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Core-level spectroscopy of hydrocarbons adsorbed on Si„100…-„2Ã1…: A systematic comparison
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Adsorbate and substrate core-level binding energies for adsorption layers of six unsaturated hydrocarbons
(C2H2 , C2H4 , C3H4 , C4H6 , C6D6 (C6H6), and 1,2-C2H2Cl2) on the Si~100!-~231! surface have been deter-
mined by high-resolution x-ray photoemission spectroscopy; results for the clean and the~231!-H covered
surface have been obtained for comparison. Remarkable differences in the Si 2p and C 1s surface core-level
shifts for the various adsorbates are found, which range from 327 to2169 meV and from 1220 to2260 meV,
respectively. Both initial- and final-state effects are necessary to explain the strong but unsystematic variations
of the observed shifts. Additionally, from a comparison of the C 1s intensities the absolute saturation cover-
ages are determined to be 0.87, 0.84, 1.15, 0.79, 0.36, and 0.44 molecules per unit cell of the clean surface for
C2H2 , C2H4 , C3H4 , C4H6 , C6D6, and 1,2-C2H2Cl2, respectively.
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I. INTRODUCTION

Due to the evolution of semiconductor fabrication and
industrial needs for high-speed and high-temperature se
conductor devices, the material SiC has come into the fo
of research.1,2 As a substrate for SiC growth by chemic
vapor deposition, the flat and stepped Si~100! surface is of
great technological importance. Often the adsorption and
composition of unsaturated hydrocarbon molecules are u
as the initial stages of carbonization of the Si~100! surface.3,4

For the carbonization process unsaturated hydrocarbons
favored because of their higher reactivity at lower tempe
tures compared to saturated molecules; this avoids do
redistribution in the silicon substrate.5 Therefore adsorption
thermal behavior, decomposition, and the electronic struc
of unsaturated small molecules on Si~100! surfaces have
been investigated as model systems. The additional inte
in well-defined interfaces between Si~100! and organic ma-
terial arises from their role in technological areas such
molecular electronics and sensors.

Although many aspects of the adsorption of small hyd
carbon molecules on Si~100! have been quite extensivel
investigated, there is a lack of detailed information on
core-level binding energies,6–8 which would supply informa-
tion on adsorbate-induced charge redistribution in
ground-state and screening changes. While the bare Si~100!
surface has been well investigated in the past with hi
resolution x-ray photoemission spectroscopy~XPS!,9–12

leading to deep insight into the complexity of surface co
level shifts~SCLS’s!, charge transfer, and screening, the
fects of hydrocarbon adsorbates on Si~100! on these aspect
have been little investigated so far. We have therefore inv
tigated six different hydrocarbon adsorbates, C2H2 , C2H4 ,
C3H4 , C4H6 , C6D6, and 1,2-C2H2Cl2, on a Si~100!-~231!
surface under otherwise identical conditions. Since these
sorbates are interesting candidates for structural determ
tion using photoelectron diffraction or holography,13,14 we
used single-domain Si~100! surfaces with an intentional mis
0163-1829/2001/64~4!/045308~9!/$20.00 64 0453
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cut of 5° toward the@011# direction. Here we present a sys
tematical study of the surface Si 2p and the C 1s core-level
shifts by high-resolution XPS using synchrotron radiation

II. EXPERIMENT

The experiments were performed at the SuperES
beamline at ELETTRA, Trieste, Italy. The ultrahigh-vacuu
chamber, with a base pressure of 5310211 mbar, is
equipped with an argon-ion sputter gun, a quadrupole m
spectrometer, a rear-view low-energy electron-diffracti
~LEED! system, and a hemispherical electron analy
~VSW Class150! with 150 mm mean radius and a 16-chann
detector. The Si sample was mounted on a low-tempera
manipulator which has four degrees of freedom, and allow
fast cooldown to 80 K using liquid nitrogen as the coola
The Si~100! sample was P doped~resistivity in the range of
8–12V cm, Virginia Semiconductors! with an intentional
miscut of 5.0°60.5° in the@011# direction. It was mounted
by a multilayer bonding technique via thin platinum and s
ver interlayers on a tantalum plate.15 The sample was heate
by electron bombardment, and the temperature was m
sured with a chromel-alumel thermocouple spot welded
the back of the tantalum plate. The surface was cleaned
repeated cycles of argon-ion sputtering, both at low tempe
tures and at 800 K, with subsequent annealing to 1150 K
slow cooling~22 K/s! to 400 K. XPS showed no contam
nations after several cycles, and the LEED pattern revea
sharp spots indicating a well-ordered single-domain 231
surface. After each experiment the same cleaning proce
was repeated. The hydrocarbon molecules were adsorbe
low temperatures~80–100 K! followed by sample annealing
to 150–200 K in order to desorb multilayers. All exper
ments presented here were performed at saturation cove
of the hydrocarbon adsorbates. During the XPS meas
ments no changes in the spectra were observed, which
cated that there was no measurable light or second
©2001 The American Physical Society08-1
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electron-induced decomposition or desorption of
chemisorbed hydrocarbon molecules.

