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The surfaces of CurSi and CurSi containing 0.4 at.% Zn (Cu$i-Zn) were analyzed with Auger 
spectroscopy, as a function of reaction temperature, before and after reaction with atmospheric- 
pressure CH,Cl. These surfaces, which selectively form (CH&SiClr, contained silicon, copper, 
chlorine, carbon, and a small amount of oxygen after reaction. The Cu,Si-Zn surface also con- 
tained zinc. The Si(LVV) Auger transition exhibited chemical shifts which indicated the presence 
of Si-Cl, Si-C, and Si-Cu bonds. Active sites for selective (CH&SiClr formation appear to 
contain silicon bound to chlorine. Copper weakens silicon bonds in the alloy, and this may result in 
faster Si-Cl bond formation and shorter induction times than for the uncatalyzed reaction. Silicon 
carbide sites, which do not contain chloride, are also present after reaction, but apparently do not 
form silanes. The Cu$i and CurSi-Zn surfaces differ dramatically after reaction. The fraction of 
surface silicon which formed silicon carbide sites was smaller for Cu$i-Zn than for Cu&; how- 
ever, the CurSi-Zn surface contained up to 85% graphitic carbon though no graphite was detected 
on Cu,Si. Zinc may promote conversion of carbide to graphitic carbon. Graphite did not signifi- 
cantly affect silane formation kinetics, however, suggesting that only a fraction of the surface was 
active for silane formation. 6 198.5 Academic press, Inc. 

INTRODUCTION 

Recently, we reported methylchlorosi- 
lane formation rates for the reaction of at- 
mospheric-pressure methyl chloride with 
low-surface-area Cu$i alloys (1). Reaction 
on these alloy surfaces selectively forms 
dimethyldichlorosilane, a monomer used 
commercially to produce silicone polymers 
(2). In that study (I), the surfaces were 
cleaned in ultrahigh vacuum (UHV) and 
characterized with Auger electron spec- 
troscopy (AES) before reaction. Reaction 
with CH$l changed the surface composi- 
tion significantly. The results of AES sur- 
face analysis immediately after reaction, 
without air exposure, are reported here for 
Cu+Si and Cu$i containing zinc promoter. 
Surface compositions of reacted copper- 
silicon solids have not been measured pre- 
viously without prior exposure of the sur- 
face to the atmosphere. This exposure 
rapidly oxidizes CusSi (3) and thus signifi- 
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cantly distorts measurement of the compo- 
sition present during reaction conditions. 
Previous reaction studies have also used 
high-surface-area copper-silicon particles 
instead of low-surface-area samples that 
are easier to analyze. 

Auger spectroscopy is well suited for 
studying the surfaces of copper-silicon al- 
loys since copper and silicon Auger transi- 
tions do not overlap. Also, since the 
Si(LVV) transition is sensitive to the chem- 
ical environment, surface concentration 
estimates and information about bonds 
formed to silicon can be obtained. 

Our reaction study (2) showed that Cu$i 
provides an active surface for selective 
(CH&SiC12 formation. Copper acts as a 
catalyst for this selective reaction (up to 
85% of the silane products are (CH&SiCl,); 
in the absence of copper less than 1% of the 
silane products are (CH&SiC12 (4). Zinc 
promoter is used in low concentrations to 
further increase selectivity (I). 

EXPERIMENTAL METHODS 

Auger spectra of CuSi and Cu$i con- 
3% 
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taining 0.4 at.% Zn were recorded before 
and after reaction with CH&l at 84 kPa 
(635 Torr) and 520-620 K (I). A metal-bel- 
lows mechanism transferred the alloy sam- 
ples between a differential batch reactor 
and a UHV chamber which contained a 
PHI Model lo-155 CMA for Auger analysis 
(I, 3). Surfaces were cleaned by argon ion 
bombardment using procedures described 
previously (3). 

The CusSi alloy contained 23 at.% Si and 
77 at.% Cu, since precipitates form at 
higher silicon concentrations (5). The pro- 
moted alloy contained 22.1 at.% Si, 77.5 
at.% Cu, and 0.4 at.% Zn (6). The Cu$i 
phase was verified for both alloys using po- 
larized-light microscopy and X-ray diffrac- 
tion (3, 6). The clean Cu$i alloy was also 
extensively characterized by Auger elec- 
tron spectroscopy (3). 

