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Adsorption of C2H2 and C2H4 on Si„001…: Core-level photoemission

H. W. Yeom,* S. Y. Baek, J. W. Kim, H. S. Lee, and H. Koh
Atomic-scale Surface Science Research Center and Institute of Physics and Applied Physics, Yonsei University, Seoul 120-749
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The debating issue of Si 2p surface-core-level shifts and C 1s line shape for the Si~001! surface with
unsaturated hydrocarbon molecules (C2H2 and C2H4) adsorbed is reexamined carefully with high-resolution
photoemission. The present data unambiguously show the Si 2p components due to the Si-molecule bonding
on the surface with binding-energy shifts from the bulk Si 2p of 0.2460.02 and 0.1860.01 eV for the C2H2

and C2H4 adsorbates, respectively. This result is consistent with the simple picture of the charge transfer from
Si to the adsorbed hydrocarbon molecules, but is in contrast to some of the recent experimental reports and a
recent theoretical expectation of almost no surface-core-level shifts for both adsorbate systems. The C 1s core
levels are found to consist of two components for both C2H2 and C2H4 adsorbates with binding-energy shifts
of 0.3760.02 and 0.4360.02 eV, respectively. The binding-energy shifts and the relative intensities of these
components are invariant over the whole coverage range up to saturation. This supports the interpretation of the
higher-binding-energy and smaller-intensity components as the C-H vibrational satellite.

DOI: 10.1103/PhysRevB.66.115308 PACS number~s!: 68.35.2p, 79.60.2i, 73.20.2r
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I. INTRODUCTION

Adsorption and self-organization of unsaturated hydroc
bon molecules on Si surfaces attract much recent atten
partly due to its relevance to the Si-based molecular elect
ics and due to its importance in the heteroepitaxial growth
SiC or diamond and carbonization of Si layers. Among va
ous molecular adsorption systems, C2H2 /Si(001) and
C2H4 /Si(001) have played the role of model systems
studying the interaction and reaction of hydrocarbon m
ecules with the Si~001! surface atoms.1–5 However, irrespec-
tive of the great amount of recent effort on these two adso
tion systems, some of the fundamental physical and chem
nature of the adsorption of C2H2 and C2H4 molecules on
Si~001! is not clear yet. Among the present issues under
bate are~i! the determination of the stable local adsorpti
structure of the molecules, especially for C2H2 ,6–10 and ~ii !
the detailed nature of the chemical bonding between the m
ecules and the Si surface dimers.3,11–13 The structure of a
molecular adsorbate bonded on top of each Si surface d
through a di-s bonding has been the most popular struct
model up to recently for both C2H2 and C2H4.3–5 However,
the recent photoelectron holography6 and scanning tunneling
microscope~STM! ~Ref. 10! studies introduced, for the C2H2
adsorption, atetra-s-bonded structurewith molecules lo-
cated between two adjacent Si dimers, and the so-calledend-
bridge structurewith molecules bridging the adjacent en
of neighboring Si dimers, respectively. The recentab initio
calculations showed that the model with a tetra-s bonding
has relatively higher energy than the di-s bonding, but that
the end-bridge structure is energetically favorable.7–10 Such
new structure models indicate that the adsorption structur
C2H2 and C2H4 could be qualitatively different.

The adsorption configuration of the molecules is rat
straightforwardly represented by the C 1s core-level photo-
emission spectra as the number of core-level compon
and their binding energies. As for the C2H2 and C2H4 ad-
sorption on Si~001!, the previous photoemission studies r
0163-1829/2002/66~11!/115308~6!/$20.00 66 1153
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ported a single asymmetric C 1s component13–15 or two
symmetric components,16 for which the origin of the high-
binding-energy structures was not clear at all. This has m
the interpretation of the C 1s line shapes in terms of the
adsorption configuration difficult.