All photoemission experiments were carried out with
fixed angle of 45° between the hemispherical analyzer
the incident light beam.16 The photoelectrons were detecte
at emission angles of 0°, 70°, and 80° with respect to
surface normal. The light polarization and the plane defin
by light incidence and electron emission were aligned alo
the Si-Si dimer rows. Si 2p and C 1s spectra were measure
with photon energies of 182 and 391 eV, respectively. Us
the Fermi edge of the metal support, an upper limit of 1
meV for the combined experimental resolution can
given.42

For all spectra, the Si 2p core level of the Si bulk com-
ponent was used as an internal energy standard such tha
Si 2p3/2 bulk component was set to 99.20 eV. For the Cs
spectra the Si 2p region was measured directly after the Cs
region without changing the photon energy or experimen
geometry. Using this internal reference energy we can
out different band bendings for the various adsorbate s
tems as being the origin of the core-level shifts observed h
~with an upper limit of 20 meV!, in contrast to earlier
suggestions.17

III. RESULTS AND DISCUSSION

A. C 1s core levels

X-ray photoemission spectra of the C 1s core level for six
hydrocarbon adsorbates (C2H2 , C2H4 , C3H4 , C4H6 , C6H6,
and 1,2-C2H2Cl2) on the Si~100!-~231! surface at saturation
coverage are shown in Fig. 1 for a photon energy of 391
and an electron emission angle of 70° with respect to
surface normal. Figure 1 shows that the C 1s spectra of
C2H2 , C2H4 , C4H6, and C6H6 exhibit only one peak each
while in the spectra of C3H4 and 1,2-C2H2Cl2 two peaks are
discernible. It is also obvious that the energy positions of
C 1s core levels of the different hydrocarbons vary sign
cantly. Since the intensities of the C 1s core level peaks are
normalized to the background on the low-binding-ene
side, the peak areas can be directly compared with e
other. Symmetric Voigt functions are not applicable to fit t
C 1s spectra because of the clear asymmetry of the pe
Even for spectra which show only one peak, e.g., the C2H4
spectrum, more than one symmetric Voigt peak would
necessary to fit the data, and there is no evidence of m
than one component in any of the single-peak spectra,
by a shoulder in the spectra. An attempt to fit the asymme
peaks with two Voigt peaks failed, which can be taken
additional evidence that asymmetric peak shapes are the
choice.

In the case of C2H2 only one asymmetric peak can b
derived from our data, at an energy position of 283.98
and with a full width at half maximum~FWHM! of 0.75 eV,
in contrast to the two symmetric peaks presented in Ref
and 18. However this is no contradiction, because in
earlier work acetylene was adsorbed at a temperature of 1
K, at which acetylene decomposes and forms SiC on
surface. The resulting two C 1s peaks have been interprete
as carbon bound to carbon and carbon bound to silic
04530
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Similarly, after annealing the saturated acetylene layer
1000 K we find two peaks in the C 1s spectra separate
approximately 1.3 eV from each other. In Ref. 7 a main peak
was also observed at 283.9 eV, similar to ours~283.98 eV!.
However, that work found a shoulder at 284.7 eV,43 corre-
sponding to 25% of the total peak area which is absent in
spectra.

For C2H4 a single peak is also observed, located at 284
eV, with a FWHM of 0.70 eV. A clearly asymmetric pea
shape tailing toward the high-energy side can be seen in
1, which may be due to vibrational structure as speculate
Ref. 8. Similarly, an asymmetric main peak was observed
Ref. 8, with a small additional peak approximately 1.1 e
below the main peak which is absent in our spectra. In Re
this additional feature was attributed to a C2H4 decomposi-
tion product. However, as shown, e.g., in Refs. 19 and 20
the absence of coadsorbates no significant decompositio

