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Areal rates of silane formation from CH$l and silicon were measured in a differential batch 
reactor at atmospheric pressure and 520-620 K, on three clean, nonporous, silicon-containing 
surfaces. These surfaces were characterized with Auger spectroscopy by transferring them directly 
between UHV and atmospheric pressure, without exposure to air. On pure silicon, a long induction 
time was seen before steady-state reaction; the main products at steady-state were HSiClr and 
CH3HSiC12. On Cu$i and CusSi containing 0.4 atm% Zn, the overall silane formation rates were an 
order of magnitude lower than on pure silicon. Copper catalyst, however, dramatically increased 
selectivity to 85% (CH&SiC12, the desired product for silicone production. Copper also decreased 
the induction time by increasing the rate of active-site formation. Zinc promoter in Cu,Si further 
increased (CH,)rSiClr selectivity to 95% without significantly changing activity. No induction time 
was seen with the Zn promoter. Silicon diffusion in Cu$i limited silane formation, and a mathemat- 
ical model is presented. Reaction on CuSi containing Zn was not limited by diffusion. These are the 
first measurements of silane direct-synthesis kinetics on Cu$i of known surface area, and they 
show directly that CurSi provides an active surface for selective formation of (CH&SiC12. Rates 
and selectivities on the alloys were similar to those measured for higher-surface-area solids. 8 1985 

Academic Press, Inc. 

INTRODUCTION 

One of the main steps in the production 
of silicones is the formation of methylchlo- 
rosilanes by the direct-synthesis reaction. 
In this solid-catalyzed, gas-solid reaction, 
gaseous methyl chloride reacts with solid 
silicon. Copper catalyzes the selective for- 
mation of the desired product, dimethyl- 
dichlorosilane ((CH&SiC12); the effect of 
copper has been attributed to the formation 
of an active Cu$Si alloy (I, 2). Most kinetic 
studies of the direct-synthesis reaction 
have used physical mixtures of powdered 
silicon and copper to mimic industrial con- 
ditions (I, 2). Thus, reaction rates per unit 
surface area (areal rates) have not been 
measured, nor have studies directly shown 
that Cu3Si is the active catalytic compo- 
nent. The induction period usually ob- 
served with physical mixtures has been at- 
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tributed to the time required to form Cu3Si 
(1, 2). 

To understand the role of CusSi in the 
direct-synthesis reaction, we measured re- 
action rates on a Cu3Si alloy and thus elimi- 
nated any induction due to Cu$i forma- 
tion. Reaction rates were also measured on 
Cu$i containing 0.4 atm% zinc, since zinc 
is a selective promoter for (CH&SiC12 for- 
mation (2). The uncatalyzed reaction was 
studied using a silicon single crystal. 

Rates were measured on nonporous, low- 
surface-area samples (~1 cm2) in an atmo- 
spheric-pressure chamber which was con- 
nected to an ultrahigh vacuum (UHV) 
system by a sample transfer mechanism. 
The surfaces were cleaned in UHV, the 
surface compositions measured with Auger 
electron spectroscopy (AES), and the sam- 
ples then transferred directly into the differ- 
ential batch reactor. Because Cu+Si alloys 
are very sensitive to oxygen (3), this direct 
transfer without intermediate exposure to 
air was necessary. After reaction at atmo- 
spheric pressure, the samples were trans- 
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ferred back to the UHV chamber for sur- 
face analysis. 

Reaction was carried out at temperatures 
and pressures (520-620 K, 1 atm) that are 
similar to those used by previous investiga- 
tors (I, 2), so that the results can be di- 
rectly compared to those on high-surface- 
area mixtures. Industrial conditions are 4-6 
atm and 550 K (I). 

