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In this work, we employ the state of the art pseudopotential method, within a generalized gradient approxi-
mation to the density functional theory, to investigate the adsorption process of acrylic acid �AAc� and
vinylacetic acid �VAA� on the silicon surface. Our total energy calculations support the proposed experimental
process, as it indicates that the chemisorption of the molecule is as follows: The gas phase VAA �AAc� adsorbs
molecularly to the electrophilic surface Si atom and then dissociates into H2CvCHuCOO and H, bonded to
the electrophilic and nucleophilic surface silicon dimer atoms, respectively. The activation energy for both
processes correspond to thermal activations that are smaller than the usual growth temperature. In addition, the
electronic structure, calculated vibrational modes, and theoretical scanning tunneling microscopy images are
discussed, with a view to contribute to further experimental investigations.
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I. INTRODUCTION

In the past few years, the success of the study of organic
systems’ intrinsic properties resulted in the search of new
device development with tailorability inherent to these mate-
rials. The diversity of properties that make organic materials
so appealing is exemplified by organic light emitting diodes
�LEDs� that have allowed access to the entire visible color
spectrum.1 In addition to technological applications, the in-
creasing number of studies devoted to the organic-inorganic
interaction is related to its fundamental aspects. The adsorp-
tion study of multifunctional molecules on semiconductor
surfaces is used to describe the competition selectively ob-
served among surface reactions. Bifunctional molecules,
such as vinylacetic acid �VAA� and acrylic acid �AAc�, have
attracted a great deal of interest, mainly due to the possibility
of using their different functional groups in the design of
new devices. Indeed, such systems offer a variety of possible
combinations of its grafting and further reaction with differ-
ent species, depending on the substrate.

Acrylic acid, also known as 2-propenoic acid, and viny-
lacetic acid, also called 3-butenoic acid, are typical mono-
mers having both vinyl �H2CvCHu � and carboxyl
�uCOOH� groups, which make possible their use in a vari-
ety of systems. AAc and its polymeric form have been used
by Li and Ruckenstein2 in order to promote good photolumi-
nescence stability in water solution for silicon nanocrystals
to be employed for bioimaging. VAA bifunctionality was
used by Hoare and Pelton to construct new temperature-
responsive microgels.3 They developed vinylacetic acid/
N-isopropylacrylamide copolymer microgels, which contain
carboxylic acid functional groups highly localized on the mi-
crogel surface. They suggest that this new configuration

would be ideal for use in biomolecule separation, medical
diagnostics, and biodelivery applications. Another delivery
system using VAA was proposed by Hillery et al.4 They built
a copolymeric nanoparticulate drug which VAA links to
luteinizing hormone releasing hormone.

Recently, another investigation on the reactivity of the
VAA functional groups was done by Hwang et al.5 They
studied the VAA adsorption on the silicon surface via low-
energy electron diffraction, x-ray photoelectron spectros-
copy, and synchrotron radiation photoemission spectroscopy.
The experimental data suggest a breaking bond at the VAA
carboxylic group whose final configuration would result in
H2CvCHuCOO and H bonded to the silicon atoms of the
�intact� SiuSi surface dimer. In an effort to help in the
understanding of the interaction of VAA and AAc with the
silicon �001� surface, we employ the state of the art pseudo-
potential method, within a generalized gradient approxima-
tion to the density functional theory, to investigate and com-
pare the adsorption process of VAA and AAc on the silicon
surface. Our total energy calculations and calculated vibra-
tional modes for several models studied corroborate the ex-
perimental process for VAA. In addition, we present theoreti-
cally scanning tunneling microscopy �STM� images and an
analysis of changes in the electronic structure of silicon upon
VAA and AAc adsorption with a view to contribute to further
experimental investigations.

