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Ethylene on Si„001…-231 and Si„111…-737: X-ray photoemission spectroscopy
with synchrotron radiation
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The adsorption of ethylene on Si(001)-231 and Si(111)-737 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)-231 the quenching of the
surface states ‘‘monitors’’ the molecule uptake, this is not the case for Si(111)-737: 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.@S0163-1829~98!02840-9#
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I. INTRODUCTION

In recent years, there has been a great deal of intere
the adsorption and surface reaction mechanisms of olefin
molecules having at least one CvC bond—on clean silicon
surfaces. The recent discovery1 that a cyclic diolefin~1,5-
cyclo-octadiene! adsorbs orderly at room temperature on
Si(001)-231 surface, through the addition of only one of i
two unsaturated bonds to a Si2 dimer, will certainly contrib-
ute to stimulate the research effort in that field: indeed, as
other CvC bond remains free for further types of surfa
attachment chemistry, the door is now open to fascina
developments in the field of microelectronic technologie2

In other respects, smallp-hydrocarbons molecules, such
ethylene, cracked over Si surfaces in the temperature w
dow 770–870 K, are used as carbon sources3—alternative to
solid sources4—in the processes leading to the growth
pseudomorphic silicon-carbon alloys. Consequently, a
tailed understanding of the mechanisms leading to ol
chemisorption, as well as an examination of their therm
stability on silicon surfaces, is useful for achieving the co
trolled growth of both organic thin films and Si12xCx (x
,1) layers on silicon substrates.

Ethylene (C2H4) is the smallest olefin molecule. Despi
its simplicity and the considerable amount of work devo
to the study of its interaction with Si surfaces, many aspe
of the adsorption process remain misunderstood. On
‘‘technological’’ face Si~001!, which has been by far the
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most studied, there is strong experimental evidence5–9 that,
in a wide range of temperatures between 77 and;600 K,
C2H4 chemisorbs nondissociatively on the Si(001)-231 sur-
face,through the interaction of itsp bond with thep bond of
the surfaceSi2 dimers: the cleavage of thep bonds permits
the formation of two new Si-Cs bonds—hence the adsorp
tion geometry is called di-s—and judging from the C-C
stretching mode~1100 cm21! observed in high-resolution
electron-energy-loss spectroscopy~HREELS!, the C atoms
are rehybridized to a state nearsp3.5,8,9 Given that recent
theoretical calculations10 indicate that thes bond of the Si2
dimer remains intact—this issue has been in fact hotly
bated~see Ref. 10!—the chemisorption process boils dow
to the cycloaddition of an ethylene molecule with a silic
dimer @a schematic picture of the final bonding geometry
given in Fig. 1~a!#. Only very recently, Liu and Hamers11

proved by infrared spectroscopy that, at low coverage,
addition of ethylene on Si~001! retains the stereochemistr
of the molecule. Eliminating the concerted suprafacial re
tion mechanism, which is symmetry forbidden according
the Woodward-Hoffmann rules,12 and the antarafacia
1suprafacial mechanism, which inverts the stereochemis
the latter authors proposed various nonconcerted addition
actions involving low-symmetry intermediates. Although
is generally admitted that the process is mediated by a
lecular precursor, the kinetical aspects are not fully und
stood. Whereas the kinetical uptake measurements of Ch
et al.6 and Clemenet al.7 ~carried out at 105 K! concluded
that the measured saturation coverage of 0.860.07 monolay-
11 029 © 1998 The American Physical Society



ro

ex

-
,
a
is
rs
ve
rp
u
s,

ec

th
d
-

6
ia
d
d

i-
rb
K,
so
f
ia
su
a

by
EL
le
the

s

of
ult

a-

the

d-

d
of

rp-
lar
ub-
for
-
TM

,
ith

se

y

y
n

to
sion
tion
py.

d-

e-
by
ule

ic
le
mal

ra-
on
ura-
a
the

o
k

sp

nt

11 030 PRB 58FRANÇOIS ROCHETet al.
ers ~ML ! corresponds, in effect, to one moleculeper silicon
dimer if one assumes that 20% of the surface is defectiveand
nonreactive, on the other hand, scanning tunneling mic
copy ~STM! ~Ref. 13! ~carried out at 300 K! pointed to a
maximum coverage of only;0.5 moleculesper silicon
dimer. In the latter experiment, it was observed that for
posures smaller than six Langmuirs~L! ~1 L correspond to
an exposure of 1026 Torr s), the chemisorption on neighbor
ing silicon dimers is avoided, the molecules forming, locally
a 232 or c(234) structure; even at exposures larger th
100 L, the fraction of molecules on neighboring dimers
still relatively small. To resolve this discrepancy, Hame
and Wang proposed that the defective sites are indeed
reactive,14 and that after their reaction with ethylene, adso
tion proceeds on normal sites, with the ratio of one molec
per two ‘‘regular’’ silicon dimer. In any case, there are hint
as stated by Liu and Hamers,11 that ‘‘the bonding of ethylene
changes at high coverage.’’

The thermal stability of an ethylene/Si~001! system has
also been studied by HREELS combined with Auger el
tron spectroscopy~AES! ~Ref. 5! and thermally programmed
desorption ~TPD! combined with AES.7 The conclusions
drawn from these experiments are at variance. In
HREELS/AES experiment~Ref. 5!, the surface was expose
to 170 L ~Ref. 15! at 300 K, and then heated to higher tem
peratures for one minute each. After the heating step at
K, AES evidenced the desorption of about 40% of the init
ethylene coverage, while the energy-loss peak attribute
CC stretching disappeared from the HREELS spectra, in
cating that the CC bond is cleaved.@The molecule remaining
on the surface would be decomposed to CHx (x51,2) spe-
cies and SiH species.# On the contrary, the TPD/AES exper
ment ~Ref. 7! indicated that chemisorbed ethylene deso
intact from Si~001! in the temperature range 550–590
with approximately 2% of the molecules undergoing dis
ciation. It has been recently shown9 that the presence o
coadsorbed hydrogen on the surface modifies substant
the branching ratio between molecular desorption and
face decomposition. Atomic hydrogen could indeed be co

FIG. 1. ~a! Schematic model~side view! of C2H4 adsorbed on
Si(001)-231 ~the uncleaved Si2 dimer model!. Calculations~Ref.
10! indicate aC2v symmetry, although the angular dependence
HREELS loss features@in particular the symmetric Si-C loss pea
~Refs. 5 and 8!# points to a lower symmetry.~b! Schematic model
~side view! of C2H4 adsorbed on Si(111)-737 ~the rest-atom/
adatom bridging model!, according to Ref. 18: RA, AD, and PA
are the acronyms of rest-atom, adatom, and pedestal-atom, re
tively ~note that three PA bear one AD!. Other adsorption sites
~e.g., the ‘‘removal’’ of the AD! have to be envisaged to accou
for the adsorption kinetics~see text!.
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sorbed unwillingly as a result of ethylene decomposition
gauge hot filaments or ion pumps, etc. As in the HRE
spectrum of Ref. 5, the SiH stretching mode is not visib
after surface cleaning, nor after gas adsorption at 300 K;
origin of the discrepancy has to be sought elsewhere.

