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Thermal Chemistry of CH3 on Si/Cu(100); the Role of Sn as a Promoter
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The effect of tin on the thermal chemistry of €n Si/Cu(100) was investigated using temperature
programmed desorption (TPD), X-ray photoelectron spectroscopy (XPS), ion scattering spectroscopy (ISS),
low energy electron diffraction (LEED), Auger electron spectroscopy (AES), and high-resolution helium atom
scattering (HAS). The Si/Cu(100) substrate was prepared by exposure to silane at 420 K. The TPD results
showed that (Ck)sSiH was the dominant product desorbing from Si/Cu(100) after exposure joddlital,

and that its desorption was sensitive to the concentration of Si in the outermost surface. For the silane-
saturated surface, SBICu(100), (CH)sSiH desorbed near 500 K, while for subsaturated surfaces,
SiUns3fCu(100), (CH)sSiH desorbed at both 270 and 500 K. The addition of Sn to tF#CRi(100) surface,

prior to CH; exposure, led to a shift in the (G}3SiH desorption feature to higher temperatures. Tin addition

to SK"s8ICu(100) surface changed the product distribution. Specifically, with Sn coadsorption levels in excess
of 0.7 ML, the dominant product is the fully methylated species, {3, at 430 K.

1. Introduction aluminum. One proposed activating mechanism is that tin
facilitates methylization of surface silicon by transporting methyl
groups as tin/methyl complexes on the reacting suffadde

transfer of methyl from tin to silicon atoms is not unexpected

The Rochow, or Direct, Synthesis, which involves the
reactions of CHCI on Si/Cu based surfaces, is used in industry
to produce methylchlorosilanes, which are precursors for . . ;
prodpuction of silicgne materiafsDue to the impor?ance ofthe ~cnergetically, as thg SICH; bond strength is greater than that
silicone applications, the Direct Synthesis has been studiedOf a Sn-CHs bon_d. ) )
intensively for more than half a centu#y® The large majority A less extensive body of research, using surface science
of the studies was performed under reaction conditions that arel€chniques in vacuum environments on polycrystalline and
similar to those in the production line (using fluidized bed single crystal Si/Cu surfaces (without promoter atoms), has also

reactors or stirred bed reactors), and they evaluated the effect&Oncentrated on the Direct Synthesis. Initially, the interactions
of reaction parameters on the methylchlorosilane yield and °f CHs and/or Cl monolayers on Si/Cu surfaces were stutfied.

selectivity. The mechanism for methylchlorosilane production, The present contribution .builds.on Fhese prior studies and makes
however, is still not understood on a molecular scale, in part the first UHV controlled investigations of the effects of Sn on
because of the complexity of the multicomponent catalyst. The the thermal chemistry of C#bn Si/Cu(100). In this study, we
Direct Synthesis catalyst is predominately composed of Si/Cu, US€ & combination of TPD, XPS, ISS, LEED, AES, and HAS
but the material also contains promoter elements (e.g., Sn, zn,!0 investigate the formation of Sn/Si/Cu(100) structures and to
and Al) that are essential for the commercially viable operation €lucidate new methylsilane desorption mechanisms in the
of the industrial catalyst. A substantial fraction of research in Presence of surface bound Sn. Our results concerning the effect
this area has focused on empirical observations of the promoter-0f SN on the thermal chemistry of Glén Si/Cu(100) start to
induced effects on yield and selectivity of the Direct Synthesis d€velop a microscopic surface picture of how Sn facilitates the
reaction. This approach produced an efficient industrial catalyst, Direct Synthesis.
but has not yielded a detailed molecular-level understanding of
the promoters. We argue that this level of understanding is 2. Experimental Section
required for modifications in the catalyst operation for future
applications.

