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We have investigated adsorption of acetic acid on Si�100�-2�1 at room temperature using high-resolution
photoemission spectroscopy and near edge x-ray adsorption fine structure �NEXAFS� measurements in the
partial electron yield mode. At room temperature, an acetic-acid molecule is found to chemisorb on
Si�100�-2�1 surface through the formation of the OuH dissociation structure. NEXAFS was conducted to
characterize the adsorption geometry of acetic acid on Si�100�. The �* orbital of the CvO bond shows a good
angle dependence in carbon K-edge NEXAFS spectra, and we estimate the adsorption angle between chemi-
sorbed acetic acid of CvO bond and the Si�100� surface normal as �41° �2° using an analytical solution of
NEXAFS intensity.
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Adsorption of organic molecules on group semiconductor
surfaces have attracted growing interest because of their sci-
entific and technological importance.1–5 Their potential ap-
plications are microelectronics, sensor design, and electro-
chemistry. The interaction of small organic molecules with
silicon surfaces has been employed for understanding reac-
tion mechanisms in organic functionalization of semiconduc-
tors. Especially, the Si�100� surface is a particularly impor-
tant semiconductor because of its potential future device
applications in molecular devices.6 Recently, there have been
a number of theoretical7,8 and experimental9–13 studies on the
adsorption of a carboxyl �uCOOH� group molecules on
Si�100� using x-ray photoelectron spectroscopy, low-energy
electron diffraction �LEED�, near edge x-ray adsorption
spectroscopy �NEXAFS�, and high-resolution electron en-
ergy loss spectroscopy. Kim and Cho performed a theoretical
study7 for the adsorption of acetic-acid molecule, one of the
simplest organic molecules containing a carboxyl group, on
Si�100�-2�1 surface using first principles density-functional
calculations within the generalized gradient approximation.
They show that there are two different reaction pathways
forming the OuH dissociative and di-� configurations. The
attraction of the lone pair of the hydroxyl O to the down Si
atom proceeds to the dissociation of the OuH bond, result-
ing in the formation of the dissociative configuration. The di-
� configuration is formed via a precursor, where the carbonyl
O is attracted to the down Si atom. Although the former
configuration is energetically favored over the latter one, its
calculated energy profiles along the two reaction pathways
reveal that formation of the two chemisorption configura-
tions are almost equally feasible via their precursor states
because of their shallow energy barriers. However, at room
temperature, CH3COOH desorption from the di-� configu-
ration can be easily activated, while that from the OuH
dissociative configuration cannot. Thus, they expect that at
room temperature, adsorbed CH3COOH molecules on
Si�100� mostly occupy the dissociative configuration, similar
to other carboxylic acids on Si�100�. In this paper, we focus
on identifying chemisorption geometry and bonding reaction

of adsorbed acetic-acid molecules on Si�100� surfaces by
photoemission spectroscopy �PES� and NEXAFS using syn-
chrotron radiation at room temperature. PES provides infor-
mation on the chemical shift of the Si 2p, C 1s, and O 1s
core levels. NEXAFS was used to characterize the unoccu-
pied molecular orbital states and the adsorption geometry of
acetic acid on Si�100�. Our experimental results show that
the adsorbed acetic-acid molecules on Si�100� surfaces have
the OuH dissociation structure and the average tilting angle
between the double bond and the Si�100�-2�1 surface nor-
mal of �41° �2°. This study provides a good example for
the reaction between the Si substrate and the simplest car-
boxyl containing molecules with two identical functional
groups.

B-doped Si�100� wafer with a resistivity of 9–12 � cm
and the dimension of 14�4�0.5 mm3 was used. The
sample was degassed at 900 K for 12 h using direct resistive
heating, and it was cleaned by the iteration of flashing for
2–3 s at 1500 K. During the cleaning process, the base pres-
sure of the experimental chamber was kept below
�5�10−10 Torr. The surface cleanness and crystallographic
ordering of Si�100�-2�1 were verified by photoemission
spectra and LEED. Acetic acid �99.8%, Aldrich� was purified
by freeze-pump-thaw cycles prior to use. Dosing was
accomplished by backfilling through a variable leak
valve without ion gauge sensitivity calibration. The saturated
acetic-acid surface was obtained by dosing at 2 L
�1 L=1�10−6 s Torr�. The photon was incident on the sur-
face at 20° with respect to the surface normal. The experi-
ments have been performed at the 2B1 beamline14 of the
Pohang Light Source �PLS�.15 The Si 2p core level spectra
have been taken with photon energy of 130 eV with a total
resolution of 200 meV. The C 1s and O 1s spectra have been
obtained with photon energies of 330 and 650 eV with spec-
tral resolutions of 350 and 500 meV, respectively. The bind-
ing energy and the spectral resolution have been determined
by measuring the Au 4f7/2 core level and the Fermi level of
sputtered Au film. The NEXAFS spectra have been measured
in the partial electron yield detection mode by recording
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sample currents normalized to the signal acquired simulta-
neously with the gold mesh current in UHV. The carbon
K-edge spectra have been measured in the photon energy
region of 280–320 eV, with −210 V retarding voltage and
2.2 kV accelerating voltage. These conditions could provide
the clear NEXAFS spectra that contain the structural infor-
mation of the top few layers of the multilayer films by con-
sidering the probing depth less than 20 Å. The photon had a
degree of polarization of about 85% and the incident photon
energy resolution of 350 meV near the carbon K-edge re-
gion. All measurements were performed at room tempera-
ture. PES measurements have been employed to investigate
the chemical states and the adsorption behavior of acetic acid
on Si�100�-2�1.