This is the first study of the direct-syn- 
thesis reaction for a surface of known com- 
position and surface area. The activities, 
selectivities, and induction periods will be 
reported as a function of temperature for 
Cu$i, Cu$i-Zn, and Si surfaces. Studies 
of the effect of reaction on the surface com- 
position will be reported in a future paper 
(4). Large differences in selectivities, in- 
duction periods, surface compositions, and 
rates of silicon diffusion to the surface were 
observed for the three surfaces. These 
studies demonstrate the utility of surface- 
analysis techniques for studying a solid-cat- 
alyzed, gas-solid reaction. 

EXPERIMENTAL 

Atmospheric-pressure reaction was car- 
ried out in a differential batch reactor which 
was isolated from an ion-pumped UHV 
chamber by a straight-through valve. Sam- 
ples were mounted on a metal bellows 
transfer mechanism so that the samples 
could be moved between the reactor and 
the UHV chamber without exposure to air 
(3). This system allowed AES analysis with 
a PHI model lo-155 CMA before and after 
reaction. 

Surfaces were cleaned with an ion bom- 
bardment gun (Varian) using procedures 
previously described (3). The cleaned 
Cu$i surface contained mostly copper and 
silicon; no oxygen was present and the car- 
bon and chlorine concentrations were be- 
low 1%. After reaction, carbon, chlorine, 
and a small amount of oxygen were present 
(4). The Cu$Si samples (approx. 1 x 5 x 13 
mm) were mounted in stainless-steel 
clamps and resistively heated. A chromel- 

alumel thermocouple was spotwelded to 
the edge of the alloy. The silicon sample 
was heated by conduction from a resis- 
tively heated stainless-steel bar which was 
clamped to its backside. A chromel-alumel 
thermocouple was clamped to the silicon 
surface with a 0.25-mm-o.d. tungsten wire 
clamp. 

Kinetics were measured in the batch re- 
actor system (335 cm3 total volume), which 
contained a Metal Bellows (model MB-158) 
recirculation pump. Methyl chloride con- 
version was kept below 5 mol% for all runs, 
and a Valco GC valve with 0.5 cm3 sam- 
pling volume was used to sample the recir- 
culating gas. The valve was immersed in a 
dry N2 atmosphere to minimize oxygen 
leakage into the system. An HP Model 5712 
gas chromatograph with thermal conductiv- 
ity detector analyzed reaction products. A 
1.8-m column containing 70% OV-210 and 
30% OV- 1(20% weight loading) on Chroma- 
sorb PAW-DMCS (SO/l00 mesh) separated 
the silanes in six minutes at 323 K (5). Pure 
silanes were used for calibration. Injections 
of Sic& did not produce an HCl peak, veri- 
fying the absence of Hz0 in the He carrier 
gas (0. 

Procedure. The sample was cleaned by 
ion bombardment, annealed at 570 K for 15 
min, analyzed by AES, and then transfer- 
red into the reaction chamber. The reactor 
was pressurized to 81 kPa (635 Torr) with 
CH,Cl, the recirculation pump switched 
on, and the sample heated to reaction tem- 
perature (520-620 K). For reaction on the 
alloys, gas samples were taken and ana- 
lyzed with the GC every 10 to 60 min, de- 
pending on reaction temperature, and runs 
lasted from 0.5 to 23 hr. After reaction at 
each temperature, the alloy was cooled to 
310 K, the reactor evacuated, and the 
straight-through valve opened. Auger stud- 
ies of clean Cu-Si alloys indicated no sur- 
face composition changes on cooling from 
770 to 300 K (3). The sample was moved 
into the UHV chamber for AES analysis 
within 5 min after evacuation. The alloys 
were recleaned before each isothermal run. 
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For reaction on Si, rates were measured at 
several temperatures in succession without 
recleaning the sample or interrupting the re- 
action. 

The AES spectra were recorded with a 2 
keV, 5 PA beam to minimize beam-induced 
damage. For higher sensitivity, the sample 
was later characterized with a 3 keV, 30 PA 
beam. A 1 V p-p modulation was used for 
all peaks except for Si (1620 eV), for which 
6 V p-p was used. 

