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Abstract We describe a computational model of
benzoic acid adsorbed on the most abundant and tech-
nologically important GaAs surface. The performances
of many electronic devices based on organic layers
deposited on semiconductor surfaces, critically depend
on the quality of the layer, and thus on the features of
the organic/inorganic bonds. Since very few is known
about the atomic structure of such interfaces, theoreti-
cal modeling plays a central role in understanding these
systems at the microscopic scale. We have optimized the
structures of several clusters mimicking the unoxidized
and oxidized GaAs (001) surface, using them to study
the preferred arrangements of adsorbed benzoic acid
molecules. The largest clusters were also used to investi-
gate the cooperative effects between two adsorbed mol-
ecules, obtaining the most likely structure for a perfectly
packed layer. Finally, we show the correlation of a micro-
scopic observable, namely the energy of the lowest lying
empty orbital concentrated on the organic moiety, with
the electron affinity measured for para-substituted ben-
zoic acids adsorbed on GaAs.

1 Introduction

It is widely recognized that the physical and chemical
activity of metals and semiconductors can be greatly
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enhanced by the solid surface functionalization with
suitable organic layers [1-8]. A number of applications
have been described in the recent years, ranging from
improved catalysts (with impressive gains in efficiency
and selectivity), to optoelectronic devices, to new chem-
ical and biochemical sensors with enhanced sensitivity
and selectivity [9-17]. In all these cases, the design and
the interpretation of the modified surface properties
require a reliable modeling of the organic layer structure
and of the molecule—surface binding at the atomic scale.
Very useful information can be obtained by experimen-
tal techniques like AFM and STM microscopies, and
angle resolved X-ray spectroscopy [18-21]: on the other
hand, theoretical modeling can be extremely useful to
support and complement the experimental data.

In this paper we consider the adsorption of benzoic
acid on the GaAs (001) surface [12,22-24]: this surface is
encountered in many applications, mainly for the fabri-
cation of sensors [25] and optoelectronic devices [11,26],
and in many cases self-assembled monolayers of organic
molecules have been used to improve its performances
[27-30]. The GaAs (001) surface can undergo differ-
ent reconstructions, whose relative energies have been
long debated [31-41]: As-rich surfaces are usually grown
under conditions leading to a (2 x 4) reconstruction
[35-39] (i.e. with a two-dimensional periodic structure
whose unit cell is two times the bulk lattice distance
in one direction and four times in the other). Among
the possible (2 x 4) structures, recent calculations and
accurate scanning tunneling microscopy (STM) experi-
ments indicate the so-called 52 (2 x 4) as the most likely
in usual conditions [36,37]: this structure is sketched in
Fig. 1. Throughout this article we will always refer to
this surface: as can be seen in the schematic picture, the
uppermost layer is formed by arsenic dimer pairs,
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Fig. 1 Schematic picture of the GaAs(001)-8>(2 x 4) surface

Gallium

arranged in parallel rows, which are separated by quite
deep trenches. Below each arsenic dimer pair, six
gallium atoms form the base of these protruding “plat-
forms”: four of the gallium atoms have unsaturated va-
lences (dangling bonds); other arsenic dimers are formed
on the bottom of the trenches. Some experimental
(STM) results [42-46] indicate that in the oxidized sur-
face the top oxide layer is formed by GaO3, resulting
from the displacement of metallic arsenic [47]: as a re-
sult, in the ideal oxidized surface the top arsenic dimer
pairs should be substituted by oxygen atoms.

Benzoic and aliphatic carboxylic acid layers have been
used to enhance the wettability of oxidized GaAs sur-
faces by liquid crystals in the preparation of 2D photonic
crystals [22]; benzoic and hydroxamyc acid derivatives
with varying dipole moments have been used to tune
the surface work function and hence the performance
of GaAs [27-30] and CdTe [17,51,52] photovoltaic cells.
A very useful observable related to the electrical proper-
ties of the modified surfaces is the work function change
induced by the organic monolayer. Such a change is
measured as a function of the current/potential curves of
semiconductor/molecular layer/metal junctions, and it is
found to depend strongly on the chemical nature of the
organic molecule substituents. Homologue series of ben-
zoic acid derivatives [23], as well as of other carboxylic
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acid derivatives [11,28], have been used to fine-tune the
work function of GaAs surfaces.