FIG. 1. C 1s core-level spectra for adsorbate layers
C2H2 , C2H4 , C3H4 , C4H6 , C6H6, and 1,2-C2H2Cl2 on Si~100!-
~231!. The spectra were taken at 391 eV photon energy, and
emission angle of 70° with respect to the surface normal.
8-2



a-
or
su

e
o

h
d
o

ak

th
cu
ul
if

y
d

n
e

an
p

n

e
ra

tio
e

,
te
u

he
e

dr
p
f

nt
g

ut
y is
le
tal-

to-
nd

s
y of
ed

ing
r
he
e-
or

, we
olar
ates
ich
ing

at-
ts

on
we

or-
red
as
ivity
a-

Si

he
n

er
re-

ark

er
sed
ce
an
the

CORE-LEVEL SPECTROSCOPY OF HYDROCARBONS . . . PHYSICAL REVIEW B 64 045308
C2H4 is found which could account for the additional fe
ture. Only when the sample was not well cleaned bef
ethylene adsorption and carbon was still present on the
face, we did observe a small, unspecific shoulder~about 1.2–
1.4 eV below the main peak! on the low-energy side of the
C2H4 C 1s spectrum. In Ref. 7 a single C 1s peak for
C2H4 /Si(100) was also observed at approximately 400 m
lower binding energy than here, with an increased FWHM
0.9 eV ~0.7 eV in our study!.

Similarly to C2H2 and C2H4, only one C 1s peak is ob-
served for adsorbed C4H6 ~FWHM of 0.83 eV!. Although
the width is wider than seen for C2H2 or C2H4 we cannot
separate it into different components. The C 1s core levels of
the four carbon atoms appear to be energetically roug
equivalent, despite their unequal chemical surroundings
to the fact that two carbon atoms form bonds to the silic
substrate and two do not~see Ref. 21!.

As in the case of C4H6 the C 1s core levels of the differ-
ent carbon atoms of adsorbed benzene (sp3 andsp2 hybrid-
ized! are energetically indistinguishable within the pe
width of the experiment (DE,120 meV). C6H6 again
shows a slightly asymmetric peak. In order to investigate
nature of the peak asymmetry, deuterated benzene mole
were used in additional experiments. If the asymmetry wo
stem from unresolved vibrational fine structure, it should d
fer considerably for C6H6 and C6D6 ~C-H stretching vibra-
tions: 375 and 265 meV for C-H and C-D, respectivel!.
However for C6H6 and C6D6 the same asymmetry was foun
~not shown!. This indicates that the asymmetry of the C 1s
peak is not caused by unresolved C-H stretching vibratio
Only for 1,2-C2H2Cl2 were two well-separated peaks in th
C 1s spectra observed. The C 1s spectrum of C3H4 exhibits
a broad structure with a large FWHM of 0.97 eV, which c
be separated into two peaks at 284.49 and 284.90 eV, res
tively.

In the following the saturation coverages of the differe
hydrocarbon adsorbates on the Si~100! surface will be dis-
cussed. To gain an absolute carbon coverage scale we us
property of C2H2 that it decomposes at elevated tempe
tures, liberating approximately all~see below! of its hydro-
gen molecularly into the gas phase.22–25 The amount of hy-
drogen, as determined in quantitative thermal desorp
experiments~shown elsewhere26!, can be compared with th
signal from the well-ordered Si~100!-~231!-H monohydride
phase which corresponds to two H atoms per 231 unit cell
~one H atom per dimer atom!. Additionally there exists a
minor reaction path which leads to molecular C2H2 desorp-
tion. From the changes of the C 1s intensity upon annealing
an estimate of 5% for molecular desorption can be extrac
from our data, as also found earlier by electron-induced A
ger electron spectroscopy.22 Based on these comparisons t
absolute C2H2 coverage is determined to 0.87 molecules p
231 unit cell.

On this basis the saturation coverages of the other hy
carbons can be directly expressed in units of molecules
231 unit cell of the Si~100! substrate. Taking the number o
carbon atoms in the different hydrocarbon molecules i
account, the experimentally determined saturation covera
04530
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are 0.87, 0.84, 1.15, 0.79, 0.36, and 0.44 molecules per 231
unit cell for C2H2 , C2H4 , C3H4 , C4H6 , C6H6, and
1,2-C2H2Cl2, respectively. The absolute accuracy is abo
10% due to the calibration, whereas the relative accurac
better. An additional systematic error which is in princip
always present in any quantitative XPS study from a crys
line sample~at a fixed solid angle! is related to photoelectron
diffraction. Strong diffraction effects are expected for pho
electron kinetic energies in the range up to 500 eV, a
therefore might be important here. For C2H4 on Si~100! it
has been shown that the C 1s modulation function reache
values up to 50% at normal emission, and a kinetic energ
160 eV.13 However, at about 100-eV kinetic energy, as us
in this study, lower values have been found.13,27 Further-
more, since the diffraction is dominated by backscatter
~180° scattering!, with some additional forward focusing fo
the case of an additional atom in the exit direction, t
modulation function is highest for normal emission and d
cays quickly with the polar angle to a value below 10% f
systems like C2H4 on Si~100!.13 Since in all our cases the
carbon atoms are located well above the topmost Si layer
expect the backscattering from Si to be peaked to small p
emission angles. Most of the carbon atoms of the adsorb
investigated here are located close to or in the plane wh
contains both Si-Si dimer atoms. Since we used a graz
photoemission angle of 70° in a planeperpendicularto this
plane~along the dimer row azimuthal direction! the experi-
mental geometry is outside of any backward or forward sc
tering condition. Therefore we expect the diffraction effec
to be below 20%~with a possible exception of C2H2Cl2 due
to the heavier chlorine and its unknown location!. The im-
portant implications of the observed saturation coverages
the adsorption models will be discussed elsewhere, while
focus on SCLS’s here.