Materials. The Cu$i alloy contained 
23.1 atm% Si and 77% Cu, since silicon pre- 
cipitates formed at higher concentrations 
(6). The promoted alloy (Materials Re- 
search Laboratory, Orangeburgh, N.Y.) 
contained 22.1 atm% Si, 77.5% Cu, and 
0.4% Zn (7). The Cu$i phase was verified 
for both alloys using polarized light micros- 
copy (3) and X-ray diffraction (3, 7). The 
Cu$i sample was also extensively charac- 
terized by AES (3). Alloys were sliced with 
a diamond saw and polished with Linde B 
abrasive (0.5 pm Al203). The Si sample was 
an n-type (100) single crystal (Monsanto) 
which contained 0.1 ppm P. 

The sample surfaces were cleaned before 
each reaction run with argon ion bombard- 
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FIG. 1. (CH&SiC12 formation on Cu$i; gas-phase 
concentration versus reaction time. For each curve, 
the time scale is multiplied by IO” and the concentra- 
tion scale by l/x. 
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FIG. 2. (CH&3iC12 formation on CusSi (0.4 atm% 
Zn); gas-phase concentration versus time. 

ment and annealing at 570 K. The argon 
was 99.9995% pure (Scientific Gas Prod- 
ucts, research grade). Methyl chloride gas 
(Matheson, 99.5% pure) was further puri- 
fied by passing it through a 5A molecular 
sieve at 273 K to remove methanol impuri- 
ties. Gas purity was checked by AES analy- 
sis of the Cu$i surface after exposure to 
CH$l, since oxygen-containing contami- 
nants readily adsorb onto the Cu$i surface. 
No oxygen was present in the Auger spec- 
tra after exposure to purified CH$l at 635 
Tot-r and 300 K for 5 min. 

RESULTS 

Reaction rates and selectivities were 
measured on the 3 surfaces at 84 kPa (635 
Tort-) at temperatures from 520 to 620 K. 
Plots of (CH&SiC& concentration versus 
time for the alloys are shown in Figs. 1 and 
2. Dimethyldichlorosilane is the main prod- 
uct formed on the two alloys, but its yield is 
insignificant on pure silicon. Little scatter is 
seen in the data, indicating that precise 
rates could be obtained. Similar plots were 
obtained for CH$iCI,, the next largest 
product on the alloys. On pure silicon, con- 
centration versus time plots were obtained 



SILANES ON COPPER-SILICON ALLOYS 47 

for the four main products: HSiC&, 
CH3HSiC12, Sic&, and CH,SiC13 (8). Area1 
reaction rates were obtained from slopes of 
the concentration versus time plots, the re- 
actor volume, and the geometric surface 
area of the sample. Reaction was carried 
out for the minimum time necessary to ob- 
tain rate measurements in order to mini- 
mize the buildup of surface oxygen and to 
minimize the number of silicon layers re- 
acted. 

Rate Measurements 

In Fig. 1, three reaction regimes are evi- 
dent on CqSi: 

(a) An induction period, which is most 
noticeable for the shorter times at 520 K. 
On pure silicon the induction period was 
quite long (8). 

(b) A region of constant slope, indicating 
a steady-state reaction rate. 

(c) A region in which the rate decreases, 
apparently because bulk diffusion of silicon 
affects the rate. This is most noticeable at 
high temperatures and longer times. 
On CujSi-Zn, essentially one regime is 
seen (Fig. 2); the induction period is very 
short, and there are no indications of diffu- 
sion limitations at long times. Table 1 
shows that the area1 rates (Si atoms react- 

TABLE 1 

Areal Reaction Rates 

Surface Temperature Rate Total Si reacted 

W (lOI Si atoms/cm* s) (lo2 monolayers) 

