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Ethylene on S{001)-2x 1 and S(111)-7x7: X-ray photoemission spectroscopy
with synchrotron radiation
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The adsorption of ethylene on Si(001)x2 and Si(111)-X® 7 has been studied at 300 K using core-level
(Si 2p, C 1s) and valence-band x-ray photoemission with synchrotron radiation. Dangling bonds play a very
different role in the chemisorption process on these two surfaces. While for Si(001)t2e quenching of the
surface states “monitors” the molecule uptake, this is not the case for Si(1%T)=7 the adsorption process
continues well after all surface states have disappeared, and carbon coverages greater than that deduced from
the rest-atom/adatom bridge model are obtained. An alternative model is proposed, in which molecules are
bonded directly to the rest plane. The thermal stability of both surfaces covered by ethylene is also studied. We
relate the formation of carbon-rich layers at 820—860 K to the strong changes in the electronic structure of the
silicon surface[S0163-18208)02840-9

[. INTRODUCTION most studied, there is strong experimental evideceat,
in a wide range of temperatures between 77 a®DO K,

In recent years, there has been a great deal of interest ;H, chemisorbs nondissociatively on the Si(00Lx-2 sur-
the adsorption and surface reaction mechanisms of olefins-face,through the interaction of itsr bond with ther bond of
molecules having at least one=&C bond—on clean silicon the surfaceSi, dimers the cleavage of ther bonds permits
surfaces. The recent discovérthat a cyclic diolefin(1,5-  the formation of two new Si-Gr bonds—hence the adsorp-
cyclo-octadieng adsorbs orderly at room temperature on allon geometry is called di=—and judging from the C-C
Si(001)-2x 1 surface, through the addition of only one of its Strétching mode(1100 cm*) observed in high-resolution
two unsaturated bonds to a,Slimer, will certainly contrib-  €l€ctron-energy-loss spectrosco@;ygggELQ, the C atoms
ute to stimulate the research effort in that field: indeed, as thd® rehybrldlzed tq a S’_tat? neap”.>"" Given that recef“
other C=C bond remains free for further types of surface! _eoreucal qalcglaﬂoﬁg |n_d|qate that ther bond of the )
attachment chemistry, the door is now open to fascinatin imer remains intact—this ISsue h"?‘s been in fact. hotly de-
developments in the field of microelectronic technolodies. ated(see Ref. 1p—the chemisorption process boils down

In oth ; att-hvd b lecul h to the cycloaddition of an ethylene molecule with a silicon
N OIEr TESPECIS, smafr-nydrocarbons MoIeCues, SUCh as yimq, [a schematic picture of the final bonding geometry is
ethylene, cracked over Si surfaces in the temperature wi

: "iven in Fig. 1a)]. Only very recently, Liu and Hamers
dow 770-870 K, are used as carbon s_odieemternatlve 10 proved by infrared spectroscopy that, at low coverage, the
solid sourceb—in the processes leading to the growth of

— addition of ethylene on 8)01) retains the stereochemistry
pseudomorphic silicon-carbon alloys. Consequently, a depf the molecule. Eliminating the concerted suprafacial reac-
tailed understanding of the mechanisms leading to olefifion mechanism, which is symmetry forbidden according to
chemisorption, as well as an examination of their thermathe \Woodward-Hoffmann rule€, and the antarafacial
stability on silicon surfaces, is useful for achieving the con-+suprafacial mechanism, which inverts the stereochemistry,
trolled growth of both organic thin films and ;Si,C,(x  the latter authors proposed various nonconcerted addition re-
<1) layers on silicon substrates. actions involving low-symmetry intermediates. Although it
Ethylene (GH,) is the smallest olefin molecule. Despite is generally admitted that the process is mediated by a mo-
its simplicity and the considerable amount of work devotedlecular precursor, the kinetical aspects are not fully under-
to the study of its interaction with Si surfaces, many aspectstood. Whereas the kinetical uptake measurements of Cheng
of the adsorption process remain misunderstood. On thet al® and Clemeret al.” (carried out at 105 Kconcluded
“technological” face S{001), which has been by far the thatthe measured saturation coverage of-@®7 monolay-
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(2) Si(001)-2x1 {b) Si(111)-7x7 sorbed unwillingly as a result of ethylene decomposition by
gauge hot filaments or ion pumps, etc. As in the HREEL
spectrum of Ref. 5, the SiH stretching mode is not visible
after surface cleaning, nor after gas adsorption at 300 K; the
origin of the discrepancy has to be sought elsewhere.

In comparison with the ¢€4,/Si(001) system, much less
attention has been devoted to the study eflifadsorption
on Si(111)-7<7 although the complex reconstruction of
that surface—the so-called dimer-adatom-stacking fault
(DAS) reconstructiotf—“provides a rich array of chemi-
cally inequivalent atoms ... resulting in a rich variety of spa-
tially inhomogeneous chemical reactions® After a series
of studies devoted to the reactivity of hydrocarbons on the

FIG. 1. (a) Schematic modefside view of C,H, adsorbed on
Si(001)-2x 1 (the uncleaved Sidimer model. Calculations(Ref.
10) indicate aC,, symmetry, although the angular dependence of

HREELS loss featuren particular the symmetric Si-C loss peak - :
(Refs. 5 and § points to a lower symmetryb) Schematic model cleaved Si111) surface(see, for instance, Ref. ],7Piancas-