B. Si 2p core levels

Si 2p core-level spectra for the same hydrocarbon ads
bates on Si~100! as described above have been measu
under identical conditions. Only the photon energy w
changed to 182 eV in order to enhance the surface sensit
of the outgoing photoelectrons. In the following, data me
sured at polar emission angles of 0°~more bulk-sensitive!
and 70°/80°~surface sensitive! will be discussed.

The bulk- and surface-sensitive measurements of the
2p core levels for the clean Si~100!-~231! surface are pre-
sented in the upper two spectra of Fig. 2. Following t
notation of Landemarket al.9 the components of the clea
Si~100!-~231! surface are denoted by B, S, SS, S8, and C for
bulk, dimer up, dimer down, second layer, and third lay
atoms, respectively. The spectra compare well with the
sults of the pioneering high-resolution study by Landem
et al.9 Taking the fitting parameters of Landemarket al. and
allowing larger Gaussian widths to account for the low
experimental resolution due to the higher photon energy u
in our experiment, we can model our data very well. Sin
we used a 5° vicinal surface, this result indicates that
additional step-related component is not discernible from
data.
8-3



ar

t
in
itiv

nd
sio
he

r-
,
is

et

-

e
-

d a

pa-
e
Al-
ee
re-
of
ro-
t
for

80

Si

of
-
ent

A. FINK et al. PHYSICAL REVIEW B 64 045308
Si 2p spectra of the saturated monohydride layer
shown in the lower part of Fig. 2. A bulk component (B), a
surface component (Su), and a second layer component (S8)
can be distinguished in the spectra. Note that a componenS8
~second-layer Si atoms! must be added in order to mainta
constant peak positions in the bulk- and surface-sens
spectra. A hydrogen-induced SCLS of1273 meV is derived
which compares well with the shift of1260 meV reported
earlier.28 The spectra for Si~100!-~231!-H in Fig. 2 demon-
strate nicely how the different intensities of the bulk a
surface components for normal and grazing photoemis
help to determine the SCLS’s. This will be important for t
other adsorbate systems.

The Si 2p spectra for the different hydrocarbon adso
bates at saturation coverage are shown in Figs. 3 and 4
gether with a deconvolution into different doublets. For th
purpose the Si 2p spectra have been fitted by three symm

FIG. 2. Si 2p core-level spectra for the clean 5° vicinal Si~100!-
~231! surface and the well-ordered Si~100!-~231!-H monohydride
layer at 182-eV photon energy and emission angles of 70° or
and 0°. The bulk position of the Si 2p3/2 core level is marked with
a dotted line. A fit into different components of spin-orbit-split
2p doublets is indicated by lines~see text!.
04530
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ric Voigt doublets~for the surface component, the bulk com
ponent, and a weak third component! with equal widths
within each doublet. We have used thesameconstraints for
fitting all Si 2p XPS data ofall hydrocarbon adsorbates. Th
spin-orbit splitting of the Si 2p doublets was iteratively de
termined in order to match bestall Si 2p bulk and surface-
sensitive spectra to 60265 meV, which is compatible with
Ref. 9. In the same way a Lorentzian width of 85 meV an
branching ratio of Si 2p3/2:Si 2p1/251.75:1 were derived.
The Gaussian width was fitted for each single peak se
rately, but constantly within a single doublet. A steplik
function was used to model the secondary background.
ternative fits using two asymmetric Voigt doublets or thr
asymmetric Voigt doublets have been tested, but did not
sult in better fits. Some deficiencies of the fits in the tails
the peaks were found which show that the used fitting p
files cannot describe the data inall details, and that a sligh
reduction in the Lorentzian width could be compensated
by an increase of the Gaussian width and vice versa.