A closely related issue is the surface-core-level sh
~SCLS! of Si 2p—the binding-energy shift of the Si 2p core
level for the surface Si dimers bonded with C2H2 or C2H4
adsorbates from that of the bulk Si atoms.11–15Basically, the
SCLS reflects the charge transfer between the hydroca
molecular adsorbates and the Si surface atoms, which is
fected by the local adsorption structure and the nature of
Si-molecule bonding. While an earlier Si 2p study reported
no discernible SCLS for C2H4 /Si(001),11 Xu et al. assigned
a Si 2p surface component with a SCLS of20.245 eV as
due to the Si-C2H2 bonding.12 A subsequentab initio calcu-
lation of the SCLS’s based on the di-s bonding model indi-
cated only marginal SCLS’s for both C2H2 and C2H4
adsorbates.14 This discrepancy may be interpreted as due
the possible difference of the local bonding structure of
two adsorbate systems mentioned above, that is, the de
tion from the di-s bonding model for C2H2 /Si(001). How-
ever, in further contrast to these studies, a very recent h
resolution Si 2p study15 for C2H4 /Si(001) suggested a
positive SCLS of10.25 eV, but another one13 suggested
20.227 eV and 10.169 eV for C2H2 /Si(001) and
C2H4 /Si(001), respectively. Note that the negative bindin
energy shifts reported is not compatible with the simple p
ture of charge transfer from the Si surface atoms to the
sorbed hydrocarbon molecules.

In the present paper, we report on the reexamination
the C 1s and Si 2p spectra for both C2H2 and C2H4 adsor-
bates on the Si~001! surface. The high-resolution measur
ments performed here unambiguously identify the positive
2p SCLS’s of an order of 0.2 eV for both adsorbate syste
supporting the idea of electron transfer from the Si surfa
dimers to the adsorbed molecules. The analyses of the Cs
spectra indicate the existence of the two symmetric com
©2002 The American Physical Society08-1
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nents for both C2H2 and C2H4 adsorbates in the whole cov
erage range. These components are interpreted as due
the different adsorption configurations but to an intrin
property of the C 1s photoemission of the molecules, i.e., th
C-H vibrational satellites.

II. EXPERIMENTAL ASPECTS

The measurements were performed on a newly built
x-ray beam line (BL-8A1) connected to an undulator at P
hang Accelerator Laboratory in Korea.17 The endstation is
equipped with a high-performance electron-energy analy
~SCIENTA-200, Gamma Data!.18 Before C2H2 or C2H4
doses, well-ordered Si(001)231 surfaces were obtained b
flash heating up to 1200 °C and annealing at 1000 °C.4,5 The
C2H2 or C2H4 exposure to Si(001)231 was carried out by
back filling the chamber at room temperature~RT!.4,5 The
source gases were carefully purified by cycles of freez
and pumping. The spectra were obtained at normal emis
to the surface if not specified. The overall instrumental re
lution was better than 60~250! meV for Si 2p ~C 1s) at a
photon energyhn of 134 ~330! eV.19 For higher-resolution
measurements, the sample was quickly cooled down to 9
after gas doses at RT in order to reduce the thermal bro
ening. The core-level photoemission spectra were then c
fully analyzed by a standard nonlinear least-squares fit
procedure using Voigt functions or asymmetric Doniac
Sunjik functions. In case of Si 2p, spin-orbit doublets are
used with a spin-orbit splitting of 0.605 eV and a 2p1/2/2p3/2
branching ratio of 0.5 and Lorentzian width of 0.085 eV.20,21

III. RESULTS AND DISCUSSION

Figure 1 shows the evolution of the C 1s spectra taken a
a photon energy of 330 eV upon increasing the C2H2 dose
from 0.2 to 20 L. The molecular uptake almost saturates
5–8 L as measured from the variation of the C 1s intensity.
The quasisaturation at 5–8 L is thought to be 0.8–1.0 M
roughly one molecule per 231 unit cell.3,5,13The spectra are
aligned in binding energy by the maximum peak positions
order to compare the line shape in detail. This compens
the apparent energy shifts caused mainly by the adsorp
induced band bending. The band-bending shift~of an order
of 0.2 eV! is discussed later for the Si 2p spectra. For the
low coverage of 0.2 L~0.02–0.03 ML! the band-bending
shift is marginal and the C 1s binding energy is measured t
be 238.70 eV~the main peak, see below!. This binding en-
ergy is consistent to the previous reports.13,16