(side view of C,H, adsorbed on Si(111)-¥7 (the rest-atom/ tell "’?“d co-wprkers tackled with the §tudy of ethylene ad-
adatom bridging modgl according to Ref. 18: RA, AD, and PA sorption on Si(111)-X7 _at_BOO K, using b_Oth STMRe_f.
are the acronyms of rest-atom, adatom, and pedestal-atom, respe® and synchrotron radiation photoemissidrPhotoemis-
tively (note that three PA bear one ADOther adsorption sites SION Spectroscopyhp=37 eV) showed that valence-band
(e.g., the “removal” of the AD have to be envisaged to account Surface stateéthe rest-atom band and the occupied part of
for the adsorption kineticésee text the adatom bandare quenched simultaneously upon adsorp-
tion. Moreover, an upward shift of the shallower molecular
orbitals is explained by an electron donation from the sub-
ers(ML) corresponds, in effect, to one molecyler silicon  strate to the molecule, a process also observed for
dimer if one assumes that 20% of the surface is defeainee ~ Si(111)-2x< 1.17 Adatoms are certainly involved in the ad-
nonreactive, on the other hand, scanning tunneling microssorption process, because their brightness changes in STM
copy (STM) (Ref. 13 (carried out at 300 Kpointed to a topographies during an exposure to the [gasontrast to the
maximum coverage of only~0.5 moleculesper silicon (001 face, the “imprint” of the molecule is not se¢rrhese
dimer. In the latter experiment, it was observed that for ex-experimental facts, joined to previous HREELS dta,
posures smaller than six Langmuifls) (1 L correspond to  showing that the molecule is adsorbed nondissociatively with
an exposure of I Torr s), the chemisorption on neighbor- a strong stretching of the CC borii@ hybridization changes
ing silicon dimers is avoidedhe molecules forming, locally, from sp? to sp®), led Piancastelli and co-workers to propose
a 2x2 or c(2x4) structure; even at exposures larger thana model in which the molecule bridges a rest at@®) and
100 L, the fraction of molecules on neighboring dimers isan adaton{AD), separated by-4.5 A [the RA/AD bridging
still relatively small. To resolve this discrepancy, Hamersmodel is reported in Fig. (b)]—a distance considerably
and Wang proposed that the defective sites are indeed vetgrger than the interatomic separation of thg dimers on
reactive’® and that after their reaction with ethylene, adsorp-Si(002), i.e., ~2.3 A. To our knowledge, no thorough study
tion proceeds on normal sites, with the ratio of one moleculef the thermal stability of the £H,/Si(111) system has been
pertwo “regular” silicon dimer. In any case, there are hints, carried out yet.
as stated by Liu and Hametsthat “the bonding of ethylene Although HREELS has made an important contribution to
changes at high coverage.” the present issue, synchrotron radiation x-ray photoemission
The thermal stability of an ethylene(801) system has (XPS) sheds light on various aspects of the surface reaction
also been studied by HREELS combined with Auger elecwhich are not attainable by a vibrational spectroscopy.
tron spectroscopyAES) (Ref. 5 and thermally programmed Highly surface-sensitive Sif2and C s photoemission per-
desorption(TPD) combined with AES. The conclusions mits a(semjquantitative determination of the amount of ad-
drawn from these experiments are at variance. In theorbatesmolecules, fragment of molecules, C atoraad of
HREELS/AES experimertRef. 5, the surface was exposed reactive surface siteGurface statgs! Such a straightfor-
to 170 L (Ref. 19 at 300 K, and then heated to higher tem-ward approach is practically impossible with HREELS, be-
peratures for one minute each. After the heating step at 65€ause the intensity of a loss feature is strongly affected by
K, AES evidenced the desorption of about 40% of the initialincident electron energy, scattering geometry, and molecule
ethylene coverage, while the energy-loss peak attributed torientation.
CC stretching disappeared from the HREELS spectra, indi- The goal of this study is to determine the electronic
cating that the CC bond is cleavd@he molecule remaining structure—by synchrotron radiation XPS—of the molecule
on the surface would be decomposed to,Ck=1,2) spe- adsorbed at room temperature and to examine its thermal
cies and SiH speciglsOn the contrary, the TPD/AES experi- stability, both on Si(001)-X1 and Si(111)-K7. As the
ment (Ref. 7) indicated that chemisorbed ethylene desorbssites envisaged for di-bonding on(001) and(111) recon-
intact from S{001) in the temperature range 550-590 K, structed faces strongly differ, we have examined compara-
with approximately 2% of the molecules undergoing disso-ively the adsorption kinetics and the role played by silicon
ciation. It has been recently shoWthat the presence of dangling bonds. Moreover, the ethylene coverage at satura-
coadsorbed hydrogen on the surface modifies substantialljon on the “simpler” Si(001)-2<1 surface was used as a
the branching ratio between molecular desorption and sutemplate to determine the carbon uptake vs exposure on the
face decomposition. Atomic hydrogen could indeed be coadSi(111)-7x 7 face, which is documented incompletéfyAs
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expected, the occupancy of surface levels is modified, on TABLE |. Durations, GH, pressureguncorrected ion gauge
both surfaces, by the adsorption process, and the relationshigading, and corresponding exposures (£10° Torr s) to which
between their “quenching” and carbon coverage is examthe S{001 and Si{111) surfaces are submitted at 300 K.

ined in detail and discussed with respect to the models of the

literature. For instance, we have found—this is one of the C2H,4/Si(001)-2x 1

major findings of this study—that the role played by the Time (s), pressurgTorr) Total dose(L)

silicon dangling bonds strongly differs on each surface: 50. 7.5¢ 10~° 0.325

whereas the adsorption process stops on Si(004)-2vhen 106 7 5¢10°° 075

all surface states are consumed, the complete quenching of 25(’) 3410 8 75

the rest-atom state of the Si(111)<7 surface need not 250’ 3¢10-® '

mean the end of the adsorption process, in contradiction with ' . 82.5

the image of chemisorption we have formed so far for this +250, 3% 198

surface[for the analogous case of acetylene adsorption on 250, 3x10 ,

Si(111)-7x 7, see Ref. 2B Concerning the thermal stability +250, 3x10 2330

of ethylene on 3D01), our results are essentially consistent +600, 3.75¢10°©

with the HREELS/AES data of Ref. tsee above For its

part, the heating of a Si(111)>77 surface covered by eth- CoH4/Si(111)-7x7

ylene up to a temperature of 860 K leads to the appearance of ~ Time (s), pressurgTorr) Total dose(L)

“1 X1" reconstruction with a peculiar distribution of sur- 120 1.5¢10°8 180

face states i_n the gap, very likely related to the formation of 480: 15¢10°6 720

a C-rich region close to the surface. 960, 1.5 10" 1440
2160, 1.5¢10°° 3240
2700, 3x10°© 8100

Il. EXPERIMENT

A. Clean surface preparation and exposure to acetylene

The Si samples are prepared in the ultrahigh-vacuunthrough the photoemission spot. The sample surface normal
(UHV) analyzing chamber whose base pressure iss always parallel to the analyzer axis and the light polariza-
~10" % Torr. The chamber is evacuated by an ion-pumption vector is contained in thé110) plane of the S001)

(400 I/ (always valved off during measurements andsurface and in thé112) plane of the Sil11) surface. The
sample preparatiofisa turbomolecular pum(s00 I/9, and a  light source is the linear undulator DOMINO of beam line
cryopump(1000 I/9. The samplegphosphorus-doped silicon SU7 of the SuperACO storage ring. The undulator radiation
wafers, of resistivity 0.002—0.008 cm) are heated by the js monochromatized by a 10-meter toroidal grating mono-
Joule effect; temperature measurements are then made BMromator covering the 130—800 eV photon range. Photons
infrared pyrometry. The silicon wafers are cleaned of theiry; energy 145 eV are used to excite the $i Gore level of
silica protective layer by heating at1520 K, in order to binding energy(BE) around 99 eV, in conditions of maxi-

rr;:nln;lzdeb&t(r:] qo?tamlnat]l(ziﬁ ';h(;surflacelclee;nlmestst IS mum surface sensitivity: for photoelectrons of kinetic energy
checked by the intensity of the SpLore-leve! surface state, ., ,nq —45 ev an escape depth of about 3.3 A is

by a survey of the C 4 region, and by the sharpness of the estimated® The C 1s spectra(BE around 284 eYare re-

low-energy electron-diffractio(LEED) patterns. B S
Then the silicon surface is exposed to ethylene in theCorded ahv=330 eV, so that the kinetic energy of the € 1

analysis chamber itself, under pressures in the range 0_7cg1otoelectrons and thus their escape depth equal those of the
X 108-3.75¢ 106 Torr' While the gas is introduced Si 2p photoelectrons. Valence bands are also measured at

through a leak-valve, the cryopump is isolated, and thd1v=145¢eV. _ . _

chamber is evacuated by the turbomolecular pump. Ethylene N order to improve the resolution of the various compo-
pressures are measured with an ionization gauge whose red#nts that contribute to the Sip2spectra, the procedure
ing is not corrected. Exposures to the gas are given in Langgiven in Ref. 21 is followed. The background is first sub-

muirs (L) (pressures are indicated in Tabje | tracted. Then the low component of the Si 2y, 3, doublet
is removed, mathematicallfassuming identical shapes for

the two componenjswith a branching ratio @,/,:2ps, of

0.5 (the statistical ratipand a spin-orbit splitting of 0.6 eV.