In comparison with the C2H4/Si(001) system, much les
attention has been devoted to the study of C2H4 adsorption
on Si(111)-737 although the complex reconstruction
that surface—the so-called dimer-adatom-stacking fa
~DAS! reconstruction16—‘‘provides a rich array of chemi-
cally inequivalent atoms ... resulting in a rich variety of sp
tially inhomogeneous chemical reactions.’’14 After a series
of studies devoted to the reactivity of hydrocarbons on
cleaved Si~111! surface~see, for instance, Ref. 17!, Piancas-
telli and co-workers tackled with the study of ethylene a
sorption on Si(111)-737 at 300 K, using both STM~Ref.
18! and synchrotron radiation photoemission.19 Photoemis-
sion spectroscopy (hn537 eV) showed that valence-ban
surface states~the rest-atom band and the occupied part
the adatom band! are quenched simultaneously upon adso
tion. Moreover, an upward shift of the shallower molecu
orbitals is explained by an electron donation from the s
strate to the molecule, a process also observed
Si(111)-231.17 Adatoms are certainly involved in the ad
sorption process, because their brightness changes in S
topographies during an exposure to the gas@in contrast to the
~001! face, the ‘‘imprint’’ of the molecule is not seen#. These
experimental facts, joined to previous HREELS data20

showing that the molecule is adsorbed nondissociatively w
a strong stretching of the CC bond~C hybridization changes
from sp2 to sp3), led Piancastelli and co-workers to propo
a model in which the molecule bridges a rest atom~RA! and
an adatom~AD!, separated by;4.5 Å @the RA/AD bridging
model is reported in Fig. 1~b!#—a distance considerabl
larger than the interatomic separation of the Si2 dimers on
Si~001!, i.e., ;2.3 Å. To our knowledge, no thorough stud
of the thermal stability of the C2H4/Si(111) system has bee
carried out yet.

Although HREELS has made an important contribution
the present issue, synchrotron radiation x-ray photoemis
~XPS! sheds light on various aspects of the surface reac
which are not attainable by a vibrational spectrosco
Highly surface-sensitive Si 2p and C 1s photoemission per-
mits a~semi!quantitative determination of the amount of a
sorbates~molecules, fragment of molecules, C atoms! and of
reactive surface sites~surface states!.21 Such a straightfor-
ward approach is practically impossible with HREELS, b
cause the intensity of a loss feature is strongly affected
incident electron energy, scattering geometry, and molec
orientation.

The goal of this study is to determine the electron
structure—by synchrotron radiation XPS—of the molecu
adsorbed at room temperature and to examine its ther
stability, both on Si(001)-231 and Si(111)-737. As the
sites envisaged for di-s bonding on~001! and ~111! recon-
structed faces strongly differ, we have examined compa
tively the adsorption kinetics and the role played by silic
dangling bonds. Moreover, the ethylene coverage at sat
tion on the ‘‘simpler’’ Si(001)-231 surface was used as
template to determine the carbon uptake vs exposure on
Si(111)-737 face, which is documented incompletely.22 As
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expected, the occupancy of surface levels is modified,
both surfaces, by the adsorption process, and the relation
between their ‘‘quenching’’ and carbon coverage is exa
ined in detail and discussed with respect to the models of
literature. For instance, we have found—this is one of
major findings of this study—that the role played by t
silicon dangling bonds strongly differs on each surfa
whereas the adsorption process stops on Si(001)-231 when
all surface states are consumed, the complete quenchin
the rest-atom state of the Si(111)-737 surface need no
mean the end of the adsorption process, in contradiction w
the image of chemisorption we have formed so far for t
surface@for the analogous case of acetylene adsorption
Si(111)-737, see Ref. 23#. Concerning the thermal stabilit
of ethylene on Si~001!, our results are essentially consiste
with the HREELS/AES data of Ref. 5~see above!. For its
part, the heating of a Si(111)-737 surface covered by eth
ylene up to a temperature of 860 K leads to the appearanc
‘‘1 31’’ reconstruction with a peculiar distribution of su
face states in the gap, very likely related to the formation
a C-rich region close to the surface.

II. EXPERIMENT

A. Clean surface preparation and exposure to acetylene

The Si samples are prepared in the ultrahigh-vacu
~UHV! analyzing chamber whose base pressure
;10210 Torr. The chamber is evacuated by an ion-pum
~400 l/s! ~always valved off during measurements a
sample preparations!, a turbomolecular pump~500 l/s!, and a
cryopump~1000 l/s!. The samples~phosphorus-doped silico
wafers, of resistivity 0.002–0.005V cm! are heated by the
Joule effect; temperature measurements are then mad
infrared pyrometry. The silicon wafers are cleaned of th
silica protective layer by heating at;1520 K, in order to
minimize SiC contamination.24 The surface cleanliness i
checked by the intensity of the Si 2p core-level surface state
by a survey of the C 1s region, and by the sharpness of th
low-energy electron-diffraction~LEED! patterns.

Then the silicon surface is exposed to ethylene in
analysis chamber itself, under pressures in the range
31028– 3.7531026 Torr. While the gas is introduced
through a leak-valve, the cryopump is isolated, and
chamber is evacuated by the turbomolecular pump. Ethy
pressures are measured with an ionization gauge whose
ing is not corrected. Exposures to the gas are given in La
muirs ~L! ~pressures are indicated in Table I!.

B. X-ray photoemission

Photoelectron energy distribution curves are measured
valence bands, Si 2p, and C 1s core levels with monochro
matic synchrotron radiation and a partially angle-integrat
electrostatic electron energy analyzer~RIBER MAC2!. The
linear polarization of the synchrotron radiationE is at 40°
with respect to the axis of the cylindrical electron analyz
defining an horizontal scattering plane. The sample surfac
put in the common focus of the light beam and of the a
lyzer entrance lens and can be oriented about the vertical
n
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through the photoemission spot. The sample surface nor
is always parallel to the analyzer axis and the light polari
tion vector is contained in the~11̄0! plane of the Si~001!
surface and in the~112̄! plane of the Si~111! surface. The
light source is the linear undulator DOMINO of beam lin
SU7 of the SuperACO storage ring. The undulator radiat
is monochromatized by a 10-meter toroidal grating mon
chromator covering the 130–800 eV photon range. Phot
of energy 145 eV are used to excite the Si 2p core level of
binding energy~BE! around 99 eV, in conditions of maxi
mum surface sensitivity: for photoelectrons of kinetic ener
around ;45 eV an escape depth of about 3.3 Å
estimated.25 The C 1s spectra~BE around 284 eV! are re-
corded athn5330 eV, so that the kinetic energy of the C 1s
photoelectrons and thus their escape depth equal those o
Si 2p photoelectrons. Valence bands are also measure
hn5145 eV.