As also reported, the asymmetry of the raw spectra th
selves is apparent. More details of the line shape can
elucidated by careful curve-fitting analyses. Examples of
optimized curve-fitting results are also shown in Fig. 1
0.2 and 5 L—the dots connected by the solid lines are
raw data and the gray lines are the results of fits. All spe
are fitted excellently and consistently by two symmetric V
ght functions with an energy shift of 0.3760.02 eV. This is
in contrast to the result of Finket al.,13 which claimed that
the spectra cannot properly be fitted by two symmetric co
ponents. Another previous result by Lui and Hamers is si
11530
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lar to the present one but the energy shift between the
components reported is twice larger than the present one~0.8
eV!. The energy shift and the intensity ratio@80/20%~64%!#
of the two components is invariant over the whole covera
range making the line shape unchanged upon increase o
coverage. This fact is important in considering the origin
these two components, which will be discussed further
low.

Similar results for the C2H4 adsorption are shown in Fig
2. In contrast to C2H2 , the sticking rate of molecules is muc
lower and the saturation is obtained only at above 500 L. T
binding energy of the C 1s level is 238.95 eV for the main
peak and the band-bending shift is only 0.05 eV at ma
mum. Similar to C2H2 the line shape of C 1s is independent
of the adsorbate coverage with two symmetric component
the energy shift is 0.4360.02 eV and the intensity ratio is
75/25%~63%!. This result is consistent to the previous r
port although the previous study could not resolve the hi
binding-energy component clearly.14

As the origin of the high-binding-energy components
the C2H2 and C2H4 adsorbates, one can at first think of th
possibility of different adsorbate configurations. However
has been established well that, at least for the C2H4 adsorp-
tion, the molecules have a unique adsorption site of on-
di-s structure.3–5,7 Furthermore, the similarity of the line
shapes for the C2H2 and C2H4 adsorbates and their coverag

FIG. 1. C 1s spectra~dots and solid lines! for the Si~001! sur-
face dosed with C2H2 of 0.2–20 L at RT. All spectra are taken alon
the surface normal~emission angleue of 0°! with a photon energy
hn of 330 eV. The spectra are aligned in energy to compare the
shapes in detail by compensating the band-bending shift, where
main peak position for the 0.2-L spectrum corresponds to 283
eV. Decompositions of the spectra using Voight functions are sho
for 0.2 and 5 L where the gray lines overlaid are the results of
fits. The Lorentzian and Gaussian widths used were 0.12 and 0
0.38 eV, respectively. The energy shift between the componen
0.3760.02 eV.
8-2
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independence strongly suggests that the two component
an intrinsic property of the molecules. This possibility h
already been introduced,13,14 since the C 1s spectra of C2H2
and C2H4 in gas phase were shown to have vibrational lo
structures in the high-binding-energy side.22 The most
prominent and well-resolved vibrational satellite is due to
C-H stretching mode, which is shifted by about 410 meV22

This energy shift and moreover the fractional intensity of t
loss feature is in good agreement with those of the hi
binding-energy components observed presently for the ad
bates. The differences in the vibrational loss energy for
adsorbates from that of the gas molecules are in the orde
20–40 meV, which may reflect the distortion of the mo
ecules in forming the local bonding with the Si surface
oms. Indeed, the electron-energy-loss spectroscopy obse
the vibrational energy of the C-H stretching reduced to ab
370 meV for the C2H2 adsorbates on Si~001!, which is in
good agreement with the present result.23 In case of the C2H2
adsorption, a recent STM study have shown the coexiste
of different adsorption structures for the very initial adso
tion. This study further commented that the end-bridge str
ture becomes more and more popular as the coverage
creases. However, as shown in Fig. 1, we do not observ
sign of such multiple adsorption sites.10 This discrepancy
may suggest that the coexistence of the different adsorp
configurations happens only for the very initial adsorption10

or that the C 1s binding-energy differences between differe
adsorption configurations is too small to be resolved. I
systematic theoretical calculation is available for the Cs
binding energies and the C-H vibrational energies for diff
ent adsorption structures under debates, the present r