Both the yield and selectivity of methylchlorosilane produc-
tion are affected significantly by the presence of Sn in the

'“d“St“?' SifCu cai(a}l;gt. 'D.esplte cc.)ntrove.r3|es,' and often system. Both UHV chambers had base pressures below 2
contradictory result®1% 12 arising from different impurity levels 10-19 Torr

in reactant feeds, most researchers have agreed that tin can T TPD ) h inal | |
promote the Direct Synthesis synergistically with zinc or o carry out experiments, the Cu single crystal sample
was mounted on a tantalum plate, and this assembly was in

*To whom correspondence should be addressed. Tel#(215)204-7119.900d thermal contact with a liquid nitrogen cryostat. In this
Fax#(215)204-1532, E-mail: dstrongi@temple.edu. arrangement, the sample could be cooled to 100 K, and using
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Two ultrahigh vacuum experimental systems were used to
obtain the results presented in this contribution. TPD, XPS, and
ISS data were acquired in the first system, and LEED, AES,
and high-resolution HAS studies were conducted in a second
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resistive heating the sample temperature could be raised to 900
K, as measured with a thermocouple (K type). All TPD
experiments presented in this contribution used a heating rate
of 3 K/s. Gas species desorbing from the surface were analyzed
with a quadrupole mass spectrometer (UTI). Reference cracking
patterns of the pure di-, tri-, and tetramethylsilanes were used
for the identification of desorbing species during TPD.

XPS data were acquired with unmonochromatized Mg K
(1253.6 eV) radiation. The pass energy of the 100 mm L . L
hemispherical analyzer was set at 50 eV during the acquisition 00 0z 04 06 08 10
of core-level data. The binding energy scale for the XPS was Sn Coverage [ML]
calibrated against pure reference metals. The ISS was carried g o [Q)
out by using a 1000 eV incident Fldbeam at 45 from the ’
surface normal. The pass energy of the hemispherical analyzer
was fixed at 75 eV for these experiments.

In the second system, the sample could be cooled to liquid :
nitrogen temperatures or heated to 900 K by electron beam ——— : = . _
bombardment. Intermediate temperatures were controlled byFigure 1. (a) Variation of specular helium reflectivity during Sn
radiative heating from the neighboring W filament alone. The ﬁEFI’EODS'gg?teor?]sthrﬁe?g‘rje%Ogaoi‘igaéﬁ%ez(};goﬁ'iEi d|:c:t|1n; g‘g%-
sample temperatgre was also monitored V.Vlth type K thermo- reconstruction of the S¥Cu(100) surface (b), and the c{22) pattern
couples. Both helium atom and electron diffraction data were measyred after deposition of 0.6 ML Sn on the original&€u(100)
taken in this chamber; this system has been described in detaikiim (c). Incident electron energies of 9200 eV were used. The
elsewheré? Auger measurements were taken with a PHI double dashed vertical line in (a) indicates the onset of structures with the
pass cylindrical mirror analyzer. c(2 x 2) diffraction intensities.

In both systems, Cu(100) crystals were cleaned by 30 min ] ) )
cycles of 1500 eV At sputtering followed by 850 K annealing. ~ Saturation of methyl species at 173 K. Note that here the nominal
The higher sputtering voltage (1500 V) was often needed to azomethane exposure is measured with a remote uncalibrated
remove the residual surface tin atoms. After sputter cleaning, ionization gauge measuring a total gas pressure, comprising the

no surface tin, oxygen, or carbon contaminants were observed,desired CH radical, a byproduct i and the parent molecule

MNormalized He Intensity (log scale)

oo (ap

either by XPS or by Auger spectroscopy. CH3NNCHs, as well as low concentrations of other possible
The Si/Cu(100) surfaces were prepared by exposing Cu(lOO)bylpr.OdUCtS' The quoted exposures, therefore, can only be

surfaces to 5% SigAr mixtures. The Cu samples were kept at "€/2tIve:

420 K during the silicon deposition to desorb surface hydrogen. 3. Results

Two distinct Si/Cu surface preparations were used in the studies
(in both systems) and will be carefully distinguished, as different 3.1, Structural Studies of Sn/Si/Cu(100). 3.1.1. Helium
desorption behavior was observed from the two Si/Cu(100) Reflectivity and LEED Studies of Sn on Si?/Cu(100).Figure
surfaces. (i) The Si-saturated surface, which will be referred to 1a shows the specularly reflected helium intensity froms&/ Si
as the SP/Cu(100), was prepared by exposing the Cu samples Cu(100) surface during the deposition of Sn at 173 K. The fast
to more tha 6 L of SiH, (i.e., 1 x 10°® Torr x 120 sx 5%). decline with respect to that of the Sn-free surface is indicative
Previous studies of the Si-saturated Cu(100) surface have showrof Sn sticking and increased disorder and roughness at the
that the Si coverage reaches 0.4 ML and the top layer has asurface. The intensity recovery indicates the onset of reordering
Cu;Si stoichiometry?? (i) For the subsaturation silicon density  and the optimization of a superstructure at 0.5 ML of Sn. Further
films, SiH, exposures 05 L were used; the latter produces a Sn deposition results in a second specular intensity drop; we
silicon coverage of 0.13 ML only. This second type of (Si presume that the latter drop is associated with the start of
unsaturated) surface is referred to as th€°8Cu(100) surface.  multilayer film growth. Multiple oscillations in the He intensity
Comparable Sn evaporation sources were used in bothhave not been observed at this surface growth temperature. The
experimental systems. In the first system, Sn was deposited ontocontinuous curve of Figure 1a represents the He intensity during
the Cu and Si/Cu surfaces at approximately 200 K. The surfaceone deposition period, and the data points represent the measured
tin coverage was calibrated relative to the saturated surface Siintensities after subsequent growth periods. (Interruptions were
coverage of 0.4 ML, using XPS and published cross sections necessary only for monitoring of helium and LEED diffraction
for Sn 3d and Si 2p core levels using MgrKadiation as the intensities.) Figures 1b and ¢ exhibit LEED patterns for ti@/ Si
excitation source. In the second system, both silane adsorptionCu(100) structure, before and after 0.60 ML of Sn was
and tin deposition were first monitored in helium atom specular deposited, at 173 K. The surface structure ¢fi&lu(100) is
reflectivity measurements, in a range of substrate temperaturesassociated with a (5 13) diffraction pattern; this is consistent
(The specular condition uses equal incident and emerging angleswith prior studies® Also, the exposure of this surface, at 173
®; = Of = 49.5.) The Sn deposition was monitored with a K, to 0.60 ML Sn led to a c(X% 2) structure. This experimental
guartz microbalance. Auger spectra were also recorded after eaclobservation suggests that the unusual hexagonal-like surface
deposition, and ratios, between the Sn(MNN) peak at 430 eV symmetry, associated with the outermost surface layerséf Si
and the Cu(LMM) peak at 920 eV, were used for calibration Cu(100), is restored to the substrate’s square symmetry with
purposes. the addition of Sn. Additional experiments showed that the c(2
The CH; radicals were generated by the thermal pyrolysis of X 2) pattern was attained, and islanding occurs, even at Sn
azomethané! Prior studies have shown that the Si/Cu surface coverages as low as 0.35 ML.
was saturated with CHafter a “5 L” exposure to azomethatfe. Heating of the 0.6 ML Sn/S#/Cu(100) surface to tempera-
In this study, a “12 L” exposure was used to guarantee surfacetures above 375 K led to the evolution of thex/ﬁ( x 3
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Figure 2. Variation of the helium specular reflectivity (a) and TX [K]

normalized AES signals of Si and Sn (b) during thermal ramping of a
0.6 ML Sn/S#Cu(100) surface. The ramp rate is of the order of 2
K/s for curve (a). The data shown in (b) are taken after successive
anneals, each for 120 s, and cooling~+d50 K. Note also that the
helium intensity is plotted on a logarithmic scale.

Figure 4. Variation of the specular helium intensity (a) and normalized
AES signals of Si and Sn (b), as a function of surface temperature for
the subsaturation silicon coverage surface following deposition of 0.65
ML Sn.

oo O TVL SV a0 domains that have higher Cu to Si stoichiometric ratios. As Sn

k =645 A" is continuously added to the surface at 173 K, to a coverage of
T 173K 0.2 ML, there is a drop in the helium reflectivity intensity and
0.1} 1 in the quality of the (5x 13) LEED pattern (not shown). This
is indicative of a decrease in surface ordering. There is a rapid
increase in the helium reflectivity intensity above a Sn coverage
0.01}

of 0.3 ML, and LEED also shows the evolution of axff( x 3
(a) «/E)R45’ LEED pattern. Figure 3c exhibits a sharpAi x 3
00 02 04 06 08 Lo v/2)R45 LEED pattern that was obtained at a Sn coverage of
0.6 ML. At still higher Sn coverages there is a continuous
] degradation of surface order, and at a Sn coverage of 0.8 ML
L : (not shown) long range order is not observed in either helium
or electron diffraction.