II. THEORETICAL CONSIDERATIONS

The surface was modeled in a supercell geometry, with an
atomic slab of six Si layers and a vacuum region equivalent
to eight atomic layers. The unit cell for the �2�2� surface
structure is spanned by vectors a1=a�1,1 ,0� and a2=a�
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−1,1 ,0�. The theoretical value of the bulk Si lattice constant
a was used in the surface calculations. On the top side of
the slab, we placed the VAA or AAc molecules in different
configurations, and the back surface was passivated by H
atoms arranged in a dihydride structure. Additionally, we
made calculations for a single VAA �AAc� molecule placed
in a cubic box of the 22 Å side. The electron-ion interaction
between Si, C, O, and H atoms is described by projector
augmented wave �PAW� potentials,6,7 and the electron-
electron exchange-correlation interactions were considered
by using a generalized gradient approximation8 to the density
functional theory. The single-particle orbitals were expressed
in a plane-wave basis up to the kinetic energy of 400 eV,
whereas the cutoff for the augmentation charges is 460 eV.
Increasing the energy cutoff to 450 eV did not change the
key structural parameters by more than 0.4%. The difference
between total energy values calculated using both plane-
wave expansions is smaller than 0.1%. The electronic and
ionic degrees of freedom were relaxed by adopting the Vi-
enna ab initio simulation package �VASP� implementation.9

For the Brillouin-zone summation, a single special k point
was used in all free molecule calculations, whereas four spe-
cial k points are used for the surface case. The atoms were
assumed to be in their fully relaxed positions when the forces
acting on the ions were smaller than 0.005 eV /Å.

The most probable pathways and predicted energies from
the gas-phase molecule to the adsorbed states were obtained
by using the nudged elastic band �NEB� method,10,11 as
implemented in VASP. In this method, diffusion barriers were
calculated via the determination of a local minimum energy
diffusion path once the initial and final geometries are cho-
sen. All NEB energy diffusion paths were calculated, consid-
ering the same supercell, the number of k points, and the
energy cutoff used in the total energy minimization. From
the calculated NEB’s diffusion barriers, we estimated the
thermal energy barriers following the phenomenological ap-
proach in the form of the Arrhenius equation12 �for a more
complete description, see Ref. 13�. The adsorption energy for
the VAA or AAc molecule was calculated as Econf

ads =−�Econf

−Eref�, where Econf is the total energy for the considered
configuration and Eref is the total energy for the free
Si�001�-�2�2� surface plus the total energy for a free VAA
or AAc molecule in a box of side 22 Å. The relaxed adsorp-
tion geometries were used to calculate the zone-center vibra-
tional modes within the frozen-phonon scheme.14 For setting
up the dynamical problem, we considered the adsorbed sys-
tem �the VAA or AAc molecule� and the Si dimer atoms.
Following a conjugate-gradient algorithm, a series of initial
unrelaxed configurations was submitted to the search of a
minimum energy state whose final reconstructed structures
are discussed in the next section. In order to obtain STM
images from the calculated eigensolutions, we employed the
Tersoff-Hamann formalism, as described in a previous
work.15

III. RESULTS

A. Preliminary results

For bulk silicon, our first-principles calculations produced
5.42 Å for the equilibrium lattice constant �ao�, 0.86 GPa for

the bulk modulus, and 4.39 eV for the cohesive energy, all in
good agreement with the experimental values presented in
Ref. 16. The calculated theoretical lattice constant obtained
for the bulk silicon is used in surface calculations. The clean
Si�001�-�2�2� surface is characterized by alternated tilted
SiuSi dimers, i.e., one dimer component is at a higher po-
sition than the other, but neighboring dimers present oppos-
ing tilting directions. The tilting of the dimer allows charge
transfer from the “down” atom �which becomes more planar
or sp2 bonded� to the “up” atom �which becomes nearly py-
ramidal or s2p3 bonded�. Thus, the down Si atom dimer is
electron deficient, while the up Si atom is electron rich. Our
calculations support this model: The SiuSi dimer is found
to have a bond length of 2.30 Å and a vertical buckling of
0.73 Å, indicating a tilt angle of 17.8°. To test the reliability
of the carbon, nitrogen, and hydrogen PAW potentials, we
performed additional calculations. For cubic diamond, we
obtained 3.60 �3.57� Å, 4.53 �4.42� GPa, and 7.28 �7.37� eV
for the cubic lattice constant, bulk modulus, and cohesive
energy, respectively, in good agreement with the
experimental16 values given in parentheses. The water mol-
ecule bond length OuH of 0.97 �0.96� Å and HuOuH
bond angle of 104.4° �104.4�° are also in very good agree-
ment with experimental data16 given in parentheses. In a
similar manner, for bulk ice in its Ih phase, we have found a
lattice parameter of 4.43 Å and a cohesion energy of
0.67 eV, in agreement with the experimental findings of
4.50 Å for the lattice constant.17 Although our calculated co-
hesion energy exceeds the experimental value of 0.58 eV,18