Silane formation 

Exp. Model 

Cu$i 520 0.19 0.19 4.4 
545 0.56 0.59 4.6 
570 1.5 2.4 5.3 
595 7.7 II 2.2 

Cu,Si-Zn 545 1.2 6.1 
570 1.6 8.3 
595 4.8 16 
615 8.9 14 

Si(100) 545 16 1920 
570 28 1830 
595 57 1680 
620 77 1380 

TABLE 2 

Induction Times 

Surface Temperature (K) Induction 
time (min) 

Cu,Si 520 loo0 
540 60 
570 40 
595 <5 

Cu,Si-Zn 545-615 <5 
Si(100) 670,695” >2000 

a For reaction on Si, after the induction at 670 and 
695 K, rates were measured at several temperatures in 
succession without evacuating the reactor. 

ing per sample area per second) on the al- 
loys are an order of magnitude smaller than 
those for the uncatalyzed reaction. For 
Cu$i, the initial rates of (CH&SiC12 forma- 
tion, after induction, were determined both 
from the maximum slopes in Fig. 1, and by 
modeling silicon diffusion in the alloy. The 
diffusion model (to be discussed) provides a 
better measure of the initial rates; the con- 
tinuously decreasing rates at the higher 
temperatures in Fig. 1 make accurate mea- 
surements of the initial rates difficult. The 
rate of CH$l consumption was larger than 
that indicated by the silane mass balance, 
apparently due to CH3Cl decomposition on 
the surface. 

The concentrations of CH$SiC& were low 
for short reaction times so that the initial 
rates of CH3SiC13 formation were difficult 
to measure. Thus, selectivities were deter- 
mined from rate data at longer reaction 
times, and initial CH$iC& rates were esti- 
mated from (CH&SiC12 rates by assuming 
that selectivities did not change with con- 
version. This should yield reasonable esti- 
mates since selectivity did not change with 
time (conversion) at 595 K, where direct 
measurements were possible at short reac- 
tion times. 

For the alloys, rates were measured at 
each temperature on a clean, annealed (570 
K) surface, which is enriched in silicon (3). 
For pure silicon, a very long induction per- 
iod was seen, and rates were measured af- 
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TABLE 3 

Apparent Activation Energies (kcaUmo1)” 

Product Cu$i Cu+Si-Zn Si(lO0) 

Exp. Model 

OVC~ll 28 2 3 
(CH&X12 31 2 3 
CH,SiCll 21 k 3 
HSiCl3 
CH,HSiClz 1 
SiCb - 

33 f 2 20 + 3 16 f 2 
35 2 2 2023 - 
24 + 2 32 -t 2 24 f 2 

- - 11 + 1 
- 27 + 2 
- - 21 +4 

* Energies were obtained by linear least-squares regression 
(98% uncertainty interval). 

ter 31 hr at 670 K and 9 hr at 695 K by 
changing the temperature without reclean- 
ing the sample. Table 2 lists the induction 
periods for the three samples. Table 3 lists 
the apparent activation energies for the var- 
ious products; Arrhenius plots for Cu$i- 
Zn are shown in Fig. 3. 

Selectivity 

Product distributions for the silanes 
formed during the uncatalyzed reaction, af- 
ter induction, are given in Table 4. The 
main product at low temperatures was 
HSiCls, but at 595 and 620 K, HSiC& and 
CH3HSiC12 were formed in comparable 
amounts. Selectivity for (CH&SiC12 forma- 
tion on Si(100) was always less than 1%. 

E= 32t2 kcol/mol 

1.5 1.6 1.7 1.8 1.9 2.0 

l/T (K-‘X1031 

FIG. 3. Arrhenius plots for (CH,)#iC12 and CH9SiClS 
formation on Cu,Si (0.4 atm% Zn). 

TABLE 4 

Production Distributions on Si(100) 

Temperature Products (mole%)’ 

W 
HSiCl, MeHSiClz SIC4 M&Cl, MqSiCls 

545 74 18 6.3 1.2 0.5 
570 70 23 3.5 2.6 0.9 
595 57 34 5.4 3.2 0.4 
620 51 36 8.5 4.2 0.3 

a Me = CH,. 