Normalized Helium Intensity

Sn coverage [ML]

e T o (10) Figure 4a exhibits helium reflectivity data for a 0.65 ML Sn/
SiUns3ICu(100) surface, which exhibits a poorv® x 3
A - «/E)R45° LEED pattern at 173 K and much better ordering
Figure 3. (a) He reflectivity during Sn deposition (uptake curve) on  after heating to 600 K. The reflectivity data show a rapid
a subsaturated 'S#/Cu(100) surface®; = 49.5, E; = 21.7 meV) intensity increase near 400 K that is sustained to a temperature

and LEED patterns of the Cu(100) surface with small fractic_)nal area of 600 K. The symmetry of the p@ X 3ﬁ)R45> LEED
covered with (5x 13) reconstructed GBi patches (b), and with the  yattern is maintained throughout this increase in helium reflec-
P(v/2 x 3v2)R45 superstructure after deposition of 0.6 ML Sn (c). tiyity intensity. Figure 4b exhibits Si and Sn AES data and
An incident electron energy of 100 eV was used and the surface indicates that the Sn concentration is stable throughout the
temperature of all measurements was 173 K. . . .
annealing to 600 K. There, however, is a marked decrease in
\/§)R45’ phase. This transition is emphasized by helium the concentration of Siin the near surface region as the surface
reflectivity data shown in Figure 2a that plot the helium intensity is annealed to 400 K. By 410 K, there is no evidence of Si in
versus surface temperature for 0.6 ML SA&u(100). These  the near surface region in the Auger data.
data show that, as the surface temperature is raised above 400 Figure 5 exhibits ISS data for Cu(100) and"SifCu(100),
K, there is an increased ordering of the surface layer. Figure after 0.37 ML of Sn is deposited on'Si#fCu(100), and after
2b exhibits Si and Sn AES data that indicate that while the this Sn/Si"s3/Cu(100) surface is heated to 420 K momentarily
concentration of Sn is stable throughout the 380 K range, and then cooled back to 150 K. After deposition of Sn at 200
the concentration of Si shows a monotonic decrease. Some SK, there is a marked decrease in both the Si and Cu ISS features.
does persist at 500 K, but, at 600 K, Si is essentially absent Annealing the surface to 420 K results in an increase in the Cu
from the Auger spectra of the near surface region. peak intensity (by more than a factor of 2) to a level similar to
3.1.2. Helium Reflectivity, LEED, and ISS Studies of Sn that of the Si"s8/Cu(100) surface. The Si ISS feature intensity
on SiH"saYCu(100). Figure 3a exhibits the variation of helium  for Sn/Si"s8fCu(100) after annealing to 420 K (Figure 5d) is
reflectivity data for a SPs3¥Cu(100) surface as a function of also increased, although it is still approximately 50% of that
Sn coverage. The Sn-free surface exhibits a rather diffuse (5 associated with the same feature in th&"3iCu(100) data
13) LEED pattern (Figure 3b). The diffuse>b 13 pattern is (Figure 5b). This result suggests that while Si can emerge from
consistent with prior scanning tunneling microscopy and helium under Sn to the outermost surface (during annealing), at least
diffraction data that show that, at these relatively low Si some Si leaves the outermost surface during Sn deposition or
coverages, the & 13 domains can coexist with disordered after the annealing process. This experimental observation is
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Figure 5. Successive HelISS scans, each taken at 150 K, during
production of a 0.37 ML Sn/Sis8/Cu(100) surface. (a) Cu(100); (b)
SiUs8fCu; (c) Sn/Si/Cu; (d) after the sample was annealed to 420 K
and returned to 150 K, where the spectra was obtainedEn 1000

eV was used to obtain these data.
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Figure 6. TPD from CH3/Sn/S#3/Cu(100) as a function of surface
Sn coverage. The initial (saturated) silicon concentration was identical
for each run (0.4 ML). Theve value of 59 is associated with the (g)kH

SiH* ion intensity andwe 73 shows the (CkJsSit ion intensity.
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Figure 7. The m/e values of 59 and 73 TPD from GF/Sn/Stnsaf
Cu(100) as a function of surface Sn coverage. Tiie value of 59
shows the (Ch);SiH" ion intensity andwe 73 shows the (Ch)sSi*
ion intensity.
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coverage usedmaxavsshifted to 560 K, a 40 K increase relative
to that of the Sn-free surface.