FIG. 2. C 1s spectra~only dots! similar to Fig. 1 but for the
C2H4 doses of 0.5–5000 L at RT. The spectra are aligned in ene
to compare the line shapes in detail by compensating the b
bending shift, where the main peak position for the 0.5-L spectr
corresponds to 283.95 eV. Decompositions of the spectra are sh
for 0.5 and 500 L, where the solid lines overlaid are the results
the fits. The Lorentzian and Gaussian widths used were 0.12
0.46–0.50 eV, respectively. The energy shift between the com
nents is 0.4360.02 eV.
11530
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may be used to determine the correct structure models.
Figure 3 shows the evolution of the Si 2p raw spectra

taken at a photon energy of 134 eV upon increasing the C2H2
dose. In the figure, the overall shift of the spectra towa
higher binding energy~;0.2 eV at saturation! is observed,
which is thought to be due to the band bending induced
the adsorption as mentioned above. Together with the ove
shift, the gradual decrease of the lowest-binding-energy p
of the clean surface contribution is noticeable. This com
nent, denoted asSu , represents the up-dimer atoms of buc
led Si dimers on the clean Si~001! surface.20 Thus the de-
crease ofSu straightforwardly indicates the expense of the
dimer sites in bonding with the adsorbate molecules. Anot
distinct change of the Si 2p line shape upon C2H2 adsorption
is the emerging shoulder at about 0.2 eV higher binding
ergy than the main bulk componentB. This spectral feature is
denoted asS and becomes almost a separate peak near
saturation coverage of 2–8 L.

The C2H2-induced featureS is resolved with better clarity
in the spectra taken at 90 K due to the reduced ther
broadening. A few of such spectra are displayed in Fig. 4
the 5-L dose with corresponding decompositions by cur
fitting analysis. At the more bulk-sensitive condition ofhn
5114 eV~a lower kinetic energy and a larger mean free p
of photoelectrons~Refs. 20, 21!, the S component is an ob-
vious shoulder and becomes a separate peak at 134 eV
almost the same intensity asB and even a dominant peak a
145 eV. This behavior clearly indicates that the high
binding-energy featureS is a surface-related component. Th
detailed decompositions of the spectra suggest additiona
minor peaks such asSu , C, and D around the two major
components ofB andS, as indicated in Fig. 4. While theSu
component is apparent as mentioned above, which is du
the unoccupied Si dimers remaining on the surface, the p
ence of other two componentsC andD are not evident from

y
d-

wn
f

nd
o-

FIG. 3. Si 2p spectra~dots and lines! for the Si~001! surface
dosed with C2H2 of 0.2–20 L at RT. All spectra are taken along th
surface normal~emission angleue of 0°! with a photon energyhn
of 134 eV. The gray lines indicate the positions of apparent spec
features.
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only the raw spectra. A hint ofD is provided from the very
weak but extending high-binding-energy tails of the spec
The binding-energy shifts~Gaussian width! of these compo-
nents from B are 0.2460.02 (0.2560.01), 0.4560.05
(0.2560.01), 20.4560.05 (0.2560.01), and20.2560.03
(0.2560.01) eV for S, D, Su , and C, respectively. The
Gausian width of bulk component optimized is 0.21 e
These values are determined by a thorough and system
curve fitting of five different spectra taken at different phot
energies and emission angles.21 An independent fitting of the
lower-resolution RT spectra shown in Fig. 3 at 2–8 L give
consistent result.

Figure 5 shows the Si 2p spectra similar to Fig. 3 but fo
C2H4 adsorption. As mentioned above, the band-bend
shift is only marginal in contrast to C2H2 /Si(001). In further
contrast, no clear spectra feature induced by adsorptio
noticed. One may suspect the appearance of a shoulder
ture at a binding energy higher thanB by ;0.2 eV as denoted
by a dashed line in Fig. 5. The presence of this feature
however, far from being conclusive. A consistent aspect w
the C2H2 case is the gradual decrease of the up-dimer a
componentSu upon increasing the C2H4 coverage. However
the more extensive and higher-resolution measurem
clearly elucidate the presence of an adsorption-induced Sp
component.