The copper catalyst dramatically 
changed selectivity while reducing overall 
activity an order of magnitude. For exam- 
ple, at 545 K, the product compositions for 
Cu$ii and CqSi-Zn were 85 and 100% 
(CH&SiC12, respectively (Table 5). The Zn 
promoter, though present in small concen- 
trations at the surface (“2 atm%) (4), sig- 
nificantly increased the selectivity. On 
Cu+Si-Zn, the selectivity decreased slightly 
with increased temperature, but on CqSi 
selectivity increased with temperature. The 
secondary product on both alloy surfaces 
was CH,SiC&. The only other silane prod- 
uct, detected in low concentrations, was 
(CH&SiCl. 

DISCUSSION 

Role of Catalyst and Promoter 

The effect of copper catalyst on the reac- 
tion of silicon and methyl chloride is dra- 
matic; selectivity to (CH&SiC12 increases 

TABLE 5 

Product Distributions on Alloys 

SUrfacSZ Temperature Products (mole%P 

(K) 
Me2SiClz MeSiCls MqSiCl 

Cu,Si 520 74 26 - 
545 85 15 - 

595 88 8 4 
Cu,Si-20 545 la, - - 

595 95 5 
615 94 5 I 

Cu. Si, At, Zn 554 78.5 10.0 4.0 
(ref. 9) 600 84.5 8.3 3.2 

620 86.2 7.5 2.4 

a Me = CH,. 
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from less than 1% to approximately 85%, 
and induction time decreases two orders of 
magnitude. Zinc promoter further increases 
selectivity to nearly 100% and almost elimi- 
nates induction. Rates of (CH&SiC12 for- 
mation on the alloys are an order of magni- 
tude faster than on pure silicon. Thus, 
copper catalyst increases selectivity by 
both increasing the rate of (CH&SiC12 for- 
mation and suppressing formation of other 
silanes. Zinc promoter increases selectivity 
by further suppressing the formation of 
CH$iCIJ. 

Selectivity for (CH&SiC12 on CqSi in- 
creases with temperature; the activation 
energy is greater for (CH&SiC12 formation 
that for CH3SiClj (Table 3). On Cu$i-Zn, 
the activation energy is lower for 
(CH&SiC& than for CH$iC&, so selectiv- 
ity decreases with increasing temperature. 
The differences in selectivities and appar- 
ent activation energies on Cu$i and CqSi- 
Zn may indicate different mechanisms are 
operating. The overall apparent activation 
energies (Table 3) are within the range of 
previously reported values (2). 

Activity and selectivity on our CqSi sur- 
face are similar to those obtained in a fluid- 
ized bed for physical mixtures of Cu and Si 
(9). The fluidized solids used by Voorhoeve 
ef al. (9) were 10 wt% Cu, 89.9% Si, 0.1% 
Zn, and 0.05% Al; most of the Cu was al- 
loyed as Cu$i. Selectivities on these parti- 
cles were 75-85%; these are similar to our 
selectivities on Cu$i but lower than those 
on CqSi-Zn. The higher conversions in the 
studies by Voorhoeve et al. (9) may allow 
secondary reactions to influence the prod- 
uct distribution; our experiments were run 
under differential conditions. 

Voorhoeve et al. (9) modeled their non- 
porous Si particles (50-150 pm) as spheres 
with 1 pm Cu$i spheres embedded in 
them, and estimated the Cu$i surface area 
to be 560 cmZ/cm3 Si. This model yields an 
area1 rate for the Cu3Si surface of 5 x 1014 
Si atoms/cm* * s at 580 K, essentially the 
same as our value of 3 X 1Or4 Si atoms/cm2 * 
s (Table 1). That is, our study shows di- 

rectly that Cu3Si provides an active surface 
for selective formation of dimethyldichloro- 
silane. The composition of the active sur- 
face, however, differs from that of the clean 
surface or the bulk (4). 