In order to fit the Si D3, spectra, each chemical state is
Photoelectron energy distribution curves are measured foepresented by a Gaussian convoluted by a Lorentzian of 0.1

valence bands, Sif® and C X core levels with monochro- eV full width at half maximum(FWHM). On the other hand,

matic synchrotron radiation and a partially angle-integratinghe C Is spectra are simply reconstructed by sums of pure

electrostatic electron energy analyZRIBER MAC2). The  Gaussian components. In the least-squares fitting routine, we

linear polarization of the synchrotron radiatihis at 40° fix the Gaussian FWHM for each chemical state and in most

with respect to the axis of the cylindrical electron analyzer,cases BE positions are free parameters.

defining an horizontal scattering plane. The sample surface is The zero binding energfthe Fermi levelEg) is taken at

put in the common focus of the light beam and of the anathe leading edge of the Si(111)X77 adatom surface states

lyzer entrance lens and can be oriented about the vertical axighis surface is metallf®).

B. X-ray photoemission
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el L of two lines [Fig. 2(b)]: a small peak at 283.3 eV
Bining Energy (€V) (FWHM~1 eV), whose intensity is always 8-9 % of the
whole spectral weight, and a main line (FWHMN).80 eV),

FIG.2. (3 C1s Cor.e'level photoemission spectra of thedsil centered around 284 elhote that the peak centroid shifts
surface after successive exposures to acetylene at 300 K. Note th

BE energy shift(~+0.3 eV) of the C 1s peak centroid at satura- iightlyt from 284 to 583}2\ gt\t/rim ih dlrt]grg\"/" (flgi%]‘feig\rﬁrcﬁgeemi-
tion. (b) Typical C 1s spectrum(doty and fit (solid line) by a ese two components €

Gaussian at 283.25 eV (FWMHL eV) and an asymmetric line cal states of the adsorbed molecule. Indeed, the low BE
simulated by a doublettwo Gaussians with a branching ratio of §tructure is found where pro‘_jUCtS of the thermal decomposi-
0.21 and an energy splitting of0.58 eV, the main component tion (Sec. 1A 2) show up—in the 283.9-283.4 eV range.

being at 284.3 e)/ However, a silicon carbide contamination due to a noneffi-
cient thermal cleaning of the surface is excluded, as silicon
IIl. RESULTS AND DISCUSSION carbide and carbidelike products have BE’s in the energy
range 282.7-282.4 e\Ref. 23 and Sec. AR For its
A. Ethylene on S{001)-2x 1 part, the main line at high BE comes certainly from the mol-

ecule adsorbedhtact on a Si dimer. Its shape asymmetry
might be explained by an insufficiently resolved vibrational
During ethylene adsorption, in the 0—2330 L range, thefine structure. In the gas phase the € spectrum shows a
LEED patterns remain characteristic of &2 reconstruc- distinct peak at~400 meV from the main line due to exci-
tion. The evolutions of the Csl valence band, and Sip2  tation of a C—H stretching vibratiot.Naturally, deuterium-
spectra with increasing exposures to ethylése= Table)lat  labeled gas needs to be used to obtain a clear-cut answer,
room temperature are reported in Figs. 2, 3, and 4, respesince there would be a difference in the energmsa factor
tively. The measurement of Cslintensity and that of the of v2 assuming a linear harmonic oscillatasf the vibra-
core-level surface-state weight, clearly visible in the $i 2 tional losses for H and D due to their different masses.
spectra, allows a kinetic study of ethylene adsorption and of Although the attachment, on the surface, of molecular
surface silicon dimer reaction. Obviously this is possiblefragments[e.g., CH (Ref. 28], or of such species such as
only if both core levels are obtained with an identical experi-ethylidene (CH-CH), has to be envisaged, the G photo-
mental configuration, a condition fulfilled by our measure-electron spectra point to the fact that nondissociative chemi-
ments, and if the adsorption process affects only the top silisorption is the major pathway, whatever the exposure to the
con layer, which is demonstrated unequivocally in thegas, in agreement with HREEL spectroscqRef. 5.
present XPS work. We give in Fig(& the variation of C The valence-band surface stat&sg. 3) are strongly af-
intensity, normalized to its maximum intensity—reached atfected by the adsorption process. As expected for a di-
2330 L—vs exposure and in Fig(l§ we report the intensity chemisorption and in accord with the scanning tunneling
of the core-level surface states vs €ittensity, i.e., carbon spectroscopy dats, the intensity of the occupied silicon
coverage. dimer 7-band states diminishes with increasing exposures.
The C 1s line, whose overall shape does not change apThis implies that the weakr bond formed by the silicon
preciably with increasing coverad€ig. 2(a)], is composed dangling bonds is removed and that stronger silicon-carbon

1. Adsorption at room temperature
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é : FIG. 5. (a) C 1s photoemission intensity vs ethylene ddké to
04 7 which the S{001) surface is exposedb) Fraction of intact ODA
b (the clean surface ODA weight is 17% of the overall i idten-
ok sity) as a function of C §& intensity.
core level corresponding to the positively charged inner
0.8r 1 dimer atoms is expected to be contained in the bulk BnA
slightly larger FWHM of lineB with respect to the ODA line
od 1 may account for this. The third lindine A;) situated at
' ~0.9 eV below the bulk linéabout 2.5% of the total spectral
intensity) needs to be introduced to take into account the
0 [ slight asymmetry towards higher BE. Its origin is unclear.