In order to improve the resolution of the various comp
nents that contribute to the Si 2p spectra, the procedur
given in Ref. 21 is followed. The background is first su
tracted. Then the lowj component of the Si 2p1/2,3/2 doublet
is removed, mathematically~assuming identical shapes fo
the two components!, with a branching ratio 2p1/2:2p3/2 of
0.5 ~the statistical ratio! and a spin-orbit splitting of 0.6 eV
In order to fit the Si 2p3/2 spectra, each chemical state
represented by a Gaussian convoluted by a Lorentzian of
eV full width at half maximum~FWHM!. On the other hand
the C 1s spectra are simply reconstructed by sums of p
Gaussian components. In the least-squares fitting routine
fix the Gaussian FWHM for each chemical state and in m
cases BE positions are free parameters.

The zero binding energy~the Fermi levelEF) is taken at
the leading edge of the Si(111)-737 adatom surface state
~this surface is metallic26!.

TABLE I. Durations, C2H4 pressures~uncorrected ion gauge
reading!, and corresponding exposures (1 L51026 Torr s) to which
the Si~001! and Si~111! surfaces are submitted at 300 K.

C2H4 /Si(001)-231
Time ~s!, pressure~Torr! Total dose~L!

50, 7.531029 0.325
100, 7.531029 0.75
250, 331028 7.5
250, 331028

82.5
1250, 331027

250, 331028

1250, 331027

;2330
1600, 3.7531026

C2H4 /Si(111)-737
Time ~s!, pressure~Torr! Total dose~L!

120, 1.531026 180
480, 1.531026 720
960, 1.531026 1440
2160, 1.531026 3240
2700, 331026 8100
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III. RESULTS AND DISCUSSION

A. Ethylene on Si„001…-231

1. Adsorption at room temperature

During ethylene adsorption, in the 0–2330 L range,
LEED patterns remain characteristic of a 231 reconstruc-
tion. The evolutions of the C 1s, valence band, and Si 2p
spectra with increasing exposures to ethylene~see Table I! at
room temperature are reported in Figs. 2, 3, and 4, res
tively. The measurement of C 1s intensity and that of the
core-level surface-state weight, clearly visible in the Sip
spectra, allows a kinetic study of ethylene adsorption and
surface silicon dimer reaction. Obviously this is possib
only if both core levels are obtained with an identical expe
mental configuration, a condition fulfilled by our measur
ments, and if the adsorption process affects only the top
con layer, which is demonstrated unequivocally in t
present XPS work. We give in Fig. 5~a! the variation of C 1s
intensity, normalized to its maximum intensity—reached
2330 L—vs exposure and in Fig. 5~b! we report the intensity
of the core-level surface states vs C 1s intensity, i.e., carbon
coverage.

The C 1s line, whose overall shape does not change
preciably with increasing coverage@Fig. 2~a!#, is composed

FIG. 2. ~a! C 1s core-level photoemission spectra of the Si~001!
surface after successive exposures to acetylene at 300 K. Not
BE energy shift~;10.3 eV! of the C 1s peak centroid at satura
tion. ~b! Typical C 1s spectrum~dots! and fit ~solid line! by a
Gaussian at 283.25 eV (FWMH51 eV) and an asymmetric line
simulated by a doublet~two Gaussians with a branching ratio o
0.21 and an energy splitting of10.58 eV, the main componen
being at 284.3 eV!.
e
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of
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of two lines @Fig. 2~b!#: a small peak at 283.3 eV
(FWHM;1 eV), whose intensity is always 8–9 % of th
whole spectral weight, and a main line (FWHM;0.80 eV),
centered around 284 eV~note that the peak centroid shift
slightly from 284 to 284.3 eV with increasing coverage!.
These two components are attributed to two different che
cal states of the adsorbed molecule. Indeed, the low
structure is found where products of the thermal decomp
tion ~Sec. III A 2! show up—in the 283.9–283.4 eV rang
However, a silicon carbide contamination due to a none
cient thermal cleaning of the surface is excluded, as silic
carbide and carbidelike products have BE’s in the ene
range 282.7–282.4 eV~Ref. 23 and Sec. III A 2!. For its
part, the main line at high BE comes certainly from the m
ecule adsorbedintact on a Si dimer. Its shape asymmet
might be explained by an insufficiently resolved vibration
fine structure. In the gas phase the C 1s spectrum shows a
distinct peak at;400 meV from the main line due to exc
tation of a C–H stretching vibration.27 Naturally, deuterium-
labeled gas needs to be used to obtain a clear-cut ans
since there would be a difference in the energies~by a factor
of & assuming a linear harmonic oscillator! of the vibra-
tional losses for H and D due to their different masses.

Although the attachment, on the surface, of molecu
fragments@e.g., CH2 ~Ref. 28!#, or of such species such a
ethylidene (CH-CH3), has to be envisaged, the C 1s photo-
electron spectra point to the fact that nondissociative che
sorption is the major pathway, whatever the exposure to
gas, in agreement with HREEL spectroscopy~Ref. 5!.

The valence-band surface states~Fig. 3! are strongly af-
fected by the adsorption process. As expected for a ds
chemisorption and in accord with the scanning tunnel
spectroscopy data,13 the intensity of the occupied silicon
dimer p-band states diminishes with increasing exposur
This implies that the weakp bond formed by the silicon
dangling bonds is removed and that stronger silicon-car

the

FIG. 3. Valence-band spectra of a Si(001)-231 surface ex-
posed to increasing doses of ethylene at 300 K.
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bonds are formed. We note no shift in the energy position
the surviving surface states greater than 0.1 eV.

The gradual quenching of the valence surface state
directly reflected by changes affecting the Si 2p core-level
surface states, whose intensity measurement is much m
handy than that of valence-band surface states. The c
surface Si 2p3/2 spectrum~Fig. 4! can be fitted by three com
ponents. The pronounced surface core level at;20.55 eV
above the bulk lineB is assigned, in the framework of th
asymmetric dimer model, to half a monolayer~ML ! of nega-
tively charged outer dimer atoms~ODA! ~Ref. 21!: its
weight is 17% of the total spectral intensity. Calculation29

and high-energy resolution spectra30 suggest that the surfac

FIG. 4. Si 2p core-level photoemission spectra~gray solid line!
and Si 2p3/2 component, after 2p1/2 stripping~dots!, obtained from
a Si(001)-231 surface exposed to increasing doses of ethylen
300 K. Fits of the Si 2p3/2 spectra are also given~dark solid line!.
The Gaussian FWHM is 0.35, 0.41, 0.5, and 0.55 eV, for com
nents ‘‘ODA,’’ B, A1 , A2 ~the Lorentzian FWHM is 0.1 eV for all
components!.
f

is

re
an

core level corresponding to the positively charged inn
dimer atoms is expected to be contained in the bulk lineB. A
slightly larger FWHM of lineB with respect to the ODA line
may account for this. The third line~line A1) situated at
;0.9 eV below the bulk line~about 2.5% of the total spectra
intensity! needs to be introduced to take into account
slight asymmetry towards higher BE. Its origin is uncle
With increasing exposure to ethylene, the bulk line BE do
not vary ~there is no appreciableEF shift!; the ODA line
intensity decreases, but its BE does not change either.
means that the electronic structure of the ODA’s~charge and
core-hole screening! ‘‘spared’’ by ethylene adsorption doe
not change much with increasing coverages, in agreem
with valence-band spectroscopy. A very important obser
tion is the lack of anyvisible structure related to the forma
tion of a silicon-carbon bond, at least up to an exposure o
82.5 L, for which;80% of the initial Si dimers are reacte
@Fig. 5~b!#. Only after an exposure to 2330 L has the OD
peak definitely disappeared and a new line, denotedA2 ,
shifted by10.5 eV fromB, weighing about 8% of the tota
spectral intensity, is introduced to account for the increa
Si 2p asymmetry towards higher BE.