Each nonporous alloy sample (approx. 1 
x 5 x 13 mm) was cleaned and annealed at 
570 K for 15 min in UHV, characterized by 
AES, and then transferred into the reactor. 
The reactor was then pressurized with 
CH$l to 84 kPa (635 Torr). The alloy sam- 
ple was heated resistively and temperature 
was measured with a Chromel-Alumel ther- 
mocouple spotwelded to the alloy edge. Re- 
action gases were sampled with a Valco GC 
valve (0.5 cm3 sampling volume) and ana- 
lyzed by an HP 5712 GC with thermal con- 
ductivity detector. After reaction at con- 
stant temperature, the solid sample was 
cooled to 310 K, the reactor evacuated, 
and the sample transferred into the UHV 
chamber for AES analysis. Auger spec- 
tra were recorded within 5 min of evacu- 
ating the reactor. Alloy samples were 
recleaned and annealed before each iso- 
thermal run. 

Several steps were taken to minimize im- 
purity concentrations during reaction; the 
reactor system was leak-checked and 
baked at UHV pressures, the CH3Cl gas 
(Matheson, 99.95% pure) was purified with 
5-A molecular sieve at 273 K to remove 
CH30H, and the region around the sam- 
pling valve was flushed with dry nitrogen to 

prevent leakage of air into the reactor dur- 
ing gas sampling. 

Auger spectra were first recorded with a 
2-keV, ~-PA primary beam to minimize de- 
sorption, and then with a 3-keV, 3OqA 
beam for higher sensitivity; all figures show 
3-keV spectra. Surface concentrations 
were estimated using 3-keV spectra since 
peak shapes were the same for each beam 
energy and since handbook sensitivity fac- 
tors are not available for a 2-keV beam. A 
1-V p-p modulation was used for all peaks 
except Si(1620 eV), for which 6-V p-p was 
used. Details of the apparatus and experi- 
mental procedures are reported elsewhere 
UP 7). 

RESULTS 

Auger Spectra 

Following CH3Cl reaction to form silanes 
on Cu3Si and Cu$Si-Zn (I), Auger analysis 
of these surfaces indicated the presence of 
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FIG. 1, Auger spectra of Cu,Si after reaction with 84 
kPa CH&l at the indicated temperatures and times. 
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FIG. 2. Auger spectra of Cu,Si-Zn after reaction 
with 84 kPa CH,Cl at the indicated temperatures and 
times. 

silicon, copper, chlorine, carbon, and oxy- 
gen. The Cu$i-Zn surface also contained 
zinc. Figures ‘1 and 2 show the Cu(60, 105 
eV), Si(75-94 eV), Cl(180 eV), C(273 eV), 
and O(508 eV) Auger peaks for Cu$i and 
Cu$i-Zn. The Si(1620 eV) and Cu(917 eV) 
peaks, which had the same shapes as seen 
for clean Cu$i (3), were also recorded. 
The Zn(994 eV) peak, whose shape was not 
well resolved due to the low zinc concen- 
tration, had the same energy as elemental 
zinc (8). Peak shapes and locations in the 
spectra of clean Cu3Si-Zn were similar to 
those for clean CqSi (3), though the ampli- 
tudes differed. 

During reaction with CH&l, the silicon 
chemical environment at both alloy sur- 
faces changed significantly, as indicated by 
the change from the split Si(90 and 94 eV) 
peaks seen for clean Cu$i alloys to a se- 
ries of peaks at 75 to 94 eV (Fig. 3). These 
spectra apparently resulted from several 

silicon chemical states. Silicon bound to el- 
ements of greater electronegativity yields 
peaks which are shifted from 92 eV, the 
peak location for elemental silicon, to lower 
energies, and the peak shift increases with 
increasing electronegativity (4, 9). Thus, 
Si-C, Si-Cl, and Si-0 bonds yield 
Si(LVV) peaks at 90,84, and 76 eV, respec- 
tively (4). Since peak shift is approximately 
an exponential function of the electronega- 
tivity difference (Pauling scale) between sil- 
icon and the element bound to silicon (4), if 
silicon is bound to several elements, the 
most electronegative element will deter- 
mine Si(LVV) peak location. Additional sil- 
icon bonds to elements of lower electroneg- 
ativity cause little additional peak shift. 