As in Fig. 4, the Si 2p spectra of the Si~001! surface
saturated with C2H4 ~2000 L! were measured at 90 K at
couple of different photon energies and emission ang
Some of those spectra are shown in Fig. 6 with correspo

FIG. 4. Decompositions of the high-resolution Si 2p spectra for
the Si~001! surface dosed with 5-L C2H2 at RT, which were taken
with three different photon energies (hn ’s) indicated along the sur
face normal~emission angleue of 0°!. The surface was cooled
down to 90 K after the RT gas dose to reduce the thermal broa
ing. The solid lines overlapping the raw spectra given by the d
~the solid lines at the bottom of each spectrum! are the results
~residues! of the fits. The bulk~B! and surface-related componen
~S, Su , C, andD! are indicated with different hatchings.
11530
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ing decompositions. Athn5114 eV, one can identify a clea
shoulder feature at a higher binding energy thanB, which
becomes a dominating peak at the more surface-sens
condition of hn5145 eV. At 134 eV, this surface-relate
peak and the bulk componentB have comparable intensitie
making the apparent width of the Si 2p spectrum very broad
Qualitatively speaking, this behavior is completely consist
with the case of C2H2 as shown in Fig. 4. The surface com

n-
ts

FIG. 5. Si 2p spectra similar to Fig. 3 but for the C2H4 doses of
0.5–5000 L at RT. The gray lines indicate the positions of appa
spectral features, and the gray dashed lines a weak spectral fe

FIG. 6. Decompositions of the Si 2p spectra similar to Fig. 4
but for the 2000-L C2H4 dose at RT. The surface was cooled dow
to 90 K after the RT gas dose to reduce the thermal broadening.
bulk ~B! and surface-related components~S, Su , andD! are indi-
cated with different hatchings.
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ponent~denoted asS in analogy! is thus naturally assigned a
due to the Si dimer atoms bonded with the molecular ad
bates. The SCLS of this component is accurately determ
as 0.1860.01 eV. The Gaussian widths ofB and S compo-
nents are 0.1860.01 and 0.2260.01 eV, respectively.

As for the C2H2 /Si(001) system, Xuet al.15 and Fink
et al.13 reported contradicting values of the Si 2p SCLS as
20.245 eV and10.227 eV, respectively. Neither of thos
works, however, could resolve the surface component it
clearly. Comparing their spectra with the present ones,
can conclude that such discrepancy is mainly due to the
sufficient spectral resolution of the previous studies, wh
leads to greater arbitrariness in the curve-fitting analys
Although the Finket al.’s report of 10.227 eV SCLS is
qualitatively consistent to the present one of10.24 eV, the
decomposition therein is obviously unreasonable; the b
componentB used in the surface-sensitive spectrum of 7
emission is broader than the whole apparent width of
normal emission one.13 In the case of C2H4 /Si(001), three
different groups performed the Si 2p study: Rochetet al.
claimed no SCLS,14 Casalettoet al. claimed a SCLS of
10.128 eV~Ref. 12!, and Finket al. of 20.169 eV.13 One
can, however, notice that the reported Si 2p raw spectra
themselves are all similar and thus the discrepancy her
also due to the insufficient resolution and a consequen
arbitrariness of the curve fitting. In contrast, the present sp
tra were taken with a better resolution over a full range
different photon energies and emission angles. As show
Figs. 4 and 6, the comparison of the spectral shapes at
ferent measurement conditions clearly elucidates the p
ence of the surface-related features even before any cu
fitting analysis.

The present study indicates that the SCLS’s of both C2H2
and C2H4 adsorbates are positive values and are of an o
of 0.2 eV. Within the first approximation of the initial sta
picture, the electrons of the Si surface dimers are transfe
to the adsorbate molecules when the dimers accommo
the adsorbates. This is fully natural if we consider the el
tronegativity difference of hydrogen, carbon, and silicon
oms. In contrast to the present determination, a recenab
initio calculation of the SCLS’s based on a pseudopoten
scheme suggested that both adsorbate systems have a
no SCLS’s~less than 0.01 eV! in both the initial and the fina
states when the adsorbates adopt the di-s boding on top of
the Si dimers.11 It is, however, not clear whether the discre
ancy between that theory and the present experiment is
to the limitation/artifact of the calculation itself or to th
deviation of the adsorbate structure from the di-s bonding.