1015 101 1005 100 995 99 985 98 With increasing exposure to ethylene, the bulk line BE does
Binding Energies (eV) not vary (there is no appreciablEq shift); the ODA line
intensity decreases, but its BE does not change either. This
: == : means that the electronic structure of the OD&karge and
and Si Dy, component, after Ay, stripping (dots, obtained from o0 1ole screening‘spared” by ethylene adsorption does
go%'(lgog'z’( fl ﬁ”rfsce exposed to 'ncrleas'r_'g ‘:ﬂosis Or_gtlhy'ene #ot change much with increasing coverages, in agreement
- Fits of the Si Py, Spectra are also givefark solid line. i 2 jence-band spectroscopy. A very important observa-
The Gaussian FWHM is 0.5, 041, 0.5, and 0.55 eV, for €OMP%i5n is the lack of anyisible structure related to the forma-
nents “ODA,” B, A;, A, (the Lorentzian FWHM is 0.1 eV for all . .
components tion of a S|I|co_n-carbon bon,dat_ Ie_gst up to an exposure of
82.5 L, for which~80% of the initial Si dimers are reacted
bonds are formed. We note no shift in the energy position ofFig. 5(b)]. Only after an exposure to 2330 L has the ODA
the surviving surface states greater than 0.1 eV. peak definitely disappeared and a new line, dendigd
The gradual quenching of the valence surface states hifted by+0.5 eV fromB, weighing about 8% of the total
directly reflected by changes affecting the $i 2ore-level  spectral intensity, is introduced to account for the increased
surface states, whose intensity measurement is much mof# 2p asymmetry towards higher BE.
handy than that of valence-band surface states. The clean We can now discuss the kinetical aspects of ethylene ad-
surface Si P, spectrum(Fig. 4) can be fitted by three com- sorption at 300 K. We have observed that €idtensity does
ponents. The pronounced surface core levet-at0.55 eV not increase for exposures typically greater than 2330 L, in
above the bulk lineB is assigned, in the framework of the other words the surface appears to be saturated. Equating C
asymmetric dimer modeto half a monolayefML) of nega-  1s intensity with carbon coveragé, let us normalize this
tively charged outer dimer atom@DA) (Ref. 21): its  maximum coverage to fIFig. 5a)]. It is then clear that eth-
weight is 17% of the total spectral intensity. Calculatfdns ylene adsorption follows a fast regime fér<0.5, reached
and high-energy resolution specftauggest that the surface after exposures to 0.75-1 L: when Xx30"-1.7

FIG. 4. Si 2o core-level photoemission spectigray solid ling
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X 10'* molecules/crhhave impinged on the surfa¢ee take e don | wober
a gauge correction factor of 3,3about half the silicon B acgne‘;/l:fﬁl) (152.v]
dimers are reactelig. 5(b)]. As the surface density of sili-
con dimers is 3.410' per cnf, the sticking coefficient L
should be constant and nearly equal to unity in the fast initial
regime for whichd<0.5. For6>0.5, a much slower regime
follows as thousands of Langmuirs are required to reach
saturation. In opposition to the guess of Hamers and Wang,
there is no initial regime where “defective” sites react pref-
erentially: Fig. %b) shows clearly that in both regimétast
and slow 6 is equal to the fraction of reacted silicon dimers.
Although the adsorption rate diminishes strongly &% 0.5
[Fig. 5@)], ethylene reaction with the dimer sites always
governs the process. Finally, our kinetical data obtained at
300 K resemble those obtained by Clenetral.” at a lower
temperature of 105 K. Only the concept of defective dimers,
and their surface density, has to be explained. The discrep-
ancy emphasized by Maynet all® between a saturation
coverage of one molecule per dim@s measured from ki-
netic uptaké”) and a saturation coverage of one molecule o
pertwo Si dimers[as deduced from the STM observation of
local 2x2 or c(4%2) ordering is only apparent. There is
most certainly a critical coveragé.=0.5 after which the
adsorption rate decreases strongly, but nothing forbids the
completion of 1 ML of adsorbed ethylene if the surface is g, 6. ¢ 15 photoelectron spectra of a(801) surface previ-
exposed to large doses. In the present wede Table)l we  oysly exposed to 2330 L of ethylene at 300 K and submitted to
have increased the pressure to X2® ° Torr to obtain  isochronal annealing®f 1 mn each The FWHM of each fitting
thousands of L within reasonable timé800 9. Pressure component is given between brackets. The various spectra are mul-
may be an important parameter, whose effect needs a propgflied by coefficients such that their areas, after background sub-
study. traction, are equal.

The reason why ethylene adsorption on neighboring sili-

con dimers is avoided fop< 6. remains obscure. In the ey for surface silicon atoms, each of them being tied up with
scanning-tunneling-spectroscopy curves of Ref. 13, megne carbon atom and three silicon atoms. This is not ob-
sured on the idimer left intact after exposure to the gas, served in the present case, in contrast with a recent synchro-
the 7 state moves apparently by 0.4 eV further away fromy o radiation Si P core-level study of the dissociative ad-
Er: the decrease in reactivity is attributed to such a down'sorption of neopentane on (3L1):3* the growth of
ward motion®! In contrast, the present study does not i”di'components shifted by-0.5 and+1 eV from the bulk line
cate a measurable change in the electronic occupancy of thgys attributed to monocarbide and dicarbide species, respec-
surviving dimers. o tively. We need certainly a more refined examination of
The very puzzling observation is the absence of any regharge transfer between substrate and molecule and of core-
solvable Si D core-level shift associated to the formation of pgle screening, in a manner similar to what has been done

two Si-C bonds per Sidimer. It is true that, given the for the Si 2p surface core-level states of the clean surface
present resolution, a component weighing4% of the over-  (Ref, 29.

all intensity(i.e., the spectral contribution of one top surface
ML), and shifted fronB by less thant-150 meV, could not

be evidenced. In any case, the shift of the Si-C component is
smaller than that estimated from the empirical rules familiar We have followed, by C 4 and Si 2 core-level photo-

to the spectroscopists. Core-level shifts are indeed due temission(the spectra are given in Figs. 6 and 7, respec-
initial-state and final-state effects. Because of the large ditively), the thermal stability of ethylene on Si(001)x4 by
electric constant of Siand nearly complete screening of the performing successive isochrorialmn) annealings of a sur-
core hole, it is often stated that final-state effects areface previously saturated by ethyle(330 L) at room tem-
minimized? Initial-state shifts are interpreted in terms of perature. The XPS core-level spectra are recorded at room
charge transfer, from or to the Si valence orbital. This chargéemperature after each annealing step at 560, 610, 640, 670,
transfer is empirically correlated with Pauling’s electronega-750, and 820 K. All along the annealing procedure, no re-
tivity difference Ay between the ligand and silicon. With construction other than theX21 one is observed by LEED.
respect to silicon, carbon is more electronegative than silicon C 1s spectra show that for annealing temperatures lower
and Ay amounts to 0.72 Arsenic, whose electronegativity than or equal to 610 K, the shape of the main peak is not
difference with silicon is smaller \x=0.2), gives core- affected. We only observe a gradual shift of the main line to
level shifts of about 0.2 eVRef. 25-0.25 eV(Ref. 33 per  lower BE (by 0.3 eV}, which is opposite to the one we ob-
ligand. Consequently, if this picture were always valid, weserved during increasing exposures at room temperatures.
would expect a core-level shift to higher BE larger than 0.2After the 610 K annealing step the overall G ihtensity is

[08evi XPSCls

'S
X
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I
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2. Thermal stability of the GH,/Si(001)-2x1 system
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FIG. 8. Upper panel: C 4 photoemission intensity of the
ethylene-saturated @01) surface vs annealing temperature. Lower
panel: Si 2 component§ODA, C;) vs annealing temperature.

is demonstrated at 650)Ks the observation of a modifica-
tion in the C Is spectra, only after annealings in the tem-
perature range 640—670 K: the G fpeak, while still cen-
tered at 283.9 eV, broadens and its FWHM is now 1.3 eV, a
value too large to correspond to a single chemical configu-
ration.

