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Abstract—Using density-functional calculations, we demonstrate that adsorption of an oxygen molecule on
the (011) indium oxide surface with a neutral oxygen vacancy is an activationless process. The stretching fre-
quency of an adsorbed oxygen molecule is calculated for different stable geometries on the indium oxide sur-
face. We simulate scanning tunneling microscopy images of the (011) indium oxide surface: for a stoichiomet-

ric surface and a surface with an oxygen vacancy.
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INTRODUCTION

Surface properties are known to play a very import-
ant role in the use of various nanostructured metal
oxide materials. Of special interest among such mate-
rials is indium oxide, in particular, because it has
found practical application in many devices, such as
solar cells [1], gas sensors [2, 3], conductive layers of
displays [4], and transistors [5, 6].

Diffraction patterns of indium oxide-based nano-
materials show various peaks corresponding to various
shapes of nanoparticles: nanorods, nanoprisms, and
others. Characteristically, indium oxide has the fol-
lowing low-index crystallographic surfaces: (010),
(100), (111), (110), (001), (001), (101), (O11), (111),
(111),(11),and (211) [7—9]. Stability of a particular
crystallographic plane depends on its surface energy
and decreases in the order (111) > (011) > (211) > (001)
[10]. Note that the most stable surfaces, (111) and
(011), are nonpolar and would be expected to be less
reactive when interacting with surrounding gas mole-
cules.

Consider the surface of nanostructured In,O; film.
Oxidation of an In,0; _ , surface (where x is oxygen
nonstoichiometry of the crystal lattice) as a result of
interaction with an oxygen-containing atmosphere
involves many elementary reactions: dissociation of
adsorbed oxygen molecules and oxygen adsorption in

the form of O, superoxide or 03‘ peroxide species and
also in the form of O~ and O?. At temperatures below

150°C in air, molecular oxygen prevails on oxide sur-
faces, whereas at temperatures above 150°C atomic
oxygen prevails [11]. Besides, oxygen species can be
incorporated into the structure of bulk materials.

It is well known that real crystal surfaces are inho-
mogeneous, which leads to the formation of a wide
range of adsorption centers differing in both adsorp-
tion and reaction properties. Such a center can result
from any imperfection of a crystal: extended defects
(screw dislocations, steps, and others) or point defects
(for example, Frenkel or Mott vacancies). Surface
oxygen vacancies produce donor states in indium
oxide, with energies just near the conduction band
minimum [12]. As a result, room temperature is suffi-
cient for transferring electrons from these states to the
conduction band of the semiconductor.

Previously, we considered the simplest point
defect—a neutral surface oxygen vacancy—and stud-
ied thermodynamic characteristics of adsorption of an
oxygen molecule on the (011) indium oxide surface
[13]. According to calculation results, an adsorbed
oxygen atom forms a strong bond with the indium
oxide surface, being incorporated into a biographic
trap: a surface oxygen vacancy. In this process,
adsorbed oxygen acts as an electron density acceptor.

The purpose of this work is to determine quantities
necessary for simulating a sensing process [14]. We
calculate the activation energy for oxygen adsorption
on the (011) indium oxide surface and stretching fre-
quencies of an adsorbed oxygen molecule. In addition,
with allowance for the possibility of direct comparison
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Fig. 1. Shape of the electrostatic potential of an (011) In,0O5 slab with a neutral surface oxygen vacancy (the potential is averaged

in the plane normal to the 0Z axis).

with experimental data, we simulate scanning tunnel-
ing microscopy (STM) images of both a stoichiomet-
ric (011) indium oxide surface and a surface with an
oxygen vacancy.

MODEL AND METHODS

An (011) indium oxide surface can terminate with
two types of crystallographic planes: (011)-d and
(011)-b. These planes are practically similar in the
arrangement of oxygen and indium atoms in the struc-
ture of their lattice [13], and the (011)-d surface is just
1 meV/A? more stable than the (011)-5 surface. In our
calculations, the (011)-b indium oxide surface is mod-
eled by a slab of four alternating layers, which consist
of 32 indium cations and 48 oxygen anions, 10.1171 X
14.3077 x 25.9428 A3 in volume. The slab is subject to
periodic boundary conditions in all three dimensions,
with a vacuum gap on the order of 12 A normal to its
surface on both sides in order to prevent artificial
interaction between periodic images.

Interaction of oxygen and hydrogen molecules with
the indium oxide surface was analyzed using density
functional theory by the pseudopotential method with
a plane-wave basis set at a cutoff energy of 680 eV.
Using resources built into the Quantum Espresso
(QE) software suite, we performed all necessary spin-
polarized calculations in the generalized gradient
approximation (GGA) with a PBE exchange correla-
tion functional [15]. In all of our calculations, we used
a k-grid constructed by the Monkhorst—Pack method
[16] and chose a planar 6 X 6 X 1 grid. All optimization
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processes were run until the forces acting on the ions
were less than 0.03 eV/A.

