.t)= P(t)(lz— R) exp[_ (x- vstz) +y?

wii ]exv(— zf4) 3)

0

where P(t) is the laser power in pulse, R the reflectance, w, the laser spot radius, V, the
scanning speed and A the absorgtion depth.

The power change during a pulse P(t) can be obtained if the average power of the pulsed
laser P, is known

P(1) =P, H(1)/(f1;) (4)
where It} is function, describin%tthe pulse shape,f the laser frequency and |, is the

effective duration of the pulse. After introduction of the non-dimensional variabies (5)
the linearized equation obtains the form (6)

X y z w, K tD Vew
=-—;Y=———;Z=—; =———;D= JT=E— =30
w, w, A “ A pC, ‘ W, "="p ()
30 2 P(1-R) 1 w2
_— o It —~X- ~Y*-aZ
il VA g rroy OLU RO az] )

where p is the density of silicon and C_the heat capacity. This equation could be solved
using Green's_function analysis in dssuming that the free term SF is temperature
independent. The reflectance is a function of temperature but in order to obtain solution
of (6) we 3upgose that it is constant (R = R(T,) = const). This assumption is reasonable
because for Si the reflectance is weaker function of temperature compared to K. The
solution of this boundary-value probiem is

t 40 4ot o

J.J.J'J.GF(X,Y,Z, £ X.Y',Z,7)SF(X',Y', 2", 7)dX'dY'dZ'd 7 (7)

0 -0 0
where the Green's function is defined as
GF(X,Y.Z,7,X'.Y',Z2',7)=

= o = IO 2

g Pal1-R)
27K, Af1;

4r-7) 4(r-7) H7-1)

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(6) = 99+(T, -9 exp|[C, DT, §/299] (9)

Since Ris weak temperature function, the solution obtained for R = R(T.) = const
could be used for determination of temperature in case of R = (T) by simplé iteration
greocedure proposed by [14]. From the solution of the boundary-value problem (7) it can

seen that the temperature distribution strongly depends on the puise shape so the
latter should be precisely defined. The experimentally obtained shape of the iaser pulse
is defined with mathematical expression and its introduction in (6) aliows 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 real pulse is shown on Fig.3. As it can be seen the
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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 {15]) is determined. It corresponds
tothe half-width of the deposgted 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.

1%0 T T T T T T T

s

’% . & - theory
0O - experiment

o, —1 n - n —h A L
LE) oe 1) os or os o9 1 [R)

laser power, W

Fig.4 Theoretical and experimental widths of silicon stripes at 1000 mbar 5% SiH, in
Ar as a function of laser power

Modelling of kinetics

The determination of kinetic ?arameters during the process is verY difficult task
that is why we have used cited data trom 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] nd different pathways. According to the
most of models the process could be considered from the point of view of Langmuir -
Hinshelwood kinetics, including adsorption, surface chemical reaction and desorption.
Our modei for laser pyrolysis of SiH, using a pulsed laser is based on the following
assumptions: (a) process of homogeneous yrolysls of SiH, does not occur; ib% the
obtained hydrogen is not adsorbed; (¢} LCVd of St is entirely pyralytic process; (d) the
gas phase diffusion is not taken into account.

According to Buss et al. the hcter?eneous 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 mode! 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 puise with average value of RSC (for x=0andy=0 where
RSC is maximum) could be defined.

0

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

V,=FM/(pN,) (11)

where F is SiH, molecules flux to the surface, M the atomic mass of silicon, p the density
of monocrystahinq silicon and N, Avogadro's constant. The physical meaning of V_isthe
maximum deposition rate assuming that RSC = 1 and its value is 2.71x10 m/stor 50
mbar partial pressure of SiH,. )
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 of translations for which the laser beam spot (with
diameter 2w, ) will pass through a geometric point is w,. it means that for 100 um laser
spot the number of translations will be 50. ) . .
The number of pulses at apoint N, can be determined by the following expression

N, =sf/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 transiation of the X-Y stepping stage and RSC
as a function of the coordinate x, along which this translation is carried out, the height

of the deposited stripe H can be determinecd by the expression
s0 U 1
H=Hp N Zj RSC(t, X; )t ijC(t,X:O)dt (13)
i=0 o 0

The obtained results from (14) unfutunately 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, usinﬁ copper bromide vapor laser cannot be defined with the
known kinetic parameters. In literature there is information about photoeffect during the
derositlon of silicon from silane induced by cw Ar* laser, but this effect takes place on}!?«
at low iager powers [20]. The maximum known value of RSC for decomposition of Si
on Si is 0.2 (for temperatures above 1500 K) {2.1]. 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 heights in case of flat top beam
distribution can be given by

Hm=th,0.2w° f/V, (14)
The theoretically calculated and the experimentally obtained values of the stripes height

tor ditferent incident laser powers, 40 um/s scanning speed and 50 mbar partial
pressure of SiH, are presented in Table I.
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EFFECT OF POST EXPOSED HYDROGEN ON CHEMISORBED ETHYLENE
ON Si(100)-(2x1)
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ABSTRACT

The effect of post adsorbed atomic hydrogen on the adsorption, desorption, and
decomposition of ethylene on Si(100)-(2x1) has been studied using high-resolution electron
energy loss spectroscopy (HREELS), temperature programmed desorption (TPD), and low-en-
ergy clectron diffraction (LEED). Exposures to_atomic hydrogen of more than 1015 atoms/cm?
convert the initial (2x1) reconstruction of sp3-hybridized, di-c bonded ethylene to a (lx1)
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-o bonded ethylene to a mono-o 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.

1. 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 [1,2]. It was shown that
acetylene and ethylene are both di-6 bonded to the Si-Si dimers on a Si(100)-(2x1) 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 [10). It was shown previously that low exposures to atomic hydrogen on an
ethylenc-saturated surface will saturate the silicon dangling bonds which remain after ethylene
adsorption {6]. This was used 1o clarify the structure and bonding of ethylene on Si(100)-(2x1).
Here, we report on the chemical reaction between ethylene and atomic hydrogen for higher
exposures (> 1015 atoms/cm?). 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.

II. EXPERIMENTAL DETAILS

The experimental setup and the silicon sample preparation have been described previously
{5.11]. Briefly, the ultrahigh vacuum (UHV) chambl:lr‘= with a base pressure of 7 x I%ﬁ‘ Torr
contains a EL spectrometer (LK-2000-14-R), LEED optics, an Auger electron spectrometer,
an ion sputter gun, a pin-hole gas doser, a tungsten filament to uce atomic hydrogen, and a
differentially pumped quadrupole mass spectrometer (UTI-1 . The chamber is pumped by a
1000 /s turbomolecular pump.

. Atomic hgy(golgen and deuterium were generated by dissociation of the respective molecules
with a hot (1 ) spiral tungsten filament positioned approximately 5 cm from the sample.
%
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Thermal desorption spectra for a Si(100)-(2x1) surface which was saturated at 100 K with
deuterated ethylene and sul tly exposed to various fluences of atomic deuterium at
approximately 150 K are shown in Fig.1. The TPD spectrum for ethylene in the absence of
hydrogen is shown in Fig. 1(a). The molecular desorption of ethylene occurs around 590 K and
shows a slightly asymmetric desorption in agreement with earlier studies [7). The
desorption spectra after exposures of 7 x 1014 and 7 x 1015 D atoms/cm? are shown in Fig. 1(b)
and (c), respectively. The observed desorption products are molecular D; and C;Dy. The ethylene
desorption peak broadens, shifts slightly to higher temperature, and is reduced mn intensity after a
deuterium post exposure of 7 x 1014 atoms/cn?, After an exposure of 7 x 1015 atoms/cm?, the
ethylene desorption peak is shifted up by about 100 K to a desorption temperature of 700 K, and
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Figwe 1: TPD spectra for the C)D4-saturated
S$i(100)-(2x1) surface afier post exposure o atomic
deuterium: (a) Without exposure to stomic deuterium;
() after 7 x 1014 stoms/em? dewterium exposure; (c)
afier 7 x 1015 momaim2 devteriom exposure. The
desorption  products are moleculsr C)Dg and
molecular deuterium. The heating rate was 2 K/s. The
observed LEED patterns for each case are noted on
the left side,

Figure 2: TPD spectra for the C)Dgq-saturated
Si(100)-(2x1) surface afier exposure to atomic
hydrogen: (a) 1.4 x 101 somaiem? and (b) 1.1 x
1016 ssomajem?, Masses 2 (H~), 3 (HD), 4 (D9),
32 (CyDyg), 31 (CHD2H), and 30 (CHD9H)) are
monitored. Masses 30 and 31 have contributions
from the cracking pattern of CoDy (60% CoDyY)
and an isolopic impurity in the CoDg (15%
CHD1H), respectively.
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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 desotption 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(100) 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 (1x1) for exposures to atomic deuterium above
1.5 x 1015 atoms/cm?,

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
eth?'lcnc. Figure 2(a& and (b) show TPD spectra after post exposures to atomic hydrogen of 1.4 x
1014 and 1.1 x 106 aoms/cm2. The TPD signal was monitored for masses 2 (H,), 3 (HD), 4
(Dy), 32 (C3Dy). 31 (C2D3H), and 30 (C,D,H5). For the higher exposure, Fig. 2(b), the spectra
again show a s1uﬁ 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 Hp, not for HD or D,.
This indicates that only the isotopic SiH, dihydride is present on the surface at the onset
temperature of thermal desorption. For a proper interpretation of the isotopic exchange data for
cthylene (i.c., the origin of masses 31 and 30), the cracking pattern of ethylene must be taken into
account (CoHj*/CoHg* = 0.6, as determined independently for our system). Additionally, a
CZDBH isotopic impurity (15%) in the C;D4 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 C,H,4 and atomic deuterium which are not shown here. The data
for an exposure of 1.1 x 1016 atoms/cm? in Fig. 2(b), on the other hand, show a strong ethylene
peak with mass 31, which indicates isotopic exchange into the ethylenc 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 CoD4: CoD4H: C;D5H; = 1: 0.45: 0.32.

To clarify the%onding on the surface at low temperatures, vibrational spectroscopy has been
applied. Figure 3 shows the HREEL spectra of adsorbed CoH, and CoD4 on the Si(100)-(2x1)
surface at 100 K and saturation coverage. Seven energy loss peaks at 2938. 1416, 1196, 1076,
922, 655, and 465 cm’!, and a shoulder at 760 cm-! are observed in the hydrogenated spectrum,
(a). in the spectrum for deuterated cthylene, (b), five energy loss peaks appear at 2185, 1065,
780, 630, and 453 cm-!, with a shoulder around 908 cm-1. Comparison with infrared spectra of
organosilicon compounds allows an assignment of the peaks [12), as discussed in detail elsewhere
{6]. To summarize, the 2928 cm-l peak in Fig. 3(a) shifts down to approximately 2185 cm-! after
deuteration and is a tric stretching vibration of the C-H bond. The 1416, 1196, and 922
el peaks in Fig. 3(a) can be assigned as CH; deformation modes: the CH, scissoring, the CH;

g, and the CH; rocking vibrations. After deuteration, the frequency of the scissoring mode
shitts down and overlaps with the 1065 cm! peak. A similar down-shift from 1196 to 908 cm! is
also observed for the wagging mode. The downshifted rocking mode is masked by the 780 cm'!
peak. The C-C stretching vibration of the sp3-hybridized, adsorbed ethylene can be seen at 1076
and 1065 cm-! in Fig. 3(a) and (b), respectively. The 655 cm-] peak which is downshifted upon
deuteration to 630 cm-! is the Si-C symmetric stretching vibration and the 465 cmr! peak which is
downshifted to 453 cmrr! is probably the Si-C asymmetric strexching vibration. The peak between
760 and 780 cm-! is due to a small SiC contamination in the near-surface region. However, Auger
electron shows only a weak carbon signal for the clean surface: a peak ratio of
C(271 ¢ i(92 eV) below 0.001. The HREELS data after different post exposures to atomic
hydrogen are shown for a deuterated ethylene-saturated surface in Fig. 4. The spectrum without
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atomic hydrogen has been discussed above and is shown again for comparison. The influence of
low exposures (< 1015 atoms/cm2) 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 (¢), the Si-H stretching mode at 2100 cm-! increases in intensity and two new loss
features are clearly visible: the SiHj scissoring mode at 980 cm-1 and the C-H stretching mode at
2950 cm-1. The latter is increased well above the contribution from the C,D3H 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 cm-! 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 cthylene-saturated Si(100)-(2x1) surface occurs in two distinct regimes. In the case of low
exposures (< 10!5 atoms/cm?), 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 (2x1) to a (1x1) LEED pattern. The incorporation of atomic hydrogen into the
ethy! group and the presence of a C-C single bond are shown by HREELS data (Fig. 4, [13]). 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 (1x1) LEED pattern. The vibrational
:E:ctmscopy clearly shows the incorporation of hydrogen into the newly formed ethyl group and

e presence of a C-C single bond. The ethyl group can cither decompose via a-hydride
elimination, or undergo P-hydride elimination, liberating ethylene {14]. In our case, the ethyl
roup is stabilized by the formation of silicon dihydride on the adjacent silicon site of the former
i-8i dimer. Upon heating, the dihydride must desorb first to reopen the reaction path for f-hy-
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dride elimination and desorption of cthylene. 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 H, 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?) of an ethylene-
saturated Si(100)-(2x1) surface leads to a 6-bonded ethyl, forming a (1x 1) surface structure. The
cthyl is significantly stabilized by the formation of a silicon dihydride blocking the possibility of

desorption via B-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:
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ABSTRACT

Experimental measurements of the decomposition of methyltrichlorosilane (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 precursor to silicon carbide (SiC) [1, 2] Its use is also being explored for the production of
thin films for el~ctronics appfications [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 chlonnated organosilanes. In a widely cited paper, Burgess and
Lewis mecasured the MTS pyrolysis rate in hydrogen at atmospheric pressure [4]. Later,
Davidson and Dean attempted to measure the unimolecular pyrolysis rates for a series of
chlorinated methylsilanes (not including MTS), but found it difficult to achieve non-chain
conditions for these systems {5]. Most recently, Niiranen and Gutman measured the SiCl3 + 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 are 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 objcctives 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.
Reactivns 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
pressurc is controlled by a pressure transducer led 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 38Ar in air) are observable with this
instrument. Gases are extracted from the HTFR by a quartz sampling probe with a 475-um
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, ttle 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-um 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 [7) 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 [7}. These calculations indicate that the three
most important decomposition pathways are:
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CH3SiCl3 + M - CH3 + SiCl3 + M (1)
CH3SiCl3 + M -5 CHSICl3 + H+M )
CH38SiCl3 + M = CH»=SiCl; + HCl + M 3

At the temperatures and pressures typical of SiC CVD (1300 - 1500 K, 10 - 760 torr), 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 torr to 10 torr results in a factor of 13
decrease in the total MTS decomposition rate.
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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 CH38iCl3+, SiCls*, CH3SiCla*, SiClat,
CHSiCl+, and SiCl* ions produced by fragmentation of MTS in the spectrometer (smaller peaks
2-6 mass units above each of these correspond to fragments containing the 37Cl isotope). Also
a) nt 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 arc 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.
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Figure 3: Mass spectrum (background- Figure 4:  Signal-averaged data for m/z=15

substracted) of MTS in helium at 25.0 torr
and 1243 K, showing the presence of HCl as
a product and the absence of chlorosilanes
SiCly and Cl3Si1CHCH3SiCl3 (labelled
SipC2H4Clg in the figure) as products.

(CHa*, corresponds to CHy) and mfz=133
(SiCl3*; corresponds to MTS) versus reactor
residence time, showing that CHs is
produced as MTS decomposes. Data for
cach 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 SiCly or HSiClj3 (the parent ion of SiH,Cl; cannot
be conclusively identified due to its overlap with the 288i37CI35CI peak at m/z=100). A
compound that would be formed by the reaction of two CH2SiCl3 molecules from Reaction (2),
C13SiCHCH2SiCl3 (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, SiCl3
molecules formed by Reaction (1) are expected to further decompose via the reaction SiCl3 —
SiCly + Cl. Since silylenes such as SiCl are known to react with unsaturated hydrocarbons to
form stable alkylsilanes [9], we attempted to trap these molecules by adding CoHy to the carrier
gas. The compound that would be formed is HCI2SiCH=CH3, giving mass peaks at m/z=126,
99, and 91 corresponding to the fragments HC12SiCH=CHj*, SiCloH*, and HCISiCH=CHj*.
Efforts 10 detect these fragments in both helium and hydrogen carrier gas were unsuccessful.
This suggests that the SiCla 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 HCI, a second product of MTS decomposition was detected by monitoring
the signal at m/z=15, 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 my/z=15 s as a function of reactor residence time.
The concentration of MTS decreases as the res; time increases, showing that MTS is
decomposing in the reactor. Simultaneously, the m/z=15 peak igcreases with increasing
residence time, indicating that the parent und is a product of the pyrolysis reaction. The
likely source of this signal is methane; plots of the signals at m/z values corresponding to ethane
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(which could form by recombination of CHj radicals) show no such increase. Similar behavior
is obtained at m/z=16 (corresponding to CHa*), but with reduced precision due to overlap with
the very strong O+ peak. The detection of CHy indicates that some of the MTS decomposes via
Reaction (1). Quantitative cxpenments com:laung 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 abovc, 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 observed in helium versus hydrogen, as indicated
by the change in the m/z peaks corresponding to the SiCl3* 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 SiCl3* ions for helium
versus hydrogen carrier gas 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 chlomslhnes {5). The mechanism is described by the following reactions:

Initiation: CH;3SiCl3 + M 5 CH3 + SiCl3 + M )]
Chain Propagation: CH3SiCl3 + CH3 — CH4 + CH28iCl3 4
CH3+H2-9CH4+H 5)
H + CH38iCl3 — Hz + CH3S8iCl3 6)
SiCl3 - SiCh + Q1 @
Cl + CH;3SiClL él—-b HC1 + CHSiCly 8)
CQ+H;-H (&)
Chain Termination:  SiCla + wall — SiCly(w) (10
SiCly+ wall — SiClx(w) 1)
CH2SiCls + wall —» CHzSiClg(w) (12)
H+H+MoH + (13)
H+Cl+M-)HCl+M (14)
CH3+H+M->CH¢+M (15)
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As predicted by the RRKM calculations, the initation step in this mechanism is the
breaking of the 8i-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, prusumably 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 (7] in
SiCl3 is only 68.8 kcal mol!, 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 SiCl3 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-! for Reaction 10; for
comparison, the rate of Reaction 1 is predicted by RRKM calculations to be about 1 s-! in helium
at 25 torr and 1243 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-!) compared with the much higher activation energies associated with initiation
(>75 kcal mol-! 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 si‘icon 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 [11].