3.2.2. Sn Deposition on Submonolayer Si/Cu(100yigure
7 displays a TPD series for theUS#/Cu(100) surface, each
with an initial Si coverage of 0.13 ML. Consistent with earlier
datal* TPD data for the Sn-free surface, with a saturation
coverage of Chl showed two desorption peaks with temperature
maxima of 220 and 470 K. The predominant product associated
with both desorption states was (gkBiH. Significant changes
in the TPD profile, however, occurred when coadsorbed Sn was
present. Perhaps most notably, as the coverage of Sn increased,
the yield of (CH)sSiH (monitored atm/e 59) decreased and
there was a concomitant increase in the yield of tetramethyl-
silane, (CH)4Si [4MS]. This desorbing product yielded a strong
signal at an/e value of 73 and, as expected, it was not detected

consistent with the AES data (Figure 4b) that show a continuous In the nve 59 spectrum. At a Sn coverage of 0.37 Mimaxavis

decrease in Si concentration as the St#3iCu(100) surface

is heated above the 173 K deposition temperature. Arguably,

for (CH3),Si was 375 K and at the highest Sn coverage
investigated (0.7 ML),Tmaxams shifted to 420 K. The fully

the AES data are, and should be, a little less sensitive to anyMethylated (CH),Si product accounted for-85% of the
degree of Si emergence (from under Sn)’ as the Auger desorb|ng pl’OdUCt at the hlgheSt Sn coverage. AISO, while Sn

spectroscopy intrinsically has a slightly larger sensitivity depth
than the ISS data.

3.2. Temperature Programmed Desorption Studies. 3.2.1.
Sn Deposition on the SYCu(100) Surface Figure 6 exhibits
TPD data for CH3JSn/SFJCu(100). Various coverages of Sn
were deposited on 8/Cu(100) substrates, after which the three-
component surfaces (Snf%¥iCu) were saturated with CGH
radicals. The TPD data show that (gk8iH [3MS], experi-
mentally observed atve values of both 59 and 73, has a
temperature desorption maximum at 520 K, and it is the
dominant product desorbing from the Sn-fre&&u(100). This
(CHs)3SiH species remains the dominant desorption product with
the coadsorption of Sn, although tAgaxavs associated with

decreased the yield of (GHSIH, there were associated shifts
of the two Tmaxams for this product to higher temperatures.

3.2.3. TPD of (CH)4Sn Adsorbed on Si/Cu(100)Compli-
mentary TPD results were obtained for the Si/Cu(100) surface
after the adsorption of tetramethyl tin, (@uBn. Figure 8
exhibits individual TPD spectra that were obtained after the
unsaturated and saturated Si/Cu(100) surfaces were exposed to
10 L of (CHg)4Sn. The TPD data for both surfaces are
qualitatively the same. Specifically, the predominate product
desorbing from both surfaces is (gBB5iH and this product is
associated witfmaxsmsvalues of 230 and 460 K. The intensity
of the 460 K peak for the 0.13 ML Si/Cu(100) surface was,
however, consistently greater than the analogous peak associated

this product increases with the Sn coverage. At the highest Snwith the saturated Si/Cu(100) surface.
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rate-limiting step for (CH)3SiH desorption on the Si-saturated
surface is G-H bond cleavage (on Si-saturated regiotd),is
implied that Sn affects €H bond breaking steps during GH
reaction. While speculative, this contention is supported by other
studies that have shown that Sn on Pt single crystals diminishes
the extent of hydrocarbon decomposition (e.g., of methylacet-
ylene and 1,3-cyclohexadiene) to surface carbon, relative to that
on clean P#-25Thus, we propose that Sn raises the free energy
change for activation of €H bond cleavage in coadsorbed £€H
on Si/Cu(100); this is experimentally implied from the increase
200 300 400 500 600 700 in Tmaxawsin the TPD. In this proposition we are assuming that
Temperature (K) the structural phase (i.e., the ternary &(2) or the p¢/2 x 3
Figure 8. TPD from Sn(CH)/SI/Cu(100) for the Si-saturated Cu /2)R45 phase at higher surface temperatures) is not strongly

surface SFCu(100), and the Si-unsaturated Cu surfac&s8Cu(100). . . . . ; .
The e value of 59 shows the (CJSIH" ion intensity andme 73 influencing the desorption mechanism(s). This structural issue

} si=cu

}Si“"sal ICu

M/e intensity (arb. units)

shows the (Ch)sSi* ion intensity. will be discussed further in conjunction with deposition on, and
desorption from, the Si-unsaturated surface.
4. Discussion 4.2 Sn Deposition on SPsa/Cu(100). The most striking