Surface concentrations (Tables 1 and 2) 
were estimated from Si(1620 eV), Cu(917 
eV), Cl(180 eV), C(273 eV), O(510 eV), and 
Zn(994 eV) peak amplitudes and handbook 
sensitivity factors (8). Matrix-effect correc- 
tion factors were not used since accurate 
factors are not available for nondilute, 
multicomponent surfaces (9). Although 
Si(LVV) electrons are more surface-sensi- 
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FIG. 3. Si(LVV), Cu(lO5 eV), and C(KVV) Auger 
peaks for CqSi-Zn and Cu$i after reaction at 545 K 
for the indicated times. Spectra of clean, annealed (570 
K) Cu,Si are included for comparison. 
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TABLE 1 

Estimated CusSi Surface Concentrations 

399 

Surface Temperature 
W 

Concentration 
(atomic percent) 

Si Cu Cl C? 0 

Silicon Reaction 
reacted time 

(102 monolayers) (mid 

Ion bombarded 
Clean, annealed 
After reaction 

a Carbide. 

- 25 75 0 0 0 0 0 
570 30 70 <I 0 0 0 0 
520 33 38 4 19 6 4.4 1400 
545 31 38 8 18 5 4.6 120 
570 27 50 10 13 <l co.3 5 
570 30 44 10 16 <l 5.3 100 
595 31 39 6 18 6 22 80 

tive than Si(1620 eV) electrons (0.5 versus 
1.5 nm escape depth) (9), the Si(1620 eV) 
peak was used to estimate surface concen- 
trations since the dramatic changes in 
shape and location of the Si(LVV) peak in- 
dicate that its amplitude was not propor- 
tional to concentration. The Cu(917 eV) 
peak, whose escape depth is close to that 
for Si( 1620 eV) (9), was used so that surface 
composition estimates were not skewed by 
large differences in escape depth. Use of 
the more surface-sensitive Cu(60 eV) peak 
reduced the copper concentration estimates 
in Tables 1 and 2 by about 50%, indicating 

that the estimates of copper surface con- 
centrations in these tables are high. The re- 
producibility of the concentration estimates 
for clean, annealed surfaces was +2 per- 
centage points. Though the values in Ta- 
bles 1 and 2 are only estimates of surface 
compositions, they are useful for compar- 
ing the two surfaces and the same surface at 
different temperatures. 

The C(KVV) peak shapes after reaction 
indicate that silicon carbide is present at 
CurSi surfaces, but that graphitic carbon is 
present at CurSi-Zn surfaces (Fig. 3) (9). 
Because the carbon peak shapes for the two 

TABLE 2 

Estimated Cu,Si-Zn Surface Concentrations 

Surface Temperature 
W 

Concentration 
(atomic percent) 

Si Cu Cl Co 0 Zn 

Silicon 
reacted 

(102 monolayers) 

Reaction 
time 
(mitt) 

Ion bombarded 
Clean, annealed 
After reaction 

- 20 79 0 0 0 <I 0 0 

570 27 71 <I <I 0 2 0 0 
545 11 58 15 14 1 I ~6.1 90 

570 11 46 15 26 1 1 8.2 90 

585 15 35 9 40 I <l 15 60 
595 9 14 6 69 2 <l 16 60 
615 57 38410 14 30 
57Ob 4 0 4 85 7 0 900 8500 

a Graphite. 
b Obtained after extended reaction at 570 K. 
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types of carbon were similar, however, the 
same sensitivity factor was used for both to 
estimate surface concentrations. 

Tables 1 and 2 and Figs. l-3 compare 
surfaces produced after approximately the 
same number of silicon monolayers reacted 
(within a factor of 2). Table 2 also includes 
data for the Cu$Si-Zn surface after two or- 
ders of magnitude more silicon reacted; the 
silane formation rate was similar (1). 

The oxygen surface concentration was 
always less than about 6 at.% after reac- 
tion, and in several cases was less than 1 
at.% (Tables 1 and 2). Auger spectroscopy 
is more sensitive to oxygen than to other 
elements present at the alloy surfaces (ex- 
cept chlorine) (8), so the relatively large ox- 
ygen peaks in Fig. 1 correspond to low sur- 
face concentrations. 