Phonon frequencies of adsorbed molecular species
at the gamma point were calculated using density
functional perturbation theory, whose code is imple-
mented in QE [17]. To visualize all crystal structures,
we used Vesta software [18]. If a system has a nonzero
total dipole moment, periodic boundary conditions
imposed on the system result in artificial interaction
between neighboring image dipoles. However, in the
case under consideration, the system is nonpolar, as
evidenced by the flat electrostatic potential on both
sides of the slab (Fig. 1).

At present, there are no scanning tunneling
microscopy experimental data for the (011) In,O,
crystallographic plane. At the same time, since the
(011) In,O; surface is nonpolar, there is low probabil-
ity that atoms in the immediate vicinity of the surface
undergo significant surface changes. In such an
approximation, we obtained STM images of stoichio-
metric and defective (011) In,O; surfaces.

RESULTS AND DISCUSSION

STM images of the In,0; surface. The stoichiome-
try of oxides can vary as a result of oxidation or reduc-
tion processes, which in turn influences not only the
structure of the surface but also its electronic proper-
ties and interaction with the ambient medium. In the
simplest case, certain external conditions (tempera-
ture, pressure, and reducing or oxidizing atmosphere)
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can lead to the formation of a (1 % 1) surface structure,
which results from a simple section of a unit cell. In
particular, heating of metal oxides in a reducing atmo-
sphere rather frequently leads to the formation of sin-
gle vacancies [19] or associates of a few oxygen vacan-
cies [20] or surface reconstruction. As mentioned
above, the (111) and (011) faces of the indium oxide
surface are nonpolar. According to Morales et al. [21],
the (111) In,O5 surface is stoichiometric and hasa (1 x 1)
configuration, in agreement with calculations of STM
images of empty states in the Tersoff—Hamann
approximation [22]. There are still no experimental
data on the structure of the (011) In,0O; surface. How-
ever, since this surface is nonpolar, no significant
changes in surface structure would be expected.

STM images of the (011) surface of cubic indium
oxide were calculated in the Tersoff—~Hamann
approximation [22]. For this purpose, we used a
denser k-grid, 12 X 12 X 1, constructed by the Monk-
horst—Pack method. The image height was chosen so
as to obtain the sharpest possible contrast. In all of the
figures below, the image height is on the order of 1 A
from the top surface atom.

Figure 2a shows an STM image of a stoichiometric
indium oxide surface at a positive bias voltage of 1 V,
where the bright spots correspond to four-coordinate
indium cations, and the darker spots, to five-coordi-
nate cations. It is worth noting that the bias voltage 1 V
corresponds to the charge density in the energy range
1 eV above the Fermi energy. However, because of the
known underestimation of the band gap in calcula-
tions in the generalized gradient approximation,
charge density calculations at this positive bias voltage
include states near the conduction band bottom. Nev-
ertheless, at high positive bias voltages, simulated
STM images will be in qualitative agreement with
experimental data. As was expected, at a negative bias
voltage of —2 V (with allowance for the energy states
2 eV below the Fermi energy) the brightest spots are
those corresponding to oxygen anions and the spots
corresponding to indium cations, with a major contri-
bution from p-states, are less bright (Fig. 2b).

As to the defective surface (Fig. 3), independent of
the applied bias voltage the brightest spots are those
corresponding to the indium cations located in the
immediate vicinity of a surface defect: a neutral O,
vacancy [13]. However, at a positive bias voltage there
are additional, less bright spots corresponding to
indium cations, whereas at a negative bias voltage
additional spots correspond to oxygen anions.

Activation energy for oxygen adsorption. The energy
of oxygen molecule adsorption on an defective In,0,
surface with a neutral oxygen vacancy was calculated
previously and was found to be —1.657 and —1.054 eV
for horizontal and vertical starting configurations of
the axis of the oxygen molecule over the surface,
respectively [13]. In particular, Fig. 4 shows the corre-
sponding positions of an oxygen molecule in local
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Fig. 2. Simulated STM images of a stoichiometric (011)
In,O5 surface at bias voltages of (a) +1 and (b) —2 V. The
colored circles illustrate the arrangement of surface atoms:
the lilac circles represent indium cations and the red circles
represent oxygen anions.

(b)

(@)

Fig. 3. Simulated STM images of an (011) In,O3 surface
with a neutral oxygen vacancy at bias voltages of (a) +1 and
(b) —2 V. The colored circles illustrate the arrangement of
surface atoms: the lilac circles represent indium cations,
the red circles represent oxygen anions, and the white cir-
cle shows the position of an O,4 vacancy [13].

energy minima. In addition, oxygen chemisorbed on a
surface was shown to act as an electron acceptor,
whereas the indium oxide slab acts as a donor.