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.

REFERENCES

J. Schlichting, Powder Metal. Inter. 12, 196 (1980).

T. M. Besmann, B. N. Gallois, J. W. Warren, Eds., Chemical Vapor Deposition of
Refractory Metals and Ceramics II (Mater. Res. Soc. Proc. 250, Pittsburgh, PA, 1992).
C. C. Chiu, S. B. Desu, C. Y. Tsai, J. Mater. Res. 8, 2617 (1993).

J. N. Burgess, T. J. Lewis, Chemistry and Industry , 76 (1974).

1. M. T. Davidson, C. E. Dean, Organometallics 6, 966 (1987).

J. T. Niiranen, D. Gutman, J. Phys. Chem. 97, 9392 (1993).

M. D. Allendorf, C. F. Melius, J. Phys. Chem. 97, 720 (1993).

T. H. Osterheld, M. D. Allendorf, C. F. Melius, submitted to J. Phys. Chem., 1993,

1. Safarik, B. P. Ruzsicska, A. Jodhan, O. P. Strausz, Chem. Phys. Lett. 113, 71 (1985).
G. S. Fischman, W. T. Petuskey, J. Am. Ceram. Soc. 68, 185 (1985).

C. D. Stinespring, J. C. Wormhoudt, J. Appl. Phys. 65, 1733 (1989).

0

1

2
3
4
S.
6.
7.
8
9
10.
11.

110




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, C H35iCl;). 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,‘.3} 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
existing models for the deposition of §iC 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 HCI, 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
determine 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
|7} and [8}, is given in Table L. (It should be noted that reaction SR12 was also included
in the model presented inﬂl?L, where its rate was assumed to be equal to that of SR4.)
Surface species are denot. y subscript s, {Sg,] and [!i(fils represent silicon and carbon
sites, respectively, on the deposition surface, and [S] stands for either of these two types
of 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 ste
of the SiCl; surface species (reaction SR14) is used to account for the desorption of SiCl,
from silicon carbide surfaces exposed to MT'S and hydrogen chloride [9]. 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 fSL

All reactions must be treated as reversible in order to account for the effect of the
reaction by-products (HC!) 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/Cl 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 (C2Hz, CH,, C,Hy, H, H,,
CHj, SiCly, SiCly, SiCly, 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 1. 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 I. Surface Reaction Mechanism for the Deposition of SiC

SR1. SiCly + [S] — [SiCly, SR8. [SiCL), + H — [SiCl), + HC!

SR2. C;:H; + 2[S} - 2|CH), SR9. [CHa), — C + [Sc| + H;

SR3. C;H, + 2|S] — 2|CH,), SR10. [SiCL), + H; — Si + [Ss:) + 2HCI

SR4. [CH], + H — [CHy), SR1L. [CH,), + [SiCly), — SiC + [Ssi] + [Sc] + 2HCI
SR5. CH; + [S) = [CH)), SR12. [CH), + H; — [CH3), + H

SR6. [CHa), + H ~ [CH3], + H, SRI13. [CH;), + [CHa), — C + [Sc] + [S]) + CH,

SR7. SiCl, + |S] — {SiCly}, SR14. [SiCly), + [SiCl), — Si + [Ssi) + [S] + SiCl,

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 correspondin
adsorptive species with the surface multiplied by its reactive sticking coefficient. In accor
with the results of Buss et al. [14], the reactive sticking coefficients of C3 H, and C; H¢ 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 10712,
8.2x1074,2.8x107%, and 3.4 x 10~° kmole/m?s, respectively, and that of reaction SR10
t0 8.2x 10~ kmole/m?-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 speciea.}.‘Thermodynamic data for equilibrium constant
estimation were obtained from the JANAF [15] 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 R is given by

R = Ralo + Rall + Rald
R, + Ra11 + Ra13

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 H;/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.
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The decrease in the deposition rate cannot be attributed to depletion of silicon or
carbon bearing 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.
[6]. 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 MT'S to H, ratio in
the feed equal to 0.1. The activity-based equilibrium constants (K,’s) of the adsorption
ste%s were set equal to 320 for 5iCl;, 100 for SiCly and CHj, and 1000 for C3H; and
C,H,.
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Figure 3. Deposition Rate vs. Distance Figure 4. Deposit Stoichiometry vs.
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1300 K, H;/MTS = 10, Total Flow Rate ature = 1300 K, H,/MTS = 10, Total
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.. Figures 5 and 6 present the variation of the concentrations of some of the carbon and
silicon bem:f species, respectively, in the gas phase with the distance in the reactor with
(chain-dashed lines) and without (solid lines) heterogeneous reactions taking place at 1
atm. The homogeneous chemistry mechanism used in this modelling study was presented
in reference (8]. It is seen from the results of these two figures tg\at 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 geposition
rate at 1 atm coincides with the decrease in the concentrations of the main deposition
precursors {(e.g., SiCl; and SiCl3 in Figure 6 and C; H; and CyH, in Figure 5) and the
rise in the concentration of HCI. 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 [SiCl,],, 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 {16} has shown
that it is possible to improve the stoichiometry of the deposited film by introducing HC!
in the deposition reactor with the reacting mixture.
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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, CoH, and C;H,. It is the effect of the concentrations of
C2H; and C2H, on the surface coverages of [C'H,), and [C H], 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 HC! suppresses silicon
formation and the concentration of carbon deposition precursors rises. This result 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
precursors and reaction by-products in conditions of significant S or SiC deposition (or,
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equivalently with heterogeneous reactions included in the model) differ significantly from
those redicted by the mathematical model without heterogeneous reactions. As one can
%xgures 5 and 6, the presence of surface reactions influences strongly the evolution of
pa.rtlal pressure proﬁl&s 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 HC! and SiCly. As Fi
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 C;H, and C;H; {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 H
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 kinctics between dimmond and a
gas phase species—H atoms—involved in its formation. We develop a remarkably
simple method to measure H atom concentrations and nse the method to measure
74, the destruction probability of H atoms on diamond at 20 torr and 1200 K. We
find y4 ~ 0.12. This value is close to that estimated from gas phase alkane rate
constants.

INTRODUCTION

In this work we describe a remarkably siinple version of the recombination en-
thalpy technique which we usc to obtain H atom concentrations in guod agreement
with previous measurements. Having validated the analysis for our system, we then
use it to make the first direct experimental measurements of reaction kinctics be-
tween diamond and a gas phase species involved in its formation. The relationship
between gas phase and gas-surface kinctics is discussed.

EXPERIMENTAL

We used a 125 pm diameter Pt/Pt-10%Rh thermocouple as a substrate for
diamond growth. It was held about 4 mm above a 250 pm diameter tungsten
filarent.

To obtain H concentrations, we measured the substrate temperature (thermo-
comple voltage) in 1% C H, in H;. Experiments to measure the H atom destruction
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 diamond-
coated thermoconple T; was measured again. The difference between T, and Ty
reflects in part a difference in the H atom recombination rates upon changing from
a platinum to a diamond-coated platinuni wire. In order to measure the ewmissivity
¢4 of the diamond-coated platinum wire relative to the known value for the plat-
innm wire ¢,, we heated the thermocouple electrically in vacuum both before and
after dinmond growth, and we measured the electrical power required to attain a
given temperature.

ANALYSIS

Interpretation of recombination enthalpy measuremnents requires an cnergy bal-
ance analysis which includes radiation heating and cooling of the thermocouple,
heat transfer between the gas and thermocouple, heat conduction along the ther-
mocouple wires, and H atom recombination on the thermocouple(1,2,3,4]. Below,
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we explore the cunsequences of simplifying the analysis by ignoring all but the
largest terms in the energy balance for our system.

In vacuwmn, radiation heating and coovling control the thermocouple tempera-
ture, which rises to approximately 650 K. However, because the radiation terms
scale with T*, that samec amount of radiation energy would lead to only a small
temperature rise in the range near 1200 K, where our measurements are madec.
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 H; is added, depending on the pressure), testifying
to the ineficiency 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 heen ohserved 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 estituate 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 sinall, Thus, we ignore heat
condnction.

With these siniplifications, the heat balauce equation per unit area is

05AEy ((Hv/4) = 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; v is the probability for H destruction; AE is the heat of
recombination of H; from two H atoms; v is the velocity of an H atom; o 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 H; molecule.
Solving for the H atom concentration at the substrate, we have

) = (25 ) @

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

-t () (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 atorns to the
thermocouple by diffusion equal to the destruction rate at the wire surfacc. The

sesult is
[H](r) =1+ ( l“g (r/RU) ) (4)
[H|(Res) log (Riy/Ri) + (4D /v R,)
where H(r) is the number density a distance r from the axis of the thermocouple,
D is the diffusion coefficient of H, Ry; is the distance between the thermocouple
and the filament, and R, 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 atom concentralion was
determined from Equation (2). The results, relative to Hy, the concentration at
2300 K, are shown as large circles in Figure 1. The small circles on the graph are
MPI{5{, and the triangles are molecular beam|6) data. The solid line is a scaled
calculation which assumes thermodynainic equilibrinin between H and H, at the
filament temperature. All of these data show nearly identical slopes, very close to
that predicted by the equilibrivun calculation|5,6]. 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 and the curve is a rough fit to |[H] = c/r, where r is the
filament-thermncouple distance and where ¢ is a constant. The figure shows the
cupirical result that the H concentration falls off more or less as 1/1, in agreemncnt
with both the H atom and the OH radical laser fluorescence data of Meier et al.|7].
Thus, our technique also reproduces the spatial dependence of other experiments.
Finally, Equation (2} can be tested further for the platinum case (with v, = 0.1)
by using it to calculate an absolute H concentration. The most direct absolute H
atom concentration measurements have been made by Hsu|6] in a molecular heam
sampling system. For 0.5% CH, in H, we find [H| = 6.5 x 10" moles/cin® from
Equation (2), compared with 5 x 107'° moles/cm? at 0.4% C H, measured by Hsu.

Equation (3) allows us to estimate the recombinatior rate on diamond rela-
tive to that on platinum-—whose recombination coeflicient 7, is about 0.1 above
1000 K[8]—from mneasurements of (e4/¢,), (Tp/Tu)!, and [H),/[H]4. Our wmeasure-
ments show that ¢/, = 1.2 £ 0.1 and (T, /Ty)* = 1.08 £+ 0.05. Sincc destruction
rates at dianiond and platinum surfaces are similar (Ty ~ T}), and since the effect
of a platinum wire on the local H atom concentration is seen to be small, we will
assume for the mument that [H),/[H]s = 1 (see below). Equation (3) then gives
94 = 0.12. For 7, = 0.1 and 74 = 0.12, Equation (4) predicts |H},/|H|; = 1.06.
Although the equation is only approximate, this result suggests that our assump-
tion above that [H|, = [H|, is sufficicntly accurate. We estimatc an uncertainty of
about a factor of 2.

Mcasurement of 44 gives us an opportunity to relate ratcs of reactions taking
place on a diamond surface to known rates for alkane reactions. According to our
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models|9,10], the interaction between H atoms and a diamond surface is dominated
hy two reactions, abstraction and recombination. If CH represents a hydrogenated
diamond surface sitc and Cx* the radical site formed when the H is removed, we
have

CH + ™ = C» + HI* (4)

and
Cx+H% =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 cm? of diamond
surface can be expressed as

r= k,.Ncylﬂl J inNC¢lH]a (5)

where k, and kg are the rate constants per site for abstraction and recombination,
respectively, and Ncy and Ne., are the area deusities of hydrogenated and radical
sites on the surface, related at steady state by the relationships Noy /N, = kp/k,
and Ney + Neo = Nigy ~ 3 x 1072 moles/cm?. r can also be written in terms of a
collision frequency with the surface and a destruction probability,

r=+[Hv/4. (6)

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

8k, kn

= o(ka _;-m Yot - )

(We use the symbol T to refer to a destruction probability calculated based on
alkane properties. The symbol v refers to the experimental value for the destruction
probability, derived from our measurements and from Equation (3).) For typical
alkane reactions we have kg ~ 4 x 10'® ¢cm?/mole-s, while

k4 = 1.3 x 10"~ T300/RT (8)

Evaluating k4 at 1200 K and using Equation (7) gives I' = 0.25, double the mea-
sured 74 but within its estimated uncertainty.

SUMMARY AND CONCLUSIONS

From an approximate analysis of the heat fiows in our diamond growth appara-
tus, 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 watcrials such as Si; Ny and AIN where hydrogen may
be a mnajor species. We used our analysis to measure 94, the H atom destruction
probability at 1200 K and 20 torr, typical diamond growth conditions. The result
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is 74 = 0.12 with an 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
vur measurement to within our estiinated uncertainty. This result supports our
suggestion{9,11] 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. A, Wolden, 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 mTorr) 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 [1,2]. A number of CVD systems have been employed to
produce polycrystalline diamond films, including hot-filament [3], microwave plasma [4], DC
arc jet [5], 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 [7] 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/cm?> 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 (D) 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 LD.
quartz tubes which are mounted on either side of the atomic hydrogen source at 38° relative to
the substrate normal. Methyl radicals are generated through the thermal decomposition of di-
tertiary butyl peroxide (DTBP), (CH3)3COOC(CH3)3. The end of the DTBP quartz tube is
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Figure 2: Cross-section of remote microwave discharge source.
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encircled with heating wire. Acetyiene 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, 103 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 1 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 300°C and the signals level out at
500°C (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 amu 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 amu 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 = 1
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 1 and 20pum were was deposited over a 2 by 1 inch seeded
molybdenum foil during 90 minute depositions using the methy! 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 chemistry. 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 = 800°C, DTBP flow = 2 sccm, H2 flow =2.5 sccm, Ar flow =6 scem,
Pressure = 0.8 miorr.
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USING MOLECULAR-BEAM MASS SPECTROMETRY TO STUDY THE PECVD
OF DIAMONDLIKE CARBON FILMS

L.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, Hz, CHa, C;H, C:Hs 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 ez 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 cither by a roughing pump (Alcatel 2012 AC, 13 cfm) or by a
Roots blower (RGS-HYV, 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.

* Present Address: Hewlett Packard, 1020 NE Circle Bivd, Corvallis, OR 97330
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Figure 1. PECVD reactor with molecular-beam system.

The plasma was formed between two 150-mm-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 QD) 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 e and a diffusion pump (Varian M6, 1500 /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 rbomolecular pump (Leybold-Heraeus model TMP350, 350 I/s) backed by a roughing pump
(Varian SD-300, 13 cfm). A liquid nitrogen shroud (Thermionics $S400/275 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 cither 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-beam 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! torr) through the skimmer chamber (104 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-1.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 (Ithaco 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 S1133-12 and TLO61CP
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-1 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
aliowed 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 CHs/H2/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 1o reaction feed values, a 5:1 mix of
CHs 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 parent 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 increasu{ above the ionization potential, a lincar
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 1.

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 jonization 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 (F:) was determined from the mole fraction ratios of the species (Hz2 or CHa)
relative to argon divided by their intensity ratio at 25 e¢V. At plasma conditions, intensities of the
hydrogen, methane, and argon were determined at 25 ¢V from the ionization efficiency curve. The
following equation related these intensities to the mole fraction ratio of the species to argon.

X _g it 25 eV
xw “FT at25ev M

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

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:

X: I; at IP+b at 70 eV
Y = (f., ™ 1p+b)(%‘f‘u 70 ev) @
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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
¢V was found and then calibrated to the methane literature value of 12.70 eV [12}, 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 ¢V. 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 jonization potential measured on the
uncalibrated scale and comparisons to the literature values [12].

Table 1. Comparison of measured and literature ionization potentials.

Mass Presumed Species IP(eV.uncomected) IP (eV, literature) Offset (V)
1 He 18.32 13.76 4.29
2 H; 19.97 15.42 4.55
16 CH. 19.47 12.70 6.77
26 C.H, 17.64 11.41 6.23
! 30 CaHs 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
gﬁ‘Zset ?’8 H;latom was similar to that of Hz, and the offsets for hydrocarbons were in the range of
.2 10 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 II, along with
comparisons to microprobe measurements within the plasma but close (within 2 mm) to the
sampling orifice for the molecular beam.