it is in good agreement with other recent calculations �see
Ref. 19 and references therein�. Furthermore, our calculated
bond lengths for the VAA and AAc molecules are CuC,
CvC, CuO, CvO, OuH, and CuH are 1.49, 1.34,
1.37, 1.22, 0.98, and 1.09 Å, respectively, in good agreement
with the experimental values usually found in organic
molecules.16

B. Acrylic acid and vinylacetic acid adsorption
on Si„2Ã2…-„001… surface

It is now well established that at low temperatures, the
�001� surface of silicon exhibits a c�4�2� reconstruction.
However, the limited time resolution of the measurements
does not allow the proper resolution of the rapid dimer flip-
ping at room temperature, creating the impression of a �2
�1� surface reconstruction.20 Although the majority of ex-
periments are performed in such a way that only the �2
�1� is observed, in order to clearly establish the role of
interdimer interaction on the adsorption of VAA and AAc,
we have considered a �2�2� surface reconstruction. The in-
teraction of VAA and AAc with the silicon �001� surface was
investigated by considering a series of possible adsorption
sites. As many of the considered structures are found to be
highly unstable �from the energetic point of view�, in the
present work we will focus our attention only to allow se-
lected adsorbed structures obtained via an exothermic pro-
cess, i.e., when the adsorbed system is lower in energy when
compared to the products: the free molecule and the bare
silicon �001� surface. We have determined the equilibrium
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geometries of VAA and AAc adsorbed Si�001� surface for the
molecular �i.e., VAA �or AAc� bonded at one side of the Si
dimer, as in Fig. 1�b�, and referred to as mol� and dissociated
�i.e., H2CvCHuCH2uCOO �or H2CvCHuCOO� and
H bonded to different components of the dimer, as in Fig.
1�a�, and referred to as dis� models. In order to check the
possibility of VAA �AAc� decomposition after adsorption, as
pointed out by Hwang et al.,5 we have also considered the
following possible dissociative adsorption models: OH radi-
cal dissociation �i.e., H2CvCHuCH2uCO �or
H2CvCHuCO�, as in Fig. 1�c�, and referred to as dissOH�
and the carboxyl radical dissociation �i.e., H2CvCHuCH2
�or H2CvCH� and COOH bonded to different components
of the dimer, as in Fig. 1�d�, and referred to as disscarb�.

The adsorption energies for possible models of the VAA
�or AAc� interaction with the Si�001�-�2�2� surface are
summarized in Table I. We have found that the dissociative
adsorption model �diss�, shown in Fig. 1�a�, is energetically
more favorable than the molecular �mol� state �Fig. 1�b�� by
2.28 eV for VAA and 2.36 eV for AAc. Our first-principles
calculations also show that the molecularly adsorbed system
is 0.01 �0.03� eV more stable than the system composed by
the free silicon surface and the gas-phase VAA �AAc� mol-
ecule, suggesting that the molecularly adsorbed system cor-
responds to a metastable configuration. This is in agreement
with experimental observations of a selective attachment of
the carboxyl group concurrent with the dissociation of VAA

to RuCOOuSi and HuSi on the silicon surface under
low coverage exposure5 at room temperature.