. : effect due to the presence of Sn, based on our experiments, is
Results for this study, as well as earlier research, have shown . L .
that the dominant desorption product during £HPD, either ;2? titzerit;;? ?;:23 gr?gucféjéstglbﬁggg d;nverzg ;rorlr:f; al Irtl':z: lar
from SP&Cu(100) or from Sn-free Sis3ICu(100), is (CH)s- u Y /Cu(100) su (Figure 7). In particular,

. i i the addition of Sn on the 0.13 ML Si/Cu(100) surface results
gm'c};hseorTbF;Dindt%\t/?) 2:2?:Sn\t§igf£gﬂgsugﬁsﬁsgﬁy§ggta(r? dld)goo in the .desorption of (C1§34Si (in contrast to (Ch)3SiH without .
K, while only one (CH)sSiH desorption state, at500 K, is Sn) with aTmaxausthat lies between 350 and 450 K, depending
associated with S#Cu(100). Our earlier STM research has on the Sn COVerage. The composition of this peak is mostly
suggested that the 'S#3/Cu(100) surface is not unifor@?.The (>85%) (CH)aSi, with some (Ch)sSiH also observed. At the
surface contains patches of orderec 5.3 [CwSi, i.e., St&/ highest Sn coverage used (0.7 ML), the 220 and 470 KeJ&H

Cu(100)] coexisting with disordered patches with much lower S'H d_esorptlon states are eliminated from the TPD profile. Yet,
Si concentrations. The 500 K desorption state was attributed o2 similar coverage of Sn on the satqrateﬁ?@u(_lOO) surface
the reactions of Cklon 5 x 13 domains, and the 300 K does not eliminate the 500 K (GHSiH desorption featu_re. _
desorption state to the disordered domains, with lower Si  The CH-TPD data for Si"*8/Cu(100) show a progression in
concentration$? The SFYCu(100) surface consists entirely of ~ the product desorption kinetics with Sn coverage. Both the 220
5 x 13 domains and, hence, only exhibits the high temperature @1d 470 K (CH)sSiH desorption features shift to higher
(CHs)SiH desorption state during GHTPD. temperature as the Sn coverage is raised to a va_lue of 0.37 ML
Studies using coadsorbed hydrogen, on the Sn-free surfaces(Figure 7). This gradual behavior suggests a kinetic effect rather
have indicated that at 500 K the rate-limiting step for ggH  than a gross structural change (such as the growth of a new
SiH desorption, from S#Cu regions, is that of methyl surface domain) in the Sn/S|/Cu(lOO) .structur.e. As prpposed
cracking'® The completion of the two (C4%SiH desorption _ab(_)v_e_, the temperature shifts are consistent Wlth a Sn-induced
peaks associated with GI$i"s3/Cu(100) are thus believed to  inhibition of C—H bond cleavage, both on the*Sand the Si's*
be associated with the reaction and depletion of a,@fough regions. This explanation also suggests the reason for the loss
subsequent desorption of (GHSiH, from each of the two in intensity of the~220 K feature. If low temperature methyl
distinct patches that characterize this surface. This explanationcracking is completely suppressed, as at 0.7 ML Sn, then methy!
requires that CHlis not (highly) mobile on the Si rich regions, ~ Still remains on a low Si coverage phase, and a new channel
sinceif this were the case all the Ghivould be expected to  (for tetramethylsilane desorption) can now open up @50 K.
migrate and crack or desorb as (§4$iH on Cu rich regions At this point, we must discuss the observed surface structures,
below 500 K (i.e., the 500 K peak would not be present). their thermal stability, and the implications of their changes on
With this aspect of the (Ck:SiH desorption mechanism in  the evolution of desorbing products. First, note that in any TPD
mind, together with the assumption that the adsorbed methyl scan there is only one tetramethylsilane desorption temperature,
species does not strongly influence the Sn/Si/Cu surface Tmaxams Unlike with the Sn-free surface, there is not a second
structure, we shall discuss our present data. The most significantTmaxams associated with desorption from a second (high Si
observation is that the addition of Sn to the"S¥Cu(100) density) phase. In the absence of Sn, the 53 and disordered
surface (at Sn coverages higher than 0.3 ML) results in a new phases are believed to exist over the full TPD temperature range.
desorption channel (at intermediate temperatures) with the In contrast, with Sn, the observed structures must be changing
formation of a new product, (CHSI. significantly with ramping temperature, as the Si Auger signal
4.1. Sn Deposition on the Si-Saturated Cu(100) Surface. drops rapidly before 420 K (see Figure 4). In LEED, the 0.6
There is a significant structural change of thé3&u(100) ML Sn/Sk"3fCu(100) diffraction pattern (see Figure 3c)
surface with the addition of Sn. Specifically, starting at a Sn indicates a p{2 x 3v2)R45 phase throughout the tempera-
coverage of 0.35 ML, there is a transition from thex513, ture range. In fact, this periodicity is one that is found over this
associated with clean 8fCu(100), into a c(2x 2) ternary Sn/ temperature range for the bimetallic system, Sn/Cu(100), alone.
Si/Cu(100) phase. The GHPD results suggest that this At temperatures above 450 K, this pattern is anticipated, as the
structural change does not have an experimentally observableAuger indicates an absence of Si. Yet, in the temperature range
effect on the product distribution. THgaxaus associated with of 350-420 K, silanes are being produced, and the Auger does
(CHa)3SiH desorption, only shows a shift to higher temperatures show a small Si concentration. Two possibilities exist for the
with increasing Sn coverage. At the highest Sn coverage Si placement within the low temperature 0.7 ML SHI'SY
investigated (0.7 ML)Tmaxsmshas increased by40 K. As the Cu(100) system. Either (i) Si mixes randomly throughout a
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poorly ordered p{2 x 3v2)R45 phase, or (i) there can be
coexistence of phases, namely the/B(x 3v2)R45 and c(2