Table . Comparison of nﬁ fractions measured by MBMS and microprobe methods.
SOW
MBMS Microprobe MBMS Microprobe
He 0.00482 — 0.00173 —
H. 0.257 0.270 0.320 0.355
CH, 0.520 0.561 0.517 0.482
C:H, 0.0175 0.018 0.0139 0.018

CaHs 0.00978 — 0.00396 —
L 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 are 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 diamondlike carbon. M3MS is shown to be a powerful ool for determining
species concentrations in plasma processes.

As the experimental technique on the sy..>m is enhanced, many other species will be
investigated, including C:Hs, CHs, CH; 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/Oy/H, 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 CH,(0-100%)/0,/H,. The phasc diagram obtained by
this study shows that a diamond growth region exists. With addition of more than 5% O,
in reactant gases, diamond particles could be included in amorphous or graphitic carbon
films even using CH,/O, gas mixtures. Faccted diamond films were obtained if the oxygen
gas concentration [0,] was approximately morc than half the methane gas concentration
[CH,) ([O,)>[CH,}2). However, no films were grown when [O,] excceded half of {CH,]
plus 7% ([O,)>[CH,)/2+7%). These results comesponded to the obsecrvations 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 CH,(=1%)/H, gas
mixtures’. As a result of their study, it was found that oxygem 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/H, », C,Hy/O,*, CH,/CO/H,",
CH/H,H,0 ¢ and so on. This data was arranged within a C-H-O phase diagram by
Bachmann et al.” They described that successful diamond deposition was restricted to a
well-defined area near the CO-H, line where a atomic ratio of C to O in reactant gases
was 1. Addition of oxygen was also carricd out with low contents of methane in hydrogen
gas, so that diamond films with good quality could be quickly deposited®®'. 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 CH(0-100%)/0O/H, gas
mixtures and their discharge propertics, 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 mixturcs
of CH(0-100%), O, and H,. Si (100) substrates for the film deposition were prepared
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Fig.1. X-ray diffraction patterns of films deposited in CH,/O, gas mixtures.

(8) CH((40%)/05(15%)/Hy —— lum  (b) CH4(40%)/05(20%)/Hy ——lua

(c) CH,(40%)/09(25%)/Hy —— lum  (d) CH,(62%)/0(38%) —_—lpun

Fig.2. SEM images of films deposited in CH/O,H, gas mixtures.
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using ultra sonic abrasion in ethanol mixed with 10 #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 sccm and 30 torr 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 (QEM) 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 CH,/O, gas mixtures.
The film without oxygen has no diffraction peaks of diamond ( See in Fig.1(a) ), and films
deposited in CH,(=260%)/H, 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% O, in reactant gases includes diamond
particles, since it obtains a diffraction peak from diamond (111) planes as shown in Fig.1(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 CH,(40%)/O,/H, gas
mixtures. Their faceted morphology becomes clcarer when oxygen gas concentration [O,]
is increased. Oxygen functions to improve the quality of films**'". Faceted diamond films
are synthesized in a diamond growth region when {C.] is approximately more than half the
methane gas concentration [CH,] ([O,]>[CH,)2). As is shown in Fig.2(d), the film using
a CH,/O, 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 enough®. Figure 3 shows Raman spectra of faceted diamond
films deposited in CH,/O,/H, 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™ than that
in Fig.3(a) for a conventional CH(1%)/H, gas mixture. Figure 4. shows the growth rate
of films deposited with (a) 20% CH,, (b) 40% CH,, and (c) 60% CH, in CH,/O/H, gas
mixtures as a function of [0,]. Though each growth rate increases with the increase of
[0,), it decrcases rapidly in the diamond growth region and vanishes when
[0,)2[CH,}/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
(0.2um/) for the conventional CH,(1%)/H, gas mixture and it does not increase
proportionally to [CH,).

The above result and onc 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 comrespond
to {0,] and [CH,] in reactant gases respectively. The CH,~O, line shows that reactant gases
arc composed of CH,/O, gas mixtures. The CO-H, linc shows that the ratio of [CH,] to
[O,] 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 [CH,}/2<[0,]<|CH,}/2+7% in a
range of more than 20% CH,. It suggests that the diamond growth region is independent
of hy7drogen gas concentration [H,] and it is roughly equal to the prediction of Bachmann
et al,
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Fig.6. Evolution of the plasma
emission intensities of O, OH, CO,
C,, CH, and H radicals as a function
of oxygen  concentration in
CH{(40%)/0,/H, gas mixtures.
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Species in a CH,/O,/H, plasma discharge detected by OEM are CO, C,, CH, H, O, and
OH radicals. Generally speaking, the plasma emission consists of CO, C,, CH and H lines
in a film growth region and it also includes OH and O lines in the no growth region. In
regard to the lines for O(777nm), OH(618nm), CO(267nm), C,(468nm), CH(431nm), and
H(656nm), Fig.6 illustrates the plasma cmission intensitics as a function of [O;] in
CH(40%)/0,/H, gas mixtures where {CH,] is fixed to 40%. The intensities of the CO, CH
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and C, 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, C, and H radicals. The intensity of the
H line also increased"”. However, the quality change between the non~diamond carpon 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 O radical emission to appear. The above phenomena
are roughly the same as that for different methane contents ( [CH,]= 5, 10, 20, 30, and
60% ), which means that the plasma conditions in these discharges are cquivalent and are
controlled by methane and oxygen contents in the film growth segion. 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-H, line. These
indicate the compositions of maximum emission intensities brought about by the CH and
C, radicals, respectively, as a function of [O,] for each [CH,). This result corresponds to
the phase diagram (Fig.5), therefore we believe that the characteristics of the films is
determined by the ratio of [CH,] to [O,].

CONCLUSION

Diamond growth experiments were carried out by a microwave plasma assisted CVD
technique using various gas mixtures of CH,(0-100%)/0/H,. The effect of oxygen,
especially, was investigated in the range of high mecthane content. The phasc diagram
obtained by this study shows that a diamond growth region exists. Faceted diamond films
were obtained when [CH,)/2<[0,]<[CH,)/2+7%.  Oxygen etches carbon films and
decomposes methane by forming carbon monoxide. However, oxygen rarcly 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 2 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 piasma 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
18 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 torr 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 injection probe located within the plasma volume. Typical operating
conditions of the plasma are shown in Table 1. 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 stage of the system.

Table L. Typical discharge operating conditions.
discharge power 8 kW
hydrogen flow probe - 3.0 L-min-! | sheath - 0
methane flow probe - 0.03 L-min-! | sheath - 0
| argon flow probe - 3.0 L-min"! | sheath - 40 L-min-1

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
molybdenum substrate 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 of gaseous 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 "1 refer to the plasma volume
and those labeled "2" indicate the differential region. Equation 1 describes the temperature

S

1+ 17 )
l+2M

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 [19). Equation | 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 T)/T9 ~ 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

E Mo substrate T4 P,

orifice plate

skimmer

o

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 (Balzers TPU-240) which maintains
a sufficient vacuum to operate the QMS (minimum =10-5 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/CHy4 = 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 m/e 15; methane also yields a signal at m/e 15. 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 (CH4 — 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 (CH3 — CH3*; 9.8 eV). Figure 3 shows experimental verification for the
threshold dissociative ionization potential of methane and its fragments. The threshold energies
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Figare 3. Threshold Ionization of methane.

for detecting CHy*, and in particular CH3*, 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 off. 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 CHj radical density in the plasma.

In the CVD of diamond films, the mechanism(s) responsibie 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 Si0O; mask was employed after the nucleation treatment to remove
the diamond nuclei on the mask. Perfect diamond patterns with smooth surface
(particle size <0.5um) and sharp boundaries were obtained. The diamond film
gears with 400um in diameter and 5um 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 [1-4]. 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 (108/cm? in common) [5-7) 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 {8-10], and
nucleation density up to 10!1/cm? has been achieved. But this technology is
not available for selective growth, because diamond nucleation on mask mate-
rials such as Si0, was also enormously enhanced. 1In this paper we report the
selected growth of diamond films on mirror-polished silicon substrate using
bias-enhanced MPCVD.

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 {111}
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
1180°C for 120 min to attain a 8107 layer with thickness of lum. The $1i0,
layer was then lithographically patterned and chemically etched in buffered
HF :NH,F:Ha0 (3:6:10) solution.
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Fig.l1 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 Si0; 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 0
Current (mA) 25 1]
Time (Min) 5 180
Pressure (Torr) 22 30
CHy flow rate (SCCM) 28 1.0
Hy flow rate (SCCM) 200 200
Microwave power (W) 1000 600
Substrate temperature °c) 870 900
Substrate position (em)* -2.0 [}
Growth rate (um/h) 0.6

*Measured from the centre of cavity, "-" means below the centre.

After nucleation treatment, the wafers were divided into cwo groups. In
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the first group, the specimens were etched in the buffered HF solution (40°C)
for 20-30 seconds to etch the 510, layer about 50v60 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 firs+t group, and Fig.5 to the second group.

RESULTS AND DISCUSSION

Fig.3(a) is a SEM photograph of a selectively deposited polycrystalline
diamond films with thickness of 1.8um after 3h growth. The gap width of the
two patterns is 1.8um. Diamond nucleation density are measured to be
10'%m=2 on mirror-polished Si and 10Yc¢m~2 on $i0; mask. The selectivity is
high, and sharp boundaries are seen. The diamond films grown on unscratched
silicon are flat with mean particle size about 0.4um, and the film roughness
is estimated to be 0.3um(peak to peak). Fig.3(b) gives the Raman spectrum of
the film. The appearance of the characteristic crystalline diamond peak at
1332cm~! 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 |9].

Reletive [atessity

1100 1450 1300

Remaz Shift{eo ')

Fig.3 SEM photographs of selectively deposited polycrystalline
diamond films with thickness of 1.8um on mirror-polished silicon
substrate. (a) patterns with gap width 1.8um; (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 400um in diameter, and
5um 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
8i02. The sample illustrated here is grown for 3h, without etching in
buffered HF solution after nucleation treatment. Above 107/cm? diamond
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Fig.4 SEM photographs of diamwond gear with 400um in diameter and
Sum 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 §i0) layer.

particles have grown on the 5i0, mask (See the right part of the photograph).
This figure is in three magnitude order larger than that on untreated SiO,
(10%cm=?). 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 $i0, mask can be removed effec-
tively by the process of slight etching of $i0; just after nucleation treat-
ment .

Bias-enhanced diamond nucleation on §i0, has not been reported by previous
work. The mechanism has not been throughly understood. We suggest the
enhanced defects on the SiO; surface acted as diamond nuclei sites induced
by the bias treatment may pay an important role in nucleation. Some authors
[10-11} proposed the following reaction existed when $i0; exposured under
C/H plasma:

SiO2 + 3C + 8iC + 2C0
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Therefore, when negative d.c. bias is applied, an increase in the flux and
kinetic energy of CxH+ species to the surface may fasten this reaction, and
a reasonable enhancemznt of surface defects is obtained.

The phenomenon of enhanced diamond nucleation on $i0, is interesting, it
may make it possible to serve 8i0, 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 Si0; was observed, and a shallow
etching of 8i0; 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.
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REAL TIME CONTROL OF IlI-V SEMICONDUCTOR SURFACES DURING
MOVPE GROWTH
BY REFLECTANCE ANISOTROPY SPECTROSCOPY

K. PLOSKA*, W, RICHTER, F. REINHARDT, J. JONSSON, J. RUMBERG, M. ZORN

Technische Universitit Berlin, Institut fir Festkdrperphysik, 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 III-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 I1I-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(110) {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 [110] and {110] 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 homoepitaxiai 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 iow-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 ez al. [8] (Fig.1).

Q

Monochromator

il

RAS

Polarizer

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 [110] and [110] of the
(001) surface and the real part of the complex reflectance difference

Arlr=2(r Tyo-T 110)AT T10** 110) m

is quoted in the RAS spectra shown throughcut this paper.

For growth the precursor trimethylgallium (TMGa), pure arsine (AsH3), trimethylindium
(TMIn) and pure phosphine (PH3) 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 /min. The ratio of group V
to group Il 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 experiments we found that all III-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 [S]). At 300 K the oxidized substrates
display a characteristic anisotropic structure 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 H2S04 : HyO5 : 4H0.
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 resofved 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 ¢V. At 755 K, however,
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there is a sharp rise 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.
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FIG. 2. RAS spectra of an oxidized InP(001) 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 transients 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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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
temperature under Asq or AsHj 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 ¢(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 T, T T T 1 1 T T T
?A/\\,r= LY RHEED
” = —
3 i |
. 805 X ”
~ e x 2 fwrx (2x4)
A s o | C{4x4)-lke » [s20 &
I‘-; . 812 K
p § o
S . d(4x4)-like E rio x
x ‘: 590 K c(4x4)
Iz
1 i i 1 1
2 3 4 5 6 12 d(4x4)
ENERGY (eV) Lo

1 2 3 4 5
ENERGY (eV)

o

FIG. 4. RAS spectra of GaAs(001) surfaces in (a) a MOVPE reactor under hydrogen
atmosphere (10# 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 been 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 different 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 cominues 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 [11].
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FIG. 5. RAS spectra of (001)GaAs in MOVPE under hydrogen flow without arsine at 104 Pa.
Spectra were taken every S minutes.

[oP gurf fer diff h condi

InP surfaces have not been previously studied by RAS under MBE conditions. In order to
correlste the spectrsl 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 InP
buffer layer was grown at 875 K and the sample was then cooled down under PH3 or P 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 surfaces. 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 ¢V. At 755 K the peaks
at 2 and 3 eV becomes smaller. Above 775 K there is a "three-buckle 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)-like 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.
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FIG. 6. RAS 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 anisotropic background originating from the birefringent window.

Other IU-V materials before growth

Fig. 7 shows the spectral RAS response for a number of different III-V (001)surfaces within
the InGaAsP material system. Strong differences exists between all of these spectra. They can be
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used therefore for an in-situ 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 reconstructions. 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 (1x3) 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(001).

* 103

Re(Ar/<r>)

"InAsP”
InGaAs w

GaAs \/-\Cr
GaP \/\/
1 1 | | |
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FIG. 7. RAS spectra under 104 Pa hydrogen flow for several III-V materials: GaP was grown
on 8 (001) GaP substrate, InGaAs is grown lattice-matched on (001)InP, InGaP is lattice-matched
on (001)GaAs, the spectra "GaAsP" and "InAsP" were obtained by exposing GaAs- and InP-
surfaces to phosphine and arsine, respectively.

Growth studies

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 GaAs(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 [110] is either destroyed or switches to the [110] 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 1 ML of GaAs. Ex-situ layer thickness
determinations indeed have verified this interpretation {5].

Varying the total pressure with constant TMGa and AsHj 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
studies by performing ex-situ 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
(temperature 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 regime at lower temperatures. The practical advantage of exploiting the oscillations for
such data in comparison to ex-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.
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FIG. 9. RAS signals st a fixed photon energy (2.6 eV) as a function of time from a GaAs (001)
surface (a) when starting growth by adding TMGa at different partial pressures between 1= 0 and
#=35-40s (total pressure 100 hPs) 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 terms of surface structures. A
microscopic model has to take into account their dependence on the different growth parameters,
including gasphase processes as well as their dependence on different vicinal surfaces.

Heterostructure growth
Although RAS measurements have shown already a number of impressive results for

homoepitaxy, growth of heterostructures constitutes an field where even more diagnostic tools
are needed. In order to follow the growth of a heterointerface 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. Tt is seen that the response consists of two parts with significantly different time
constants. An initial fast rise ( att = 60 s in Fig. 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 light.
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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=1097 * p[PH3])!/3 * exp(1.64¢V/RT). For standard growth conditions (T=600 °C,
piPH3]=50Pa) 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 formation of the single layer P-terminated structure, by exchange of As is a factor of 3 to §
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-terminated surfaces to avoid surface roughening, The step should, however,
still be included in order to allow the As-terminated c(4x4) reconstructed surface to reconstruct

165




into the P-terminated single layer structure since this surface state is much more stable in the
phosphine environment.
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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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GAS-PHASE AND SURFACE DECOMPOSITION OF
TRIS-DIMETHYLAMINO ARSENIC
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Department of Chemical Engineering, Massachusetts Institute of Technology, Cambridge, MA
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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 DMAASs 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 B-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 III-V
semiconductors. A wide range of organoarsenic compounds have been explored including
trialkylarsenics [1,2], alkylarsenic hydrides, such as tertiarybutylarsine (t-BuAsHj3) [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-BuAsH; 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 methylmethyleneimine. 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 e
al., on the other hand, have proposed that a monomethyl amine species (NCH3) is the key
decomposition intermediate in the dissociative adsorption of DMAAs onto GaAs based on
transient mass spectrometry measurements during MOMBE or ALE {9, 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 DMAASs and carrier gas flowed through a 12.7 cm long, restively heated, quartz sample tube
with CaF; 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-! were used to transmit the IR light.
All the IR spectra were taken under steady state flow conditions with a resolution of 4 cm!.

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 Torr. A 1.5 cmx1 cm rectangular piece of GaAs (100) £ 0.5° wafer (Si doped, at 2-
4x1017 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.