Annealings to higher temperatur€g50-820 K lead to
the gradual formation of a carbon-carbon compoltice
very broad structure at 283.4 ¢\¥nd to that of a carbon-
silicon compound, clearly manifested by the appearance of a
narrow component (FWHMO0.8eV) at 282.8 eV. The
present thermal treatment, which leads to C incorporation, is
] analogous to that used by Bker and co-workefso produce
] pseudomorphic layers of an;Si,.C, alloy (with x up to 0.20
] on Si001: according to these authors, the solution consists
in depositing about one monolayer of pure carfbom a
graphite source without coevaporation of silicofs and in
heating the substrate at a temperature-870 K. In a suc-
cessive papet’ where this thermal process was examined by
conventional XPS, they repoa C 1s BE of 282.8 eV after
the annealing of 1 ML of carbon at 870 K: on the basis of a

FIG. 7. Si 2 photoelectron spectréggray solid ling and Si  C 1s BE theoretical calculation, such an energy position
2pg, component, after @y, stripping (dot9, obtained from a would be characteristic of a silicon-carbon all@0-20 %
Si(001)-2x1 surface previously exposed to 2330 L of ethylene atof carbon in silicon. Consequently, the decrease in G 1
300 K and submitted to isochronal annealirig1 mn each Fits intensity (Fig. 8 from 750 K is interpreted in terms of C-
of the Si 2p3, spectra are also giveark solid ling. ForC1 and  atom clustering on the surface on the one hand, and, given
C2 the Gaussian FWHM is 0.4 and 0.5 eV, respectively. the small C 5 photoelectron escape depth3.3 A), of C

penetration into the silicon subsurface layers on the other

only 40% of the initial one(Fig. 8). These data indicate a hand. The formation of a surface alloy is not completed at
sizeable but not complete desorption at 610 K in agreemer820 K as not all the carbon atoms have four silicon neigh-
with the HREELS/AES work. Moreover, as the Cdspec-  bors.[On the other hand, the heating of theHgz/Si(111)
tra do not change appreciably, one could infer that the elecsystem to 820—-860 K, as shown further on in Sec. Il B 2,
tronic structure of the molecule is not affected by the thermaled to the formation of an alloy, with almost no carbon
treatment. Also consistent with Ref.(&here C-C cleavage jumble remaining at the surfade.

Photoemission Intensity (Arb. Units)

0.8

0.4

L Il Il 1 P | Loy Il 1 "
1015101 1005100 995 99 985 98
Binding Energy (eV)



11 036 FRANCOIS ROCHETet al. PRB 58

Both C 1s photoelectron spectra and HREEL spectrastruction, probably disordered and hence unobservable by
seem to indicate that below650 K, the remaining mol- LEED, begins to form{such a reconstruction appears after
ecules have not undergone decomposition. One expects théerating a H(Ref. 40 or C,H, (Ref. 4]) -exposed surface in
that after moderate heating, the surface states associatedtte temperature window 870-970.KAccording to Ref. 40,
the Si dimers will reappear. In the SpXpectrum(Fig. 7),  the three structures that could account for this reconstruction,
the first annealing step at 560 K leads indeed to the regrowthamely the missing dimer model, the parallel ad-dimer
of a structure at the ODA binding energy. It weigh§% of  model, and the mixed ad-dimer model, have a dangling-bond
the total spectral intensity: about 30% of the amount of ini-density which is, respectively, 75%, 50%, and 75% of the
tial dimers are reformed after the loss of about 40% of the2X 1 buckled dimer model density.
initial C coverage(Fig. 8). Consequently, molecular desorp-  The present XPS experiment agrees by and large with the
tion, with little decomposition, is the dominating process atHREELS/AES study of Ref. 5, and contrasts with the TPD/
this annealing temperature. This observation is in goodES (Ref. 7 and TPD works(Ref. 8, which point to a
agreement with STM imag&§showing an ethylene-dosed complete ethylene desorption upon heating. This contrast
surface after heating, wheietact dimers are restorednd needs, however, to be somewhat attenuated. The fact that a
nondissociatednolecules still bond to the surface. Nether- maximum in the desorption rate is observed at 590 K in TPD
theless, the introduction of a component, dendgd situ-  experiments agrees well indeed with our observation of a
ated at+0.3 eV from the bulk peaB, becomes necessary in strong decrease in the G tore-level intensity after the 610
the fitting procedurgthe effect on the Si @ spectrum is K annealing step. The essential discrepancy is found when
readily seen after the 560 K annealing, as the dip betweeaur XPS data are compared with the AES data of Ref. 7,
p3; andpyy, is filled in). which were obtained with the same temperature program as

Surprisingly, after the 610 K annealing, the S 8pec- in the TPD experiment. It was found that carbon was under
trum has not changed much with respect to that of the prethe Auger detectability limit for temperatures above 600 K.
vious annealing step, although 60% of the initial carbon cov4n reality, the experiments which are confronted here are not
erage is now lost. However, no new, Slimers reform. This  strictly equivalent. Linear temperature rampings, with typical
is the hint that molecular fragments tie up now with surfaceheating rates of 1 K/s, are used in TPD experiments, while
silicon atoms, or that the silicon surface turns out to be dethermal processings in the present XPS study and in the
fective. HREELS/AES work(Ref. 5 consist & a 1 mn stay at a

From 640 K[a temperature at which C-C bond breaking given temperature, followed by cooling. Such a thermal his-
and SiH formation is ascertained by HREEIRef. 5], the  tory of the surface—in particular, a prolonged annealing at a
intensity of the ODA line, after the initial increase due to thetemperature below that of the desorption rate maximum—
560 and 640 K annealing steps, diminishes again. It nearlynay affect the branching ratio between molecular desorption
vanishes after the 670 K annealing step, while p€akbe-  and decomposition.
comes now very intens@igs. 7 and 8 The decomposition
products of the molecule passivate now nearly all Si dan- B. Ethylene on S{111)-7x7
gling bonds of the silicon surface. Although pe@k is situ-
ated in a range of energy where Sidomponents are
expected—silicon monohydride and dihydridsbserved af- With increasing exposures to ethylefgee Table ) at
ter exposure of Si(001)-21 to atomic hydrogehare found room temperature, the LEED patterns change frori77to
at +0.25 and+0.48 eV from the bulk lin& % —its attribu-  7x1. As in the case of acetylene adsorptfdrthis can be
tion to species other than silicon hydrid@s to surface de- interpreted in terms of a rearrangement of the adatoms on
fecty is also possibldsee below. each triangular subunit of the DAS cell, and of a conserva-