In the present paper, we consider the different pos-
sible adsorption sites of benzoic acid on this surface:
very few is known about this point, except for some
FTIR results suggesting a bridging coordination to Cd
on CdTe [51], and a bridging or unidentate coordination
to Ga on GaAs [23]; clearly a deeper understanding of
the binding preference is of great importance for any
model of the organic layers. When possible, we shall
compare our computed vibrational frequencies to the
FTIR spectra; in addition, the cooperative effects asso-
ciated to the adsorption of more than one molecule in
neighboring sites will be evaluated on a large cluster
modeling the oxidized surface.

Finally, following an approach already applied to tar-
taric acid derivatives adsorbed on GaAs surfaces [53],
we will test the correlation of a microscopic property
(i.e. the molecular orbital energies) with the observed
changes in the work function of derivatized surfaces.

2 Computational methods

DFT calculations have been performed with the
Gaussian03 package [48], using the PBE1PBE density
functional (also called PBEO in some older applica-
tions): itis a generalized gradient approximation (GGA)
functional, based on the Perdew, Burke and Ernzer-
hof functional (PBE) [49], and modified as reported
in reference [50], which has proved very reliable for
the calculation of organic molecule electronic proper-
ties [54-56]. This is a hybrid functional, because a part
of the exchange energy is computed with the Hartree—
Fock (HF) exchange Hamiltonian: the amount of the
HF contribution was derived from fundamental physi-
cal constraints [50].

The Pople 6-31G [57] basis set has been employed on
second row elements, supplemented in some cases by
extra polarization functions on hydrogen and heavy
atoms [58], and by diffuse functions on heavy atoms [59]
(the resulting set being indicated as usual as
6-31+G(d,p)). On gallium and arsenic atoms the
LANL2DZ set of pseudopotentials and basis [60-62] has
been used; in some calculations, the Ga atoms close to
the surface have been assigned an enlarged set, referred
to as LANL2DZ(d), including d polarization functions
with exponent 0.451.

Semiempirical calculations have been performed with
the MSINDO method (MSINDO package, version 2.6.3
by K. Jug, T. Bredow and G. Geudtner) [63,64], based
on the previous SINDO1 approach [65] with significant
improvements in the basis sets and parameterization.
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MSINDO has been recently extended to third row
elements with an efficient parameterization [66,67] that
has provided very satisfying results for structures, rel-
ative energies and dipole moments, and it is probably
the best compromise presently available for the study of
very large GaAs clusters.

Multi-layer calculations exploited the ONIOM
scheme [68,69,76-81]: two theoretical methods, with
different accuracies and computational costs, are used
and a small portion of the system of interest is selected
as the more important (for instance, in most of the fol-
lowing calculations the “small” system is formed by the
top As, the underlying Ga and some of the atoms in the
lower layers). Every calculation is repeated three times:
first the real system is studied at low level, and the set
of relevant observables {Ofg“j}} (e.g. energies, dipole mo-
ments, nuclear gradients) are computed and stored; then
the small system is treated both at low and high levels,

and {015(‘)‘;?“} and {Ofl‘g;}l} are computed. The final ob-

servable values are defined as
_ real small small
Ooniom = Olow - Olow + Ohigh 1

In the present work, the high and low level procedures
are DFT and MSINDO, respectively: the Gaussian03
package was modified by the authors to allow the
interface to MSINDO as an “external” program. This
approach can be used very efficiently for geometry opti-
mizations of large adducts, obtaining a good description
of the chemical bonds at the interface and including
(even if at a lower level) the effect of the underlying
inorganic layers; note that the same scheme could also
be extended to more than two levels. A delicate point
is the description of the small system boundary: if, as
usual, the high-level portion is defined by cutting some
of the real system covalent bonds, it is necessary to sat-
urate its valences (to avoid spurious distortions of the
electron density). In the present work we adopted the
standard approach of substituting the disappeared real
atoms with hydrogens (scaling the bond distance by a
factor of 0.8); other recipes have also been proposed
[70-73], mainly for organic/biochemical applications.

3 Surface models
3.1 Unoxidized surface

The GaAs surface was modeled with two clusters of
different sizes: the smaller is the GapygAsyoHzsy cluster
[74] shown in Fig. 2: it is an 8-layer cluster, where all the
edge atoms are terminated with hydrogens, except those
of the two first layers from top (the “surface atoms”).