&catalyzed Reaction 

The uncatalyzed reaction has not been 
studied in detail. Rochow (10) reported, in 
a study with poor reproducibility, high se- 
lectivity for SIC4 and CH3SiC13 at 555 K. 
He also reported that the activity was lower 
than for the copper-catalyzed reaction. Go- 
lubstov et al. (II) reported for a pulse chro- 
matography study that mainly CH$iClj 
and SIC14 formed on silicon pretreated with 
chlorine. Dimethyldichlorosilane formed in 
smaller amounts (O-15%). The percentage 
of Sic14 increased from 10% at 620 K to 
50% at 820 K, while that for CH3SiCl3 de- 
creased from 80 to 50%. Our steady-state 
results for a clean Si(100) surface at low 
conuersions, where secondary reactions 
are less likely to occur, are somewhat dif- 
ferent. A long induction period was seen 
and steady-state silane formation was faster 
than for the copper catalyzed reaction. The 
main products at 545-645 K were HSiC& 
and CH,HSiCl,; however, at 695 K, 
CH3SiC13 and SIC4 were produced in nearly 
equal amounts and comprised 70% of the 
products. 

The uncatalyzed reaction followed an Ar- 
rhenius temperature dependence up to 620 
K (Table 3); above 620 K the temperature 
dependence of individual products was 
complex due to competing side reactions. 
The details will be presented in a future pa- 
per (8). 

Induction Period 

The number of monolayers reacting dur- 
ing induction was significantly different on 
the three surfaces. For an assumed site 
density of 1015/cm2, approximately 9000 
monolayers reacted during induction at 695 
K on Si(lOO), but less than 30 monolayers 
reacted on Cu$i-Zn between 545 and 615 
K. On Cu&, approximately 150 +- 50 



50 FRANK, KESTER, AND FALCONER 

monolayers reacted at 545 and 570 K. At 
595 K, reaction was fast so measurement 
was difficult, but less than 200 monolayers 
reacted. Thus, the number of monolayers 
that reacted during induction was approxi- 
mately independent of temperature on 
CuJSi. 

The number of silane molecules pro- 
duced per site during induction is much 
larger than one on CqSi and on Si(lOO), 
suggesting that active-site formation is 
slow. Initial active sites produce many si- 
lane molecules before the maximum active- 
site density is reached. A simple model for 
the overall rate, R, assumes that the turn- 
over number, Nt, is the same for all active 
sites at a given temperature on a given sur- 
face, and the site density, S(t), increases 
with time: 

R = S(t) - Nt. (1) 

The induction time, tI, is determined by the 
rate of active-site formation, dSldt, and the 
maximum active-site density, S,,,. The to- 
tal number of monolayers reacted during in- 
duction is then, 

M = $ j-d’ S(t) - Ntdt 
s 

where ps is the density of silicon atoms at 
the surface (atoms/cm2). If dS/dt and Nt are 
given by Arrhenius expressions, then 

dS 
dt = ase 

-EdRT (1 - $-J (3) 

and, for zero or first-order formation (n = 0 
or l), 

M = Const * exp (EsiT). (4) 

The number of monolayers reacted dur- 
ing induction, M, is then only independent 
of temperature if the activation energy for 
site formation, Es, is the same as the activa- 
tion energy for reaction, EN (33 kcaVmo1 for 
CusSi). Another estimate of Es can be ob- 
tained since the active-site formation rate is 
inversely proportional to induction time. A 

plot of In (l/t,) versus l/T gives Es = 37 + 7 
kcal/mol; this indicates the above model is 
reasonable. The similar values for Es and 
EN may indicate the rate-controlling steps 
are similar for both active-site formation 
and silane product formation on Cu$i. This 
suggests that elementary steps unique to 
product formation, such as desorption, are 
not rate limiting. These results indicate that 
copper and zinc reduce induction times dra- 
matically by increasing the rate of active- 
site formation. 