Figure 2 presents a schematic representation of possible
reaction paths obtained via the NEB method. The thermal
barriers were estimated following a phenomenological ap-
proach in the form of the Arrhenius equation,12 with the
choice for the A factor between 1013 and 1015 s−1 �see Ref.
21�, and considering the complete dissociation of the reac-
tants into products; i.e., all molecules dissociate into
H2CvCHuCH2uCOO �or H2CvCHuCOO� and H
bonded to different components of the dimer. Our results

FIG. 1. �Color online� Schematic side view of the �a� dissociated
�i.e., H2CvCHuCH2uCOO �or H2CvCHuCOO� and H
bonded to different components of the dimer�, �b� molecular �i.e.,
VAA �or AAc� bonded at one side of the Si dimer�, �c� OH radical
dissociation �i.e., H2CvCHuCH2uCO �or H2CuCHuCO�
and OH bonded to different components of the dimer�, and �d� the
carboxyl radical dissociation �i.e., H2CvCHuCH2 �or
H2CvCH� and COOH bonded to different components of the
dimer� adsorption models for VAA and AAc on Si�001�-�2�2�.

TABLE I. Adsorption energies �in eV� for possible adsorption
models of VAA �or AAc� on the Si�001�-�2�2� surface presented
in Fig. 1: �a� dissociated �i.e., H2CvCHuCH2uCOO �or
H2CvCHuCOO� and H bonded to different components of the
dimer,� �b� molecular �i.e., VAA �or AAc� bonded at one side of the
Si dimer�, �c� OH radical dissociation �i.e.,
H2CvCHuCH2uCO �or H2CvCHuCO� and OH bonded to
different components of the dimer�, and �d� the carboxyl radical
dissociation �i.e., H2CvCHuCH2 �or H2CvCH� and COOH
bonded to different components of the dimer�. Negative adsorption
values indicate an exothermic process.

Structure �a� �b� �c� �d�

VAA −2.28 −0.01 −2.19 +0.94

AAc −2.36 −0.03 −2.20 +1.01

FIG. 2. �Color online� Profile of the energy surface diagram for
possible adsorption models of a single VAA molecule on the
Si�001� : �2�2� surface. The values in parentheses correspond to
the temperature range of thermal activation for the corresponding
activation energies �without zero-point corrections�. Note that the
axis are guide to the eyes only, as different systems are in different
scales.
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indicate that molecular adsorption is possible and can occur
either at higher coverages when VAA molecules are bonded
to both sides of the Si dimer or at low temperatures where a
thermal activation �around 150 K� would lead the system
into the dissociative chemisorption state. A similar energy
barrier �0.31 eV or 110 K� was found for the AAc molecular
adsorption. The dissociation in both cases will take place
with a very small energy barrier, corresponding to a thermal
activation smaller than 50 K. This is consistent with the ex-
perimental dissociation of VAA at room temperature reported
by Hwang et al.5 and are coherent with the dissociation chan-
nels predicted by Pradyot.22 It should be pointed out that the
application of pseudopotentials and the density functional
theory results in an underestimation of activation energies.
The degree of underestimation is system dependent, and it
was found to be around 10 kcal /mol for a Si2H6 model of H2
desorption from Si�001�.23 Indeed, Ortmann et al.24 have re-
cently shown that adsorption energies may change drastically
when dispersion forces are included. Therefore, the numeri-
cal values presented here should be considered with caution.
Besides the inherent modeling limitations, the reader must
also bear in mind that all energy barriers are estimated, con-
sidering that all molecules are adsorbed onto the surface. In
addition, the predicted reaction pathways do not necessarily
correspond to the experimentally observed reactions, as local
minima might play a decisive role in such processes. There-
fore, our predicted dissociation pathway should be consid-
ered only as a general description of the reaction.