We can now discuss the kinetical aspects of ethylene
sorption at 300 K. We have observed that C 1s intensity does
not increase for exposures typically greater than 2330 L
other words the surface appears to be saturated. Equati
1s intensity with carbon coverageu, let us normalize this
maximum coverage to 1@Fig. 5~a!#. It is then clear that eth-
ylene adsorption follows a fast regime foru<0.5, reached
after exposures to 0.75–1 L: when 1.331014– 1.7

at

-

FIG. 5. ~a! C 1s photoemission intensity vs ethylene dose~L! to
which the Si~001! surface is exposed.~b! Fraction of intact ODA
~the clean surface ODA weight is 17% of the overall Si 2p inten-
sity! as a function of C 1s intensity.



-

itia

ac
g
f-

s

ys

rs
re

-
ule
of

th
is

op

il

e
s,
m
n

di
f

re
of

ce

nt
lia
e
d
e
re
of
rg
a

h
co
y

e
.

ith
ob-
hro-
-

pec-
of
ore-
one
ce

ec-

oom
670,
re-
.

er
not
to
-
res.

to

mul-
ub-

11 034 PRB 58FRANÇOIS ROCHETet al.
31014 molecules/cm2 have impinged on the surface~we take
a gauge correction factor of 2.3!, about half the silicon
dimers are reacted@Fig. 5~b!#. As the surface density of sili
con dimers is 3.431014 per cm2, the sticking coefficient
should be constant and nearly equal to unity in the fast in
regime for whichu<0.5. Foru.0.5, a much slower regime
follows as thousands of Langmuirs are required to re
saturation. In opposition to the guess of Hamers and Wan14

there is no initial regime where ‘‘defective’’ sites react pre
erentially: Fig. 5~b! shows clearly that in both regimes~fast
and slow! u is equal to the fraction of reacted silicon dimer
Although the adsorption rate diminishes strongly foru.0.5
@Fig. 5~a!#, ethylene reaction with the dimer sites alwa
governs the process. Finally, our kinetical data obtained
300 K resemble those obtained by Clemenet al.7 at a lower
temperature of 105 K. Only the concept of defective dime
and their surface density, has to be explained. The disc
ancy emphasized by Mayneet al.13 between a saturation
coverage of one molecule per dimer~as measured from ki
netic uptake6,7! and a saturation coverage of one molec
per two Si dimers@as deduced from the STM observation
local 232 or c(432) ordering# is only apparent. There is
most certainly a critical coverageuc50.5 after which the
adsorption rate decreases strongly, but nothing forbids
completion of 1 ML of adsorbed ethylene if the surface
exposed to large doses. In the present work~see Table I!, we
have increased the pressure to 3.7531026 Torr to obtain
thousands of L within reasonable times~600 s!. Pressure
may be an important parameter, whose effect needs a pr
study.

The reason why ethylene adsorption on neighboring s
con dimers is avoided foru,uc remains obscure. In the
scanning-tunneling-spectroscopy curves of Ref. 13, m
sured on the Si2 dimer left intact after exposure to the ga
the p state moves apparently by 0.4 eV further away fro
EF : the decrease in reactivity is attributed to such a dow
ward motion.31 In contrast, the present study does not in
cate a measurable change in the electronic occupancy o
surviving dimers.

The very puzzling observation is the absence of any
solvable Si 2p core-level shift associated to the formation
two Si-C bonds per Si2 dimer. It is true that, given the
present resolution, a component weighing;34% of the over-
all intensity~i.e., the spectral contribution of one top surfa
ML !, and shifted fromB by less than1150 meV, could not
be evidenced. In any case, the shift of the Si-C compone
smaller than that estimated from the empirical rules fami
to the spectroscopists. Core-level shifts are indeed du
initial-state and final-state effects. Because of the large
electric constant of Si~and nearly complete screening of th
core hole!, it is often stated that final-state effects a
minimized.21 Initial-state shifts are interpreted in terms
charge transfer, from or to the Si valence orbital. This cha
transfer is empirically correlated with Pauling’s electroneg
tivity difference Dx between the ligand and silicon. Wit
respect to silicon, carbon is more electronegative than sili
and Dx amounts to 0.7.32 Arsenic, whose electronegativit
difference with silicon is smaller (Dx50.2), gives core-
level shifts of about 0.2 eV~Ref. 25!–0.25 eV~Ref. 33! per
ligand. Consequently, if this picture were always valid, w
would expect a core-level shift to higher BE larger than 0
l
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eV for surface silicon atoms, each of them being tied up w
one carbon atom and three silicon atoms. This is not
served in the present case, in contrast with a recent sync
tron radiation Si 2p core-level study of the dissociative ad
sorption of neopentane on Si~111!:34 the growth of
components shifted by10.5 and11 eV from the bulk line
was attributed to monocarbide and dicarbide species, res
tively. We need certainly a more refined examination
charge transfer between substrate and molecule and of c
hole screening, in a manner similar to what has been d
for the Si 2p surface core-level states of the clean surfa
~Ref. 29!.

2. Thermal stability of the C2H 4 /Si„001)-231 system

We have followed, by C 1s and Si 2p core-level photo-
emission~the spectra are given in Figs. 6 and 7, resp
tively!, the thermal stability of ethylene on Si(001)-231 by
performing successive isochronal~1 mn! annealings of a sur-
face previously saturated by ethylene~2330 L! at room tem-
perature. The XPS core-level spectra are recorded at r
temperature after each annealing step at 560, 610, 640,
750, and 820 K. All along the annealing procedure, no
construction other than the 231 one is observed by LEED

C 1s spectra show that for annealing temperatures low
than or equal to 610 K, the shape of the main peak is
affected. We only observe a gradual shift of the main line
lower BE ~by 0.3 eV!, which is opposite to the one we ob
served during increasing exposures at room temperatu
After the 610 K annealing step the overall C 1s intensity is

FIG. 6. C 1s photoelectron spectra of a Si~001! surface previ-
ously exposed to 2330 L of ethylene at 300 K and submitted
isochronal annealings~of 1 mn each!. The FWHM of each fitting
component is given between brackets. The various spectra are
tiplied by coefficients such that their areas, after background s
traction, are equal.
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only 40% of the initial one~Fig. 8!. These data indicate
sizeable but not complete desorption at 610 K in agreem
with the HREELS/AES work.5 Moreover, as the C 1s spec-
tra do not change appreciably, one could infer that the e
tronic structure of the molecule is not affected by the therm
treatment. Also consistent with Ref. 5~where C-C cleavage

FIG. 7. Si 2p photoelectron spectra~gray solid line! and Si
2p3/2 component, after 2p1/2 stripping ~dots!, obtained from a
Si(001)-231 surface previously exposed to 2330 L of ethylene
300 K and submitted to isochronal annealings~of 1 mn each!. Fits
of the Si 2p3/2 spectra are also given~dark solid line!. For C1 and
C2 the Gaussian FWHM is 0.4 and 0.5 eV, respectively.
nt

c-
l

is demonstrated at 650 K! is the observation of a modifica
tion in the C 1s spectra, only after annealings in the tem
perature range 640–670 K: the C 1s peak, while still cen-
tered at 283.9 eV, broadens and its FWHM is now 1.3 eV
value too large to correspond to a single chemical confi
ration.