°,

FIG. 3. Si 2p core-level spectra for saturation coverages
C2H2 , C2H4, and C4H6 on Si~100!-~231! measured at 182 eV pho
ton energy and emission angles of 70° and 0°. Fits into differ
components of spin-orbit-split doublets are indicated by lines.
8-4
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For the saturated C2H2 layer the comparison of the spe
tra for different emission angles which are presented in F
3 allows one to identify a bulk component and a surfa
component. Both components seem to be rather broad.
that two different surface components close to each o
cannot be ruled out, but would explain the increased wid
We find a positive SCLS of1227 meV which is attributed to
the first-layer dimer atoms. The observation of a posit
shift is in disagreement with a recent interpretation of Sip
spectra for the same system.17 Although their spectra are
rather similar to ours, Xuet al. presented a different inter
pretation with a surface component at2239 meV.17 This
difference is most likely related to their assumption of a sh
of the core-level spectra due to band bending~about 200
meV!. This shift is the major difference in the otherwis
rather similar spectra. However, on the basis of the dir
comparison of spectra at normal and grazing emission sh
in Fig. 3, we can rule out any significant component with
negative core-level shift. This example shows clearly tha
the absence of distinct signatures in the raw data, additio

FIG. 4. Si 2p core-level spectra for saturation coverage
C6D6 , C3H4, and 1,2-C2H2Cl2 on Si~100!-~231! measured at 182
eV photon energy and emission angles of 70° and 0°.
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information~here the rigid position of the bulk component
the normal emission spectrum! is required to safely distin-
guish several components.

For the saturated C2H4 layer the Si 2p raw spectra, as
presented in Fig. 3, reveal a broad doublet. However, fr
the comparison of surface- versus bulk-sensitive spectra
existence of two doublets follows. The second compon
partially fills the valley between the 2p1/2 and 2p3/2 bulk
peaks in the surface-sensitive spectrum. The surface
level is shifted by2169 meV to lower binding energies
Note that in a previous work on C2H4 /Si(100)8 no resolv-
able adsorbate-induced core-level shift was found in th
normal-emission spectra. Again the comparison of norm
and grazing emission spectra enables the determinatio
the SCLS.

The surface-sensitive Si 2p spectrum for C4H6, as pre-
sented in Fig. 3, resolves two doublets which can be att
uted to the bulk and a1327 meV shifted surface componen
The poor agreement of the fit with the raw data on the lo
binding-energy side at approximately 98.8 eV may be due
intensity from unreacted Si-Si dimers because the satura
coverage is lower than unity.

The Si 2p surface-sensitive spectrum for the benzen
saturated Si~100! surface shows a broad, rather featurele
structure~Fig. 4!. With additional information from the bulk-
sensitive data, the main features in the spectra can be
scribed by two doublets with a surface component shifted
1315 meV to higher binding energies. It is known that be
zene adsorbs on every second Si-Si dimer by the forma
of two Si-C s bonds.29 However, not much is known abou
the structures of the Si-Si dimers in between. Most like
they will buckle as on the clean surface which would lead
charge transfer and correspondingly to two shifted surf
components similar to the clean surface (S andSSin Fig. 2!.
One of them~dimer up atomS) might explain the intensity a
98.8 eV ~98.7 eV on the clean surface!; the second is ex-
pected close to the bulk position, and would contribute to
bulk doublet here. The origin of the third component arou
100.5 eV will be discussed below.

For the saturated C3H4 layer ~Fig. 4! we find broad Si 2p
spectra in the surface-sensitive geometry which can be
convoluted into a dominating surface component (Su) and a
bulk component. The rather broad surface component m
be the result of several surface components which are
resolved here, but are expected based on the details of t
1s spectrum.

The chlorinated ethylene 1,2-C2H2Cl2 possesses a broa
surface-sensitive Si 2p spectrum, as presented in Fig. 4. Th
SCLS of 1296 meV is remarkably different from the un
chlorinated ethylene C2H4 ~Fig. 3!. The strong intensity of
the bulk component in the grazing-emission spectrum co
indicate a second surface component close to the bulk c
ponent.

In some of the Si 2p spectra for the individual adsorbat
systems intensity at higher binding energies is visible wh
we modeled by a weak third doublet~at 1.01–1.25 eV for the
various systems!. Its intensity relative to the bulk componen
increases with increasing surface sensitivity of the meas
ment. Thus it is related to the silicon surface. A second

f

8-5
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sorbate species, which could be related to the adsorptio
the DB steps of the vicinal surface, is unlikely due to th
relatively large SCLS’s. Moreover the intensity of this com
ponent relative to the surface component varies by a facto
7 within the different hydrocarbon systems, while the nu
ber of adsorption sites at the steps remains constant. We
also rule out a surface contamination, as, e.g., dissociati
adsorbed water which causes a Si 2p SCLS of 1.1 eV,30

since it is not found on the most reactive, clean surfa
Furthermore the SCLS varies for the different hydrocarb
systems, which would be unlikely for a common contamin
tion. Also the intensities vary significantly for the differe
hydrocarbon adsorbates, even exceeding the numbe
available adsorption sites in the case of C2H2. Therefore, we
attribute this weak component to a shake-up satellite of
hydrocarbon modified surface.