x 2) phases. (Note: the diffraction pattern of the former phase
contains all the spots of the latter.) In either case, at higher
temperatures,X420 K) there should remain only one phase,
the Si-free p(/E X 3\/§)R45 phase. This is well ordered, as
indicated by the strong rise and maximization of the specular
helium intensity in Figure 4a. As Si is not present there can be
no high temperature (G)SiH desorption peak, such as seen
from the 0.7 ML Sn/SRYCu(100) surface or from the high
silicon density regions in the-00.37 ML Sn/S{"s3/Cu(100)
surfaces. We propose, therefore, that above 420 K, the 0.7 ML
Sn/Sis3Cu(100) surface is uniform, albeit somewhat disor-

Zhang et al.

Note, we have argued that completion of the @EBi
desorption feature isot due to depletion of Si in a low Si
density phase, as any remaining methyl (on this phase) would
be prone to decomposition before 500 K. The 500 K desorption
feature would then be occurring at lower temperatures, or would
not be apparent at all, contrary to the data of the 0.37 ML Sn/
SiunsafCu(100) surface.

Finally, one other observation needs explanation: )¢l
desorption is pushed to higher temperatures as the Sn coverage
is raised above 0.37 ML. We speculate that while Sn is believed
to increase the net mobility of methyl groups over copper
containing surfaces, large Sn coverages may actually hinder this
diffusion process. Such coverage dependent effects were implied

dered. The Sn serves to suppress methyl cracking below 450in @n earlier study of Sn diffusing on copper aldfie.

K, and tetramethylsilane is essentially the only desorption
product from this surface.

The argument just offered brings forward an important
question. Specifically, is the completion of the (§t5i
desorption feature associated (a) with methyl depletion, or (b)
with surface Si depletion from the 0.7 ML Sn¥Sf/Cu(100)
surface? To answer this question we consider the first of two
sets of pertinent information. First, we consider the TPD spectra
for the 0.37 ML Sn/Si"3fCu(100) surface displayed in Figure
7. These data show that the (gkBi peak is observed in
conjunction with a highTmaxams peak. The implication is that
at 500 K some high silicon density phase regions exist [e.g.,
the 5x 13, or c(2x 2)], and that methyl also remains on the
surface after completion of the (GHSi peak (at~370 K). At
this point, we can refine only our ideas about the completion
of the (CH)4Si desorption feature; it is associated either (a)
with depletion ofmobilemethyl, or (b) with depletion of Si in
what was a low Si concentration phase.