Annealings to higher temperatures~750–820 K! lead to
the gradual formation of a carbon-carbon compound~the
very broad structure at 283.4 eV! and to that of a carbon
silicon compound, clearly manifested by the appearance
narrow component (FWHM;0.8 eV) at 282.8 eV. The
present thermal treatment, which leads to C incorporation
analogous to that used by Ru¨cker and co-workers4 to produce
pseudomorphic layers of an Si12xCx alloy ~with x up to 0.20!
on Si~001!: according to these authors, the solution cons
in depositing about one monolayer of pure carbon~from a
graphite source!, without coevaporation of silicon,35 and in
heating the substrate at a temperature of;870 K. In a suc-
cessive paper,36 where this thermal process was examined
conventional XPS, they report a C 1s BE of 282.8 eV after
the annealing of 1 ML of carbon at 870 K: on the basis o
C 1s BE theoretical calculation, such an energy positi
would be characteristic of a silicon-carbon alloy~10–20 %
of carbon in silicon!. Consequently, the decrease in C 1s
intensity ~Fig. 8! from 750 K is interpreted in terms of C
atom clustering on the surface on the one hand, and, g
the small C 1s photoelectron escape depth~;3.3 Å!, of C
penetration into the silicon subsurface layers on the ot
hand. The formation of a surface alloy is not completed
820 K as not all the carbon atoms have four silicon neig
bors. @On the other hand, the heating of the C2H4/Si(111)
system to 820–860 K, as shown further on in Sec. III B
led to the formation of an alloy, with almost no carbo
jumble remaining at the surface.#

t

FIG. 8. Upper panel: C 1s photoemission intensity of the
ethylene-saturated Si~001! surface vs annealing temperature. Low
panel: Si 2p components~ODA, C1) vs annealing temperature.
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Both C 1s photoelectron spectra and HREEL spec
seem to indicate that below;650 K, the remaining mol-
ecules have not undergone decomposition. One expects
that after moderate heating, the surface states associat
the Si dimers will reappear. In the Si 2p spectrum~Fig. 7!,
the first annealing step at 560 K leads indeed to the regro
of a structure at the ODA binding energy. It weighs;5% of
the total spectral intensity: about 30% of the amount of i
tial dimers are reformed after the loss of about 40% of
initial C coverage~Fig. 8!. Consequently, molecular desor
tion, with little decomposition, is the dominating process
this annealing temperature. This observation is in go
agreement with STM images13 showing an ethylene-dose
surface after heating, whereintact dimers are restoredand
nondissociatedmolecules still bond to the surface. Nethe
theless, the introduction of a component, denotedC1 , situ-
ated at10.3 eV from the bulk peakB, becomes necessary i
the fitting procedure~the effect on the Si 2p spectrum is
readily seen after the 560 K annealing, as the dip betw
p3/2 andp1/2 is filled in!.

Surprisingly, after the 610 K annealing, the Si 2p spec-
trum has not changed much with respect to that of the p
vious annealing step, although 60% of the initial carbon c
erage is now lost. However, no new Si2 dimers reform. This
is the hint that molecular fragments tie up now with surfa
silicon atoms, or that the silicon surface turns out to be
fective.

From 640 K@a temperature at which C-C bond breaki
and SiH formation is ascertained by HREELS~Ref. 5!#, the
intensity of the ODA line, after the initial increase due to t
560 and 640 K annealing steps, diminishes again. It ne
vanishes after the 670 K annealing step, while peakC1 be-
comes now very intense~Figs. 7 and 8!. The decomposition
products of the molecule passivate now nearly all Si d
gling bonds of the silicon surface. Although peakC1 is situ-
ated in a range of energy where SiHx components are
expected—silicon monohydride and dihydride@observed af-
ter exposure of Si(001)-231 to atomic hydrogen# are found
at 10.25 and10.48 eV from the bulk line37,38—its attribu-
tion to species other than silicon hydrides~or to surface de-
fects! is also possible~see below!.

At 750 K and above, the reformation of Si dimers~Fig. 7!
is thus associated to carbon rearrangement on the surfac
C in-diffusion andvery likely to H desorption. According to
Ref. 7, D2 desorbs from C2D4/Si(001) at;760 K @on the
other hand, in Ref. 5 the SiH mode is intense in the HRE
spectra, still after the annealing of C2H4/Si(001) at 800
K#. H2 is found to desorb from H/Si~001! at two tempera-
tures 680 K~dihydride! and 795 K ~monohydride!.39 We
note that the weight of componentC1—the Si 2p line situ-
ated approximately where monohydrides are expecte
behaves, as a function of temperature, in ‘‘antiphase’’ w
respect to the ODA variation curve~Fig. 8!. The variation of
C1 weight would reflect onlyin part the process of molecu
lar dehydrogenation, silicon hydride formation~peaked at
670 K!, and final H2 desorption. If hydrogen has desorbed
820 K, C1 , which is not nought, must also be due to surfa
species other than H bonded to silicon, or to a surface de
The relatively low intensity of the ODA state after the 820
annealing step~;7% instead of;17% for the clean surface!
might indeed be explained by the fact that ac(434) recon-
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struction, probably disordered and hence unobservable
LEED, begins to form@such a reconstruction appears aft
heating a H~Ref. 40! or C2H4 ~Ref. 41! -exposed surface in
the temperature window 870–970 K#. According to Ref. 40,
the three structures that could account for this reconstruct
namely the missing dimer model, the parallel ad-dim
model, and the mixed ad-dimer model, have a dangling-b
density which is, respectively, 75%, 50%, and 75% of t
231 buckled dimer model density.