C. Relative core-level shifts

For an attempt at understanding the sequence of the c
level shifts, a few points should be kept in mind. Concep
ally core-level shifts contain initial-state effects~adsorbate-
induced charge redistribution in the ground state! and final-
state effects~change of screening of the core hole!.31 An
initial-state effect can be caused by the chemical envir
ment of the particular atom from which the detected pho
electron originates. Different chemical environments can
given by different numbers of neighboring atoms, or t
chemical environment can be altered if neighboring ato
are substituted by species with different electronegativ
e.g., in the case of C2H4 versus 1,2-C2H2Cl2. In general
chemical shifts can lead to higher or lower binding energ
of the observed photoelectron. Final-state effects contrib
ing to the observed core-level shifts stem from changes
the relaxation of the core-ionized system due to differen
in the effective screening of the core hole. Screening
stem from a polarization of the surroundings by core h
creation or by dynamic charge transfer from a neighbor
atom. Since an initial-state change of the ground-state ch
distribution will also change the possible relaxation p
cesses, there is a coupling between both contributions wh
separation is only possible in model calculations. Nevert
less we attempt a qualitative discussion in these terms.

We will start with a comparison of the C 1s core-level
energies for the adsorbed molecules with those of the co
sponding hydrocarbon molecule in the gas phase. The Cs
ionization potentials~binding energies referenced to th
vacuum level! for C2H2 , C2H4 , C4H6 , C3H4 (sp),
C3H4 (sp3), C6H6 , CH4, C2H6, and C3H8 in the gas phase
have been determined in different studies to 291.2,32 290.8,33

290.4,34 290.7,35 291.3,35 290.4,32 290.83,36 290.71,36 and
290.57 eV,36 respectively. The ionization potentials~shifted
by 26.59 eV for convenient line-up and ease of comparis!
are compared with the C 1s core levels of the adsorbat
systems in Fig. 5. Our estimated experimental error for
adsorbate C 1s binding energies is approximately620 meV,
while the error for the gas phase energies varies fr
20 meV for, e.g., CH4,36 to 700 meV for C6H6.32 Comparing
the gas-phase ionization potentials of C2H6 , C2H4, and
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C2H2 one finds an up shift of the binding energy with th
decrease of the hybridization fromsp3 via sp2 to sp. Com-
paring the saturated alkanes, CH4, C2H6, and C3H8, a down
shift with the alkane length is observed which is most like
due to increased screening.36 A combination of these two
effects may be responsible for the C 1s energies of C6H6 and
C4H6. However, such simple rules can also fail as seen
the different C atoms of C3H4, which aresp andsp3 hybrid-
ized. Here thesp-hybridized atom has the lower bindin
energy. For the adsorbed molecules no analogous rules
be found; e.g., for C2H2 and C2H4, the observed sequence
reversed compared to the gas phase. A direct compariso
the C 1s binding energies of the hydrocarbon molecules
the gas phase and upon adsorption as shown in Fig. 5,
not show any systematic correlation between the gas ph
and adsorbed phase. The chemical and the relaxation s
for the C 1s level are clearly changed differently upo
chemisorption on the Si surface, although adsorption mi
be quite similar~di-s bonding! for all adsorbates.

All core-level shift data are summarized in Table I, a
Fig. 6 graphically shows the various Si 2p SCLS’s. The
SCLS’s for the clean Si~100! surface,2488 and162 meV,
are directly related to the charge redistribution from t
dimer-down to the dimer-up atom of the asymmetric Si
dimer.9 Calculations by Pehlke and Scheffler have sho
that relaxation effects play a crucial role for the understa
ing of the relative SCLS’s, in addition to the static initia
state shifts.11 All adsorbates discussed here lift the up-dow
splitting of the clean surface and lead to symmetric dime
For part of the systems this is known directly; for the oth
parts it is suggested by spectroscopic information includ
the SCLS values reported here. If one wants to consider
influence of the adsorbate on the SCLS, then the poin
reference should really be the hypothetical clean surface w
symmetric dimers. Taking simply the mean value of t
‘‘up’’ and ‘‘down’’ values of the clean surface as referenc

FIG. 5. C 1s binding energies of various hydrocarbon molecu
in the gas phase and adsorbed on Si~100!-~231!. The gas-phase
values are taken from Refs. 32–36 and 41 and have been shifte
26.59 eV for convenient comparison.
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TABLE I. Positions of the C 1s and Si 2p3/2 surface core levels for the clean and~231!-H terminated
Si~100! surfaces, as well as for the saturation coverages of six different organic molecules. The thi
fourth columns display the Si 2p surface core-level shifts with respect to the Si bulk, and to a hypothe
unbuckled Si~100! surface~SCLS and SCLS†; see the text!, and the sixth the C 1s shift relative to 284.20 eV
~C 1s bulk!. The last column lists the experimentally determined saturation coverages in units of mol
per Si-Si dimer.