DMAASs was dosed onto the GaAs(100) surface by back-filling the chamber via a leak
valve. Exposures were reported in Langmuirs (1 L = 1x10-6 Torr-s) and uncorrected for
differing ion gauge sensitivity. Atomic deuterium exposures were generated by dissociating Dy
on 2 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: Hp (99.9995%, Matheson), D2 (99.5 atom %, Matheson), and He (99.999%,
Matheson).
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RESULTS AND DISCUSSIONS
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 50°C were assigned on the basis of
equivalent bands reported for tris-(dimethylamino) phosphorus [14]; specifically, 1464 cm-
1(CHj bending), 1252 cm! (asymmetric streching of C-N-C bonds), 1156, 1195 and 1058 cm'!
(deformation of CH3). The As-N-C bending frequency was not observed since it is lower than
the cut-off frequency of the optic fiber (1000 cm-!). The spectrum taken at 450°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-!, are reduced, while new peaks related to decomposition products have
appeared. Methylmethyleneimine ( H2C=N-CH3j) is observed as one of the major reaction
products based on the apearance of a new peak at 1660 cm! (C=N streching), a broad shoulder
around 1475 cm-1 (CH; bending) and a sharp peak at 1025 cm-! (CH3 deformation). The
deformation of methane is observed as a sharp peak at 1306 cm-!. The peak at 1155 cm"!
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.
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Figure 1. FTIR spectra of DMAAs in H; at 50°C and 450°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 ~450°C. The products,
dimethylamine and methylmethylencimine, 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"l. The decomposition of DMAAs is
slightly enhanced by the presence of Hj or D relative to the case of He carrier gas. This
behavior suggests that He and D radicals, formed in reactions of dimethylamine radicals with Hz
and D3, 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(CH3)2)3 —  As(N(CH3)2)2 + *N(CH3)2
As(N(CH3)2)2 = AsN(CH3); + *N(CH3),
AsN(CH3)2 - As + *N(CHj3),

Subsequent steps include reactions of dimethylamine and He radicals with As(N(CH3);),
(n = 1-3), as well as disproportionation of dimethylamine radicals:

*N(CH3)2 + As(N(CH3)2)n —  As(N(CH3)2)n.1 + HN(CH3)2 +

CH3N=CH,
*N(CH3)2 + H; - HN(CHs3); + He
He + As(N(CH3)2)n —  As(N(CH3)2)n-1 + HN(CH3)
*N(CH3); + *N(CHa), - HN(CHs); + CH3N=CH,
«N(CH3); - CH7=NH + *CHj3
*CHj3 + *N(CH3); - CH4 + CH3N=CH;
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Figure 2. Gas-phase decomposition products of DMAAs in Hy
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 480°C. 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 DMAAEs, then flash heating to 480°C. These observations are
consistent with the results of Hamaoka et al. [11], 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
350°C made the surface more As-rich with a blurred “(1x1) like" LEED pattern.
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Deposition of arsenic from DMAAs was also evidenced by temperature-programmed
desorption (TPD) spectra of Asy*. Figure 3 shows the TPD spectra following m/e=150 (Asy+)
as a function of DMAAs exposure at 350°C. The appearance of the As;+ 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 Asy 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 Asy* at comparable arsine exposures
[19).
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Figure 3. TPR data for As; desorption for different DMAAs ¢ xposures.

To understand the decomposition of DMAAs on GaAs(100), TPR studies on the
desorption products were performed. Results are presented in Figure 4. The products ions
corresponding to m/e =42, 43, 44, 45 were followed after a 8 L dose of DMAA s onto the (4x6)
surface at 100°C. No other species with higher masses were detected desorbing from the surface
during the temperature ramping from 100°C to 500°C. Ions with m/e=15 and 29 were observed,
but showed no features additional to those of m/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
dimethylamine ligands desorb from the surface in the temperature ramp. In correlation with the
resuits from the gas-phase study, possible product candidates are dimethylamine (MW=45),
dimethylamine radical (MW=44) and methylmethyleneimine (MW=43).

The most significant feature in Figure 4 is the difference in desorption profiles between
m/e=42, 43 and those of m/e=44, 45. Since m/e=44, 45 can result only from a dimethylamine
molecule or a dimethylamine radical, whereas m/e=42, 43 can derive either from fragmentation
of dimethylamine/dimethylamine radicals or from methylmethyleneimine, the absence of the
desorption peak ~280°C 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 f-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 dimethylamine 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, 21].

Cda CH,
CU;/CHS ”’ CHZ=N‘CH3
.
- 165 1 NCHg, 190 CHy K 1
3: T N(CHS)Z N(CH3)2 m/e=42 =C.
8 |m/e=44 AS H
2 7 7
B
c
2
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o \‘\%"w
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T —T T T T Y T

T 71
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T T T

7 —
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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(100) 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 Asy tempersture 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 ~160°C and formation of
methyimethyleneimine at ~280°C.
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ABSTRACT

The growth of undoped GaAs films from Ga(CyHs); (TEG) and AsH3 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(CH3)3 (TMG) and AsH3. 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 I1I-V semiconductors for advanced electronic,
microwave and optoelectronic devices. The low-pressure (LP) MOCVYD of GaAs has very
attractive features that can produce interface abruptness during heterostructure growth and
selective growth suitable for planarization of optoelectronic devices [1]. The growth of GaAs
films from TEG and AsH3 has been found to result in a much lower carbon incorporation when
compared to the most commonly used precursor pair of TMG and AsHj [2,3]). A reactor
pressure of about 3 to 5 Torr has been reported to yield GaAs films from TEG and AsHj with
minimal concentrations of both ionized donors [4], typically silicon impurities from the TEG
source [5], and acceptors, typically carbon impurities from the TEG decomposition byproducts
{4]. Understanding the underlying kinetics is essential for optimal design and operation of
MOCVD reactors and for large-scale commercial development of the process [6).

The homogeneous thermal decomposition of TEG can proceed by both homolytic fission of
ethyl radicals, i.e Ga(CyHs); = Ga(CyHs)y + CaHs, and B-elimination, i.e. Ga(CaHs)3 =
GaH(CyHs)2 + CoHy [7-9]. Mass spectroscopy studies indicate that the second pathway is
probably the dominant one at typical MOCVD conditions [8,9]. 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-CHjy) through abstraction reactions [10]. 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 [11-14] it appears that TEG will adsorb dissociatively on GaAs surfaces at MOCVD
conditions. Species desorbing from the surface included CyH4, CoHs and Ga sub-alkyls
[11-14). Arrhenius parameters for several surface reaction steps of TEG decomposition on GaAs
surfaces have been estimated (13,14 and they can be used in the development of a surface
kinetic model of the MOCVD process.
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The thermal decomposition of AsHj is believed to be mostly heterogeneous, but the actual
mechanism is still not well understood and may also include some hornogeneous steps [15]. It
has been postulated that under MOCVD conditions AsH* is the dominant adsorbed group-V
precursor resulting from dissociative adsorption of AsH; 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 AsHj3 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/III = 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,
Iem 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 B-elimination (G1) 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 k, = 10157 5*1 and E = 46.6
kcal/mole in |7], although this value of k, is rather high for B-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(C,Hs);
produced by G1 was neglected, because it is also a secondary reaction. It should be mentioned
that the CyHjs- 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, $4-89) 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 arsine (S6) was taken
to be 5 kcal/mole [17]. The concentration of C,Hs* 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, S10 and S11 were obtained from [13], for -S7 from [17] and for -S8 and -S9
from | 14). The rate parameters for -S4 were assumed to be ko = 108 s:! and E = 27.4 kcal/mole
following observations reported in {13). The coverage dcpenaence of E of -S4 at high coverage
[13] has not been included in this study. Finally, the rate constants of the two growth reactions
(812, 813) 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, = 2x10!7 cm2 mole! 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

GaH(C,Hs); + CoHy

CHg + H-

CHy + H- + M (M =carrier gas)

Cotlg
C4Hyo

(G1) Ga(CzHs)3
(G2) CyHs- + Hp
(G3) CyHs- + M
(G4) CHs: + H-
(GS) SZHS' + C2H5'

Lilll

(G6) + H + M - H + M
SURFACE REACT l(%NS

S1) Ga(CoHs)y + Sy — [Ga(C,H Nla* + CHs

(82) GaH(Cﬂs'ls)z + S A - Ga(cﬂ‘{ﬁ At + Czl'[ﬁ

(S3) [Ga(CaHs) ] a* - Ga(CyHs)pa* + CoHs

(S4) Ga(CoHs)y + Sp o [Ga(CaHs)p] A"

(85) Ga(CoHs) + Sp Lad Ga(CZHj)A’

(86) AsHy; + Sg - (AsH)g* + Hp

S7) AsH + S «  (AsH)g*

(S8) CyHs + S, © (CoHs )o*

(S9) CHs + Sg o (CHs)G*

(SIO) (CZHS')A* e 4 C2H4 + HA‘ 14))

(S11) (C2H5‘)G* - C2H4 + Hg* (1)

(S12) GH(C2H5)A’ + (ASH)G* - GaAs + C2H6 + SA+ SG

(S13)  {Ga(CyHshla* + (AsH)g* — GaAs+ CjHg + CoHs + Sp+ Sg
S 4 : Site corresponding to an As surface atom Sg: Site comesponding to a Ga surface atom

(1) : 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 {18]
and compound semiconductor films [6,10,17]) 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 [17]. 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.c. 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 [19].

RESULTS AND DISCUSSION

Several experiments were conducted using the LP-MOCVD reactor at th: 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, 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, v,=8.7cm/s
and P =3 Torr.
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Figure 2. Predicted mole fractions of adsorbed species at different susceptor temperatures.
(a) Species adsorbed on As sites: (1) Ga(CyHs)a* , (2) [Ga(CoHs)al A%, (3) (CHs)A®, (4) Sa.
(b) Species adsorbed on Ga sites: (1) (AsH)g*, (2) (CoHs)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 ihe 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(CyHs)a* is the dominant one. Furthermore, the concentration of (CoHs-)* 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/II 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(CHs)3 + Sp —
Ga(CyHs)a* + 2 C9Hs- and it als5 includes reactions $5,56,S7 and $12 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 AsH3
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 (0) 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(100) IN THE
GROWTH OF GaAs BY ULTRAHIGH VACUUM CHEMICAL VAPOR DEPOSITION USING
TRIMETHYLGALLIUM AND TRIETHYLGALLIUM

SEONG-JU PARK, JEONG-RAE RO, JAE-KI SIM, JEONG SOOK HA, AND EL-HANG LEE

Electronics and Telecommunications Research Institute, P. 0. Box 8,
Daeduk Science Town, Daejeon City, 305-606, Republic of Korea.

ABSTRACTS

We have grown GaAs epilayers by ultrahigh vacuum chemical vapor deposition{UHVCVD)
using adsorbed hydrides and metalorganic compounds via a surface decomposition process.
This result indicates that unprecracked arsine(Asty) can be used in chemical beas
epitaxy(CBE) and that a new hydride source with a low decomposition temperature,
monoethylarsine(MEAs) can replace the precracked AsHs source in CBE. The impurity
concentrations in GaAs grown with trimethylgalliua(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 TMG is replaced with TEG. The carbon
concentrations in epilayers grown using TMG and TEG with unprecracked AsHs and MEAs were
reduced by 2-3 orders of magnitude compared to those by CBE process employing TMG 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 unprecracked
AsHy at very low pressure because cracking of AsHy into arsenic at the substrate surface
alone may be negligible and thus not sufficient for achieving growth below 570°C. To be
used in the CBE process, therefore, AsH; must first be precracked at high temperatures
prior to growth[1-3]). In an attempt to understand the effect of a solid surface on Ashs the
thersal chemistry of AsHy on GaAs(100) has been studied, but not extensively. Surface
catalyzed decomposition of AsHs is believed to play a dominant role during arsenic
decomposition in GaAs MOCVD and ALE{4]. Thus the present study examines the role of the
most important precursor, AsHy adsorbed on GaAs, in the growth of GaAs.

It is also known that AsHy plays a role in reducing carbon incorporation during
GaAs epitaxial growth, especiailly when ™G is used as the gallius source, The actual
arsenic species arriving at the growth surface as a result of precracking process in CBE
say not be suitable for use with gallius-containing organometallic compounds, since they
offer no chemistry to reduce the carbon contamination anticipated from the decomposition
of carbon-containing organometallic cospounds at the growth surface, During growth by CBE
little or no AsHy impinges on the surface and carbon concentrations as high 10" %ca® can
be produced{2,5). Therefore, we have also investigated the effect of carbon incorporation

183

Mat. Res. 8oc. Symp. Proc. Vol. 334, ©1904 Materisis R h Soclety




-

e et e i~

in GaAs epilayer grown by UHVCVD using unprecracked AsHs

Due to the increasing concern for safety, there is a growing need to replace
extremely toxic AsHy 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 cosparable to that of cracked AsHy in CBE using unprecracked AsHs
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 AsH;,

In this study, we have investigated the characteristics of GaAs growth using
unprecracked AsHy and MEAs adsorbed on the surface together with TEG and TMG. The role of
hydrogen atoms 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 gromn by unprecracked AsHy and MEAs coupled with TMG 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 microscopy(AFM) in air to inspect the surface morphologies caused by
different source gases, From the results of these UHV-growth experiments, it was suggested
that the unprecracked AsHy or MEAs serve as a successful arsenic reagent for rie in CBE.
Our results indicated also that the hydrogen atoms and partially-cracked hydrides from the
catalytically-decomposed AsHs 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
vacuus chamber and a gas handling system. The growth chamber is pusped by a
turbo-solecular pusp. The chamber which is not equipped with a liquid nitrogen shroud,
was maintained at a base pressure of less than 3x10™ Torr. The gases were introduced
through pressure controlled gas inlet tubes without the use of a carrier gas. In our
study, we used TNG and TEG as gallium sources together with unprecracked AsHy and MEAs. To
avoid the thermal decomposition of source gmses 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 GaAs in the growth characteristics by excluding the possible gas
phase processes, Substrate was Cr-doped GeAs(100) with 2° off towards (011). Before growth,
the substrate was annealed at 910 K for 15 min 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 was in & range oi .0° - 10 Torr depending upon the V/11I ratio, Layer thickness

was measured by scamning electron microscopy(SEM) on stained and etched cleavage planes.

The sasples were inspected by optical microscope and SEM for the evaluation of their
morphology. Epilayer samples were transferred from UHVCVD system into an AutoProbe
scanning force sicroscope(Park Scientific Instruments, Sunnyvale, CA 94089) through air.
The surface morphologies of epilayers were then examined by SPM in an error mode using a

force of about 10 nN under ssbient condition. Low temperature PL and Hall measurssents at

room tesperature were also made for optical and electrical characterization of growmn

opi layers.
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RESULTS AND DISCUSSION

Figure 1(a) and 1(b) show atomic force microscope(AFM) images of epilayers grown
using TMG with AsHy and TEG with MEAs, respectively. The surface morphology in fig. 1(b) is
smoother than that in fig. 1(a). Furthermore, both fig, 1(a) and 1(b) show island-like
grorth 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 1(b) and about 4 A for fig. 1(a), respectively., These heights which
correspond to 2-3 monolayers of GaAs indicate that the 2-dimensional islands were grown on
these two surfaces. The surface roughness shown in AFM images suggests that the use of
TEG and MEAs produces smoother surface than that of TMG and AsHy even at lower growth
temaperature.

1t |
0 0.2 0.4 0.6 0.8 lum 0 500 1000 1500 2000A

0 0.4 0.8 1. 2mm 0 0.1 0.2 0.3 0. 4um

Figure 1. APM images of GaAs epilayers grown by UHVCVD using (a) TMG and
Asiy at 830°C and (b) TEG and MEAs at 600°C. The scanning areas are (a) lum
x lum and 2000A x 2000A and (b) 1. 4um x 1. 4um and 0. 4um x O, 4um.
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Figure 2 represents the temperature-dependent growth rates measured by SEM 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 TMG on the surface, Between 600 and 630°C, the temperature is high
enough to completely dissociate all the TMG 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 TMG 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 and 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 2-3um. The hole concentrations of TMG-grown samples are in the range of
10'%-10"® cm? as shown in fig. 3. The hole concentrations in TMG 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°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
dependernce of carbon incorporation, which results in U-shaped curve, has been also
reported for AlGaAs[10] 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[11,12] 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
tesperature exposure to AsHy consumes the CH, adsorbate, apparently by hydrogenating them
back to CH; groups that then desorb[13,14]. It is often thought that AsH facilitates the
removal of adsorbed CHs via CH, formation[15,16], thus leading to a reduction in carbon
doping, even though attempts to directly monitor CH¢ 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 TMG-grown GaAs film on the substrate
AsHy with TMG(V/IE1=10, P=1.2x10 Torr) and  temperature(V/111=10, P=1.2x10"* Torr).
TEG(V/111=20, P=1,2x10"* Torr).
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Figure 4 represents the temperature dependent growth rates of GaAs grown using
MEAs with TMG and TEG. The growth rates for TMG in fig. 4 are divided into three distinct
regions which were also observed in the case of growth with unprecracked AsHy and
T™G[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 T™MG is very small at a low growth
temperature of 550 °C, a growth rate of about 1 um/h can be obtained at the same
tegperature when TEG is used as gallium source, All materials obtained by growth with MEAs

2.5

Figure 4. Effect of growth temperature
on the GaAs growth rates using unprecracked
. r MEAs with TMG(V/111=10, P=5.5x10"° Torr)

and TEG(V/111=20, P=5.7x10™! Torr).
—— T™MC
0.5
|

(4]

Growth Rate (um/hr)

540 560 580 600 620 640 660 680
Growth Temperature ("C)

and ™G exhibited p-type background doping of 1010w with 300K mobility of 230-330
cw’/V-sec. The hole concentrations in TMG-grown samples 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 10ca® At the growth
temperature of 600 °C and V/I11 ratio of 5, n-type background doping of 4. 9x10™ ca? with
300 K mobility of 4290 cx'/V-sec was observed in TEG-grown epilayer. These values indicate
that the samples are moderately compensated.