At 750 K and above, the reformation of Si dimé&Fsg. 7) tion of the dimer walls, corner holes, and stacking fault, in
is thus associated to carbon rearrangement on the surface,doder to maintain the X periodicity. C 1s XPS spectra
C in-diffusion andvery likelyto H desorption. According to [and C Is intensity variation with exposure, normalized to C
Ref. 7, D, desorbs from €D,/Si(001) at~760 K [on the 1s intensity reached at saturation for Si(001)¢2] are
other hand, in Ref. 5 the SiH mode is intense in the HREELgiven Fig. 9. Valence-band and core-level $i &pectra are
spectra, still after the annealing of,ld,/Si(001) at 800 presented in Figs. 10 and 11, respectively. Finally the frac-
K]. H,is found to desorb from H/801) at two tempera- tion of unreacted rest aton{Si 2p core-level surface state
tures 680 K(dihydride and 795 K(monohydride3® We vs C 1s intensity is reported in Fig. 12.
note that the weight of compone@—the Si 2 line situ- With increasing exposures, the overall shape of thesC 1
ated approximately where monohydrides are expected-spectrum does not change much, nor does the energy posi-
behaves, as a function of temperature, in “antiphase” withtion of its centroid. As for the ¢4,/Si(001) system, in the
respect to the ODA variation cur{€ig. 8). The variation of  reconstruction procedure of the G XPS spectraFig. 9a)],

C, weight would reflect onlyin part the process of molecu- we use a component at low B283.3 eV, which weighs

lar dehydrogenation, silicon hydride formatigpeaked at typically 12—14 % of the total intensity, and an asymmetric
670 K), and final B desorption. If hydrogen has desorbed atmain line centered at 284.2 eV. Its FWH{dbout 0.96 eY

820 K, C,, which is not nought, must also be due to surfaceis somewhat larger than that of the corresponding component
species other than H bonded to silicon, or to a surface defecbbserved in the case of theld,/Si(001) system. Because of
The relatively low intensity of the ODA state after the 820 K the similarity between C 4 spectra of ethylene on @ill)
annealing ste~7% instead of~17% for the clean surfage and S{001), we can draw the same conclusions: if the low
might indeed be explained by the fact that(@x4) recon- BE C 1s component results from the attachment of molecu-

1. Adsorption at room temperature
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Si2p| - The two surface states of the valence béRig). 10, at-
tributed, respectively, to rest atoniRA), at ~0.8 eV, and
adatoms(AD), at Eg,%° disappear gradually in a concerted

Si

Plasmon |
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’ 250 Bindi 2(3 V150‘ T manner. For an exposure of 1440 L these are all nearly
inding Energy (eV) quenched. In excellent agreement with Ref. 19, these data
12 T show that the electron occupancy of both types of tricoordi-
(C)satumteds“om) . 1 nated Si atoms is affected by chemisorption. Parallel to

e 3 changes in the valence band, the intensity of the [5ii@e

(Fig. 11), attributed to the rest atorfis**—well separated
from the bulk silicon lineB by a BE shift—0.75 eV, which
makes its intensity easily measurable by curve fitting al-
though it represents only 6.2% of the clean surface |5i 2
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T
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Normalized C 1s Intensity (Arb. Units)
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T
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C,H,/Si(111) . .
spectral intensitfP—gradually decreases when more ethyl-
- 1 ene is added. On the other hand, the bulk lihes surface
02 3 7] component#\;—containing in part the adatoms—ahAd re-
0 ] main practically unaffecte@shape and energy positipby
0 2000 4000 6000 8000 10000 the bonding with ethylendOnly after the 8100 L exposure
C,H, Dose (L) does the peak asymmetry towards high BE increase slightly,

which is reproduced by a structure &0.85 eV from the
S_(i% 72;7@ fC 1s Phot%et'ecsfg(‘) Lspict:#"fdoﬁtggo”}'(e oulk line B.) This is in line with the data obtained on the
| - surrace exposed 1o or ethylene al , an ; . H HF _
corresponding fit (solid ling by a Gaussian at 283.25 eV Q2H4/S|(001) system: shlfts_related to silicon .bond forma
(FWMH=1eV) and an asymmetric line simulated by a doublet 10N are very small and remain unobservable with the present
- y y energy resolution, although charge transfer from the sub-

(two Gaussians with a branching ratio of 0.35 and an energy split- - .
ting of +0.61 eV, the main component being at 284.2).el6) strate to the molecule has been clearly evidenced in Ref. 19.

Photoemission wide scans of thd@®l1) surface(doty and S{111) The fact_ that 'Fhe ele(_:tronlc structure of RA's and AD's
surface (solid line) exposed, at 300 K, to 2330 and 8100 L of changes with an increasing exposure to the gas does not nec-

essarily mean that these peculiar surface silicon atoms pro-
more detail[ A, is the C Is peak area of théhk-oriented sur-  Vide the only sites to which the molecule can bond. For
facel. (c) C 1s photoemission intensity vs ethylene dodse to  €Xposures greater than or equal to 1440 L, all surface states
which the S{111) surface is exposed at 300 K. are quenchedFig. 11). Consequently, saturation should be
attained in the case of “RA/AD bridge” sitd$ig. 1(b)]. In

. . o . fact, the adsorption phenomenon proceeds for higher expo-
lar fragmgnts, dissociative ad'sorpnc.m is also a minor pathéures[Figs. 9c) and 12. Consequently, sites other than the
way on Si(111)-x 7. The C F intensity after the maximum g a/AD bridge need to be involved in the adsorption process
exposure we made100 L) is comparedFig. Ab)] to that  \joreover, with a carbon coverage 6f0.9 ML at 8100 L,
ized C Is areas are nearly equal. Consequently, if one asquenched(Fig. 12. This is twice as much as what is ex-
sumes that a monolayer of carbon saturates th@0%i sur-  pected from the RA/AD bridging model.
face, then about 0.9 ML of carbon are fixed on13i) after We are forced to admit that the RA/AD bridging model is
an exposure of 8100 f2 As we shall discuss in more detail not satisfactory. In fact(i) the density of available adsorp-
later on, this surprising observation invalidates the rest-atontion sites isat leastfour times larger than the density of
adatom(RA/AD) bridging model that would lead to a carbon RA/AD bridges;(ii) LEED points to a severe rearrangement
saturation coverage of onh0.25 ML. of the AD positions. The removal of the AD’s from their

ethylene, respectively. In the inset, the G degion is shown in
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FIG. 11. Si 2 core-level photoemission spect(gray solid S —
line) and Si 23, component, after 2,,, stripping (dots, obtained r i
from a Si(111)-7< 7 surface exposed to increasing doses of ethyl- % o0s [ ®) b
ene at 300 K. Fits of the Sif,, spectra are also givedark solid g T ]
line). The Gaussian FWHM is 0.35, 0.40, 0.5, and 0.55 eV, for S o6 L h
components “RA,”B, A;, A, (the Lorentzian FWHM is 0.1 eV for < Tt * totalCls ]
all components 2 og [ L O 2833eV ]

g i
initial position in theT, sites can be a solution to the prob- £ L ]
lem. Si dangling-bond pair@ach pair is potentially a site for 4 02 . g8 —— ]
a di-o adsorption are then produced, having a shorter Si-Si ¢ 1
distance(3.8 A instead of 4.5 Aand a higher surface density T e s oo
than those of the RA/AD bridge: for each removed AD, three Annealing Temperature (K)
“pedestal” atoms(PA), with one dangling bond each, are
formed[see Fig. 1)]. In all, 42 dangling bond$DB’s) are FIG. 13. (8 C 1s photoelectron spectra of a($L1) surface

available [6 (RA)+3x12(PA)=42DB’s|] in the DAS previously exposed to 8100 L of ethylene at 300 K and submitted to

cell: if each of them bonds to a carbon atom, then a coverisochronal annealing&f 1 mn each The FWHM of each fitting

age of 42/49 ML(0.85 ML) should be attained, a value close component is given between brackets. The various spectra are mul-

to the estimated C coverage at 8100 L. tiplied by coefficients such that their areas, after background sub-
One can speculate that the molecule would bond to oneaction, are equal(b) C 1s photoemission intensitytotal and