Fig. 2 GapoAsyoH3 cluster: a, b side views; ¢ cluster portion
treated at DFT level in ONIOM calculations, without and with
the H atoms added to saturate the valences

This cluster models one of the protruding platforms
observed on the GaAs surface: the uppermost layer is
formed by two As dimers, followed by six Ga atoms,
partially unsaturated.

The structure of the cluster was optimized both at
DFT and ONIOM levels, to test the performances of the
hybrid approach on this relatively small system. In the
ONIOM calculations the DFT level was concentrated on
the surface atoms (see Fig. 2¢), adding hydrogen atoms
to replace the As atoms cut in the definition of the small
system. The initial cluster geometry was obtained from
the crystallographic GaAs bulk structure [75]: during
all the optimizations, the positions of all the atoms in
the first five layers from bottom were frozen in their
bulk values. The most relevant geometrical parameters
are listed in Table 1: refer to Fig. 3 for the definition
of the parameters (the complete sets of the optimized
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Table 1 Most relevant geometrical parameters (A) for the
GayoAsyoHs; cluster optimized at DFT and ONIOM levels (see
Fig. 3 for parameter definition)

Table 2 Most relevant geometrical parameters (A) for
theGanpAs1604H3; cluster optimized at DFT and ONIOM levels
(see Fig. 3 for parameter definition)

DFT ONIOM DFT ONIOM
dy1 v 2.63 2.64 dy1 v 4.52 411
dy373/ 3.72 3.85 dy373/ 4.24 3.94
dysy 3.62 3.81 dyay 429 3.91
dxy, 3.98 4.15 dxy, 324 3.55
dz13 1.62 1.61 dz13 0.78 0.82
dz34 0.18 0.25 dz1s 1.84 2.11
dzis 3.08 3.12
z X
y I stoichiometric: the structure of the surface, however, is
still correct. The structure in Fig. 4 has been optimized
at the MSINDO level, freezing the three bottom lay-
ers at their bulk positions: note that the misalignment
between top and trench dimers is due to the crystalline
dy@.4) structure and clearly visible in STM images. An impor-

dx(1,2)

dz(1,3)

g dz(3,4)
dz(1,5)
\. PN

Fig. 3 Definition of the most relevant geometrical parameters on
the reconstructed GaAs surface

coordinates are available on request; in the bulk struc-
ture all the Ga—As bond distances are 2.46 A).

The ONIOM procedure proves to be reliable in the
description of the surface structure. The As dimer geom-
etry is very similar to that of the full quantum calcula-
tion, and also the distance between the dimers and the
underlying Ga atoms is fairly well reproduced, the main
difference being that the Ga layer is slightly wider when
optimized by ONIOM (see dys 3 and dy, 4 in Table 1).

The larger model, displaying more surface features
and useful for the successive study of cooperative effects
in the organic layer, is the GajggAsig9Hjg9 cluster pre-
sented in Fig. 4: it comprises two adjacent rows of “plat-
forms” (containing several As dimers), separated by a
trench with three As dimers on the bottom.

To lower the computational burden, this cluster is
thinner, including only six layers, and it is no longer
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tant parameter for the adsorption processes is the size
of the trench: in our MSINDO optimization, the trench
is about 12 Awide between the parallel As dimer rows,
and 8.9 A considering the underlying Ga atoms (w and
wy in Fig. 4, respectively); its depth is about 5.5 Afrom
the As dimers and about 3 Afrom the Ga (d; and d in
Fig. 4).

3.2 Oxidized surface

As mentioned in Sect. 1, STM evidences indicate that
the preferred oxidation sites are the “platforms” carry-
ing the As dimer pairs, that are displaced by the oxygen
atoms to eventually form metallic arsenic grains [44—47].

The oxidized surface has been modeled using the
same clusters described earlier, substituting the As
atoms on the platform top with oxygens: the result-
ing GazgAsi1404Hz3z and GajggAsgs O24Hygg clusters are
shown in Figs. 5 and 6.