We have extended our study in order to investigate the
possibility of the dissociative adsorption of a second VAA �or
AAc� molecule �1 monolayer coverage�. Our data indicates
that the adsorption of a second molecule on a neighboring
SiuSi dimer results in an energy gain that is very close to
what is observed for the adsorption of the first molecule:
around 2.1 eV. The calculated diffusion barriers �145 and
70 K for the molecular adsorption and dissociation pro-
cesses, respectively� are also very similar to those obtained
for a 0.5 monolayer coverage. This clearly suggests that the
dissociative adsorption of a second molecule is as probable
as the adsorption of a single molecule and is in agreement
with the experimental data obtained by Hwang et al.5

From Table I, it is clear that there is at least another pos-
sible dissociative reaction involving the formation of an OH
radical and a COuR group for both VAA and AAc. How-
ever, our predicted reaction pathways ruled this configuration
out, as our data suggest that this dissociation path involves a
thermal activation energy around 1000 K for both VAA and
AAc. We have also investigated a possible �2+2� cycloaddi-
tion reaction, which is a well-known mechanism involving
the adsorption of a CvC bond of the unsaturated hydrocar-
bon molecule with the � orbital of the SiuSi dimer. How-
ever, all configurations based on the �2+2� cycloaddition re-
action evolves to the desorption of the VAA or AAc
molecule. A recent theoretical study of the interaction of ace-
tic acid with the silicon surface by Kim and Cho25 suggests
that the attraction of the carbonyl oxygen to the down Si
atom leads to the formation of a di-� configuration where the
� bond in the double Cv� bond is broken to form two new
� bonds with the Si dimer. The authors suggest that the di-�
chemisorbed species can easily desorb into the gas state and

indicate that this is in agreement with experimental findings
for formic acid adsorption on the silicon surface by Ikeura-
Sekiguchi and Sekiguchi26 and high resolution electron en-
ergy loss spectroscopy investigations on the adsorption of
benzoic27,28 and 4-aminobenzoic29 acid on the same surface
by Richardson’s group. Although their results for formic acid
are in contrast with the absence of any evidence of a SiuC
bond in the case of VAA adsorption investigated via surface
core level shift data,5 we have also tried hybrid di-� struc-
tures and dissociation paths involving carbon bonds, as pre-
sented in Fig. 1�d�. However, in agreement with experimen-
tal data, all theoretically considered cases are found to be
unstable from the energetical point of view, as indicated in
Table I. In addition, the calculated dissociation pathways of
some of these structures always involve thermal energy bar-
riers around 1000 K, as clearly seen for the carboxyl radical
dissociation �i.e., H2CvCHuCH2 �or H2CvCH� and
COOH bonded to different components of the dimer� de-
picted in Fig. 2. It is also of interest to note that the adsorp-
tion energies and reaction pathways for VAA and AAc for all
considered structures are very close to each other. This is a
clear indication that the elongation of the organic chain does
not decisively affect the interaction of the carboxyl group
with the silicon substrate and that the interaction of the vinyl
group with the substrate is probably very small.

Upon the adsorption of VAA in either the molecular or
dissociated model, the Si dimer gets elongated by approxi-
mately 6% with a bond length of 2.40–2.41 Å. However,
while for the molecular adsorption the SiuSi dimer retains
its asymmetric configuration with a tilt angle of 12.0°, for the
dissociated system it becomes almost symmetric with a tilt
angle of 1.7°. The expanded Si dimer length predicted in our
work for both models would indicate softening of the dimer
bond. Similar findings for the softening of the SiuSi dimer
were obtained upon adsorption of other species like such as
NH3 �Ref. 30� and NF3 �Ref. 31�. For the molecular model,
we calculated a SiuO bond length of 1.95 Å in contrast to
a much smaller value of 1.73 Å obtained for the dissociated
model. The weakening of the SiuO bond observed for the
molecular model is probably related to charge transfer from
oxygen to silicon. With respect to the surface normal, we
calculated the inclination of the SiuO bond as �=22 for the
molecular model, but only 12° for the dissociated model.
This difference is a direct consequence of the dimer tilt: 12°
for the molecular case, but only 1.7° for the dissociated case.
In other words, if the SiuSi dimer tilt angle is subtracted
from �, then both inclinations are very similar. In addition,
we have found that the VAA as well as the
H2CvCHuCOO group preserve their molecular structure
to be almost intact; i.e., bond angles and bond lengths of the
adsorbates are very similar to those observed for the free
molecule. When the dissociated model is considered, the H
adsorbed by the other Si dimer component is at a distance of
1.51 Å, exactly the same value obtained by us for this bond
length when the adsorption of the ammonia molecule is
considered.30 The same level of agreement was observed for
the SiuH bond tilt: �=20.7° with respect to the surface
normal. Our structural data are also consistent with the the-
oretical findings by Kim and Cho25 for the adsorption of
acetic acid with the silicon surface.
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For calculating the zone-center optical phonon modes, we
set up a 42�42 �36�36� eigenvalue problem for VAA
�AAc� and identified selected modes that describe a pro-
nounced surface character. The results of our calculations
and available experimental data, molecular and dissociative
adsorption models, as well the data for the VAA and AAc
molecules in their gas phase, are presented in Table II. For
the free AAc molecule, our calculated vibrational frequencies
are in good agreement with the corresponding experimental
values,32 suggesting that the present calculations indeed de-
scribe properly the studied systems. In a general sense, both
the molecular and dissociated adsorption model vibrational
modes are close to those calculated for the respective gas-
phase molecules. As expected, the main differences are ob-
served for the oxygen bonds interacting with the silicon
dimers. Having established that the main difference for the
vibrational frequencies for the molecular and dissociated
models for the interaction of VAA and AAc with the silicon
surface is oxygen related, we understand that an experimen-
tal investigation of the dynamical properties of the first
stages of the interaction of VAA and AAc with the silicon
surface would be of great value in validating the adsorption
paths discussed in the present manuscript.