Second, the only additional information we have (relevant
to the question above) is that (gffSi does not desorb from
the 0.37 and 0.7 ML Sn/S#¥Cu(100) surfaces. Consider, for
example, that at 420 K both the 0.7 ML Sr#S#Cu(100) and
0.7 ML Sn/S#Cu(100) surfaces show #@ x 3v2)R45
LEED patterns, both contain some Si, and both still hold a finite
methyl concentration. Yet, the former surface shows G5
desorption and the latter only (GHSIH desorption at higher
temperatures. The most obvious difference between the surface
is in the concentration of surface Si. One might speculate that,
at 420 K, the latter surface contains more, if not larger, domains
of the ¢(2 x 2) ternary Sn/Si/Cu structure. How do these
domains serve to hinder (G}Si desorption? Our somewhat
speculative idea is that c(R 2) domains act as a retainer of
methyl groups. That is, methyl cannot diffuse off these regions
to where methyl extractable silicon can be found in the
coexisting p(/i X 3«/§)R45° regions. Support for this idea
comes from the interpretation of trimethylsilane desorption from
the Sn-free, SPs3fCu(100) surface. In that case, it was argued
(in the beginning of section 4 above) that methyl must be
immobile on the other Si-saturated ¥513) regions, otherwise
the higherTmaxavs peak would not be observed.

We now conclude that, on the 0.37 ML SrifS#Cu(100)
surfaces, the completion of the (@kSi desorption feature is
associated with depletion afobilemethyl in all regions of low
Si concentration. We now also conclude that, on the 0.7 ML
Sn/Si"s3Cu(100) surfaces, where the surface is almost exclu-
sively all p¢/2 x 3v2)R45 in character and all methyl is
mobile at 420 K, the completion of the (G}Si desorption
feature is associated with depletion of all methyl species of this
surface.

4.3. TPD from (CHz)4Sn Adsorbed on Si/Cu(100)From
an XPS study, the amount of Sn on the surface, used for Figure
8, was 0.025 ML. This is comparable only to the lowest Sn
coverage data presented in Figure 6. In theses|§3# experi-
ments, (CH);Si desorption was not observed. This is fully
consistent with our observations that Sn coverages in excess of
0.3 ML are required for (Ck)4Si production (see Figure 7).
Yet, Figure 8 clearly showed that methyl groups were transferred
from the tetramethyl tin to the silicon atoms and trimethylsilane
evolved. We have argued earlier, in Section 4.2, that methyl
was not highly mobile below 500 K on the highs8Cu(100)
surface. Yet, (Ch)3SiH is seen to desorb from the (GSn/
SiFYCu(100) surface at temperatures as low~&60 K. This
suggests that when (GJ4Sn was adsorbed on the Si/Cu surface,
trimethylated species are easier to form because many of the
methyl groups are concentrated by transferal from one Sn center
to an individual Si site.

In addition to transference of the methyl groups, the observed
production of gaseous (G)SiH also requires methyl cracking,
with H as an intermediate. On thes8Cu surface, this rate-
limiting step, with independently deposited gt assumed to
be operative at temperatures in excess of 500 K. Yeflthewus
of Figure 8 appear closer to those observed with independent
CHs; deposition on the 3153 Cu surface, namely-200 K and
450 K, in Figure 7. In the latter case, H formation, methyl
cracking, is thought to be promoted by the Cu-rich regions of
the nonuniform surface. (The low temperature peak temperature

¥s not exactly reproduced). We have to assume that the presence

of a (CHs)4Sn species can facilitate some methyl cracking, either
at adsorption or as the surface temperature is raised2&0

The TPD data for (Ck)4Sn on the $Ps8/Cu surface also are
displayed in Figure 8. The total amount of deposited Sn was
also 0.025 ML. Now, with the Si-unsaturated Cu surface, it is
less surprising that the observéglaxsms are ~200 K and 450
K, as they are comparable to those observed in Figure 7.
Competing effects also may be operating; the Cu-rich regions
of the nonuniform surface can promote methyl cracking, and
the local Sn atoms may be hindering the same.

5. Summary and General Comments

A study has been presented that has addressed the effects of
Sn on the structure of Si/Cu(100) and on the chemistry of CH
on Si/Cu(100) with varying amounts of Si. LEED, HAS, ISS,
and AES were used to investigate the structural aspects of the
Sn/Si/Cu(100) surfaces. In particular, it was shown that the
addition of Sn to the Si/Cu(100) surface induced restructuring
and the formation of a new ternary SnSiCu &(22) phase. In
general, the addition of Sn to the Si/Cu(100) surface promoted
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