RA and one PA of a near-neighbor Althe PA would be 283.3 eV componehtvs annealing temperature.
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fivefold coordinatel The AD would be destabilized. It

T T T T T

could “walk” away on the surface and finally bond to a step, so-fﬁi l/e :igll) y XSStz ]
but we do not lean towards this solution: although it is true 2

that AD’s can move easily back and forth betweeh,ssite sof ]
and a nearby Hsite*® surface diffusion is unlikely at room 860K

temperaturgthe critical temperature for AD’s disordering is 0 it o o
1130 K on clean $i111)]. Moreover, in the STM topo- A
graphic images® reacted AD’s looking dark at a bias of 8o

+1.5 V reappear at a bias af2 V, at positions close td 4

sites(high bias voltages may also induce molecular desorp- sor

tion and the AD, previously in the metastable position, may
turn back to its original plage So we propose that the mol-
ecule is die bonded directly on the rest plane; the adatoms
are displaced to metastable sites, not too far from their initial
position(for example, as subsurface interstitialéfesBy re-
moving the AD, two new DB’qa pair of atoms of the rest
plane, separated by 3.8) Avould then be available, making

an adsorption site for a second molecule. If such a mecha-
nism is at work, two molecules are chemisorbed when one
RA is consumed. We note that this is the rate at which C is
fixed at the surfacérig. 12), in the first regime of adsorption
where RA's are still visible. When all RA’s are quenched, a
coverage of about 0.5 ML of carbon should result. Then the
adsorption process could continue with the “removal” of the
remaining AD’s or the involvement of other adsorption sites,
such as the dimer sites, whose strained bonds could be bro-
ken. Unfortunately, STM images of this surface exposed to
very high doseglarger than 600 L(Ref. 18] have not been
published. 0 s e

80

40

40

Photoemission Intensities (Arb. Units)

401

2. Thermal stability of the GH ,/Si(111)-7x7 system

We have followed by C 4 and Si 2 core-level photo- ol
emissionFigs. 13a) and 14, respectivelyand valence-band i ) ]
photoemissior(Fig. 15 the thermal stability of ethylene on 0 oo T e
Si(111)-2x1 by performing successive isochrord mn
annealings of a surface previously exposed to 8100 L of 8o
ethylene at room temperature. The XPS spectra are recorded
at room temperature after each annealing step at 560, 610, 401
640, 670, 820, and 860 K. The variation of the C coverage is .
given in Fig. 13b). L T T I T TR T VI
The LEED patterns show that thex7l reconstruction is 1015 101 1005 100 995 95 985 98
stable up to an annealing temperature of 670 K. After the Binding Energy (eV)

820 K annealing step, a>1 pattern is observed. This
means that the DAS structure is definitely destroyed at thi%p

temperature. i !
. Si(111)-7x 7 surface previously exposed to 8100 L of ethylene at
From the ambient to a temperature of 610 K, the € 1 300 K and submitted to isochronal annealirfig1 mn each Fits

photoemission spectra are still fitted with the same asymmet; . < 2 . S
. L 112 SPectra are also givedark solid ling. ForS; andS,
ric main line at about 284.2 eV and the low BE structure atthe Gaussian FWHM is 0.4 eV and their spectral weight, after the

283.3 eV. About 40% _Of the 'n't'al amount O_f carbon is lost 860 K annealing step, is 18% and 5% of the total intensity, respec-
after the 610 K annealing st¢pig. 13b)], but, in contrastto ey,

the S{001) surface, no surface states reappear in the[5i 2

core level spectrunFig. 14), nor in the valence-band spec- analogous to what is observed at the same temperature on the
trum (not shown. Instead, a structure at+0.3 eV fromB  Si(001) surface.

increases slightly. This may be attributed in part to the for- Only after the 820 K annealing does the €dpectra give
mation of silicon hydrided® As a matter of fact, the intensity a clear signature of a compound for which C bonds to four Si
of the C 1s structure at 283.3 eMwhich is attributed to neighbors, as a peak grows at 282.9 eV. A feature common
decomposed ethylehincreases with increasing temperatureto the GH,/Si(001) system annealed at 820 K, or to that of
[Fig. 13b)]: at 640 K, a broad pealcentered at 283.8 8V  the GD,/Si(111) system annealed at 850Kis the growth
results from the merging of the latter two components. Thiof a narrow peak (FWHM-0.9+0.1 eV) at a BE of 282.8

is indicative of a molecular decomposition on the surface+0.1 eV, which, according to Ref. 36, is characteristic of a

FIG. 14. Si 2 photoelectron spectrégray solid ling and Si
32 component, after @, stripping (dot9, obtained from a
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LR VLA M homogeneously over a layer of thicknd3siear the surface.
Thenl ¢ ;5 obeys

Valence Band
hv=145 eV
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60000
where \ is the effective C & photoelectron escape depth

(~3.3 A). One easily finds that spreading half a monolayer
of carbon overD~10 A reduces the C d intensity by a
factor of 3 and leads to an average carbon concentration of
~8%, a value notably larger than the bulk solubility of C in
Si (3.5x10' atoms/cm at the melting point, see Ref. 52
T T T T T e and references therginRicker et al. (Ref. 4 have calcu-
5 4 3 2 1 0 1 lated that pseudomorphic Si;C (n=5) alloys can form,
Binding Energy (eV) with C atoms arranged in positions of third nearest neigh-
bors. The presence of a large concentration of carbon atoms
in the surface layers destroys thex7 reconstruction: the
similarities with the electronic structure of the laser-annealed
surface point to a bulklike stacking sequence for the surface
double plane.

dots: Si(111)-"1x1"
solid line: clean Si(111)-7x7

5

20000

Photoemission Intensity (Arb. Units)

FIG. 15. Valence-band spectrum of Si(3411 X1 (formed
after the annealing step at 860) Kompared to that of clean
Si(111)-7x 7.