The 3-keV, 30-PA beam caused the 
Cl(180 eV) peak to decrease slightly (up to 
20% of its initial value) during recording of 
the spectra, probably due to electron-in- 
duced desorption. The Si(LVV) peak shape 
did not change significantly, indicating that 
most of the chlorine that desorbed was not 
bound to silicon. 

Cu&Zn surface. After reaction on 
Cu$i-Zn at 545 K, prominent AES peaks 
that indicate silicon bound to chlorine (84 
eV) and silicon bound to copper (90 and 94 
eV) are clearly resolved (Fig. 3). Bonds be- 
tween silicon and carbon (90 eV) are also 
present, since the Si(90 eV)/Si(94 eV) peak 
amplitude ratio is significantly greater after 
reaction (Fig. 3). Because of the large effect 
of electronegativity on peak shift, the Si(94 
eV) peak and its companion peak, which 
contributes to the peak at 90 eV, probably 
result from silicon bound only to copper 
(4). The additional peak at 90 eV results 
from silicon bound to carbon, and this sili- 
con may also form bonds to copper but not 
to chlorine. Similarly, the Si(84 eV) peak is 
due to silicon which is bound to chlorine, 
but the silicon may also form bonds to car- 
bon and copper. 

Silicon bound to oxygen yields a peak at 
about 76 eV since oxygen is the most elec- 

tronegative element present at the alloy 
surfaces (4). Figure 3 has a small peak at 75 
eV, indicating that only a small fraction of 
surface silicon is bound to oxygen. The 
small peak at 79 eV (Fig. 3) is due to silicon 
alloyed with copper. 

The Si(LVV) spectra recorded after reac- 
tion at 585 K (Fig. 2) are similar to 
those after reaction at 545 K (Fig. 3), but 
indicate that a larger fraction of surface sili- 
con is bound to carbon, since the Si(90 eV)/ 
Cu(lO5 eV) and Si(90 eV)/Si(79 eV) peak 
amplitude ratios are larger and the Si(KVV) 
spectra are less well resolved, possibly due 
to the larger 90-eV peak. Thus, the fraction 
of silicon which is bound to carbon (but not 
chlorine) appears to increase as reaction 
proceeds, since more silicon had reacted at 
585 K (Table 2). 

Although silicon carbide is present at the 
Cu$i-Zn surface after reaction, most of 
the carbon is graphitic, as indicated by the 
C(KVV) peak shape (Figs. 2 and 3) (8, 9). 
The large amount of graphitic carbon (Table 
2) may cover much of the active surface, 
which thus may contain more silicon, chlo- 
rine, copper, and zinc than indicated in Ta- 
ble 2, especially for the high-carbon-con- 
tent surfaces. 

Cu& su$ace. The spectra recorded after 
reaction on CusSi (Figs. 1 and 3) show a 
broad peak at 90 eV, indicating that a large 
fraction of the surface silicon is bound to 
carbon. Furthermore, the C(KVV) peak 
shape (Fig. 3) is that of silicon carbide and 
not graphite (9, 10). Although no published 
copper carbide spectra are available for 
comparison, the copper carbide peak shape 
would likely differ from that of either sili- 
con carbide or graphite, since other metal 
carbides (e.g., N&C, Tic, VC, and Cr3C2) 
yield unique C(KVV) peak shapes (9). 
Thus, a significant concentration of Cu-C 
bonds is probably not present. Although the 
C(KVV) peak indicates carbidic carbon, a 
small graphite peak may also be present but 
masked by the larger carbide peak, since 
carbon Auger peak shapes of silicon car- 
bide and graphite are similar. 
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Peak shoulders at 84 and 94 eV indicate 
the presence of Si-Cl and Si-Cu bonds. 
The fraction of surface silicon which forms 
silicon carbide, however, appears larger for 
CusSi than. for CuSi-Zn, since Si(90 eV)/ 
Cu( 105 eV) peak amplitude ratios are larger 
(Figs. l-3), the Si(LVV)peaks are less well 
resolved, and the C(KVV) peak shape is 
that of silicon carbide, not graphite. 

The Si(LVV) peak shapes (Figs. 1 and 3) 
and estimated surface compositions (Table 
1) are fairly constant with temperature and 
extent of reaction. The fraction of surface 
silicon which forms silicon carbide, how- 
ever, may increase slightly with increasing 
extent of reaction; this appears to be the 
case at 570 K (Fig. 4). 