In the next step of our study, we simulated the STM im-
ages for the molecular and dissociative adsorption models in
order to establish if, indeed, mixed domains might coexist on
the silicon surface. STM images were obtained from the cal-
culated electronic eigensolutions, following the Tersoff-
Hamann formalism, as described in Ref. 15. Figure 3 shows
the theoretical STM images obtained for a bias voltage of
−2.0 eV for the occupied states of the VAA:Si�001�-�2
�2� system considering �left� molecular �i.e., AAc bonded at

one side of the Si dimer� and �right� dissociated �i.e.,
H2CvCHuCH2uCOO and H bonded to different com-
ponents of the dimer� adsorption models. The �2�2� recon-
struction is easily identified in all theoretical images. It is
worth pointing out that the present image is much richer than
a constant-current experiment. In contrast to experimental
conditions, in our simulation a range of tunneling currents is
considered and represented by different brightnesses. Con-
sidering the brighter regions, only the adsorbate and the
SiuSi dimer rows can be identified. VAA and AAc are very
similar, and in order to clearly show this fact, we show in
Fig. 3 the molecular adsorption model for AAc �left� and the
dissociative adsorption model for VAA �right�. The differ-
ences between the two simulated STM images are very
small. Although we acknowledge that STM is a very power-
ful surface analysis technique, it is accepted that the struc-
tural analysis based on STM images should be interpreted
with great care. It is now well established that the STM
image should be interpreted as the manifestation of the elec-
tronic structure near the Fermi level rather than the surface
atomic geometry.33 Therefore, we believe that STM images
are not a good candidate to distinguish the molecularly and
dissociatively adsorbed structures that can coexist in a mixed
domain pattern.

Finally, we have studied changes in the electronic struc-
ture of the silicon substrate upon the adsorption of VAA and
AAc. Figure 4 shows the electronic density of states �DOS�
for the free Si�001�-�2�2� surface and for the same system
after its interaction with the VAA molecule, considering only
the dissociative adsorption model. In order to make the
analysis of the changes in the electronic structure clearer, we
have considered a full monolayer adsorption, i.e., one VAA

TABLE II. Selected calculated vibrational modes for the molecular �i.e., VAA �or AAc� bonded at one side of the Si dimer�, and
dissociated �i.e., H2CvCHuCH2uCOO �or H2CuCHuCOO� and H bonded to different components of the dimer�, and OH radical
dissociation �i.e. H2CvCHuCH2uCO �or H2CvCHuCO� and OH bonded to different components of the dimer� models for the
adsorption of VAA �or AAc� on the Si�001�-�2�2�. Our theoretical results �Theor.� for the free VAA �or AAc� molecule and available
experimental �Expt.� data �Ref. 32� for AAc are also presented. All values are in cm−1. �s=symmetric, as=antisymmetric, op=out of phase,
and ip=in phase.�

Assignment

Gas phase mol diss dissOH

VAA
Theor.