The present XPS experiment agrees by and large with
HREELS/AES study of Ref. 5, and contrasts with the TP
AES ~Ref. 7! and TPD works~Ref. 8!, which point to a
complete ethylene desorption upon heating. This cont
needs, however, to be somewhat attenuated. The fact th
maximum in the desorption rate is observed at 590 K in T
experiments agrees well indeed with our observation o
strong decrease in the C 1s core-level intensity after the 610
K annealing step. The essential discrepancy is found w
our XPS data are compared with the AES data of Ref.
which were obtained with the same temperature program
in the TPD experiment. It was found that carbon was un
the Auger detectability limit for temperatures above 600
In reality, the experiments which are confronted here are
strictly equivalent. Linear temperature rampings, with typic
heating rates of 1 K/s, are used in TPD experiments, w
thermal processings in the present XPS study and in
HREELS/AES work~Ref. 5! consist of a 1 mn stay at a
given temperature, followed by cooling. Such a thermal h
tory of the surface—in particular, a prolonged annealing a
temperature below that of the desorption rate maximum
may affect the branching ratio between molecular desorp
and decomposition.

B. Ethylene on Si„111…-737

1. Adsorption at room temperature

With increasing exposures to ethylene~see Table I! at
room temperature, the LEED patterns change from 737 to
731. As in the case of acetylene adsorption,23 this can be
interpreted in terms of a rearrangement of the adatoms
each triangular subunit of the DAS cell, and of a conser
tion of the dimer walls, corner holes, and stacking fault,
order to maintain the 73 periodicity. C 1s XPS spectra
@and C 1s intensity variation with exposure, normalized to
1s intensity reached at saturation for Si(001)-231] are
given Fig. 9. Valence-band and core-level Si 2p spectra are
presented in Figs. 10 and 11, respectively. Finally the fr
tion of unreacted rest atoms~Si 2p core-level surface state!
vs C 1s intensity is reported in Fig. 12.

With increasing exposures, the overall shape of the Cs
spectrum does not change much, nor does the energy p
tion of its centroid. As for the C2H4/Si(001) system, in the
reconstruction procedure of the C 1s XPS spectra@Fig. 9~a!#,
we use a component at low BE~283.3 eV!, which weighs
typically 12–14 % of the total intensity, and an asymmet
main line centered at 284.2 eV. Its FWHM~about 0.96 eV!
is somewhat larger than that of the corresponding compon
observed in the case of the C2H4/Si(001) system. Because o
the similarity between C 1s spectra of ethylene on Si~111!
and Si~001!, we can draw the same conclusions: if the lo
BE C 1s component results from the attachment of molec
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lar fragments, dissociative adsorption is also a minor pa
way on Si(111)-737. The C 1s intensity after the maximum
exposure we made~8100 L! is compared@Fig. 9~b!# to that
obtained for the Si~001! surface after saturation: norma
ized C 1s areas are nearly equal. Consequently, if one
sumes that a monolayer of carbon saturates the Si~001! sur-
face, then about 0.9 ML of carbon are fixed on Si~111! after
an exposure of 8100 L.42 As we shall discuss in more deta
later on, this surprising observation invalidates the rest-at
adatom~RA/AD! bridging model that would lead to a carbo
saturation coverage of only;0.25 ML.

FIG. 9. ~a! C 1s photoelectron spectrum~dots! of the
Si(111)-737 surface exposed to 3240 L of ethylene at 300 K, a
corresponding fit ~solid line! by a Gaussian at 283.25 eV
(FWMH51 eV) and an asymmetric line simulated by a doub
~two Gaussians with a branching ratio of 0.35 and an energy s
ting of 10.61 eV, the main component being at 284.2 eV!. ~b!
Photoemission wide scans of the Si~001! surface~dots! and Si~111!
surface ~solid line! exposed, at 300 K, to 2330 and 8100 L
ethylene, respectively. In the inset, the C 1s region is shown in
more detail@Ahkl is the C 1s peak area of the~hkl!-oriented sur-
face#. ~c! C 1s photoemission intensity vs ethylene dose~L! to
which the Si~111! surface is exposed at 300 K.
-

s-

/

The two surface states of the valence band~Fig. 10!, at-
tributed, respectively, to rest atoms~RA!, at ;0.8 eV, and
adatoms~AD!, at EF ,25 disappear gradually in a concerte
manner. For an exposure of 1440 L these are all ne
quenched. In excellent agreement with Ref. 19, these d
show that the electron occupancy of both types of tricoor
nated Si atoms is affected by chemisorption. Parallel
changes in the valence band, the intensity of the Si 2p line
~Fig. 11!, attributed to the rest atoms43,44—well separated
from the bulk silicon lineB by a BE shift20.75 eV, which
makes its intensity easily measurable by curve fitting
though it represents only 6.2% of the clean surface Sip
spectral intensity45—gradually decreases when more eth
ene is added. On the other hand, the bulk lineplus surface
componentsA1—containing in part the adatoms—andA2 re-
main practically unaffected~shape and energy position! by
the bonding with ethylene.~Only after the 8100 L exposure
does the peak asymmetry towards high BE increase sligh
which is reproduced by a structure at10.85 eV from the
bulk line B.! This is in line with the data obtained on th
C2H4/Si(001) system: shifts related to silicon bond form
tion are very small and remain unobservable with the pres
energy resolution, although charge transfer from the s
strate to the molecule has been clearly evidenced in Ref.

The fact that the electronic structure of RA’s and AD
changes with an increasing exposure to the gas does not
essarily mean that these peculiar surface silicon atoms
vide the only sites to which the molecule can bond. F
exposures greater than or equal to 1440 L, all surface st
are quenched~Fig. 11!. Consequently, saturation should b
attained in the case of ‘‘RA/AD bridge’’ sites@Fig. 1~b!#. In
fact, the adsorption phenomenon proceeds for higher ex
sures@Figs. 9~c! and 12#. Consequently, sites other than th
RA/AD bridge need to be involved in the adsorption proce.
Moreover, with a carbon coverage of;0.9 ML at 8100 L,
the carbon coverage is already;0.5 ML when all RA’s are
quenched~Fig. 12!. This is twice as much as what is ex
pected from the RA/AD bridging model.

We are forced to admit that the RA/AD bridging model
not satisfactory. In fact,~i! the density of available adsorp
tion sites isat least four times larger than the density o
RA/AD bridges;~ii ! LEED points to a severe rearrangeme
of the AD positions. The removal of the AD’s from the

d

t
it-

FIG. 10. Valence-band spectra of the Si(111)-737 surface ex-
posed to increasing doses of ethylene at room tempera
~RA5rest atoms, AD5adatoms).
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11 038 PRB 58FRANÇOIS ROCHETet al.
initial position in theT4 sites can be a solution to the pro
lem. Si dangling-bond pairs~each pair is potentially a site fo
a di-s adsorption! are then produced, having a shorter Si-
distance~3.8 Å instead of 4.5 Å! and a higher surface densit
than those of the RA/AD bridge: for each removed AD, thr
‘‘pedestal’’ atoms~PA!, with one dangling bond each, ar
formed @see Fig. 1~b!#. In all, 42 dangling bonds~DB’s! are
available @6 ~RA!13312 ~PA!542 DB’s# in the DAS
cell: if each of them bonds to a carbon atom, then a cov
age of 42/49 ML~0.85 ML! should be attained, a value clos
to the estimated C coverage at 8100 L.