As before, the smaller cluster was optimized at DFT
and ONIOM levels, freezing the first five layers from
bottom, whereas the large one was optimized with
MSINDO: the relevant parameters for GazoAsj04Hz2
are listed in Table 2. In this case the ONIOM perfor-
mance is less satisfactory than for the unoxidized clus-
ter, so that in the following we resorted to full quantum
calculations for the benzoic adducts on the small cluster;
on the other hand, the ONIOM results are acceptable
for the adducts on the large cluster, that would not be
affordable at the higher level.
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Fig. 4 GajosAsigoHiog
cluster optimized at
MSINDO level

4 Adsorption sites

Our first goal is to determine the preferred adsorption
sites for benzoic acid on an oxidized platform, using the
GapoAs1604H3; cluster previously optimized (Fig. 5). It
is commonly assumed that the oxidized surface is more
basic than the benzoic carboxylate, so that the first step
is the protonation of one of the surface oxygens: actually,
in all the adduct geometry optimizations described later,
even when starting from undissociated acid, the carbox-
ylic hydrogen left the organic molecule to protonate the
surface.

The benzoate can bind to the Ga atoms through
monodentate (M), bidentate chelating (BC) or biden-
tate bridging (BB) modes (Fig. 7): considering that six
gallium atoms are available, and that one of the oxygens
has been protonated, there are eight possible adduct
arrangements, as depicted in Fig. 8.

Fig. 5 Small
GayoAs1604Ha

oxidized GaAs cluster:

model of the

To avoid pentavalent Ga’s, the carboxylate should
bind to the “external” atoms (1, 2 or 5, 6), which carry
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Fig. 6 Large model of the
oxidized GaAs cluster:
GayogAsgsO24Higg

monodentate (M) | bidentate chelating (BC) | bidentate bridging (BB)

Fig. 7 Binding modes for benzoate on Ga atoms

empty orbitals (dangling bonds) suitable for the nucle-
ophilic attack: the 3,4-BB adduct was included since the
protonated oxygen can easily leave the Ga(3) restoring
a proper coordination, at least on this side of the bridge.
For the same reason, the only BC mode involves the
Ga(5); M modes on Ga(l) and (2) can be considered
similar to that on Ga(6): moreover, we shall see in the
following that the preferred binding sites concentrate
around the protonated oxygen, which “activates” the
neighboring Ga atoms by weakening the Ga—O bonds.
The first screening was performed by optimizing the
geometry of the eight adducts at the ONIOM
(PBE1PBE:MSINDO) level, and then computing the
adsorption energy, Eass = Eadduet — Ecluster—H+
— Ebenzoate, as single-point calculations at the PBE1PBE
level. In all the DFT calculations, the 6-31G basis set was
used on first and second row atoms, while the LANL2DZ
set of pseudopotentials and corresponding basis set were
used on As and Ga. In the ONIOM procedure, the
high-level layer comprised the organic moiety, the four
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surface oxygens and the six underlying gallium atoms.
Four structures (see Fig. 8) resulted most stable, namely
5,6-BB, 3,4-BB, 3,5-BB and 5-BC, that was actually indis-
tinguishable from 5-M: one can see that the nucleophilic
attacks take place preferably around the protonated
oxygen. Interestingly, we could not find a stable mini-
mum for 1,2-BB, since the surface OH group attracted
the benzoate towards the other side of the platform,
ending up with the 5,6-BB structure.

In the second step the selected structures were
reoptimized at the PBE1PBE level (then extending the
high-level calculation to the whole adduct), and E,qs
was computed at the same level: this led to exclude the
3,4-BB structure also. Finally, the last three adducts were
optimized, and E,qs was computed with a larger ba-
sis set, namely 6-31G(d,p), with the results reported in
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Table 3 Relative adsorption energies (kcal/mol) and carboxyl-
ate stretching harmonic frequencies (cm~'), computed at the
PBE1PBE/6-31G(d,p) level for the three most stable adducts

Table 4 Relative adsorption energy (kcal/mol) for one and two
benzoic acid molecules on the GajggAsgsOrqHigg cluster: see
Fig. 12 for the various arrangements

Exp. Adduct E,4 per

Ads. mode Eqds Vasymm Vsymm Av Av [23] structure adsorbed molecule
5,6-BB 0.0 1,593 1,450 143 One molecule (BB mode) 0.0
5-BC 8.0 1,638 1,500 138 135 One molecule (BC mode) 0.5
3,5-BB 38.0 1,605 1,491 114 Two molecules (a) +7.5 (+2.0%)

Two molecules (b) +2.5

Two molecules (c) —4.5

Two molecules (d) +5.0

Table 3. Two adduct structures are clearly favored,
namely 5,6-BB and 5-BC: they are on the same side
as the protonated oxygen, as expected, and their rel-
ative energy is small enough to allow the presence of
both, although the former is more likely; all the other
structures have energies far too high to be plausible.