Induction times for solid-catalyzed, gas- 
eous reactions appear to be much shorter 
(12-14) than for the direct-synthesis reac- 
tion. Apparently the maximum active-site 
density is obtained for these gaseous reac- 
tions before appreciable product formation 
occurs. 

Voorhoeve et al. (9) saw that induction 
was complete for selective formation of 
(CH&SiC12 in a fluidized bed after 10% sili- 
con conversion, regardless of temperature. 
Their induction time also decreased with in- 
creased temperature. They (9) attributed 
induction to formation of additional Cu$i. 
Since we started with Cu$i, our induction 
is not due to alloy formation, but may be 
due to the time required for accumulation 
of carbon or chlorine on the surface to form 
active sites; Auger spectroscopy indicates 
that a fraction of the surface silicon is 
bound to chlorine after reaction (4). The 
induction observed by Voorhoeve et al. (9) 
may be due to both effects. 

Diffusion Model 

After induction, reaction rates on Cu$i 
decreased with time; this was not due to 
equilibrium limitations (Keq > 10z6 for 
(CH&SiC12 formation by direct synthesis at 
500 K). Rather, the rate was probably af- 
fected by Si diffusion in the alloy. To test 
this and to determine the individual rates of 
reaction and diffusion, the silicon mass bal- 
ance was modeled: 
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Xsi is the Si atomic fraction, 2 is distance 
into the bulk (Z = 0 at the surface), and t is 
time. Atomic density, C, and silicon diffu- 
sivity, D, are assumed to be independent of 
position or time. Boundary conditions are 

Xsi = 0.25 at t = 0, for all Z, 
and as Z -+ ~0, for all t (6) 

kX,‘jilz=O = CD g 1 = . (7) 10 
The surface mass balance (Eq. (7)) is as- 

sumed to be first order in silicon concentra- 
tion; i.e., after induction a constant fraction 
of the surface silicon is active sites. Silicon 
accumulation at the surface is neglected in 
Eq. (7), since nearly all the silicon that re- 
acts at the surface is supplied from the 
bulk. The initial surface concentration may 
differ from the assumed value (Eq. (6)); 
however, the model requires only that the 
surface reaction rate is proportional to Xsi 
at Z = 0 (Eq. (7)). The rate constant ac- 
counts for any differences between the ini- 
tial surface concentration and the bulk 
value, since surface concentration is likely 
to be proportional to bulk concentration 
(3). 

Equations (5)-(7) are analogous to those 
for convective heat transfer from a semi- 
infinite slab (15). The Si atomic fraction at 
the surface is then given by (15): 

xSilZ=O = 0.25 exp & ( 1 

[I - et-f ($$)I. (8) 

The gas-phase product concentration, C,, is 
given by, 

where A, V,, and t are the reacting CuSi 
surface area, reactor volume, and reaction 
time. Integration yields 

c, = o’25(+ [ exp (&) 

[ 1 - erf (&$)I + $,fk - 1). (10) 

The parameters k and D were adjusted to 
match experimental data after the induction 
time (Fig. 1). Figure 4 shows that the model 
fit the data quite well at the three tempera- 
tures. Diffusivities obtained from the model 
are 5.5 x 10-12, 2.0 x 10-13, 6.0 x lo-i4 
cm2/s, at 595, 570, and 545 K, respectively. 
These values yield an activation energy for 
silicon diffusion of 60 ? 10 kcal/mol, and 
they are within the range of typical solid 
diffusivities of 10m8 to lo-l8 cm2/s (16). The 
activation energy differs from that for initial 
reaction rates (Table 3) because initial rates 
are not controlled by diffusion. The model 
is sensitive to changes in diffusivity, and 
allows precise determination of D (+5%). 
The best-fit k values yield initial rates, 
given by kXsilz=o at t = 0, which are close to 
experimental rates (Table 1). 