Considering the fact that the SCLS of the C2H2 adsor-
bates is obviously larger than C2H4 the tetra-s bonding for
C2H2 ~Ref. 6! is unlikely since the higher Si coordination o
C atoms would lead to smaller charge transfer from each
atoms and thus smaller SCLS values. However, the ne
proposed structure of the end bridge,9,10where the adsorbate
bridging the adjacent ends of neighboring Si dimers,
chemically very similar to the on-top di-s bonding. It leads
to an expectation of a very similar SCLS for both structu
making it difficult to distinguish them by SCLS. If we as
sume the same adsorption structure for C2H2 and C2H4, the
11530
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larger SCLS by C2H2 adsorbates is understood easily fro
the more electron-deficient nature of the C2H2 molecules due
to the fewer C-H bonds than C2H4. However, more detailed
discussion of the charge transfer between the molecules
the Si surface atoms should wait for a conclusive determ
tion of the adsorption structures, especially for C2H2 .

Further quantitative difficulty in the SCLS measureme
is the possibility of the overlap of the surface Si 2p compo-
nent with other unresolved components lying closely. Es
cially there is a possibility that theScomponent is overlaped
with the component due to the second Si layer beneath th
dimers, which has a SCLS of 0.22 eV on the cle
surface.20,21 Such overlap is plausible since thepreservedSi
dimers after adsorption would not bring about a large cha
in the SCLS for the second layers Si atoms.21 Taking this
situation into account probably, Casalettoet al. put the sec-
ond layer component into their curve fitting.12 However, in
that case the fitting cannot be done without an assumptio
the peak positions since the surface~Si atoms bonded with
molecules! and the second layer components are too clo
much closer than the apparent half width at half maximu
In turn, this suggests that theScomponent given in our work
should also be treated as the integrated contribution of
first and second Si layers. Even in this case the above qu
tative discussion of the SCLS would not be affected.24

As mentioned above, the minor componentSu and C in
the above curve fitting are thought to have the same origin
the similar components of the clean surface spectra;20,21Su is
due to the up-dimer atoms of the bare Si dimers but
origin of C observed on the clean surface is still uncerta
However, the higher-binding-energy componentD (SCLS
50.45– 0.48 eV) is not found on the clean surface. We s
pect this as due to the contamination from the residual ga
the source gas, since a very similar feature is frequently
served for the clean Si~001! surface in a few hour unde
ultrahigh vacuum condition after a flash cleaning. The par
dissociation of the adsorbate molecules and the subseq
hydrogen adsorption may also explain this feature since
Si-H and H-Si-H bonds on the dimers are reported to h
SCLS’s of;0.3 and;0.5 eV, respectively.25

IV. SUMMARY

The C 1s and Si 2p core-level line shapes for the Si~001!
surface with unsaturated hydrocarbon molecules (C2H2 and
C2H4) adsorbed are reexamined carefully and systematica
The present high-resolution data unambiguously show th
2p components due to the Si-molecule bonding on the s
face with binding-energy shifts from the bulk Si 2p of 0.24
60.02 and 0.1860.01 eV for the C2H2 and C2H4 adsor-
bates, respectively. This result is consistent with the sim
picture of the electron transfer from Si to the adsorbed
drocarbon molecules. The comparison of the present Sip
data and the previous lower-resolution studies suggest
significant ambiguity can arise in the curve-fitting analys
for the complex core-level spectral line shape especi
when the raw spectrum has no apparent spectral features
is taken with insufficient resolution. On the other hand, the
1s core levels for both C2H2 and C2H4 adsorbates are foun
8-5
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to be very similar consisting of two components wi
binding-energy shifts of 0.3760.02 and 0.4360.02 eV, re-
spectively. The binding-energy shifts and the relative inte
sities of these components are invariant for the whole cov
age range up to saturation. This supports the interpretatio
the higher binding energy and smaller intensity compone
as a satellite structure due to C-H vibrational mode of
molecules.
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