CONCLUSIONS

Ve have shown that AsH; and MEAs without precracking can be used in the growth of
GaAs by UMVCVD using T™MG and TEG via & surface decomposition process. Three distinct
temperature-dependent regions of growth rates by TMG were observed, The growth rates by
TEG, however, produced an anomalous dependence on the growth temperature showing two
husps, which are indicative of two hydride intermediates. Growth of GaAs epilayers was
also successful at fluxes compstible to that of precracked arsine together with TMG 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 uptake of carbon impurity is significantly reduced when TMG is replaced
with TEG for both AsHy and MEAs. Our results indicate also that the significant drop in
hole concentration results fros the efficient removal of carbon-containing species by
surface hydrogens and partially decomposed hydrides from the adsorbed AsHy, Intersediates
like Asie from MEAs are also considered to supply hydrogen atoss during growth, which may
resove carbon containing species as CHy or Ci.
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CONTROLLED IMPURITY INTRODUCTION IN CVD :
CHEMICAL, ELECTRICAL, AND MORPHOLOGICAL INFLUENCES

T.F. KUECH', J. M. REDWING', J.-W. HUANG', AND S. NAYAK""
University of Wisconsin, 'Department of Chemical Engineering, "Materials Science Program,
1415 Johnson Drive, Madison, WI 53706

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: dimethy! 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-Al Ga,
(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 involvin 1 five different steps : (1) 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
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of dopant species. Gas phase and surface reactions determine the chemical nature of adsorbates
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,Ga,,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 Al,Gaj_4As and high
quality AlyGa|_xAs/GaAs interfaces. The most common impurities in AlyGaj_xAs 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 AlyGaj_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 HO and O in the process gases, have been cited as the source of oxygen
incorporation in AlyGaj_yAs[2]. In the latter case, the oxygen incorporation mechanism has
been speculated to involve an O,-TMAL gas phase reaction to form volatile dimethyl aluminum
methoxide (DMALO, (CH;);AIOCH;) [3]. The initial studies of MOVPE Al,Ga)_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 AlyGaj_xAs. We have previously
demonstrated that oxygen can, however, be controllably incorporated into GaAs through the
indcpendem introduction of DMALO {6 ]. The trace amounts of Al on the growth surface and in
Ps phase provide a driving force for oxygen incorporation. Oxygen concentration in excess of
10'* em™ 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 controlied oxygen incorporation study through the alteration of
carbon-bearing ligands in oxygen precursors. DEALO, (C;H;),AlOC;H;, 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 2.5°C) with suitable vapor pressure (about 0.063 Torr
at 25°C). It can therefore be used in a conventional bubbler arrangement, leading to reproducible
oxygen doping results. In contrast, DMALO is a solid at room temperature with a meiting point
of 35°C and a relatively high vapor pressure of 7.4 Torr at 76°C [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 dve to a lack of in-sit growth monitoring techniques compatible with the MOVPE
environment. Recent developments, including reflection difference spectroscopy [9 ] and grazing
angle X-ray diffraction [10 ], have contributed substantially to our initial understanding of these
processes, Bpimyisgetmllycmsideredtooccurirnmpﬂowgmwthmodeatthehigh
substrate temperatures used during MOVPE [11]. Very litte 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
example, 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 scattering and stomic force microscopy (AFM) measurements, 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 AsH; were used with H, as the carrier gas. The growth
temperature was varied over the range 600-800°C and the V/HI ratio (AsH;/'TMGa) from 10 to
120. The growth rate was held constant at 0.05um/min., corresponding to a TMGa mole fraction
of about 1.8x10 in the reactor. DMALO and DEALO were used as oxygen precursors. All
oxygen-doped layers were co-doped with Si using disilane (Si;Hg) or C using carbon tetrachloride
(CCl,) 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 GaAs/70A
Al,,Ga,.As on a 0.6 pm Al, Ga,,As buffer layer were grown by MOVPE at 650°C. The layers
were grown on semi-insulating (100) GaAs wafers miscut approximately 0, 2 and >4° toward
the <110> direction. Oxygen incorporation at the growth front was carried out by the addition of
DEAIO (1x10° 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-AlGa, As interface). Identical SL structures without
oxygen doping were grown for comparison. A Si-doped GaAs/ Al ,Ga,,As 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 muitilayers, the degree of correlation in the roughness found at
sequential interfaces. The reduction in the intensity of Bragg peaks in a 6-20 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-Kj) 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 0.01° and 0.005°, respectively. The aperture of the entrance slit limits the divergence of the
incident beam to 0.03° in the diffraction plane. Two types of scans were measured: 8-20 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 (0° < 0 < 39). 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 III using constant height mode.

RESULTS

Oxygenl ion Behavi

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 (13]. Typical concentrations of Al and O, 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 600°C with a V/III 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/III ratio [13]. Higher V/III ratios cause decreasing
oxyger: concentration in both the nominally undoped AlyGaj_xAs [16 | and DMALO cases. The
GaAs:O samples grown using DEALO, however, indicate that the use of higher V/III ratios
greatly enhances the incorporation of oxygen as well as aluminum by more than 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/III ratio increases.
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The effect of Si doping, using SipHg, on the oxygen incorporation was studied for the

case of DEALO-based doping [13]. The Si doping efficiency was not altered by the
101? presence of the DEALOQO, and the Si
concentration was proportional to the

E %m‘:r:gemwmm"c SigHg mole fraction in the reactor as
o r shown in fig. 1. The SipHg mole fraction
‘" 1018 did affect the degree of compensation of
< 3 shallow donors as described below,
g 3 indicating that Si participates in the
k- r formation of deep levels.
g 1007 B
o 3
a o
o L
o [ —=— [Si] —s— [Al] Electrical Behavior
—— [0]
1016 Ll T
- - P s Free carriers from both n- and p-
to 10 10 type shallow impurities were found to be
DEALO Mole Fraction compensated by the incorporation of
Disilane Mole Fraction x 10 oxygen or oxygen-based defect complexes

Figure 1: The concentrations of Al and O from  ffom both DMALO [i2] and DEALO
DEALO, and Si from Si,Hg in GaAs as a functionof [13}- A reduction in the free carrier

DEALO and Si2H6 mole fractions [ 13]‘ concentration is observed in ﬁg. 2, and is
directly correlated with the oxygen

concentration. Figure 2 shows the SIMS O
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;Hg mole fraction ratio as well as the absolute mole fraction of Si;Hs. The
compensation exhibits a power-law dependence on DEALO/Si,H; , approximately given as:

An [me
S Xxm2,

n L SiH,

We have studied the role of Si-based species in compensation by growing two more samples at
different Si;Hs concentrations as illustrated in fig. 3. Three parallel lines (all with a power of ~2)
were obtained, corresponding to these three separate Si;Hs mole fractions. Higher compensation
levels were correlated with a higher Si;Hg mole fraction at the same value of the DEALO/Si,H,
ratio, indicating that Si-O related species participate in compensation. This additional
compensation appears to be proportional to the Si;Hs 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 Si;Hs mole fraction. This should be
compared 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
electrically active. Given the strong bonding energy between Si and O, it is only natural to
postulate that Si-O related species should form and be active in free carrier trapping and
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responsible for part of the observed compensation. The responsible oxygen-related deep levels
have been investigated using deep leve! transient spectroscopy (DLTS)[12, 13,17 ]. :

10!? 10° tr
~ {0 by SIMS 1 . b —a— s.0x10
© 10!® Je st
] 3 i
& E
b
8 17 1. slope=2
_:‘e 10 1o Aa/n
s
H
g 1010 J10
° E
[ 4] 3
1018 110 1 . N
3 10 50 100 500 1000
Depth (im) DEALO/Disilane Mole FPraction Ratio

. . Figure 3. The de of shallow dopant
e B e %0 compensaon a5 & uneon of sermaized
multilayer sample grown at 600°C and a V/III DEALO mle_fra'cnon at different Si;Hs .mo}e
ratio of 40 [14]. Si;Hs mole fraction is kept fractions [14] indicates that both Al and Si can
constant at 5x108 throughout with the form O-based deeplevels.

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 Al ,Ga ,As /GaAs interface.
Electrical compensation at the layer interface increases with a corresponding increase in DEALO
mole fraction.

DEALO was independently introduced into the flow tube reactor system for the decomposition
study. The major pyrolysis product was found to be ethylene (CoHy) as registered by the peak
enhancements at mass number 28, 27, and 26 [18). DEALO therefore decomposes and releases
cthylene at temperature as low as 350°C. The corresponding alkyl to DEALO is (C;Hs)Al or
TEAL TEAI is known to undergo a uni-molecular B-hydride elimination reaction where an Al-
C:Hs bond is replaced by an Al-H bond, and an alkene, C;H,, is released {7). This f-elimination
reaction results in the gas phase formation of (C;Hs)s..AlHy with an end point perhaps being
alane, AIH;. Alane 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 TEAI, i.e.

(C2H5 )2 AlOC 2H5 e d (CZHS )HAIOC 2H5 + C2H4
(C,Hs)HAIOC ;Hs — H,AIOC,H; +C,H,

with the alkoxide decomposing well outside the growth area.

10'%3 Figure 4: Carrier concentration
1< " <2 < as a function of film depth for

] 8 <| £ % 3 % Si doped Ale3Gag;As/GaAs

1% S LS| < S layers grown with oxygen

1= i ﬁ incorporation from DEAIO at

~ 10 “tenssemett, Nf the interface. The mole fraction
@ g o \-.,'/ — / of DEAIO was 1x107, 3x10

and zero. Electrical
compensation due to oxygen-
related deep levels resulis in a
drop in the carrier concentration
at the interface. The
compensation increases with
increasing DEAIO mole
fraction. Growth temperature
was 370C.

S 3
E 1t 11
No DEAIO D‘i?lo DEAIO

= 7 at
10 E 3x10°* 1x10°°

16
1055 02 o4 o8 o8 10 12
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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
Al,,Ga,,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 pm at 6=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 1. The addition
of DEAIO 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 1. 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

T N

oxygen were to preferentially incorporate at surface step edges during growth.

Normalized Intensity
H
l

10
3

“o. T 208 468 e B
Two theta in degrees

Figure 5: A fit of the theoretical model
(dashed line) to experimental X-ray data
obtained from a small angle 6-20 scan (solid
line) yields information on the RMS
roughness, the superlattice period and
individual layer thickness.

S ( Angatroms ™ )

Figure 6: X-ray rocking curves (transverse
scan) of 3rd order Bragg peaks of
Alp3Gay7As/GaAs  superlattices grown on
(100) GaAs wafers miscut 0, 2 and >4©
toward <110> with oxygen doping at GaAs
to Al Ga, As interface. The peak broadness
increases with increasing miscut angle
corresponding to a decrease in roughness
correlation length.

Ly

Tabie I The total RMS roughness (Gyqy) and correlated roughness (Georr) of Alg1Gag-As /GaAs
superlattices determined by X-ray diffraction. The thickness of each layer and RMS roughness
are obtained by fitting 6-26 scans. The corrclated roughness and correlation length (&) is
determined by fitting the diffuse component of the intensity of the 3rd order rocking curve.

Periods Oxygen doping at the Total RMS | Correlated | Correlation
interface Roughness | Roughness | Length
60/64A No doping 50+05A |12A 2500A
57/61A GaAs-t0-AlGa,_As 5.0£0.5A * <1000A
interface

* Could not be determined with present model.
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Table II: The effect of oxygen doping on the roughness of Al ,Ga,,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

jmiscut angle | Oyo¢ (A) [Oorr ()] E(A) | Oor (A) [Ocorr (A)] E(A) chsxrfaoe
(A)

00 4.810.5 1.2 2000 | 3.810.5 | <1000 1500 11.7
20 5.020.5 1.2 1500 5.0 <100 | <1000 N.A.
>40 110.0 * <100 17.0 * <100 30.0

* Could not be determined with present model.
+ RMS roughness is the lower limit of roughness.
t1 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 >4° 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 II. Increasing
miscut does not significantly alter the RMS roughness or correlation length in superlattice
samples grown without oxygen addition on 0° or 2° miscut substrates. The RMS roughness
increases and corrclation 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 comresponds to a decrease in the correlation length of roughness.

AFM images of the surface of the oxygen doped Al,,Ga,,As/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 determined. 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 O 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 kcal/mole) {18 ] is much higher than that of Al-CH; (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,
AsHy, reacting with surface-adsorbed CH3 and leading to the removal of carbon through the
formation of CHq [3). A similar reaction between the surface adsorbed O and an AsHy 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(8) «> AlAS(s) + HzO(g) +1/2 H2(g)

The free energy for this reaction, AG,, is highly favorable (-92 kcal/mole at 900 9K ({20 1) for the
reduction of surface oxides, mainly due to the high AGy associated with the formation of H»O.
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 AG, 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/II 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 concernin,, the trends in oxygen incorporation with
changing growth temperatures and V/III 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/III 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 AsH; serves to preserve the O 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 Al 3Gag,As
/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 correlaied 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, whken 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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STUDY OF SILICON INCORPORATION IN GaAs MOVPE LAYERS
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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 SiyHg dopant sources and
tertiarybutylarsine (1-C4HoAsH; or TBAs) as the Group V source. The use of TBAs with SiH,
results in a greater Si doping efficiency and weaker dependence on growth temperature than is
typically observed with AsHj. 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 SiyHg, a doping process
controlled by homogeneous Si;Hg chemistry. Increased Si doping from Si;Hg with TBAs can be
attributed to contributions from the enhanced doping efficiency of SiHy, a product of SiyHg
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 AsH;
10 +/-5% for TBAs-based material.

INTRODUCTION

Safety concerns surrounding the use of AsHz in the metal organic vapor phase epitaxy
(MOVPE) process have led to the development of low vapor pressure alkylarsine sources, such as
tertiarybutylarsine (t-C4HgAsH; 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 AsHj 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 CCly [4], SiH4 [S] and H;S [6]. An understanding of this effect is nceded for the
development of reliable doping techniques for use with TBAs.

Silane, SiH4 and disilane, SijHg are common sources used for n-type doping of GaAs
grown from trimethytgallium (TMGa) and arsine, AsH4. Characteristic features of Si doping from
SiH, 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 SiH4 chemistry controls the doping process. SijHg, which has a
much jower pyrolysis temperature than SiHy4, decomposes in the gas phase at typical MOVPE
growth conditions forming SiH, a highly reactive intermediate [9]. Si doping from SiyHg is
limited by gas phase SiH; formation and its subsequent reactions [8]. A high Si doping efficiency
and temperature independent incorporation are commonly observed with Si;Hg [7].

The use of TBAs in place of AsHj has been found to increase the doping efficiency of
SiH4 by approximately one order of magnitude and Si;Hg by a factor of 3 [5,10,11]). Kikkawa
[10] observed differences in the dependence of Si incorporation on growth temperature, VAII
ratio and flow rate between the two Group V sources. In the case of SiHy, the concentration of
Si in TBAs-based GaAs films was found to be independent of growth temperature, in contrast to
the strong temperature dependence typically observed with AsH;. 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 [12]. A model was proposed wherein AsH and AsH; produced from TBAs decomposition
react with SiHg in the gas phase to form monosilylarsine, SiH;AsH,. SiH3AsH, then functions as
the primary precursor for Si incorporation in the film. Gas phase co-decomposition studies of
TBAs and SiHy, however, produced no evidence of gas phase interaction or homogeneous
SiH3AsH, formation [13]. These conflicting results combined with the growing importance of
TBAs in MOVPE warrant a more tharough 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 AsH3. The inlet TMGa mole fraction was 1.13x104, resulting in
a GaAs growth rate of ~0.05 pm/min. Palladium purified Hy was used as the carrier gas. Dilute
gas mixtures of SiH4 (15.7 ppm) and Si;Hg (10.4 ppm) in H, 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/II 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 AsH; or TBAs.
Figures 1(a) and (b) show the results obtained using SiH4 and Si;Hg, respectively. Si doping
from SiHy4 is strongly dependent on growth temperature with AsHj and the Arrhenius type
behavior yields an activation energy for doping of 1.4 €V, 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°C.

The data obtained for Si doping from Si;Hg with AsH3, shown in Figure 1(b), exhibits the
characteristic high doping efficiency and weak temperature dependence that is typically reported
for Si;Hg under these conditions {7]. The use of TBAs has much less of an impact on doping
efficiency than was observed for SiHy and is significant only at lower temperatures (~650°C).