Kolster et al. (17) compared silane for- 
mation on pure Cu3Si particles with silane 
formation on particles containing Cu3Si 
plus excess silicon. Reaction rates for the 
pure alloy particles decreased with time, 
while rate and selectivity were constant for 
particles containing excess silicon. The au- 
thors attributed the rate decrease to slow 
silicon diffusion in Cu3Si. Our results show 
directly that diffusion does limit silane for- 
mation on Cu$i in the absence of excess 
silicon. 

lo- 

Time (mid 

FIG. 4. (CH&3iC12 formation on CusSi; gas-phase 
concentration versus time for the diffusion model 
(curved lines) and from experiment (data points). Val- 
ues of diffusivity, D, and rate constant, k, are listed. 



52 FRANK, KESTER, AND FALCONER 

Mane formation depletes the Cu$i sur- 
face of silicon. The thickness of the deple- 
tion layer (diffusion length) increases with 
time, causing the diffusion rate to decrease. 
Thus, diffusion limits silane formation on 
Cu$i so that C, (Y t’” (Eq. (10)) and 
dC,ldt Q t-In, for sufficiently long reaction 
times. 

Pure copper rapidly diffuses through 
Cu$i to react with pure silicon to form 
Cu$i; a diffusivity of 7 x 10m8 cm*/s was 
measured at 595 K and the activation en- 
ergy was 23.3 kcalImol(18). Our results in- 
dicate that silicon diffusion in reacting 
Cu$i is much slower in the absence of ex- 
cess silicon. Thus, the driving forces and 
resistances for diffusion are quite different 
in the two situations. 

Reaction on Cu3Si-Zn was not limited by 
silicon diffusion; reaction rates did not 
change with time (Fig. 2). This indicates a 
diffusivity greater than lo-lo cm*/s at 595 K, 
approximately two orders of magnitude 
larger than for pure CqSi. This result also 
shows that the decreases in rates for Cu$i 
were not due to experimental artifacts. 
Since zinc is enriched at the surface (4), it 
may affect diffusion by also concentrating 
at grain boundaries (19); diffusion along 
grain boundaries dominates in metals at low 
temperatures (e.g., below 900 K for poly- 
crystalline Ag (20)). The model diffusivities 
must be regarded as effective values, since 
the orientation and size of crystallites 
present in the polycrystalline Cu$i are un- 
known. The absence of diffusion limitations 
for Cu$i-Zn is not due to the presence of 
excess silicon, since Auger spectra of the 
clean, annealed (570 K) alloy indicated no 
elemental silicon was present (4). 

CONCLUSIONS 

Areal rates of silane formation from 
methyl chloride and silicon were measured 
under well-defined surface conditions at in- 
dustrial temperatures and atmospheric 
pressure. Studies on three clean, nonpo- 
rous surfaces, Si(lOO), Cu$Si, and Cu$i 
(0.4 atm% Zn) show: 

a) CusSi provides an active surface for 
selective formation of (CH&SiC&. 

b) Copper markedly increases selectivity 
for (CH&SiCl2 by increasing the 
(CH&SiCl2 formation rate and suppressing 
formation of other silanes. Total silane for- 
mation is an order of magnitude higher on 
Si(lOO), but selectivity for (CHs)2SiC12 is 
less than 1%; the main products are HSiC& 
and CH3HSiC12. 

c) Zinc promoter further increases selec- 
tivity for (CH&SiC12 by suppressing 
CH$iC& formation. 

d) Copper and zinc significantly reduce 
induction times by increasing the rate of ac- 
tive-site formation. The apparent activation 
energies for formation of active sites and 
formation of silane products are similar on 
Cu,Si, suggesting that both processes in- 
volve the same rate-controlling step. 

e) The rate of silane formation on the al- 
loys is fast (-2 X IOr atoms/cm* . s at 570 
K) but limited by silicon diffusion on Cu$i. 
The addition of zinc increases the diffusion 
rate so that reaction is not diffusion limited. 
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