One can speculate that the molecule would bond to
RA and one PA of a near-neighbor AD~the PA would be

FIG. 11. Si 2p core-level photoemission spectra~gray solid
line! and Si 2p3/2 component, after 2p1/2 stripping ~dots!, obtained
from a Si(111)-737 surface exposed to increasing doses of eth
ene at 300 K. Fits of the Si 2p3/2 spectra are also given~dark solid
line!. The Gaussian FWHM is 0.35, 0.40, 0.5, and 0.55 eV,
components ‘‘RA,’’B, A1 , A2 ~the Lorentzian FWHM is 0.1 eV for
all components!.
i

e

r-

e

l-

r

FIG. 12. Fraction of intact RA vs C 1s intensity, as deduced
from the Si 2p spectra.

FIG. 13. ~a! C 1s photoelectron spectra of a Si~111! surface
previously exposed to 8100 L of ethylene at 300 K and submitte
isochronal annealings~of 1 mn each!. The FWHM of each fitting
component is given between brackets. The various spectra are
tiplied by coefficients such that their areas, after background s
traction, are equal.~b! C 1s photoemission intensity~total and
283.3 eV component! vs annealing temperature.
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fivefold coordinated!. The AD would be destabilized. I
could ‘‘walk’’ away on the surface and finally bond to a ste
but we do not lean towards this solution: although it is tr
that AD’s can move easily back and forth between aT4 site
and a nearby H3 site,46 surface diffusion is unlikely at room
temperature@the critical temperature for AD’s disordering
1130 K on clean Si~111!#. Moreover, in the STM topo-
graphic images,18 reacted AD’s looking dark at a bias o
11.5 V reappear at a bias of12 V, at positions close toT4

sites~high bias voltages may also induce molecular deso
tion and the AD, previously in the metastable position, m
turn back to its original place!. So we propose that the mo
ecule is di-s bonded directly on the rest plane; the adato
are displaced to metastable sites, not too far from their in
position~for example, as subsurface interstitialcies47!. By re-
moving the AD, two new DB’s~a pair of atoms of the res
plane, separated by 3.8 Å! would then be available, makin
an adsorption site for a second molecule. If such a mec
nism is at work, two molecules are chemisorbed when
RA is consumed. We note that this is the rate at which C
fixed at the surface~Fig. 12!, in the first regime of adsorption
where RA’s are still visible. When all RA’s are quenched
coverage of about 0.5 ML of carbon should result. Then
adsorption process could continue with the ‘‘removal’’ of t
remaining AD’s or the involvement of other adsorption site
such as the dimer sites, whose strained bonds could be
ken. Unfortunately, STM images of this surface exposed
very high doses@larger than 600 L~Ref. 18!# have not been
published.

2. Thermal stability of the C2H 4 /Si(111)-737 system

We have followed by C 1s and Si 2p core-level photo-
emission@Figs. 13~a! and 14, respectively# and valence-band
photoemission~Fig. 15! the thermal stability of ethylene o
Si(111)-231 by performing successive isochronal~1 mn!
annealings of a surface previously exposed to 8100 L
ethylene at room temperature. The XPS spectra are reco
at room temperature after each annealing step at 560,
640, 670, 820, and 860 K. The variation of the C coverag
given in Fig. 13~b!.

The LEED patterns show that the 731 reconstruction is
stable up to an annealing temperature of 670 K. After
820 K annealing step, a 131 pattern is observed. Thi
means that the DAS structure is definitely destroyed at
temperature.

From the ambient to a temperature of 610 K, the Cs
photoemission spectra are still fitted with the same asymm
ric main line at about 284.2 eV and the low BE structure
283.3 eV. About 40% of the initial amount of carbon is lo
after the 610 K annealing step@Fig. 13~b!#, but, in contrast to
the Si~001! surface, no surface states reappear in the Sip
core level spectrum~Fig. 14!, nor in the valence-band spec
trum ~not shown!. Instead, a structure at;10.3 eV fromB
increases slightly. This may be attributed in part to the f
mation of silicon hydrides.20 As a matter of fact, the intensity
of the C 1s structure at 283.3 eV~which is attributed to
decomposed ethylene! increases with increasing temperatu
@Fig. 13~b!#: at 640 K, a broad peak~centered at 283.8 eV!
results from the merging of the latter two components. T
is indicative of a molecular decomposition on the surfa
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analogous to what is observed at the same temperature o
Si~001! surface.

Only after the 820 K annealing does the C 1s spectra give
a clear signature of a compound for which C bonds to four
neighbors, as a peak grows at 282.9 eV. A feature comm
to the C2H4/Si(001) system annealed at 820 K, or to that
the C2D2/Si(111) system annealed at 850 K,23 is the growth
of a narrow peak (FWHM50.960.1 eV) at a BE of 282.8
60.1 eV, which, according to Ref. 36, is characteristic o

FIG. 14. Si 2p photoelectron spectra~gray solid line! and Si
2p3/2 component, after 2p1/2 stripping ~dots!, obtained from a
Si(111)-737 surface previously exposed to 8100 L of ethylene
300 K and submitted to isochronal annealings~of 1 mn each!. Fits
of the Si 2p3/2 spectra are also given~dark solid line!. ForS1 andS2

the Gaussian FWHM is 0.4 eV and their spectral weight, after
860 K annealing step, is 18% and 5% of the total intensity, resp
tively.
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11 040 PRB 58FRANÇOIS ROCHETet al.
Si12xCx (x,1) alloy. @In contrast to the C2D2/Si(111) sys-
tem, surface carbon residues at 284.0–283.8 eV are ne
all eliminated in the present case after the 860 K anneali#
Then the C 1s intensity strongly decreases fromT>820 K
@Fig. 13~b!#, simply because C atoms reach subsurface s
and because the C 1s photoelectron escape depth is sma
~The process of C diffusion into the substrate may be alre
incipient at 670 K, given the breadth of the C 1s peak.! Both
Si 2p ~Fig. 14! and valence-band spectra~Fig. 15! show the
appearance of silicon surface states after the 820 K ann
ing, a temperature at which the H atoms resulting from
decomposition of the molecule have desorbed.48

The valence-band spectrum of the ‘‘131’’ surface ~Fig.
15! shows no occupied levels close toEF ~in contrast to the
clean 737 case, where the AD band is partly filled!. On the
other hand, an intense structure is seen at about;0.8 eV, at
the energy position of the clean 737 RA’s, but with a com-
paratively larger intensity. These dangling bonds prese
remarkable chemical reactivity: ethylene chemiso
readily on the ‘‘131’’ surface at room temperature.49 We
correlate the observation of an intense rest-atom-like stat
the valence band to the growth of two core-level surfa
states in the Si 2p spectra~Fig. 14!, peakS2 at ;20.80 eV
from B ~close to the energy position of the clean 737 RA’s!,
and peakS1 found at;20.35 eV fromB, which weigh;5%
and 18% of the overall spectral intensity, respectively. T
present Si 2p core-level and valence-band spectra are re
niscent of those obtained for the laser-annea
Si(111)-‘ ‘131’’ surface,50 which can be viewed as a no
stacking-fault, disordered 232 adatom structure.51 However,
in the present case, the ‘‘131’’ reconstruction is certainly
related to the formation of a surface silicon-carbon alloy w
a high carbon concentration. The examination of Figs. 13~a!
and 13~b! makes reasonable the assumption that, from
640 K annealing step, molecular desorption does not oc
any longer. Surface carbon would then amount to about
ML, before the annealing steps leading to carbon atom p
etration into the substrate. The intensity of the C 1s peak
(I C 1s) after the 860 K annealing step is reduced to ab
one-third of the value reached after the 640 K annealing s
To estimate an average C concentration, we consider,
simplicity, the case that the total amount of carbon~0.5 ML!
which has penetrated into the silicon lattice is distribu