Adsorbate Si 2p3/2 @eV# SCLS ~meV! SCLS† ~meV! C 1s ~eV! CLS ~meV! Qsat.

none 98.712/99.262 2488/62 2275/1275 - - -
H2 99.473 273 486 - - -
C2H2 99.427 227 440 283.98 2220 0.87
C2H4 99.031 2169 44 284.21 10 0.84
C3H4 99.503 303 516 284.49/284.90 290/700 1.1
C4H6 99.527 327 540 284.45 250 0.79
C6D6 99.515 315 528 284.52 320 0.36
C2H2Cl2 99.496 296 509 283.94/285.42 2260/1220 0.44
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is certainly too simple,11 but should be better than any oth
choice. Therefore, in Table I, in addition to the difference
the bulk value~SCLS!, we also show the difference from th
mean value (SCLS†). The different reference point resul
simply in a constant offset~2213 meV! of the SCLS.

Adsorption of hydrogen does lift the up-down asymme
of the dimers and the charge redistribution connected to i
corroborated by the single SCLS component found here
shift relative to the mean of the clean surface atoms, SC
of 1486 meV, is very large and positive. This might b
counterintuitive, since it is contrary to what would be e
pected from the assumption that hydrogen-terminated
should be similar to bulk Si because of the small electro
gativity difference between Si and H. The binding ener
should then be close to the bulk value, not 273 meV hig
as found. However, this can be understood by realizing
H atoms contribute much less screening charge to a hol
Si than the bulk Si surrounding. We believe that this is
main reason for the increase relative to the bulk. There m

FIG. 6. Surface core-level shifts derived from data shown
Figs. 2, 3, and 4 for different hydrocarbon adsorbates on Si~100!-
~231!. The Si 2p3/2 core-level bulk value is set to zero.
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also be an influence of the dimer geometry which is differ
from the bulk geometry. This is suggested by the fact that
Si~111!-~131!-H—which does not contain dimers—th
SCLS is smaller by approximately 80 meV.37 In comparison
with the clean surface, H atoms also remove the occup
and unoccupied surface states~dangling-bond states! which
are located close to the Fermi energy and contribute to
additional screening for the clean surface. This supports
view that the SCLS for Si~100!-~231!-H relative to the mean
of the clean surface atoms,1486 meV, is largely due to the
final-state screening. Such strong screening effects, shift
up to 500 meV, have been calculated for the clean Si~100!
surface.11

Looking at the sequence of the Si 2p binding energies of
the various adsorbates, it becomes obvious that m
systems—including hydrogen, but excluding ethylene wh
will be discussed separately—are quite similar: the SCL
relative to the mean clean surface value are between 440
540 meV. Also, most values~with the exception of acety-
lene! are more positive than that for hydrogen, although o
would expect that the larger molecules contribute m
screening charge. Besides different screenings, we ex
variations of the chemical shifts; however, in view of th
similar electronegativities of C, H, and Si~Pauling electrone-
gativities of 2.55, 2.20, and 1.90, respectively,38! these
should be small.

There is the striking exception of ethylene, for which
much lower value is found. This is clearest relative to ace
lene, which differs only by two H atoms: the difference
almost 400 meV. The sign suggests that there is an additi
screening effect for the case of ethylene. Indeed there is
important structural difference between the saturated lay
of ethylene and the other hydrocarbons. For the former,
existence of a one-dimensional electronic band structure
been shown,39 which might also contribute to an enhance
screening, because it eases lateral charge redistribution.

As we have discussed above, the adsorbate C 1s binding
energies have no simple correlation to the gas phase bin
energies. Therefore the Si-C bonding to the surface seem
play an important role. A comparison of the sequence of
8-7
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C 1s and Si 2p core-level shifts might indicate similar o
opposite trends. As a first attempt of a comparison of Sip
and C 1s shifts, one could assume that adsorbate-indu
relaxation shifts should go in the same direction for bo
core levels, while chemical shifts might go in either dire
tion. Thus a reordering of the sequences should indic
chemical differences. For the C 1s shifts we find the se-
quence ~with decreasing binding energy!: 1,2-C2H2Cl2 ,
C3H4 , C6H6 , C3H4 , C4H6 , C2H4 , C2H2, and 1,2-C2H2Cl2
~see Fig. 5 and Table I!. For the Si 2p shifts the sequence i
C4H6 , C6D6 , C3H4, and 1,2-C2H2Cl2 , H, C2H2 , C2H4
~see Fig. 6!. The comparison of both sequences shows th
simple systematic behavior cannot be deduced.