This result can be checked by computing the vibra-
tional frequencies associated with the carboxylate group,
which are expected to be quite sensitive to the bind-
ing mode: the most relevant parameter is the splitting
between the symmetric and antisymmetric stretching
modes, Avg, which is related to the amount of charge
delocalization between the oxygens. In Table 3 we
report the harmonic frequencies computed for the car-
boxylate stretchings in the three adducts, along with the
experimental Avg; measured by Bastide et al. [23] for a
monolayer of benzoic acid on GaAs. One can see that
the experimental evidence agrees with 5,6-BB or 5-BC
binding, confirming the E,4 trend. Note that the same
authors report a Avg, of 144 cm~! for the free carboxyl-
ate (i.e. when the two oxygens are perfectly equivalent):
both the computed and the measured frequency splitting
indicate that in the adduct this equivalence is preserved
fairly well.

5 Cooperative effects

Having determined the preferred adsorption sites for
a single molecule, we have investigated the structure
of highly packed organic layers. A preliminary infor-
mation can be obtained by computing the interaction
energy of two benzoic acid molecules in different orien-
tations: the isolated molecule geometry was optimized
at the PBE1PBE/6-31G level, then the dimer energy
was scanned with respect to the intermolecular distance,
without reoptimizing the two fragments, in the three
arrangements shown in Fig. 9. The resulting curves are
reported in Fig. 10: in the side-to-face orientation a
minimum exists at 5.3 A, with a small stabilizing en-
ergy of about —1 kcal/mol with respect to the two iso-
lated fragments; on the other hand, the side-to-side and

4 as in (a) with an empty platform between the two adsorbed

molecules

face-to-face arrangements produce repulsive curves at
all distances.

To analyze the intermolecular interactions in the
adsorbed layer, we used the larger model of the oxidized
surface (Fig. 6). As shown in the previous section, the
first benzoic acid is likely to bind as in Fig. 11 (i.e. in BB
mode on two Ga’s close to the protonated oxygen): this
adduct was optimized at the ONIOM(PBE1PBE:MSIN-
DO) level,including the DFT layer the organic molecule
and the linked Ga atoms, with the 6-31G basis set.

The final geometry is close to that obtained for the
small cluster in the previous section, even if in this
case the two CO-Ga bonds become quite asymmetric,
although maintaining the bridging character. Interest-
ingly, the ring plane is strongly bent towards the surface,
indicating that the trench is wide and deep enough to
accommodate the molecule with no or very small steric
repulsion; on the other hand, a simple inspection of the
adduct shows that it is not possible to bind two molecules
on opposite platforms. We also optimized an adduct in
the BC binding mode on one of the corner Ga atoms
(see above): the adsorption energy resulted practically
the same as for the BB mode (as already found for the
small cluster, see Table 4).

Some possible arrangements for a second adsorbed
molecule (in high coverage conditions) are schemati-
cally depicted in Fig. 12. Structures (a) and (b) con-
tain two molecules bound in BB mode, with side-to-side
arrangements, while (c) and (d) are examples of side-
to-face between molecules bound in BB and BC modes;
due to the geometry of the adsorbed molecules, strongly
bent towards the surface as said above, the face-to-face
arrangement cannot be found. The adducts with two
benzoic acids were optimized and the adsorption energy
was computed at the ONIOM level, with the 6-31G basis
set in the DFT layer; as above, the quantum chemical
calculation was restricted to the organic moiety and to
the Ga atoms involved in the bonds. The resulting ener-
gies per adsorbed molecule are reported in Table 4.
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Fig. 9 Different orientations
for the benzoic acid dimer
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Fig. 10 Benzoic acid dimer energy (a.u.) in different orientations

In agreement with the results of the dimer energy
scan, only the side-to-face arrangement of two mole-
cules on adjacent sites, as in Fig. 12c, shows a stabilizing
interaction and yields an adsorption energy per mole-
cule more negative than that of a single benzoic acid. In
all the other arrangements the steric interactions pre-
vail, resulting in less favorable adsorption energies. On
the basis of these results, the most favored structure for
a perfect monolayer of benzoic acid on oxidized GaAs
is formed by lines of molecules alternately bound in BB
and BC modes on adjacent platforms, as depicted in
Fig. 13; only one of such lines can be found in corre-
spondence of each surface trench.