FIG. 15. Valence-band spectrum of Si(111)-‘ ‘1 31’’ ~formed
after the annealing step at 860 K! compared to that of clean
Si(111)-737.
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homogeneously over a layer of thicknessD near the surface
Then I C 1s obeys

I C 1s}l/D@12exp~2D/l!#,

where l is the effective C 1s photoelectron escape dep
~;3.3 Å!. One easily finds that spreading half a monolay
of carbon overD;10 Å reduces the C 1s intensity by a
factor of 1

3 and leads to an average carbon concentration
;8%, a value notably larger than the bulk solubility of C
Si (3.531017 atoms/cm3 at the melting point, see Ref. 5
and references therein!. Rücker et al. ~Ref. 4! have calcu-
lated that pseudomorphic Sin21C (n>5) alloys can form,
with C atoms arranged in positions of third nearest nei
bors. The presence of a large concentration of carbon at
in the surface layers destroys the 737 reconstruction: the
similarities with the electronic structure of the laser-annea
surface point to a bulklike stacking sequence for the surf
double plane.

IV. SUMMARY AND CONCLUSION

In summary, the room-temperature exposure of ethyl
to Si(001)-231 and Si(111)-737 has been reexamined u
ing XPS spectroscopies. Similarities in the final molecu
bonding~di-s bonding is common to both! but strong differ-
ences in the kinetics and microscopic mechanisms~surface
topographies are very dissimilar! are evidenced for these tw
crystal orientations. For both surfaces, the resolution of th
1s XPS spectra is sufficient to distinguish a nondissocia
molecular state~nondissociative chemisorption is by far th
major route! from a dissociated one, which had eluded p
vious vibrational spectroscopic studies. The asymme
shape of the main peak~nondissociated state! may be due to
a vibrational fine structure, although this needs to be c
firmed using deuterated ethylene. Another feature comm
to both surfaces is the absence of a detectable Si 2p core-
level shift due to silicon-carbon bond formation upon roo
temperature adsorption, although empirical rules relating
shifts to Pauling’s electronegativity differences predict
appreciable one.

The comparison of these two systems is useful for at le
one practical reason@i.e., the Si~001! surface can serve as
template to estimate the carbon coverage on Si~111!# and
interesting because of the contrasted role played by the
gling bonds resulting from each type of reconstructio
While the adsorption rate at 300 K is ‘‘slow’’ on
Si(111)-737, the initial adsorption rate is extremely ‘‘fast’
on Si(001)-231, with a sticking coefficient close to 1, a
long as the carbon coverage is less thanuc50.5 ~then ad-
sorption proceeds at a slower pace, but all the adsorp
sites, the Si2 dimers, finally react!. The major difference be-
tween these two orientations concerns the behavior of
surface states ‘‘visible’’ in the valence band and Si 2p spec-
tra with increasing molecular coverage: whereas
Si(001)-231 the quenching of the surface state ‘‘monitors
the adsorption kinetics~through the process of cycloadditio
of CvC to SivSi), on Si(111)-737, molecular adsorption
proceeds even after the complete elimination of the surf
states. This latter observation enters in conflict with t
model of the rest-atom/adatom bridge, which has been en
aged so far as the sole adsorption site for ethylene and ac
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lene on Si(111)-737. Moreover, carbon coverages of abo
one monolayer are estimated for Si(111)-737 exposed to
high doses~;8000 L!. This is four times greater than th
maximum coverage expected from the rest-atom/ada
bridge model. Other adsorption sites must necessarily e
or be created as a consequence of chemisorption. A ‘‘rec
struction’’ of the 737 structure must be envisaged: inde
the LEED patterns become 731, a feature shared by th
adsorption process of otherp hydrocarbons.53 A speculative
but simple solution to this intriguing problem is pro
posed: the adatom could be ‘‘removed’’ from its normalT4
site and could go as an interstitialcy under the plane cont
ing the rest atoms and the pedestal atoms. Its downw
motion would then liberate new dangling-bond pairs for ds
chemisorption.

The thermal stability of Si(001)-231 and Si(111)-737
surfaces both exposed to ethylene, up to a carbon cove
of about one ML, has also been examined. Submitted
similar annealing steps in the temperature range 300–86
both surfaces give similar results, i.e., at about 600 K ab
60% ~40%! of the molecules have desorbed fro
Si(001)-231 @Si(111)-737#, in strong contrast with the
acetylene/Si(111)-737 system23 where desorption is very
limited in this range of temperature. While ‘‘pristine’’ Si2
dimers can show up on Si~001! after thermal desorption o
the molecules, no surface states~rest atoms and adatoms!
reappear in the Si~111! case. Final heatings in the 820–86
K range ~above the H desorption temperature! lead to the
formation of a carbon-rich surface layer@an average carbon
J

fa

,

t

m
ist
n-

n-
rd

ge
to
K,
ut

concentration of;8% is estimated for Si~111!#. On Si~001!,
this is associated to a depressed surface density of dim
related surface states, and although thec(434) reconstruc-
tion is not evidenced by LEED, missing dimers or ad-dime
are expected to form. On Si~111!, the LEED shows that the
73 periodicity is destroyed. The ‘‘131’’ surface reconstruc-
tion corresponds spectroscopically to the appearance of
tenserest-atom-likesurface states, both in valence and cor
level photoemission spectra. The absence of electron s
density close toEF points to a surface reconstruction devo
of adatoms, or alternatively, to the presence of adatoms w
empty dangling bonds, by analogy to the case of the las
annealed Si~111! surface.

To conclude, this study of ethylene adsorbed at room te
perature on Si(001)-231 and Si(111)-737 poses a number
of intriguing problems,~i! at the spectroscopic level~e.g., the
Si 2p core-level shifts due to di-s bonding!, that could ben-
efit largely from new advances in high resolution synchr
tron radiation photoemission and inab initio core-level cal-
culations, and~ii ! at the mechanistic level@e.g., the origin of
the critical coverageuc50.5 on Si~001!, the possible adatom
displacement on Si(111)-737 upon adsorption#, that could
find an answer from further STM studies associated to th
retical calculations. We also believe that the electronic str
ture, the~local! reconstruction, and the chemical reactivity o
the carbon-rich silicon layers, formed on both faces by a
nealing at;870 K after exposure to the gas, are of intere
and need a more thorough study.
y
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