AAc
VAA

Theor.
AAc

Theor.
VAA

Theor.
AAc

Theor.
VAA

Theor.
AAc

Theor.Theor. Expt.

OuHs 3702 3612 3452 3405 3378 3300

CuHas 3180 3192 3112 3181 3250 3166 3185 3173 3152

CuHs 3131 3104 3076 3108 3112 3091 3123 3107 3080

SiuHs 2151 2147 2113 2124

CvCop 1749 1776 1728 1817 1789 1696 1667 1657 1694

CvOip 1651 1637 1660 1660 1646 1615 1623 1613 1593

CHscissors 1411 1389 1434 1411 1418 1412 1395 1414 1397

CHbend 1376 1368 1395 1388 1391 1398 1363 1356 1357

OHbend 1296 1307 1296 1295 1311 1285 1268 1288 1256

SiuOs 1101 1103 1214 1239 1280 1187

CuCip 1201 1154 1232 1111 1147 1178 1010 1177 1078

CH2rock 1098 1055 1069 1027 1012 1080 996 1098 1000
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molecule per silicon dimer. The DOS spectra suggest that the
silicon surface is passivated upon the adsorption of VAA, as
the surface state in the midgap vanishes. The same spectra
suggest that the adsorption of VAA induces new surface
states just below the Fermi level. From Fig. 5, it is clear that
these new electronic states are VAA related, as the charge
density for the highest occupied molecular orbital �HOMO�
is concentrated not only on the underneath SiuSi dimer, but
also around the oxygen atoms. We would like to stress that in
order to allow for a better visualization of the charge density
contour plots, only one VAA molecule is shown. The surface
passivation effect that follows the dissociative adsorption
process was already observed for both inorganic30 and or-
ganic molecules even when different radical groups are
considered.34,35 A similar result �not shown here� was ob-
tained for the AAc adsorbed system, which is another clear
indication that the interactions of both molecules with the
silicon surface are very similar.

IV. SUMMARY

In this work, the interaction of AAc and VAA with the
silicon �001� surface is investigated using the density func-

tional theory. The most probable pathways and predicted en-
ergies from the gas-phase molecule to the adsorbed states
indicate that the chemisorption of the molecule is as follows:
The gas-phase VAA adsorbs molecularly to the electrophilic
surface Si atom and then dissociates into H2CvCHuCOO
and H bonded to the electrophilic and nucleophilic surface
silicon dimer atoms, respectively, with an energy barrier cor-
responding to a thermal activation smaller than 150 K for
VAA and 110 K for AAc. This is a clear indication that VAA
and AAc molecules will be observed in their dissociated
states at room temperature and is consistent with the experi-
mental findings by Hwang et al. �Ref. 5�. Our DOS spectra

(a)

(b)

FIG. 3. �Color online� Theoretical STM image obtained for a
bias voltage of −2.0 V for the molecular �left� and dissociative
�right� adsorption models of AAc and VAA, respectively. A sche-
matic representation of the adsorbed system is also presented.
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FIG. 4. �Color online� Electronic density of states �DOS� for the
free Si�001�-�2�2� surface �dotted line� and for a full monolayer
coverage �i.e., one VAA molecule per SiuSi dimer� of the disso-
ciated adsorption model of VAA on the same surface �full line�.
Note that the density of state axis is in relative units, as different
systems present different numbers of electrons.

FIG. 5. �Color online� Charge density plots for the HOMO for
the dissociated adsorption model of VAA on the silicon �001� sur-
face. For simplicity, only one VAA molecule is shown. The drawing
is in the �001�-�110� plane. The contour values are in units of 10−3

electrons per unit cell volume.
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suggest that VAA and AAc adsorption on the silicon surface
is responsible for a partial passivation of the silicon surface
states. In addition, calculated vibrational modes and theoret-
ical STM images are presented, with a view to contribute to
further experimental investigations.
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