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 compieted in which the total flow rate was varied from 2.7 to 6.45 slm by increasing the flow
of H, carrier gas keeping the mass flow of TMGa, AsHj or TBAs, and SiH, or Si;H, 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 from SiH is independent of gas residence time with
both AsH; and TBAs. SiyHg, on the other hand, exhibits a strong dependence on residence time
with AsH3 as previously reported [8] and this dependence is slightly reduced when TBASs is used.
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Figure 1: Carrier concentration as a function of growth temperature for GaAs films grown using
TMGa, AsHj or TBAs and either a) SiH, or b) Si;Hg as the dopant source. The TMGa mole
fraction was 1.13x104, V/II = 30 and the dopant/TMGa ratio was 1.56x10-4,
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Figure 2: The effect of gas residence time on
Si doping fram SiH4 and Si;Hg sources.
The mass flow of TMGa, AsH; or TBAs,
and SiHy or SijHg were held constant and
the flow rate of the H, carrier gas was varied
to change the total flow rate from 2.7 to 6.45
sim. The residence time is estimated as the
average time that gas spends in the heated
region above the susceptor in our MOVPE
reactor. The temperature was 650°C,
VAl1=30 and the dopant/TMGa ratio was
9x10-5.

A series of runs was completed examining the effect of V/III ratio on Si doping,
comparing the two Group V sources. The mass flow rate of TBAs or AsH; was varied keeping
the mass flow of TMGa and SiH, and all other growth parameters constant. A decrease in carrier
concentration, from 9.4 to 6.5x1016 cm-3, was observed as the AsH/TMGa ratio was raised from
30 to 100, similar to reported trends [14]. The same effect was obtained with TBAs, with the
carrier concentration decreasing from 2.6 to 1.9x1017 ¢cm-3 as TBAs/TMGa is increased from 10
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DISCUSSION
Silane and TBAs

The use of TBAs in the GaAs growth process resulted in a Si doping efficiency from SiH,
about one order of magnitude greater than obtained with AsH3-based growth, similar to previovs
reports [5,10,11]. Si doping is less sensitive to growth temperature with TBAs and is
independent of temperature from 700 to 800°C in our reactor. Temperature independent doping
was also reported by Kikkawa [10] using TBAs and SiH, for GaAs films grown at atmospheric
pressure. Chichibu [11] observed temperature dependent doping with TBAs from 570 to 640°C
at a reactor pressure of 152 Torr. 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 SiH4 and TBAs.

A similar effect of pressure and temperature on Si doping is typically observed with SiyHg
and AsHj, as shown in Fig. 1(b). As a result, it was originally proposed that the same dopant
mechanism that is aperative with SisHg and AsHj, is also responsible for the enhanced Si doping
with SiH4 and TBAs. Si;Hg decomposes in the gas phase forming SiH; which readily reacts with
AsHj to form SiH3AsH, [13]. Numerical modeling [8] has confirmed that SiH3AsH, formation
is an important pathway to Si incorporation with Si;Hg. TBAs decomposes in the gas phase at
low temperatures (~400°C) forming As subhydrides such as AsH and AsH, [15,16]. Kikkawa
[10] proposed that AsH and AsH; react with SiH4 in the gas phase forming SiH3AsH,, which
controls Si doping leading to an increased doping efficiency with SiH4 and TBAs. In a previous
study [13]), we examined the co-decomposition of a mixture of 3%TBAs and 3%SiH, in Hy
carrier gas in a flow tube reactor system using mass spectrometry but found no evidence of gas
phase interaction or SiH3AsH, 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
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 SiH4 with AsH,, a process known to be limited by heterogeneous chemistry, is
independent of gas residence time. Similar behavior is observed with SiH, and TBAs indicating
that surface chemistry is conttlling Si incorporation in this doping process.

The strong dependence of Si doping on growth temperature using SiH, in AsHj-based
growth reduces the uniformity of doping that can be achieved in conventional MOVPE reactor
systems. Veuhoff [7] estimated that a 1° change in substrate temperature at 650°C leads to 2 2%
variation in carrier concentration with SiH,. Stringent tolerances on the threshold voltage of
charge control devices require doping uniformity better than +/-2% [17). The use of SiH, as a
source for n-type doping of TBAs-based GaAs results in dopant incorporation that is relatively
independent of growth temperature, V/II 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 700°C and VAll=30. The carrier concentration was measured
approximately every 10 mm from the front of the wafer moving in the direction of gas flow. The
varistion of doping from SiH 4 is +/-12% with AsH; 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

4 a) AsH concentration of Si doped GaAs layers
3 grown on 2" diameter GaAs wafers in our
3 AE12% MOVPE reactor using a) AsH; and b) TBAs
n , ‘ as the Group V source. The SiH4 mole
.3) Py ‘ fraction was adjusted in order to obtain
(cm n~3x1017cm3 with AsH3 and TBAs. The
x 10"’ b) TBAs growth temperature was 700°C and
3 5% V/I1=30. The carrier concentration was
measured using electrochemical capacitance
i profiling which has a measurement accuracy
A S T T I of ~5%.
Distance from wafer front (mm)
Disilane and TBAs

The Si doping efficiency of SipHg is not as affected by the use of TBAs as is SiHg.
Increased doping occurs only at lower temperatures (<700°C). Kikkawa [10] reports a factor of
~3 increase in Si doping from SiyHg with TBAs for films grown at 650°C, which is similar to the
enhancement we observe at this temperature. SiHg decomposes in the gas phase at typical
growth temperatures forming SiH,4 and SiH,. The highly reactive SiH, 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 AsHj-based growth [8]. The enhanced doping efficiency of SiH, with
TBAs, however, would result in significant contributions o doping from SiH,4 produced by Si;Hg
decomposition. The gas phase concentration of SiH4 can be estimated assuming that Si,Hg is
fully decomposed, a good assumption at these growth conditions [8]. The Si doping resulting
from this mole fraction of SiH4 can be estimated assuming the doping efficiency obtained with
TBAs. Adding this contribution to the amount of Si incorporated from SiyHg in AsHj-based
growth results in an increase in Si doping comparable to that obtained from Si;Hg with TBAs
shown in Figure 1(b). The enhanced doping efficiency of Si;Hg with TBAs can therefore be
attributed to increased doping from SiH4. This suggests that TBAS is not directly interacting with
SigHg in the gas phase and that SiHj 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 SiHg with AsHj; increases by a factor of ~3 as the residence time is
increased from 0.056 to 0.135 sec. Si doping from Si,Hg 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 Si;Hg and TBAs.

CONCLUSIONS

We have investigated the effect of MOVPE growth conditions on Si doping of GaAs
layers grown using SiH, and SiyH as dopant precursors and TBAs as the Group V source. The
results were compared to doping behavior typically obtained with AsHy-based growth. A higher
SiH,4 doping efficiency and weaker temperature dependence was obtained with TBAs. Residence
time studies support previous gas phase decomposition results which indicated that heterogeneous
SiH4 chemistry is responsible for the enhanced Si doping observed with TBAs. The insensitivity
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of SiH, doping to temperature, gas residence time and V/II ratio leads to improvements in
doping uniformity in the TBAs-based growth process. A small increase in Si doping from Si,Hg
with TBAs occurs at lower growth temperatures and this difference diminishes with increasing
growth temperature. The enhanced doping efficiency of Si;Hg with TBAs can be attributed to the
increased doping efficiency of SiH,, a product of SiHg gas phase decomposition. It has been
found that TBAs, which is fully decomposed in the gas phase at the growth conditions of our
study, has a significant impact only on doping processes that are limited by surface chemistry.
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PREPARATION AND EVALUATION OF ERBIUM TRIS(AMIDE) SOURCE
COMPOUNDS FOR ERBIUM DOPING OF SEMICONDUCTING MATERIALS
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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 [I-'/ semiconductors atiract increasing interest as optoelectronic devices [1].
‘The sharp and temperature-independent intra-4f shell emission (413372 ---> 4115p2) at 1.54 um
(0.801 eV) nearly maitches 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 = CsHj [2, 3], CsH4CH3 [3, 4], CsH4(i-C3H7) [4)) and
Er(tmhd)3 [5) (tmhd = 2,2,6,6-tetramethyl-3,5-heptanedionate). Er(Cp)3 suffers from a very
high incorporation of carbon in the deposited films. If AsHj3 (unsafe!) is used as an arsenic
source, a reduction of the carbon incorporation emanating from erbium precursors in the
deposited films szems possible [6). If, however, the preferred As source compound
t-C4HgAsHj 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(trialkylsilyl)amides) as source compounds for the
doping of semiconducting GaAs by OMVEE (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 Biirger 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 (10] and, therefore turned our attention to the erbium
tris(amide) Er{N[Si(CH3)3]2})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 ErCls with LiN[Si(CH3)3)2 and purification was carried out following
the procedure given in Table I.

Figure 1: Chemical structure of Er{N[Si(CH3)3]2)3.
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Table I: Purification of erbium tris(amides).

step I procedure I purification
1 extraction with ether/hexanes removal of LiCl and unreacted ErCl3
2 recrystallization from ether/hexanes removal of unreacted LiNR2
3 | sublimation at 5 x 10-2 Torr removal of unreacted LiNR2
4 sublimation at 5 x 104 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 OMVPE, especially compounds with increased volatility, and/or lower
melting point, a series of other erbium fris(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 fris(amides) 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 1.

HG
\ /CH3
(HECheSi (HoCheC Si (HChH)SI
\ \ HE="\ \
/u—H N—H | o /N-——- H
HC
(HoChoS) HsChS) \S'\ (HoChlHISH
| e
1a 1b HeC 1d
1c

Figure 2: Amines used for the preparation of erbium rris(amides).
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(R)Y(R')NH + BuLi %—225;(:— (R)YR')NLi + "BuH

1 2 )

3 (RYR)NLI + ErCly -LE-25°C_ BUNR)(R)] + 3 LiCl
2 THF, 24 h 3 >

3a: R =R’ = Si(CH3)3, 3b: R = C(CH3)3, R' = Si(CH3)3,
3c¢: N(RXR') = NSi(CH3);CH2CH38i(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
1H-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 3¢ did
not sublime at temperatures up to 190°C/10-3 Torr and has a melting point of 240°C.
Compound 3d sublimes similarly to 3a at 130 -140°C and 5 x 104 Torr. Their melting points
also are close (3a: 162°C, 3d: 160°C) and both 3a and 3d decompo.¢ at temperatures above
250°C, as indicated by TGA (Figure 3) and visually observed in the melting point capillary.

100 -
[
?! 60
] 3%
‘ou
3
zo.-
r % 2% P ) 5% 7.7

Temperaturs (°C)
Figure 3: TGA-piot of Er{N[Si(CH3)31213 (38) and Er{N[Si(HXCH3)2]2}3 (3d)
(1 atm., Ny(g) flow, 10°C/min).
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SUMMARY

From the studies carried out to date, the erbium tris(amides) Er{N[Si(CH3)3]2}3 and

Er{N[Si(H)(CH3);]2)3 possess characteristics making them suitable candidates for potential
application in OMV?E 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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TETRAALKYLDIARSINES AS POTENTIAL PRECURSORS FOR ELECTRONIC
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ARSENIC COMPOUNDS
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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);Asl, which was prepared by the thermolysis of (i-Pr)3Asly. The
X-ray crystal structure of [(i-Pr)3AsI][I] has been determined on the product of the reaction of (i-
Pr)3As and I. Compounds of the general form E=As(i-Pr)3 (E = O, 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.]  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 1/2 (Asq) 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.

#Deceased 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.

213
Mat. Res. Soc. Symp. Proc. Voi. 334. ©1904 Materiais Research Society




Sone s wnaR

As onc component of a program directed at an examination of the generality of this approach,1¢
several iso-propyl arsenic compounds have been prepared. The synthesis and characterization of
some of these organometallic compounds is reported in this contribution.

3 RzAS‘ASRz 4ASR3 + ASz m

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(CH3)z, 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, tetrakis(iso-propyl)diarsine was prepared (Scheme I).

O=As(i-Prhy
HO,

S=As(iPry Se=As(iPr)s

\’:Sn Se,
AsCly + 3 iPrMgBr =~ As(iPr), ._‘Z... As(iPrhl;

A
-iPrl L
As(iPrRH -~ As(iPril
1"‘"” (As(iPr)iLs)
As(iPr);Li
(iPr); AsAs(iPy),
u,
©: (Pr); As-O-Ax(iPr)
Scheme 1
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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
—ue 2, R3AsX;
R3As + X;— 2)

| Route B _ [R3AsX}(X]

In Route A, the ~Tg R3As is transformed into the molecular R3AsX; 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 Ay, present between the halogen and arsenic. For
example, both [Me3PX][X] and Me3SbX3 have been characterized.4 In all likelyhood, the
difluorides are covalently bound. Previous infrared spectroscopic work has indicated that RaAsly
compounds (R = Me, Et) are ionic in the solid state.5 In the present investigation, [(i-Pr)3AsI}[1]
was determined, by X-ray diffraction, to be the conformation adopted by the reaction product of (i-
Pr)3As and I. If the stoichiometry was not carefully controlled (equation 3), a different product
was obtained. There have been reports of comparable reactions observed for Ph3As.6

[G-Pr);AsTI(T} + 1, ——  [(i-Pr);AsI}(1,] 3)

A single crystal structure determination also was conducted on {(i-Pr)3AsI](I3]. 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 clsewhere. 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 | ORTEP representation of [(i-Pr)3AsI][I]
Open circles represent Carbon atoms. Hydrogen
atoms have been omitted for clarity of presentation.

The preparation of O=As(i-Pr)3 was effected under mild conditions (equation 4).
As(i-Pr)3 + '3 H0—*  O=As(i-Pr); @

Either a solvent-mediated or a direct reaction can be utilized in the synthesis of S=As(i-Pr)3
(equation 5 - 6).

g8y + As(i-Pr)y THE rt. _  S=Ag(iPr), (5)
Ny 18 h

, neat i
YgSg + As(i-Pr), T S=As(i-Pr), 6)

The most efficient route for the preparation of Se=As(i-Pr); was determined to be the
reaction of As(i-Pr)3 with clemental selenium (equation 7).
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As(i-Pr); + Y, Se, 190°C__ Se=As(i-Pr); @)
10 min
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NEW ZINC-bis(DIALKYLAMIDES) POTENTIALLY USABLE AS SITE-SELECTIVE
DOPANTS FOR p-TYPE ZnSe.
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ABSTRACT

In earlier work, the effective utilization of Zn{N[Si(CH3)3]2) as a site-selective dopant for
the production of p-ty" ZnSe by OMVPE was demonstrated. Several new zinc-bis(dialkylamides)
of the gencral form (R}R')NZnN(R")(R™) now have been prepared. They have been
characterized by 'H- ard 13C-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
optoelectronic and electroluminescent devices operating in the blue region of the visible
electromagnetic spectram, p-type ZnSe recently has emerged as a promising leading contender for
near-term practical applications.!-6 Therefore a variety of efforts have been undertaken to gain
access 1o suitable, readily-prepared and purified precursors for the production of this desired
composition. Recendy, we demonstrated that compounds of the general form
(RYR)NZnN(R"X(R™) retain a zinc-nitrogen bond during their decomposition to produce a thin
film of N-doped ZnSe by OMVPE (organometallic vapor phase epitaxy).” As a consequence of
these promising results, an investigation into the scope of the process was initiated. In previous
reposts89 it was shown that acceptable results could be achieved either with the homoleptic
symsetrical Zn(N[Si(CH3)3)2}2 or the homoleptic unsymmetrical Zn(N[Si(CH3)3{C(CH3)31}2
regarding their suitability as potential dopant sources for the preparation of high quality p-type
ZnSe thin films 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 native ZnSe lattice. Thus, in the instances when the Zn-N bond of the
precursor 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
decomposition profile of the heteroleptic Zn{[N(Si(CH3)3)2)[N(Si(CH3)3)(C(CH3)31) 10 provided
for the existence of the desired penultimate structural fragment "RNZn". Subsequent to undergoing
a B-hydride climination 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.

EXPERIMENTAL

An effective access to compounds depicted by the general formula Za{N(R)R")]; is
provided by a synthetic route!0 comprising the salt elimination reaction between one equivalent of
zinc dichloride and two equivalents of alkali metal dialkylamide under inert gas (cq. 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
deprotonation of the generated trimethylsilylalkylamine with butyllithium or potassium hydride (eq.
3aor3b):

ZnCl; + 2LINRR' ~—-> Za[NR)R))2 + 2LiCl m
2RNH2 + CISi(CH3)3 -~ > HNR)ISi(CH3)3] + RNHz-HCl  (2)
HNRXR) + BuLi -—--> LiNRXR) + BuH (3a)
HNR)R) + KH - > KNR)R) + H (3v)

R = $i(CH3)3; R' = B, i-Pr, 5-Pr, 1-Bu, c-Hex, Ph.
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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
tetramethyldisilaazacyclopentanc-ligand as a minor modification of the bis(trimethylsilylamido)-
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 potentiaily 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 [Me2SiCHoCH2SiMes+).

N\ / N/ \./
Sl\ Sl\ /Sl
2 ( N—Li + 2zncy ~2LC, N—2Zn—N ) ) @
/7 / N\
Si Si Si
7 N\ /7 \ 7\

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-
silylsubstituted)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 svbstantial impact on the properties of this next generation of zinc compounds,
particularly with respects to enhancing their vapor pressures.

ZnCl2 + 2LIN(R)R) -------- > Za[N(R)R)]2 + 2LiCl 6]

R = Si(HXCH3)y; R' = i-Pr, t-Bu, Si(H)(CH3)s.