Subsurface composition., Ion bombard- 
ment of the CuSi-Zn alloy after reaction 
of 9 X lo4 silicon monolayers indicated that 
chlorine and carbon were present below the 
surface. Furthermore, C(KVV) and Cl(180 
eV) peak amplitudes decreased at about the 
same rate with increasing bombardment 
time. This subsurface region was approxi- 
mately 500 monolayers thick, as estimated 
from the ion-bombardment current and an 
assumed sputtering yield of one (II). In 
contrast, the O(508 eV) peak amplitude de- 
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FIG. 4. Si(LVV) and Cu(105 eV) Auger peaks for 
Cu$i after ~eactiott at 570 K for the indicated times. 

Each spectrum was recorded after reaction on a clean, 
annealed surface. 

TABLE 3 

Steady-State Mate&l Balances 

Surface Temperature CH&l Nonsilanes 
WI molecules formed per 

decomposed decomposed 
per silane CH,Cl 

formed molecule 

Cu,Si 520 2.5 0.4 
545 3.0 0.2 
570 1.5 0.3 
595 1.5 0.2 

Cu$i-Zn 545 1.5 0.3 
570 1.5 0.4 
595 1.5 0.3 
615 2.0 0.3 

creased rapidly, indicating that little oxy- 
gen was present below the surface. 

Nonsilane Formation 

More CH$l reacted than was incorpo- 
rated into silanes (Table 3) indicating that 
some CH$l decomposed. Nonsilane prod- 
ucts were detected but not identified, be- 
cause the GC column did not separate low- 
boiling nonsilane compounds (e.g., CI&, 
Hz, and HCl). Nonsilane product formation 
rates were estimated, however, using the 
GC sensitivity for CH4, a likely product (3). 
Although absolute rates were not deter- 
mined, these estimates yield useful infor- 
mation about differences between surfaces. 

The number of CH$l molecules which 
decomposed per silane molecule formed 
and the number of nonsilanes formed per 
decomposed CH$l molecule were approx- 
imately the same for reaction on each alloy 
(Table 3). For the uncatalyzed reaction on 
silicon, however, no CH&l decomposition 
occurred below 670 K (4); nonsilanes were 
formed below 670 K, but these were by- 
products of the reactions which formed 
mainly HSiCG and CH3HSiC12 (4). 

DISCUSSION 

Clean, Annealed Alloy Surfaces 

The surface concentrations of the ion- 
bombarded alloys (Tables 1 and 2) are 
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nearly the same as the bulk concentrations. 
Since the sputtering yields of silicon and 
copper in copper-silicon alloys are similar 
(3), the surface composition estimates ap- 
pear to be accurate. The sputtering yield of 
zinc is larger than that of copper or silicon 
(12), but the zinc bulk concentration in 
Cu$Si-Zn is too low to cause the ion-bom- 
barded surface concentrations to deviate 
significantly from bulk values. 

Surface concentration estimates for 
clean, annealed Cu$i (Table 1) indicate 
that silicon is enriched at the surface to 
about 30 at.%; this agrees well with results 
obtained using internal standards and ma- 
trix-effect correction factors (3). 

The clean, annealed Cu$i-Zn surface is 
enriched in silicon and zinc to about 27 and 
2 at.%, respectively, apparently because 
the solid-surface tensions of silicon (1.24 N/ 
m) (12) and zinc (0.10 N/m) (12) are lower 
than that of copper (1.67 N/m) (23). An im- 
purity (like Zn) segregates to the surface of 
a binary solid solution provided that the im- 
purity’s surface tension is less than that of 
either main component (24). Thus, the sur- 
faces of Cu$i and Cu$i-Zn appear to be- 
have as solid solutions at 570 K. 

Active Sites 

The graphitic carbon concentration at 
the CusSi-Zn surface ranged from about 15 
to 85% (Table 2), yet (CH&SiC& selectivity 
remained high and silane formation rates 
followed Arrhenius behavior (I). Thus, the 
graphitic carbon did not appear to block ac- 
tive sites for silane formation. It may be 
that only a small fraction of the surface is 
active for silane formation. For surfaces af- 
ter comparable amounts of silicon reaction, 
the graphite concentration was larger after 
reaction at higher temperature, indicating 
that the activation energy for graphite for- 
mation is larger than that for silane forma- 
tion. Surface graphite may form from the 
carbide, as occurs, for example, on nickel 
(25), and since graphite was only present 
on the Zn-promoted sample, zinc may in- 

crease the rate of conversion of carbide to 
graphite. 