Figure 1 shows surface sensitive Si 2p core level spectra
of the clean and 2 L acetic acid dosed Si�100� surface at
300 K. At the 2 L exposure, the surface was saturated with
the acetic-acid species. The photon energy was set at 130 eV.
The spectral change of Si 2p can be seen more clearly
through a proper curve-fitting procedure with spin-orbit split
Voigt functions for quantitative analyses.16 The clean surface
spectrum �Fig 2�a�� has the characteristic shape associated
with the Si 2p core level, which has been fitted with one bulk
and four surface related components.13,17 The major surface
components for the up-dimer atoms �Su� and for the second
Si layer are observed with the core-level shifts of

−0.57�0.02 and 0.17�0.02 eV from the bulk component
B. The branching ratio and spin-orbital splitting are set to 0.5
and 0.6 eV, respectively. Using the Lorentzian width of
85 meV, the optimized Gaussian width value for the bulk
�surface� component is 270 �240� meV. Following the dos-
ing of acetic acid, the core level has been most consistently
fitted by two chemically shifted components at binding en-
ergies of 0.37 and 0.96 eV with respect to the bulk peak,
with the surface core-level shifted components completely
attenuated. The core-level shift of the 0.37 and 0.96 eV com-
ponents has been assigned to the surface Si atoms bonded
with the H atoms and the O atoms of adsorbed acetic-acid
molecules.13,18–20 Figure 1�b� shows the Si 2p spectra at the
take-off angle of 0° with a decreased surface sensitivity.
SiuH and SiuO intensities decreased with the bulk
peak. We suggest that acetic acid is chemisorbed on
Si�100�-2�1 surface through the cleavage of OuH, form-
ing a SiuO linkage between the substrate silicon dimer and
oxygen atom of the acetic acid.

Figure 2 shows the C 1s and O 1s spectra of 2 L dosing
acetic acid on Si�100� at 300 K. We notice that the C 1s
spectrum �Fig. 2�a�� has two peaks of similar intensity, and a
weak, low-binding energy component �284.2 eV�. When fit-
ting this peak, we find that this procedure gives two peaks
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FIG. 1. �Color online� Si 2p spectra of 2 L acetic acid on
Si�100�-2�1. �a� Clean Si at 60° take-off angle, �b� acetic acid on
Si at 0° take-off angle, and �c� acetic acid on Si at 60° take-off
angle. The prominent surface components for the up-dimer atoms
�yellow� and for the second Si layer �green� in �a� are found to shift
in opposite directions with adsorption of acetic acid in �b� and �c�.
The surface Si atoms bonded with H atoms �yellow�, and O atoms
�pink� grow as the take-off angle increases in �b� and �c�. These
spectra have been measured at the photon energy of 130 eV.

FIG. 2. �a� C 1s and �b� O 1s spectra obtained from the acetic
acid chemisorbed on Si�100�. These spectra were measured at the
photon energies of 330 and 520 eV.
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with a relative chemical shift of 3.4 eV and full width at half
maximum �FWHM� �1.14 eV, implying the existence of
two kinds of chemically inequivalent carbons. We have em-
ployed the Voigt function and the least-squares approach to
determine the quality of the fitting. This energy shift corre-
sponds to carbon atoms in a different chemical
environment:13,21 the component at higher binding energy
can be assigned to the carbonyl carbon atoms �uCvOu

bond� in the acetic acid and the peak at lower binding energy
is attributed to the methyl carbon atoms �CH3u bond�. The
intensity of these two peaks is in a 1:1 ratio, as expected for
a surface bound acetic acid. This assignment can be con-
firmed by a similar binding energy position of the C 1s core
level for acetic acid adsorbed on the Ge�001�-2�1 surface.21