Additionally, capitalizing on a previously developed and described method? it was possible
to obtain a new heteroleptic zinc-bis(alkylsilylamide); (R = Si(CH3)3, R' = i-Pr), (¢q. 6a and 6b):

ZnCl + LiNRy --eeeee > ClZnNR; + LiCl (6a)

Cl2ZnNR2 + LINRXR) --—---> Zn[NR)R"))2 + LiQ (6b)




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 = r-Bu, n-Pr). The highest vapor pressure to date is
displayed by the i-propyl representative (b.p. = 56°C / 0.05 Torr). This property diminishes
dramatically with increasing size of the ligands: n-Pr > £-Bu > ¢-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 lH-NMR
studies. An additional feature is that the heaviest substituted zinc amides (R = ¢-Hex, Ph) are
colorless and viscous oils, while zinc amides carrying medium size ligands such as r-Bu and n-Pr
are solids. The analogous synthesis of compounds containing the dimethylsilyl group (eq. 5)
revealed that the isolated z-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 well as the dimethylsilyl representative (both are highly viscous oils), is
decreased greatly.

log p [Torr] \/
/Si

1= A=ZnlN )
Nsi
/N7

B = Zn{N[Si{(CH;3][C(CH;3 %) )2

oy C = Zn{NISi(CH3 3} (N[Si(CH3)[C(CH )31}
D = Zn{N[Si(CH3)3)[CH(CHa)] )2
T S
) NA N D i YT Cl
0.005 0.01 0.015 0.02

Fig. 1: Vapor pressure profiles determined for a series of various zinc-bis(amides).

.

PR S

S



TR A e s e

e~ - S < e oA 1AM 55

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°C) 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 "THNZn" and
elimination of "ZaN2", respectively. Since experiments conducted on the heteroleptic
unsymmetrical zinc smide? have revealed the existence of site-selective deposition of p-type ZnSe
in conjunction with essential structural fragments NR3, 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)3]2} (N[Si(CH3)3][C(CH3)3]} have confirmed in the preliminary investigations?
reported pattern containing N(TMS)3 and 'BuNZn and subsequent to B-hydride elimination, the
presence of "HNZn". On the contrary, those signals are absent in the mass spectrum of the
homoleptic unsymmetrical Zn{N[Si(CH3)3]{C(H)(CH3)2]}2. which is consistent with the
requirement for a binolecular mechanistic pathway. The most characteristic observed fragments
which have been split off the parent peak can be interpreted as: [i-PraN*] and [i-PrNSiMe3*].

Due to the well-known stability of the fragment [Me>SiCH;CHS8iMe2*], the elimination
of "ZnN7" has been 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 ¢lectronic materials.11.12

The experiments which were carried out to date on the available zinc-bis(amides) allow the
arrangement into three categories regarding their potential suitability for OMVPE:

Precursors which should have utility in the epitaxial growth of p-type ZnSe:
Zn{N[Si(CH3)3)[C(H)(CHa)2]}2; Zn{[N(Si(CH3)3)2][N(Si(CH3)3XC(H)(CH3)2]};
Zn{N[Si(H)(CH3)22)C(CH3)3]) 2: Zn{NSi(CH3)2CH;CH2Si(CH3)3 )2 (D).

Products which probably are well suited to achieve this goal:

Zn{NISi(CH3)3){n-Pr]})2; Zn{N[Si(CH3)3][C(CH3)3]}2.

Compounds with cher.ical and physical properties which most likely will not serve this purpose as
well as the examples cnumerated above:

Zn[N[Si(CH3)3][CH3CH21) 2 Zn{N([Si(CH3)3}{c-Hex])2; Zn{N[Si(CH3)3}[Ph]}2;
Zn(N[SiH(CH3)2][CH(CH3)2])2; Zn{N{SiH(CH3)2l2}2).
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GROWTH OF InAs AND (InAs)j(GaAs); 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 InAs/GaAs heterostructures at a single growth temperature.
Using this technique, (InAs)1(GaAs)) short period superlattice (12 periods) quantum-well
structures were grown on a GaAs(100) substrate at 460°C. A photoluminescence peak at 1.3 ym
was observed in these structures at room temperature.

INTRODUCTION

Much attention has been paid to the growth of (InAs)y,(GaAs), 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 IH-V compounds under a wide range of conditions |3-6|. 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 PJE 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 {7]. One of
the factors determining the growth temperature range for ALE has been the decomposition
temperature of source gases for group 11l elements. From the view point of the crystal quality,
an expansion of the temperature range for InAs ALE was required [8]. 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 AlH3, we chose
N(CH3)2C2Hs as the adduct [9]. 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 technigue provides a significant expansion of temperature range for ALE-
InAs. Using this method, we also demonstrate the fabrication of a GaAs/(InAs)(GaAs)i[12
periodsj/GaAs single quantum well structure on a GaAs (100) substrate. This sample shows a
long wavelength (1.3 pm) 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 (AsH3) 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 III and AsH3 were alternately supplied to the reactor with Hy carrier gas,
separated by Hy purging pulses. For ALE, a sequence of "Hz - group III —» Hy — AsH3" 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 measured by a surface profiler (DEKTAK 3030) after
removing the SiO; mask. The optical properties of (InAs)1(GaAs);/GaAs single quantum well
structures grown on GaAs were evaluated by PL. The PL measurements were performed at
room temperature using an Ar* laser (A = 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 45°C. At 80°C, 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-IHI 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 seif-
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
ALE-InAs

Tg = 460°C
2 -
o~ TMIn
TMIDMEA

Fig. 1 Growth rate dependence of
InAs (100) as a function of group HI
source pulse duration at 460°C.

Thickness per cycle (ML)

({] 2 4 6 8
Group-lll pulse duration (s)

It is very important to control the purging time after supplying AsHj3 accurately for InAs
ALE using TMIn [.0). We studied the dependence of the InAs growth rate on Hy purging time
in ALE using TMIDMEA. Figure 2 shows the relationship between the Hy purging time and the
growth thickness per cycle at 440°C. In the case of using TMIDMEA, the same results as for
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GROWTH OF InAs AND (InAs);(GaAs); SUPERLATTICE QUANTUM
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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 InAs/GaAs heterostructures at a single growth temperature.
Using this technique, (InAs)1(GaAs); short period superlattice (12 periods) quantum-well
structures were grown on a GaAs(100) substrate at 460°C. A photoluminescence peak at 1.3 um
was observed in these structures at room temperature.

INTRODUCTION

Much attention has been paid to the growth of (InAs)y(GaAs)y 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 J11-V compounds under a wide range of conditions |3-6]. But a severe problem arises in
fabricating InAs/GaAs superlattices using ALE. lt 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 550°C. We have also grown InAs using trimethylindium
(TMiIn) 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 (7). One of
the factors determining the growth temperature range for ALE has been the decomposition
temperature of source gases for group 11l elements. From the view point of the crystal quality,
an expansion of the temperature range for InAs ALE was required [8]. 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 AlH3, we chose
N(CH3)2C2Hs as the adduct [9]. 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) subsirate 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)[12
periods)/GaAs single quantum well structure on a GaAs (100) substrate. This sample shows a
long wavelength (1.3 um) 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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TMIn were observed. Thus, a decrease in the growth rate was observed only at the purging
time after supplying AsH3. 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 H; purging time (0.1 s) after supplying AsH3 to avoid As desorption in this temperature
range.

2 2[ ALE-nAs

~ Ty =440°C
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2 | After AsH, Fig. 2 Growth rate dependence of
X InAs as a function of Hj purge time at
- 440°C.
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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 S00°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.
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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 540°C. The thermal stability of
: TMIDMEA is higher than that of TMIn which is a conventional In source. The possible growth
i 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 the same
growth temperature. Using this technique, (InAs))(GaAs); short period superlattice (12 periods)
quantum-well structures were grown on a GaAs(100) substrate at 460°C. A PL peak at 1.3 pm
was observed in these structures at room temperature.
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i OMCVD OF ZnSe
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*Massachusetts Institute of Technology, Departments of Chemistry 2, Materials Science b, and
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**Advanced Technology Materials, Danbury, Connecticut 06810

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 (DMZnNEt3) 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/cm3). 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
q pressure in a molecular beam mass spectrometric system in hydrogen and deuterium carrier gases.
The precursor decomposes above 200°C by 8-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 400°C. Diallylselenium is present in the gas-
phase in low concentrations at temperatures of 200-350°C. Diallylselenium, methylallylselenium
and dimethyl-selenium have been observed as minor by-products during pyrolysis of co-dosed
tBASe and DMZnNEt3. 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

P uniformity {1]. In addition, the extreme toxicity of HaSe, in combination with a high vapor

§ pressure, imposes serious safety problems. A large variety of organoselenium compound has been

£ tested as replacement for H,Se [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

s ) 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 allyl-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 8-
hydrogen elimination. Since the t-butyl substituent does not facilitate the retro-ene rearrangement,
low carbon levels in the films would be expected. 1 redistribution under growth conditions,
however, complicates the lysis mechanism by the formation of DASe and MASe. Since the
presence of these compo in the gas-phase might be critical to the film quality, we have carried
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out extensive OMCVD growth caporiments 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-methylethylhept-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 2° 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 H;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 pmol/min, while the delivery rate of DMZnNEt;3 (Epichem) was maintained at 20 pmol/min in
all experiments. The total flow rate of the hydrogen carrier gas was 1000 standard cm3/min
(sccm).

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 CuKy; radiation from a rotating anode X-ray generator (Rigaku, Model RU-
200). Rutherford back scattering spectrometry with 2 MeV helium jons 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 10keV and ion current 33 nA rastered over an area of 100x100

pm. 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 (A = 325 nm) as the excitation source.

Gas-phase pyrolysis was carried out at 30 Torr in a molecular beam mass spectrometric system
(MBMS) described previously {8]. The delivery rates of the organometallics were maintained at 20
pmol/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. lonization 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 ~400°C. This value is significantly reduced in comparison to the
transition temperatures for DASe (440°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 t:x‘:femum (Figure 2), but little change with VI/II ratio. Films ited at 325°C are
specular dmstfeamkuevenuahighma'ﬂiﬁuﬁon. At 350°C, the mfossesusmooth
surface with a step-like texture. Above 400°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 Torr and
Vim=2.

Figure 2. SEM micrographs of the surface morphology of ZnSe films grown at 325° (a), 350°C (b)
and 400°C (c) (VI/H = 2).

X-ray diffraction has confirmed that ail the films grown at temperatures of 325-450°C and VI/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 scattering 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 = Ychanneled’Yrandom»
from 7% to 11% can be observed with the increase of the film thickness from 0.2 um to 1.2 pm.

This result may be interpreted in terms of relaxation of the ZnSe/GaAs misfit trough dislocation
formation [9].

tholmnhemcespecm(ﬁ.)wquheduIOKexhibh:mmbmdedgeemissimmd
a very weak emission from self activated centers around 2.3 eV (Fig. 4). The near band-edge PL
consists of doublets of free exciton (Ex™M and E,b¥) at 2.8004 eV and 2.8026 eV, and donor bond
exciton (TP and Ioh) at 2.7954 ¢V and 2.7970 eV. The near band-edge PL spectra are similar to
those previously reported for ZnSe grown from DMZaNEt3 and HaSe [10].
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Figure 3. RBS spectra measured in the channeling configuration perpendicular to the ZnSe/(100)
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VI/II = 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 5x1017 atoms/cm3 for all the films grown at VI ratios of 1-6. It is worthy to
point out that MASe and DASe yield beavily contaminated films with carbon level up to 102!
atoms/cm> under similar growth conditions [3,4,6].
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Gas-Phase [ ition of (BAS

Pyrolysis of tBASe was probed in the MBMS system in hydrogen at 30 Torr. The precursor
decomposes above 200°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=42), 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 H; at 30 Torr. Relative concentrations of species in the gas-phase
as a function of susceptor temperatures. The following symbols are used : @ parent
(m/z=178), Q isobutene (m/z=56), ® isobutane (m/z=43), ¢ 1,5-hexadiene (m/z=67),
B propene (m/z=42), O DASe (m/z=162)].

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
te s up to 450°C. This result demonstrates that the carrier gas is not directly involved in
the pyrolysis mechanism of tBASe under the reduced pressure conditions.

The mechanism for pyrolysis of tBASe under reduced pressure is shown in Scheme I
below. The primary steps of the tBASe decomposition can be 8-hydrogen elimination and
homolysis of the Se-C bonds. The 8-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 Se-C bond or bimolecular hydrogen abstraction in analogy with pyrolysis
of thiols [11]. Therefore, allylselenol is likely a reactive intermediate that cannot easily be
observed. The homolysis 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
deco! ition temperature of tBASe, compared to that for DASe [5], indicates that the homolysis
of the (allyl) 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 OM growth temperatures of ZnSe with
tBASe and di(t-butyl)selenium [12] compared to those for DASe and MASe (3,.4,6).




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 8-hydrogen elimination rather than a radical mechanism is
dominant in the pyrolysis mechanism at low temperatures.
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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
recomnbination reactions. Indeed, pyrolysis of an equimolar mixture of tBASe and DMZn under
the reduced pressure conditions yiclded DASe, MASe and dimethylselenium (DMSe) as minor by-
products [13]. The growth experiments with MASe and DASe have shown that the carbon level in
the ZnSe films can be significantly reduced at low VI/II 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 ZnSe films grown from tBASe, even at VI/II=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 allylselenium by-products. In addition, elevated carbon levels can be avoided by
OMCYVD growth at temperatures below 400 °C. At these temperatures, the contribution of MASe
and DASe to the growth should be marginal [3,4,6].

Further insight into the mechanism of carbon incorporation during the growth of ZuSe from
allyl-based m_:ﬁnt has been gained from ysis and growth experiments with BCSe, as a model
compound. pyrolysis of BCSe reduced sure 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 5x1017
atoms/cm3 and show excellent crystallinity and photoluminescence properties [6]. This resuit
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 DMZnNEt; at
ternperatures 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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THE SURFACE CHEMISTRY OF CdTe MOCVD
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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(111)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(111)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 [1,2]. 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(111) surfaces using UHV thermal desorption techniques and
Auger electron 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. Res. $0c. Symp. Proc. Vol. 334. ©1094 Materials Research Society



Rt EC

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 Q-cm) CdTe(111)
purchased from II-VI Incorporated were cleaned by immersion in E-solution [8] 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 O 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 | 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
DETe 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 1. The most abundant ion in the DETe cracking pattern, the
parent (C,Hs),Tet, 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-!,
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 adiayer.

Figure 2 shows the DMCd desorption flux spectra from Si(100) for three different initial
DMCd coverages. In these experiments the (CH,)Cd"‘ ion (129 amu) 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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Fig. 1 Thermal desorption of DETe from
Si(100) following (a) 4300, (b) 6500, (c) 9100
and (d) 15600 L DETe exposure at 160 K.
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Fig. 2 Thermal desorption of DMCd
from Si(100) following (a) 3900, (b) 9100
and (c) 11700 L DMCd at 180 K.

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 kI/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(111)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 10!3 s-! pre-exponential factor, estimated
desorption activation energies are 66 and 107 kJ/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; l.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(111)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(111) 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(111) as summarized in Table I. The ratio
of the mono-methylcadmium to dimethylcadmium 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 lon Intensity Patterns of DMCd Desorbed from

Si and CdTe
Mass:charge ratio Ion Fragment DMCd / Si(100) DMCd /
(amu) CdTe(111)A
114 Cd+ 4.10 9.56
129 (CH,)-Cd* 2.50 2.44
144 (CH,),-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(111) 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 103 and 3 x 105, respectively
{91. Liu er al. {10] extracted a sticking factor for DMCd and DETe of 1.5 x 10 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 er al. [12] have observed
a near quenching of the CdTe deposition rate on the CdTe(111)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 Te, 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? ) and
sub-picosecond (<3.3 ml/cm?) 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 cos’e.

INTRODUCTION

Pulsed-laser ablation has become a successful technique for surface preparation and
deposition [1-4], 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 [2], 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]. Tt 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

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 [1] 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) [1}. 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
compogition 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(100) and GaP(111) 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 {15]. 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 FL.3002), 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 (-4()6
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

Figure 1. Experimental setup for the angular flux distribution measurements of ejected products
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 90° 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 45° with respect to the surface nommal (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
cxposutc at a constant fluence for both nanosecond (<40 mJ/cm?) and sub-picosecond (<3.3
mJ/cm?) lasers. It has been found using Auger electron spectroscopy (AES) and reflection high
energy electron diffraction (RHEED) that the surface structure [14] and composition [1] of Cch
(100) is not altered by multiple-pulse 248 nm nanosecond irradiation for fluences <40 mJ/cm?,

The effects of collisions on the velocity and angular flux distributions of ejected particles
generated thermally using nanosecond pulses have been observed experimentally [7] 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 distributions.
For CdTe (100) exposed to nanosecond irradiation under low fluence (15-40 mJ/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.

L] L) 'llllll L) l‘ﬁlT"'l Ll L ll‘ll"
101 ® Femtosecond Laser A -
(FWHM 600 1sec) A 3
A Nanosecond KrF Laser ]
0 (FWHM 16 nsec) A
toy —m—mmm P

YIELD (Monolayers/puise)
sosud 0 e aosred

0.1 1 10 100

LASER FLUENCE (mdJ/cm)

Fig. 2 Yield of removed material as a function of laser fluence for CdTe (100). The dashed line
iM§catcs 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/cm?) or sub-picosecond (<3.3 mJ/cm?) pulses are neutral Cd atoms and 'l‘e2 molecules.
A threshold is observed for ejecting of ionized species when the CdTe surface is rradiated at
higher fluences.