The material balance (Table 3) indicates 
that CH$l decomposition (to form nonsi- 
lanes) occurred simultaneously with silane 
formation. Kolster et al. (Z6) suggested that 
CH$l decomposition occurs on elemental 
copper sites formed by depletion of silicon 
in reacting Cu$i. They found that methyl 
chloride readily decomposed on pure cop- 
per (16, Z7) and between 273 and 473 K 
formed surface carbon and hydrogen (17). 
Little CH4 was produced and all the Cl was 
retained by the surface (27). Thus, CH&l 
may decompose on Cu sites in the alloys to 
produce carbon, which may preferentially 
cover the copper (Table 2). 

Surface oxygen is also present at the ac- 
tive surfaces, but oxygen does not signifi- 
cantly affect silane formation kinetics since 
(CH&SiC& selectivity remains high and ac- 
tivity follows Arrhenius dependence even 
though the oxygen content on Cu$Si varies 
from less than 1 up to 6%. 

Active sites for selective (CH&SiClz for- 
mation apparently contain silicon bound to 
chlorine, since the active Cu$i and CuSi- 
Zn surfaces contain Si-Cl bonds, and 
since most silicon at the active surface for 
the uncatalyzed reaction is bound to chlo- 
rine. In addition, HCl and Cl2 reduce induc- 
tion times for both uncatalyzed and cata- 
lyzed silane formation when added to the 
CH$l feed or when used to pretreat the 
solids (J&22), apparently by reacting to 
form Si-Cl surface bonds. Silicon at ac- 
tive sites may also be bound to carbon or 
copper, since additional silicon bonds to 
less-electronegative elements do not affect 
the Si(LVV) peak shift (4). 

The short induction period for Cu3Si (I) 
appears to be the time required to form the 
maximum concentration of active sites con- 
taining Si-Cl bonds. The induction period 
is not due to Cu,Si formation since Cu$i is 
present initially, nor is it due to increased 
surface area since no induction period was 
observed on Cu$i-Zn (I), indicating that 
the active surface area was constant. 



SILANE FORMATION CATALYSTS 403 

Role of Copper Catalyst 

Alloying copper with silicon reduces in- 
duction times by more than two orders of 
magnitude (I). Copper weakens silicon 
bonds in the ahoy (3), and this may allow 
faster reaction between silicon and ad- 
sorbed CH&l to form active sites contain- 
ing Si-Cl bonds. The strong covalent 
bonding in elemental silicon is modified by 
alloying with Cu, Au, or Ni (3, 23, 24) to 
form a weaker, more-metallic bonding envi- 
ronment (3). This weakened bonding allows 
faster silicon oxidation; Cu$i (3), Si(ll1) 
covered by gold (23), and nickel silicides 
(24) oxidize rapidly at room temperature, 
yet pure silicon does not (23). Thus, metals 
other than copper (e.g., Zn) may also cata- 
lyze Si-Cl bond formation and reduce in- 
duction time. Although induction-period 
rate data are not available for the gold- or 
nickel-catalyzed reactions, induction times 
for chromium-, iron-, or tin-catalyzed si- 
lane formation (25, 26) are less than those 
for reaction on Si(100) (4). This indicates 
that the active surface for catalyzed silane 
formation forms faster. than does the active 
surface for the uncatalyzed reaction. The 
selectivity of the resulting active sites will 
differ for different catalysts, however, 
since selectivity depends on additional fac- 
tors including surface structure and chemi- 
cal environment. 

Methyl chloride apparently dissociates 
upon adsorption on CqSi to form CH3 and 

Cl surface species, since CHrCl adsorption 
forms these species on copper (17) and 
other metals (27, 27, 28), and since a 
Langmuir-Hinshelwood mechanism with 
dissociative chemisorption models the ki- 
netics (29). The CHJ group decomposes to 
form hydrogen and graphite or silicon car- 
bide, reacts with hydrogen to form C&, 
recombines to form CH&l, and becomes 
incorporated into silane products (I, 18,19, 
30). Surface Cl species recombine with CH3 
groups to form CH$I, become incorpo- 
rated into silanes, or diffuse into the bulk. 
Chlorine species apparently do not com- 
bine to form Cl*, since previous studies 
have not reported Cl2 in the ,product gases 
(2, 31, 32). 