The weak, low-binding energy component �284.2 eV� has
been attributed to the SiuC species resulting from a photon
irradiation effect. This component grows with time of beam
irradiation, but considering the low intensity ��6% �, it is
negligible as a minority species on the surface, as observed
for some compounds on the related Si�100�-2�1
surface.22–24 Photoelectron diffraction effects have not been
considered. The O 1s core-level spectrum, recorded at a pho-
ton energy of 650 eV, is shown in Fig. 2�b�. It consists of a
single component with a sharp peak at 532.2 eV
and FWHM=2.1 eV, which can be assigned to the
CvO, uCuOuSi bond. O 1s chemical shifts are usually
not large and it is possible that two or more unresolved oxy-
gen species are present within the peak at 532.2 eV.21 These
PES results show that acetic acid was nondissociatively ad-
sorbed on the Si�100�-2�1 surface through the cleavage of
OuH, forming a CH3COOuSi linkage between the
substrate silicon dimer and the oxygen atom of the
acetic acid. Similarly, previous studies of carboxyl group
molecules on Si�100� have reported that the adsorption of
carboxylic acids such as formic acid �DCOOD�,9 vinylacetic
acid �CH2CHCH2COOH�,12 4-aminobenzoic acid
�H2NC6H4COOH�,13 and benzoic acid11 �C6H5COOH� on
Si�100� resulted in the cleavage of the OuH bond,10 there-
fore forming the DCOOuSi, CH2CHCH2COOuSi,
H2NC6H4COOuSi, C6H5COOuSi, and HuSi species.
On the adsorption of these carboxylic acids on Si�100�, it is
interesting to notice that only one adsorption configuration
involving the OuH bond cleavage was observed at room
temperature.

Figure 3 shows NEXAFS spectra of 2 L dosing acetic
acid on the Si�100� at 300 K at different incidence angles,
between the direction of propagation of incident synchrotron
light and the surface plane. These features were assigned to
transitions from the C 1s orbital to the �* �CvO� orbital at
288.6 eV and to the �* orbital in the region of 292–303 eV,
respectively.9,25 The curve fits were accomplished by per-
forming a nonlinear least-squares routine using Gaussian
functions for �* resonant features, the Gaussian-broadened
step functions for the edge jumps, and the asymmetrically
broadened Gaussian functions for �* resonant features.26,27

In order to determine the average angle between the
double bond and the Si�100�-2�1 surface normal, we
assume that the Si�100�-2�1 surface has the properties of a
fourfold symmetry.28 For the case of a substrate of fourfold

symmetry, it is easy to obtain an analytical solution of NEX-
AFS intensity problem. The expression can be written

as IP�
2P
3 �1− 1

4 �3 cos2 �−1��3 cos2 	−1��+
�1−P�

2 �1+cos2 	�,
where 	 and � denote the angle between the surface normal
and the normal to the molecular plane, and the angle between
the light polarization and the surface plane, respectively;
while P denotes the degree of polarization, assuming a po-
larization factor of P=0.85.29

The transition intensities depend on the orientation of the
electric field vector components E� and E� relative to the
orientation of the molecule for the chemisorbed molecules.
The �* resonance intensity is strong when the incident pho-
ton angle is normal incident ��=90° �, while it is weak when
the incident photon angle is glancing incident ��=20° �. Fig-
ure 3�b� shows the experimentally derived relative intensity
for the 288.6 eV �* �CvO� resonance as a function of the
polarization vector angle. These values were obtained by
measuring the height of the �* �CvO� resonance intensity
and the simulation, and the result of the curve fit, which was
achieved by performing a nonlinear least-squares routine. As
a result of quantitative analysis, the average angle 	 obtained

FIG. 3. �Color online� NEXAFS spectra measured from the 2 L
acetic acid on Si�100�-2�1 at the different angles of incidence. �a�
288.6 eV resonance intensities as a function of the angle between
the light polarization and the surface plane. �b� Results of fitting for
the tilt angle: the experimental data �black square�, the optimized
curve fit �solid line�, and the simulation results �dotted line�.
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from these results is 41° �2° with respect to the surface
normal, which is expected for a symmetric dimer with
sp3-like dangling bonds; the predicted geometry is schemati-
cally shown in Fig. 4. These angles are in good agreement
with the OuH dissociation structure. This result is consis-
tent with the room-temperature experimental observations
and theoretical calculations that most of the carboxylic acids
show the OuH dissociative adsorption on Si�100�.7–13 All
these NEXAFS features �Fig. 3� are consistent with our PES
results, suggesting the formation of a CH3COOuSi and the

cleavage of OuH, with the dangling bonds of silicon sur-
face.

In the present work, we have investigated the Si 2p, C 1s,
and O 1s core levels and NEXAFS for acetic acid on
Si�100�-2�1 single-domain surface. The results indicate
that acetic acid is nondissociatively chemisorbed on the
Si�100�-2�1 surface at 300 K. The Si 2p core level results
illustrate that the bonding interaction suggests the formation
of SiuH and CH3COOuSi bonds between the acetic acid
and the silicon surface. The C 1s and O 1s core level results
are consistent with the formation of the OuH dissociation
structure. On the basis of the incident angle dependence of
NEXAFS peak intensity of the transitions from the C 1s or-
bital to the �* �CvO� orbital, we estimate the average
angle between the double bond and the Si�100�-2�1 surface
normal as �41° �2°. The selective chemisorption of acetic
acid on the silicon surface may possibly serve as a function-
ality for further surface modification of Si�100�-2�1.
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FIG. 4. �Color online� Geometrical representation of acetic acid
chemisorbed on Si�100�-2�1. The OuH dissociation structure as
shown on the left. The plane of the molecule is inclined at an angle
of 41° with respect to the surface normal. This is indicated by the
view down the plane of the molecule shown on the right. Black,
blue, and green spheres represent C, O, and H atoms, respectively.
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