6 Work function changes

As mentioned in Sect. 1, the electrical characteristics
of semiconductor or metal junctions can be tuned by
adsorbing organic layers on one or both of the con-
tacted surfaces. Being the benzoic acid a prototypical
system for carboxylic acids to be adsorbed on semi-
conductors, a wealth of experimental results are avail-
able: in particular, the electron affinity (EA) of GaAs
surfaces covered by layers of para-substituted benzoic
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Fig. 11 Benzoic acid adsorbed on the large model of the oxidized
surface

acid derivatives (BAX, X-Ph—-COOH) has been mea-
sured by recording the junction current/potential curves
under strong illumination. Some models exist, relating
the EA change with the electronegativity of the sub-
stituents on the benzoic ring (the electron-withdrawing
groups inducing higher currents at the same potential):
we have shown for a similar case, tartaric acid deriva-
tives on the GaAs (001) surface, that a very effective
indicator is the energy of the molecular orbitals most
concentrated on the organic moiety with energy close to
the HOMO/LUMO levels.

The same correlation was investigated using different
BAX, with X = NO;,, OCH3, H, F, Br, CN, and CF3,
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Fig. 12 Schematic picture of two adsorbed molecules

adsorbed on the small model of the oxidized surface
GapoAsi604Hzz. The adduct structures were optimized
at the PBE1PBE/6-31G(d,p) level in the 5,6-BB confor-
mation: the virtual orbital with lowest energy and most
concentrated on the benzoic fragment is in all the cases
the LUMO+2, depicted in Fig. 14 for X = H. The correla-
tion between this orbital energy and the measured EA
changes for derivatized GaAs/metal junctions is illus-
trated in Fig. 15: a very satisfactory linear relationship
is found, confirming the reliability of this indicator to
predict the effect of the organic functionalization on the
semiconductor electrical properties.

7 Conclusions

The unoxidized and oxidized GaAs (001)-82(2 x 4)
surfaces have been modeled by clusters of different sizes,
at the DFT level and using a hybrid approach combin-
ing DFT and semiempical (MSINDO) calculations. The
performances of the hybrid approach resulted satisfac-
tory, when compared to the full quantum mechanical
calculations. These clusters have been used to investi-
gate the preferred arrangements of adducts formed by

one or more benzoic acid molecules adsorbed on the
oxidized surface, providing very useful insights into the
structure of “perfect” organic layers.

Eight possible arrangements of a single benzoic acid
molecule on one of the “platforms” existing on the
GaAs surface were examined; both computing their rel-
ative energy and comparing their vibrational frequen-
cies to experimental spectra, to select the two most likely
structures. Using these structures on a larger cluster
(containing several platforms arranged in two parallel
lines), we found the only relative orientation displaying
a favorable intermolecular interaction, leading to the
most likely arrangement for a perfect layer.

Since most applications of devices based on such
organic layers on semiconductor surfaces are strongly
dependent on the work function of the modified sur-
face, we have followed a procedure earlier applied in
a similar case to find a molecular observable related to
this macroscopic quantity. In particular, we found that
the energy of the adduct lowest empty orbital concen-
trated on the organic moiety correlates linearly with the
measured electron affinity of para-substituted benzoic
acids adsorbed on GaAs: this quantity, easily computed
on our small model of the organic/inorganic interface,
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Fig. 13 Minimum energy arrangement for a layer of benzoic acid
on oxidized GaAs

4 o

Fig. 14 LUMO+2 molecular orbital for benzoic acid/oxidized
cluster adduct
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Fig. 15 Linear correlation between the LUMO+2 orbital
energy and the observed electron affinity change for derivatized
GaAs/metal junctions

can help in design-specific devices, with a predetermined
work function.
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