The role of the catalyst may be related to 
its stabilizing or destabilizing infiuence on 
adsorbed surface species. Table 4 lists the 
catalysts for which selectivity data are 
available, the main products catalyzed by 
these elements, and catalyst-to-chlorine 
(M-Cl) bo d energies. Data for pure sili- 

II con is also i eluded. When catalysts other 
than copper are used, the selectivity 
changes significantly. Calcium, which 
forms a strong ionic bond with chlorine, 
mainly catalyzes formation of (CH&SiCl. 
This suggests that the ratio of Cl/Si in the 
products of the catalyzed reaction will be 
less than that for the products formed on 
pure silicon, if the M-Cl bond energy is 
greater than the Si-Cl bond energy. Such 
a catalyst can form strong bonds with chlo- 

TABLE 4 

Wane Formation Catalysts 

Catalyst 

Fb 
cu 
Sn 
Fe 
Si 
Ca 

Main 
product 

CH,HSiC& 
(CH3)#iClz 
CH$iC& 
CH$iC& 
HSiCl, 
(CH&SiCl 

Product Secondary Product Estimated M-Cl 
distribution product distribution bond energy” 

(mol%) (mol%) (kcal/mol) 

75 HSiC& 10 65 
85 CHISiClj 10 78 
85 Sic& 10 85 
85 (CHp)#iC12 10 89 
70 CH,HSiC12 20 91 
60 (CH&SiC12 15 103 

Selectivity 
reference 

25 
1, 2 

25 
26 
4 

26 

a Ref. (38). 
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tine, reduce the concentration of surface Cl 
species which participate in silane forma- 
tion, and thereby reduce the Cl&i ratio in 
the silane products. The other catalysts in 
Table 4 have M-Cl bond energies which 
are less than or equal to that of Si-Cl, and 
they catalyze formation of silanes with 
larger Cl/Si ratios than does calcium. 

If the M-Cl bond energy is less than or 
equal to the Si-Cl energy, other factors 
must dominate; there is no correlation be- 
tween M-Cl bond energy and silane Cl/Si 
ratio for these catalysts (Table 4). Copper 
may increase the stability of adsorbed CH3 
groups relative to lead, tin, iron, or pure 
silicon to produce a larger CH3 group con- 
centration available for participation in the 
silane formation reaction. This may explain 
why the C/Cl ratio is larger for silane forma- 
tion on Cu$i alloys than it is for reactions 
catalyzed by other metals (except calcium) 
or for reaction on pure silicon. 

Of the many mechanisms proposed for 
direct silane formation (22,26,33-37), sev- 
eral mechanisms (26, 33-35) used electro- 
negativity arguments to assign CH3 and Cl 
species to either copper or silicon sites. 
This approach fails to consider an active 
surface which contains chlorine and car- 
bide in addition to copper and silicon. 

CONCLUSIONS 

The surfaces of CusSi and Cu$i contain- 
ing 0.4 at.% zinc promoter were analyzed 
with Auger spectroscopy after reaction 
with atmospheric-pressure CH,Cl. 

0 Surfaces for selective (CH&SiC12 
formation contain Si-Cl, Si-Cu, and 
Si-C bonds after reaction. 

0 The induction period may be the 
time required to form the maximum con- 
centration of Si-Cl active sites. Silicon at 
active sites may also be bound to carbon 
and copper. 

0 Copper catalyst may reduce induc- 
tion time by weakening silicon bonds in the 
alloy, thus allowing faster formation of ac- 
tive sites containing Si-Cl bonds. 

l The Cu$Si and the zinc-promoted 
Cu$i surfaces differ markedly after reac- 
tion. The fraction of surface silicon which 
formed silicon carbide was smaller for 
Cu$Si-Zn than for Cu,Si; however, the 
Cu$i-Zn surface contained up to 85% gra- 
phitic carbon, though no graphite was de- 
tected on Cu$i. 

0 Oxygen, present in surface concen- 
trations of up to 6 at.%, does not signifi- 
cantly affect silane-formation kinetics. 
Only a small fraction of the silicon at the 
active surface is bound to oxygen. 
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