To roughly estimate a possible barrier to adsorp-
tion, we place an oxygen molecule horizontally along
the y axis and vertically at various distances from the
surface over a neutral oxygen vacancy. Figure 5 illus-
trates calculation of the total energy of the slab—O,
system as a function of the separation between the free
oxygen molecule and slab. Even this simple estimate
shows that oxygen molecule adsorption is an activa-
tionless process. This means that a molecule
approaching a surface is merely attracted to it, acting
as an acceptor in this process and capturing electrons
from the slab. It follows from Fig. 5 that the adsorption
energy is —1.26 eV, in approximate agreement with
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Fig. 4. Equilibrium geometry of an adsorbed oxygen molecule on an defective (011) In,O3 surface; the atoms of the oxygen mol-
ecule are shown red; the center of mass of both molecules was first placed 2 A from the topmost atom of the slab; the axis of the

molecule is (a) parallel and (b) perpendicular to the slab.

results of more accurate calculations in a previous
report [13].

Vibrational frequency of an adsorbed oxygen mole-
cule. To estimate the vibrational frequency of an
adsorbed oxygen molecule, we left two top layers of
the four-layer slab under consideration (Fig. 4). Cal-
culations were performed only for the gamma point of
the Brillouin zone (so called G-approximation) [23,
24]. Such vibrations at k£ = 0 are of particular interest
because only them can be observed using infrared
and/or Raman spectroscopy in accordance with selec-
tion rules. Thus, the approximation in question is one
of the most effective ways to selectively study these
important regimes.

Phonon creation in a crystal as a result of photon
absorption is possible if the laws of conservation of
energy and quasi-momentum are fulfilled. Energy
characteristics of photons in the infrared spectral
region have the same order of frequency as optical

Etotalv eV

8 _

7L —=—  Perpendicular

—e—  Parallel

6

5 -

4 -

3L

2 -

1 -

0 -

1 2 3 4 5 6
% A

Fig. 5. Total energy of the slab—O, system as a function of
the separation between the free oxygen molecule and slab
(the center of mass of the O, molecule was located at vari-
ous distances from the slab, and the axis of the molecule
was perpendicular and parallel to the slab).
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phonons. Optical phonon frequencies in crystals are
on the order of 103 s~!, which corresponds to wave-
lengths from 10 to 100 um, that is, to the IR spectral
region. Since the wavelength of an absorbed photon is
many times an interatomic distance, the wave vector of
such photons is small compared to the wave vector of
phonons in a crystal. It is, therefore, reasonable to
expect that photon absorption leads to creation of a
phonon with a momentum in the center of the Brill-
ouin zone.

An estimated stretching frequency of a free O, mol-

ecule is 1558 cm™!, and an experimentally determined
value is 1556 cm™! [25]. Oxygen adsorbed on the (011)
In,0O; surface with a neutral surface oxygen vacancy is

an O%f peroxide anion. Experimental data for many
oxide catalysts demonstrate that the absorption region
of IR radiation by bond vibrations in an adsorbed O—
O oxygen molecule lies at low frequencies and overlaps
with the region of absorption by vibrations in an
indium oxide crystal [26]. The calculated phonon fre-
quencies of a slab with an adsorbed O, molecule ade-
quately predict changes in stretching frequency;
namely, as a result of adsorption, the corresponding
frequency of the O, molecule becomes redshifted.
Indeed, for the stable geometry of an oxygen molecule
in Figs. 4a and 4b, we have a frequency of 834.7 and
885.9 cm™!, respectively.

CONCLUSIONS

STM images of the (011) In,O; crystallographic
plane have been simulated for a stoichiometric surface
and a surface with an oxygen vacancy. As expected, in
the case of the stoichiometric surface at positive bias
voltages, indium cations provide bright contrast
because their s—p hybridized states form the conduc-
tion band. The energy of these states increases with
increasing coordination number, so at a bias voltage of
1 Vthere isan STM image due to only four-coordinate
indium cations, even though all surface cations and
anions are located essentially in the same plane.
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A different situation holds in the case of negative
bias voltages: the bright contrast in the STM image
near the valence band maximum (VBM) is due to the
p-states of the oxygen anions, with an admixture of the
s- and p-states of the indium cations. In addition, the
contribution of the s-states of the cations increases
with increasing energy separation from the VBM level.
An STM image of a surface with a neutral oxygen
vacancy at a positive bias voltage typically has a bright
spot due to a cation located near the vacancy and two
less bright spots due to four-coordinate cations. At
negative bias voltages, there are additional contribu-
tions from surface oxygen anions.

In addition to simulation of STM images, we have
examined oxygen adsorption on a neutral surface oxy-

gen vacancy, followed by the formation of an 03‘ dia-
magnetic complex. The results suggest that adsorption
of an oxygen molecule on the surface of indium oxide
with a neutral oxygen vacancy is an activationless pro-
cess and that the stretching frequency of the adsorbed
oxygen molecule is 834.7 and 885.9 cm~! in the two
configurations shown in Fig. 4.

In future work, we will examine oxygen adsorption

on the (111) In,0; surface with ¥, vacancies at various
coverages and consider interaction of the adsorbed
oxygen with atomic and molecular hydrogen. Note
that oxygen adsorption on a vacancy is possibly
accompanied by the formation of a paramagnetic
adsorption complex, whose presence on the surface of
indium oxide nanoparticles was demonstrated experi-
mentally [27].
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