In the following we will discuss aspects of individual sy
tems in more detail. The negative Si 2p SCLS for C2H4 was
already discussed on the basis of enhanced screening d
the known one-dimensional band structure. However,
enhanced screening seems to be much weaker for the Cs
hole, since the lowest C 1s energies are found for C2H2 and
not for ethylene~110 versus2220 meV for C2H4 and C2H2,
respectively!, which is the reverse sequence to that expec
from the gas-phase data. Note that differences in the e
tronegativities of C2H4 and C2H2 are too small to accoun
for an additional chemical shift.

In the 1,2-C2H2Cl2 molecule one hydrogen atom of eac
carbon atom is substituted with a chlorine atom which ha
much larger electronegativity. Assuming for the moment t
1,2-C2H2Cl2 adsorbs via di-s bond formation to a Si-Si
dimer as in the case of C2H4, the chlorine atom polarizes th
C-Cl bond reducing the charge density at the carbon at
Thus the available screening charge at the carbon atom
reduced in the 1,2-C2H2Cl2 molecule compared to C2H4,
and therefore screening may be less effective in the cas
1,2-C2H2Cl2. This, as well as strong modifications of th
initial state, explains the large C 1s shift of 1.22 eV which is
expected for carbon bonded to a chlorine atom. F
1,2-C2H2Cl2 a Si 2p SCLS of 1296 meV in the opposite
direction than that for C2H4 is observed. If the available
screening charge is dragged away from the carbon by
chlorine in the 1,2-C2H2Cl2 molecule, this is also true in
second order for the silicon atom of the dimer. The obser
sequence of the Si 2p core-level shifts for C2H4 and
1,2-C2H2Cl2 is compatible with this model. However, th
appearance of a weak second C 1s peak and the possibility
of a second Si 2p surface component indicate a more com
plicated adsorption for 1,2-C2H2Cl2 than for C2H2.

The difference in the Si 2p and C 1s core levels of C2H2
and C3H4 is astonishing since these two molecules are v
similar. In the case of C3H4 just one hydrogen atom of C2H2
is substituted for by a CH3 group. An argument that the
polarizability of the additional CH3 group adds to the screen
ing goes in the opposite direction from what is observ
experimentally, since the Si 2p and C 1s shifts are higher for
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C3H4. If one alternatively assumes a different C to Si cha
transfer for the adsorbate systems in the initial state, shift
opposite sign are expected for Si 2p and C 1s. This is again
not observed.

Another important difference of the various hydrocarb
adsorbates is the role of thep bonds. While C2H4 is totally
saturated after adsorption~no p bonds are left!, there is one
remainingp bond in C2H2 , C3H4, and C4H6 and there are
two remainingp bonds in C6H6. However, comparing the
polarizabilities of organic molecules in the gas phase,
finds only a small additional polarizability due to thep
bonds; e.g., C2H4 and C2H6 have polarizabilities of 4.2 and
4.5 Å3, and C6H6 and C6H12 exhibit values of 10.4 and
11.0 Å3.40 Instead, the polarizability scales approximate
with the number of C and H atoms. One would predict t
sequence C2H2, C2H4 , C3H4 , C4H6 , C6H6 for increasing
core-level shifts. However this model does not fit to the o
served core-level shifts to either the Si 2p SCLS’s or to the
C 1s core-level shifts. Clearly, simple rules,7 stating that
unsaturated bonds typically have binding energies highe
0.7–0.8 eV than their saturated counterparts or that car
atoms bonded directly to silicon have binding energies 0
0.8 eV lower in energy, donot hold for the hydrocarbon
adsorbates discussed here.

IV. SUMMARY

In the present work we have investigated the core ioni
tion spectra in the region of the C 1s and the Si 2p core
levels for six different hydrocarbon molecules on a vicin
single-domain Si~100!-~231! surface. From high-resolution
XPS data the C 1s core level shift, and the Si 2p surface
core level shift, as well as the absolute saturation covera
have been determined for C2H2 , C2H4 , C3H4 , C4H6 ,
C6H6 , 1,2-C2H2Cl2, and H, respectively. For the core-lev
shifts it is not possible to explain the observed sequence w
simple models on the basis of domination of either initial-
final-state effects. It seems that the experimentally obser
shifts are the results of quite complicated competitions a
correlations between the discussed effects. Clearly, theo
cal investigations, such as have been successfully applie
the clean Si~100!-~231! surface, are needed to understa
the details of the core-level shifts. Such an understand
could in turn lead to an improved description of the energ
ics and dynamics of charge redistribution by bonding a
excitation of these species.
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