Typical TOF spectra are shown in Figure 3 for neutral Cd atoms and Te, molecules ejected
from the CdTe(100) surface by nanosecond (21 mJ/cm2) and sub-picosecond (3.3 mi/cm?)
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/de=Ct-*exp(-mI%/2kT, . t?) M

where C is a constant, m is the mass of the ejected species, 1 is the flight distance, k is
Boltzmann’s constant and T, . is the most probable translational temperature. Over the fluence
range of 15-40 mJ/cm? for nanosecond pulses and 0.8-3.5 mJ/cm? for sub-picosecond pulses the
time-of-flight distributions of neutral Cd atoms and Te, molecules are well described by a single
component Maxwell-Boltzmann 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

T T T T T L T
40 e a Namseoogd KrF Laser n
550°K (21 mJ/em , 16 nsec FWHM
Flight Path=0.67 cm
30 |- O CdAtoms -
g A Tez Dimer (a)
s 20
=
s 10
©® .
> 1 P ssgokT Ttteea..
£ 0
50 |- . -
2 Sub-Picosesond Laser
b a0l (3.3 md/cm , 600 fsec FWHM)! _|
E Flight Path=1.25 cm
Y 3000°K O CdAtoms
= A Tez Dimers (b)
.

20 40 60 80 100
TIME OF FLIGHT (usec)
Fig. 3 Time-of-flight distributions of Cd atoms and Te, molecules ejected from CdTe (100)
surface by nanosecond (Fig. 3a) and sub-picosecond (Fig. Sb) laser irradiation. Solid and dashed
lines are fits of Maxwell-Boltzmann distributions to the experimental data.
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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
carlier, 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 Te, molecules cjected from the CdTe
(100) surface by 248 nm nanosecond and sub-picosecond (3 mJ/cm?) irradiation are shown in
Figure 4. For nanosecond (16 mJ/cm?) 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 nommal. The extreme deviation from the
Knudsen law (i.e. cos™(8), n=1) 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 bamier, also resulting in a strong forward
orientation of the ablated atoms or molecules [21].

Angular flux distributions for Cd atoms and Te, molecules ejected from the CdTe (100)

)
1.0 NanoseoorzrdLaser _
(16 mJ/cm , 20 nsec)
0.8 O CdAtoms __
A Te; Dimers
_06 ) 4 @
£ 04 e .
= “ee
< 02 AR
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g 1.0 Sub-PicogooondLaser _
(3 mlicm , 600 fsec)
Eu o Cd Atoms B
A Tez Dimers
J 06 . 9 | ®
§o.4 ‘{m( 4
0.2 e A
0.0 i -
~o 20 40 80 ]
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Fig. 4 Angular flux distributions of Cd atoms and Tes 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
ml/cm? the distribution approaches a cos’@ 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, molecules
ejected from CdTe (100) surfaces by 248 nm 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 muitiple pulse ablation with nanosecond pulses
under low fluence conditions (<40 mJ/cm?). 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?) 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
collisjons. 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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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 {1]. The second harmonic
light generated by adsorbates on a non-centrosymmetric substrate has contributions

from both the adsorbate polarization Pa(2w) and the substrate polarization Ps(2w). The
reflected second harmonic field E}’,(Zm) polarized parallel to the plane of incidence is

determined by the boundary conditions on the electric Ex(2w) and magnetic Hy(2w)
field components [2,3]

E\ _ (2w) sin8 Py —cos8, Py . |VEr =& cos(B; - 6;)|Py + & sin(B; - 6,)P,
£ =i (—) + 1)
an ¢ J\J&; 038, + \Je, cosh, (e, - 851‘[&: c0s + /€, cos6, |

where the dielectric constant of the substrate is denoted &,(w) at the fundamental
frequency and &,(2w) at the second harmonic frequency. The dielectric constant for the
reflected second harmonic field is £,(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 = 40° the adsorbates are readily detected for any polarization of
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the fundamental beam. The reflected intensity when
the polarization of the fundamental beam is rotated
through 900 is shown in Fig. 3 for two different
crystal orientations. It can be seen that the substrate
contribution is reduced and the adsorbates are
readily detected if the c-axis of the crystal is oriented
parallel to the surface normal.

For analyzing the data shown in Figs. 2 and 3
the polarization of the adsorbates is assumed to be
independent of crystal orientation and described by

0 g2 .
Pix=2% ;u)'.x (fr ) cos’ @ sin6; cos6; E} (22) | rume 1 - sweton oF THE OPTICAL GEOMETRY
USED FOR SURFACE SECOND HARMONIC
N2, @ (2) \ GENERATION, THE ANGLE OF INCIDENCE FOR
P,= ( f ) cos’ @| 2, sin 0+ 1 cos’O; THE FUNDAMENTAL BEAM IS DENOTED 6,{e) AND
THE REFLECTION ANGLE OF THE SECOND
(2b) |narmonic Beam 1s DENOTED BY og2w). THE
+( fsr)z 22 sin? ¢} E? ELECTRIC FIELD VECTOR FOR A LINEARLY
XZX

POLARIZED INCIDENT BEAM MAKES AN ANGLE ¢
WITH RESPECT TO THE PLANE OF INCIDENCE.

where the angle (@) 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 (ng,Pﬂ) which can contribute to a p-polarized output are
described in terms of the polarization components (Psx,,Psz,) along the principal axes
(X.Y',Z) of the crystal

Py =F,.cos¢+F,_sing and Py =P _cos¢—P_ sing )]

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

2 .
é'“ casema ™ Py =2(f7) d\scos’ @ sin(6; +8) cos(6; +¢) E; (4a)
/ \
/e
" 4N || A el cor e o)+ ansini(e, vo) (4b)
/ \
; .,/ Css \ +(j§')2d,, sin? q)}E,z
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§'- ,(‘/_ oL % | | The Fresnel factors ST and f7 refer to transmission
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. nmormmw o respectively
T o, o — L )
SURFACE. ONLY P-POLARIZED SECOND A § 7 J& cos, + [e; cosb,
LIGHT WAS MEASUAED,




-

2JE cos6,

(5b)

T
Fr JES_ cosB, + /&, cos;

All the data points shown in Figs 2 and 3 were fit
simultaneously using Eqns. 1 through 5.

Kinetic Measurements O f Adsorbate Photo-
reduction are of interest because electrons and
holes generated in a bulk semiconductor by the
absorption of light have the ability to reduce or
oxidize adsorbates at the semiconductor surface.
The efficiency of charge transfer depends on a
number of competing processes taking place on
different time scales and in different spatial
regions of the sample. The surface second
harmonic technique is capable of isolating inter-
facial reactions in the presence of simultaneous
bulk processes.

Figure 4 shows kinetic measurements made
by exciting single crystal CdS with a 35 ps, 354.7
nm light pulse and probing the 532 nm SHG
signal at a series of time delays. In the absence of
malachite green no transients were observed in
the SHG signal. The crystal was rastered to a fresh
position after each excitation pulse. The transient
reduction in signal is attributed to electron capture
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FIGURE 3 - DEPENDENCE OF THE REFLECTED
SECOND HARMONIC INTENSITY ON THE
POLARIZATION ANGLE OF THE FUNDAMENTAL
LASER BEAM FOR CADMIUM SULFIDE WITH
AND WITH OUT ADSORBED MALACHITE
GREEN.

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

SHG DEPLETION
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FIGURE 4 - TIME EVOLUTION OF THE REFLECTED
SURFACE SECOND HARMONIC INTENSITY WHEN
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absorbed is of the order = 3x107.

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
dependent heat equation [5]. Assuming that heat
radiation into air is slow compared to heat transport
into the bulk semiconductor, the time dependent

surface temperature AT, (r) is given by
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1-R)Yhv-E) ! 2
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8

where x = 0.57 cm2/sec is the thermal diffusivity, pc
=0.125 cal/cm3deg is the specific heat, R = 0.6 is the

surface reflectivity and 27./In(2) is the full width at
half height of a Gaussian temporal heat source. On
the time scale of several tens of picoseconds it is
assumed that the electron and lattice temperatures
are the same [6] and that the heat capacity is

g
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10 ns PULSE WIDTH

SURFACE TEMPERATURE CHANGE

dominated by the lattice. Figure 5 shows plots of 20k (x 5)

the time dependent surface temperature for the two ]

laser pulse widths used. ok= P S v werw |
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adsorbates, time resolved absorption and emission |
was performed to detect the photogenerated carriers :gag::mgne-m:é@c;.;zig Fgli?)mﬁé
in the substrate. A transient absorption |[iss; nm EXCITATION USING 200 pJipulse
measurement at 1064 nm is shown in Fig. 6. It is [WITH EITHER A 35 ps OR 10 ns PULSE
. ; . . . DURATION.
interesting that a substantial absorption remains
well after the adsorbate reduction is complete. We
interpret this long lived component as trapped
carriers which are not effective oxidizing agents for
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
AL i ' 1

ABSORPTION (1064NM)

reduction. The trapping of these carriers also gives
rise to the long lived absorption seen in Fig. 6.
10 Figure 7 shows additional kinetic
measurements, but for methylene blue
photoreduction on CdS powder. The measurement
was performed by multiple light scattering and
shows a superposition of transient absorption by the
semiconductor and transient bleaching by
methylene blue. The difference between these two
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
2 o4 06 o8| asents Performing transient absorption
TIME (NS) “| measurements at a series of wavelengths confirms
FIGURE & - TRANSIENT ABSORPTION AT| that more than one species contributes to the signal.
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COS CAYSTAL. measurement, which is expected to favor the
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detection of conduction band carriers, has a rapid
decay similar to the emission and reduction kinetics.

Modeling Adsorbate Reduction Using The
Smoluchowski Equation with reasonable physical
parameters can be used to analyze the competitive
decay pathways available to the conduction band
carriers. The model includes carrier transport, bulk
trapping and charge pair decay at the interface. The
time evolution of excess carriers n(z,t) generated at a
distance z from the surface is described [7,8] by

DIFFERENCE SIGNAL

1 In(z.1) _ Fn(z.t 1 d[av n(z,t
Loz _ (f )+__ n(ze) _nlz) @
D o & k,T 2| dz Ty -
where D is the ambipolar diffusion constant and 7, % 8r
is the bulk carrier lifetime. The boundary condition |3 |
: : cds
for the solution of Eqn. 7 is 3 .
2t T
pP@ o) (8)
&% o I CdS + M
where k is the total reaction velocity. It includes a o P SR W
component ks associated with reduction of 0 0.5 1 14
adsorbates. Under strong illumination conditions TIME DELAY (ns)
. . FIGURE 7 - LOWER PANEL: TRANSIENT
dV/dZ =0 allowmg qu’l 7 to be SOlVed by makmg LIGHT SCATTERING SIGNALS AT 630 NM
. R . | FOLLOWING 354.7 NM EXCITATION FOR CdS
the substitution n(zt) = pztet/T.  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 injtial |TRANSIENT BLEACHING SIGNAL.
distribution g(z') of mobile carriers generated by the

excitation pulse is attenuated according to Beer's Law g(z') = ae"®Z". The survival
probability of mobile carriers in the bulk N(t) and the probability that an adsorbate
will be reduced at the interface Ng(t) have the analytical solutions
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FIGURE 8 - TIME RESOLVED| —e "¢ " Porfeli 17 D)~ k\[T4/D - it
ABSORPTION AT 1544 NM AND 630 NM 'f( 7l ) of e'f( ’)}
FOLLOWING 3547 NM EXCITATION OF
POWDERED CdS CRYSTALS.
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Equation 10 was used to model the data in the
upper part of Fig. 7 and is shown as a solid line in
that figure. Figure 10 shows plots of both Eqns. 9
and 10 using the parameters D=1.2cm2/sec,
ks=2x103cm/sec, k=106cm/sec, tp=10ns and

@=1.3x105cm!. The bulk carrier lifetime tg was
measured using two-photon excitation which
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
effects than carriers generated by one-photon
excitation. The photoreduction yield is given by the
long time limit of Eqn. 10

oksTy

Nslt > =)= (1+ayDr, 1+ kr,/D)

(1m

0 25 50 75100
Energy

1000 x DELTA O.D.

10
TIME (ns)
FIGURE 9 - TIME RESOLVED ABSOCRPTION AT
1064 NM FOLLOWING TWO-PHOTON EXCITATION
OF CDS AT 630NM. INSET SHOWS NONLINEAR|
DEPENDENCE OF TRANSMISSION ON ENERGY OF
EXCITATION LIGHT PULSE.

The parameters listed above give Ny(t—)=10. This low reduction yield is

consistent with experiment.

Time resolved surface second harmonic
generation has been used to characterize the
photoreduction of malachite green on single crystal
cadmium sulfide. The description of SHG in terms
of boundary conditions on the electric and magnetic
fields is shown to work well for adsorbates on a
non-centrosymmetric substrate. Comparing the
time scale for photoreduction with the relaxation
times 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.

1. T
2. N. Bloembergen and P. S. Pershan, Phys. Rev. 2, 606 (1962).
3. Y.R. Shen, Ann. Rev. Phys. Chem. 40, 327 (1989).

4. C. K. N. Patel, Phys. Rev. Lett. 16, 613 (1966).
5. J. H. Bechtel, §. Appl. Phys. 46, 1586 (1975).
6.

and H. Zacharias, Phys. Rev. Lett. 66, 3024 (1990).

500 x N (0

100 150
TIME (PS)

FIGURE 10 - MOBILE CARRIER RELAXATION
IAND ADSORBATE REDUCTION KINETICS
ACCORDING TO EQNS. 9 AND 10 OF THE

'TEXT.

Stehlin, M. Feller, P. Guyot-Sionnest and Y. R. Shen, Opt. Lett. 13, 389 (1988).

. F. Budde, T. F. Heinz, M. M. Loy, J. A. Misewich, F. de Rougemont

7. M. Evenor, S. Gottesfeld, Z. Harzion, D. Huppert and S. W. Feldberg, J. Phys. Chem. 88, 6213 (1984).
. Semicond X

8. ]. W. Orton and P. Blood, The Electrical Characterization of

Measurement of Minority Carrier Properties (Academic Press , 1990), p. 28.
9. H.S. Carslaw and J. C. Jaeger, Conduction of Heat in Solids (Oxford University Press, 1990), p. 358.

256




b

SELECTIVE DEPOSITION OF ZuS THIN FILMS
BY KrF EXCIMER LASER ON PATTERNED Za 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 sceds were created only on the irradiated parts by a photodecomposition.
And the subsequent growth of ZnS was performed by the paralle! 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 ml/cm?2.

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 {1-3].
However, there is few reports such as a film formation of compound semiconductor.
It i8 considered that appling the nucleation technique to a fitm 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 [4).

ZnSe and ZnS have a wide bandgap of 2.7 and 3.7eV, respectively, and are
expected a8 materials for luminous devices with short—wavelength. ZnSe is
extensively studied for a blue luminous laser (5], whereas ZnS is few reported due
to the difficulties in obtaining a high quality crystal and controlling a conductive
type although it has & 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 rcalized by the method based on the two—step
process conmsisting 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 are considered to
be carried out as described below. In case of the parallel irradiation, DMZ and
H2S gases are photodecomposed by an excimer laser light in vapor—phase; then, the
radicals which werc 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 photodecomposed 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.

> vacuum

s

DMZ >

o ll‘ll }:/>Ovacuum

TRANSMITTANCE(%)

hv
v 0 2
o LN 190 300 400
E%&i WAVELENGTH(nm)
ﬁl (b) (c)
Fig.1 Principle models of the formation Fig.2 The UV absorption spectra

of Zn seeds and growthing of the ZnS thin
films by the excimer laser CVD method.
a) Zn nucleation. b) film growth of the
parallel irradiation. c¢) film growth of
the perpendicular irradiation.

of DMZ and H S gases.

Figure 2 displays the UV absorption spectra of DMZ and H2S gases. When a
gaseous DMZ was sealed in the chamber at the pressure of 0.5 Torr, the absorption
was shown with the solid line and the peak was placed at 205Snm wavelength. Even
when the DMZ gas was cvacuated, the absorption spectrum was observed and indicated
with the broken line; which means the DMZ molecules will be casily adsorbcd 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 S % of absorption at the 249 nm wavelength of a KrF laser. The
adsorbates of DMZ also have same absorption as in the vapor—phasc 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 gascous DMZ was enclosed in the evacuated chamber, the gas was exhausted
from the chamber in order for the adsorbed molecules to be sclectively which was
remained. Then, a patterned KrF laser of 100mJ/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 photoewcctron
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 fluence
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 100mJ/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 sceds.

A high—resolution of pattern projection can be realized by the nucleation with
a single shot irradiation. Therefore, the nucleation in the cxperiments stated
below were conducted with a single shot irradiation.
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g KrF fluence
I g 10el/cm?
© zg \lﬂol 3
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Fig.3 The experimental setup Fig.4 The condition of Zn nuclcation.
for nucleation process. The dependence of the laser

shot number and the dcposition
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 fluence 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.

<> -
=1

SUSS

Zn(CHs)s + Ha$
KiF laosr
Za(CHs)2 + H1S
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 ZaS film preferentially deposited on the nucleated, parts.
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 obscrvable that
the ZnS thin film was grown only on the nucleated parts; the film thickness was
about 400 A.

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
parts of the nucleated substrate which was performed by the parallel irradiation.

The nuclcated and non—nucleated pa