Si; _,C, (x<1) alloy. [In contrast to the ¢D,/Si(111) sys-
tem, surface carbon residues at 284.0—-283.8 eV are nearly
all eliminated in the present case after the 860 K annedling.
Then the C ¥ intensity strongly decreases from=820 K In summary, the room-temperature exposure of ethylene
[Fig. 13b)], simply because C atoms reach subsurface site® Si(001)-2< 1 and Si(111)-% 7 has been reexamined us-
and because the Cslphotoelectron escape depth is small.ing XPS spectroscopies. Similarities in the final molecular
(The process of C diffusion into the substrate may be alreadionding(di-o bonding is common to bojtbut strong differ-
incipient at 670 K, given the breadth of the G fieak) Both  ences in the kinetics and microscopic mechanigsusface
Si 2p (Fig. 14 and valence-band spectifig. 15 show the  topographies are very dissimi)aare evidenced for these two
appearance of silicon surface states after the 820 K anneadrystal orientations. For both surfaces, the resolution of the C
ing, a temperature at which the H atoms resulting from thels XPS spectra is sufficient to distinguish a nondissociated
decomposition of the molecule have desorffd. molecular staténondissociative chemisorption is by far the
The valence-band spectrum of the X11” surface (Fig.  major route from a dissociated one, which had eluded pre-
15) shows no occupied levels closeHg (in contrast to the vious vibrational spectroscopic studies. The asymmetric
clean 7X7 case, where the AD band is partly fille®n the  shape of the main pedkondissociated stgtenay be due to
other hand, an intense structure is seen at abdu8 eV, at  a vibrational fine structure, although this needs to be con-
the energy position of the clean<?7 RA’s, but with a com-  firmed using deuterated ethylene. Another feature common
paratively larger intensity. These dangling bonds present # both surfaces is the absence of a detectablepSc&e-
remarkable chemical reactivity: ethylene chemisorbdevel shift due to silicon-carbon bond formation upon room-
readily on the “1x 1" surface at room temperatuf@ We  temperature adsorption, although empirical rules relating BE
correlate the observation of an intense rest-atom-like state ishifts to Pauling’s electronegativity differences predict an
the valence band to the growth of two core-level surfaceappreciable one.
states in the Si @ spectra(Fig. 14, peakS, at ~—0.80 eV The comparison of these two systems is useful for at least
from B (close to the energy position of the clear 7 RA’s), one practical reasofi.e., the $S{001) surface can serve as a
and pealS, found at~—0.35 eV fromB, which weigh~5%  template to estimate the carbon coverage of113j] and
and 18% of the overall spectral intensity, respectively. Thenteresting because of the contrasted role played by the dan-
present Si P core-level and valence-band spectra are remigling bonds resulting from each type of reconstruction.
niscent of those obtained for the laser-annealedVhile the adsorption rate at 300 K is “slow” on
Si(111)-“1x 1" surface® which can be viewed as a no- Si(111)-7x 7, the initial adsorption rate is extremely “fast”
stacking-fault, disordered>22 adatom structurg: However, on Si(001)-2< 1, with a sticking coefficient close to 1, as
in the present case, the *41” reconstruction is certainly long as the carbon coverage is less tigr0.5 (then ad-
related to the formation of a surface silicon-carbon alloy withsorption proceeds at a slower pace, but all the adsorption
a high carbon concentration. The examination of Figga)l3 sites, the Sidimers, finally readt The major difference be-
and 13b) makes reasonable the assumption that, from théween these two orientations concerns the behavior of the
640 K annealing step, molecular desorption does not occuwsurface states “visible” in the valence band and $i $pec-
any longer. Surface carbon would then amount to about 0.5a with increasing molecular coverage: whereas on
ML, before the annealing steps leading to carbon atom persi(001)-2x 1 the quenching of the surface state “monitors”
etration into the substrate. The intensity of the € deak the adsorption kinetic&hrough the process of cycloaddition
(Ic1s) after the 860 K annealing step is reduced to aboubf C=C to Si=Si), on Si(111)-% 7, molecular adsorption
one-third of the value reached after the 640 K annealing stegaroceeds even after the complete elimination of the surface
To estimate an average C concentration, we consider, fagtates. This latter observation enters in conflict with the
simplicity, the case that the total amount of car§orb ML)  model of the rest-atom/adatom bridge, which has been envis-
which has penetrated into the silicon lattice is distributedaged so far as the sole adsorption site for ethylene and acety-

IV. SUMMARY AND CONCLUSION
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lene on Si(111)- 7. Moreover, carbon coverages of about concentration of~8% is estimated for $111)]. On S(001),

one monolayer are estimated for Si(111%7 exposed to this is associated to a depressed surface density of dimer-
high doses(~8000 L). This is four times greater than the related surface states, and although ¢k#Xx 4) reconstruc-
maximum coverage expected from the rest-atom/adatortion is not evidenced by LEED, missing dimers or ad-dimers
bridge model. Other adsorption sites must necessarily exigire expected to form. On @il1), the LEED shows that the

or be created as a consequence of chemisorption. A “recorgx periodicity is destroyed. The “X 1" surface reconstruc-
struction” of the 7<X 7 structure must be envisaged: indeedtion corresponds spectroscopically to the appearance of in-
the LEED patterns becomeX7l, a feature shared by the tenserest-atom-likesurface states, both in valence and core-
adsorption process of other hydrocarbons® A speculative  |evel photoemission spectra. The absence of electron state
but simple solution to this intriguing problem is pro- density close tdEg points to a surface reconstruction devoid

posed: the adatom could be “removed” from its norfial  f adatoms, or alternatively, to the presence of adatoms with
site and could go as an interstitialcy under the plane conta|r‘§mpty dangling bonds, by analogy to the case of the laser-

ing the rest atoms and the pedestal atoms. Its downwarg, 5ied $111) surface.

motion would then liberate new dangling-bond pairs fowrdi-
chemisorption.
The thermal stability of Si(001)-2 1 and Si(111)-k7

surfaces both exposed to ethylene, up to a carbon covera
of about one ML, has also been examined. Submitted t

similar annealing steps in the temperature range 300—860 € s . R
g step P g Jiron radiation photoemission and &b initio core-level cal-

both surfaces give similar results, i.e., at about 600 K abo

To conclude, this study of ethylene adsorbed at room tem-
perature on Si(001)-2 1 and Si(111)- X7 poses a number
of intriguing problems(i) at the spectroscopic levéd.g., the
I 2p core-level shifts due to di bonding, that could ben-
fit largely from new advances in high resolution synchro-

60% (40% of the molecules have desorbed from culations, andii) at the mechanistic levée.g., the origin of

Si(001)-2x 1 [Si(111)-7xX 7], in strong contrast with the
acetylene/Si(111)-% 7 systemd® where desorption is very
limited in this range of temperature. While “pristine” Si
dimers can show up on @01) after thermal desorption of
the molecules, no surface stat@est atoms and adatojns

the critical coverag®.= 0.5 on S{001), the possible adatom
displacement on Si(111)>77 upon adsorptiol that could
find an answer from further STM studies associated to theo-
retical calculations. We also believe that the electronic struc-
ture, the(local) reconstruction, and the chemical reactivity of

reappear in the §111) case. Final heatings in the 820—-860 the carbon-rich silicon layers, formed on both faces by an-

K range (above the H desorption temperatutead to the
formation of a carbon-rich surface layjan average carbon

nealing at~870 K after exposure to the gas, are of interest
and need a more thorough study.
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