
Theoretical Study of Oxygen-Vacancy Distribution in In2O3

Lu Liu, Chang-Chun He, Jiarui Zeng, Yin-Hui Peng, Wan-Yu Chen, Yu-Jun Zhao, and Xiao-Bao Yang*

Cite This:J. Phys. Chem. C2021, 125, 7077� 7085 Read Online

ACCESS Metrics & More Article Recommendations *sõ Supporting Information

ABSTRACT: In2O3 is of particular interest as a wide-gap
transparent semiconductor oxide, in which the shallow donor
defect of the oxygen vacancy plays an important role in electronic
properties. Herein, we focus on the oxygen vacancy with various
concentrations in In2O3, where the distribution is found to be
crucial to the structural stabilities. For a speci� c supercell, the
formation energies of oxygen-vacancy pairs remarkably depend on
the distance between the two vacancies, which can be used to
determine the oxygen-vacancy distribution in the nonstoichio-
metric In2O3 structure. Interestingly, when two oxygen vacancies
share a same In atom, the structures are approximately stabilized
with the decreasing of distance. However, when two oxygen vacancies are not attached to the same In atom, the structures become
more stable with the increasing of distance between vacancies. In addition, the gap states induced by oxygen vacancies move toward
the valence band maximum (VBM) when the nearest distance between the two vacancies decreases, which will have a great e� ect on
the conductivity.

� INTRODUCTION

Metal oxides (MOs) have been used in a variety of devices as
excellent semiconductors, due to the wide bandgap (>2 eV)
and electron transition energy in the range of visible and
ultraviolet light.1� 4 Transparent conductor oxides (TCOs),
with optical transparency and electrical conductivity, have
captured increasing attention due to the potential applications
in solar cells, energy-conserving windows, touch-control
panels, liquid crystal displays, light-emitting diodes, invisible
security circuits, and so on.5,6 With a fundamental bandgap of
around 2.9 eV in bulk,7 In2O3 has been investigated for over 60
years8 as a wide-gap metal oxide and transparent semi-
conductor. Experimentally, the� lms of In2O3:Sn can be
transparent more than 80% in the visible region yet show
excellent metal-like conductivity properties by virtue of a 1020

cm� 3 carrier density.9 The intrinsic In2O3 is an n-type
conducting material with a carrier concentration up to 1019

cm� 3,10 which is suitable for application as active materials in
gas sensors, sensing materials, semiconducting lasers, light-
emitting diodes, and so on.11� 13 Using XRD, HRTEM, and
XPS methods, In2O3 � lms deposited by spray pyrolysis were
analyzed by Golovanov et al.,14 and they concluded that the
intrinsic point defects exert a major in� uence on the
conductivity.

To study the origin of conductivity properties, researchers
have concentrated on the e� ect of the intrinsic defects on the
electronic properties of In2O3. For example, spontaneousn-
type conductivity induced by intrinsic donor defects has been
recently proposed by Buckeridge et al.15 Lany and Zunger16

revealed that the (2 + /0) transition level is above the VBM

and manifested that O vacancies are deep donors, based on an
assumed bandgap of 3.7 eV with the correction of total
energies by a potential alignment procedure. With the GGA+U
method, A�goston et al.17 studied the intrinsic defects of In2O3
and stated that O vacancies are shallow donors with a
transition level above the conduction band minimum (CBM),
indicating that O vacancies are mainly responsible for then-
type conductivity as well as the nonstoichiometry in In2O3.
Using the hybrid density-functional calculations, Chatratin et
al.18 applied the alignment of the VBM in the perfect crystal of
In2O3 and the charge-state-dependent correction for the� nite
size of the supercell, demonstrating that O vacancies become
electrically inactive to make conductivity saturated when the
Fermi level is at or above the CBM.

In2O3 is characterized by a large 1%10,19,20 O-de� cient
nonstoichiometry, and the oxygen vacancies serve as the
primary native defect that renders the wide-bandgap material
conducting, controls carrier concentration, and interacts with
dopants and impurities.21 The scienti� c question that we
address here is whether there is a distribution preference for
the oxygen vacancies, which will determine how the oxygen
vacancies are arranged in the nonstoichiometric In2O3 as a
function of concentrations. For other metal oxides, theoretical
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investigations showed that the most stable oxygen-vacancy
pairs on the ceria (110) surface are located at the next-nearest-
neighbor site,22 and the nearest-neighbored oxygen-vacancy
pairs in WO3 are most stable.23 In In2O3, Zatsepin et al.24

reported that the formation energy of a single oxygen vacancy
is 3.19 eV, while the formation energies for a pair of oxygen
vacancies are 3.47 eV for the most distant oxygen vacancies
and 3.51 eV for nearest neighbors, concluding that the
clustering of the oxygen vacancies is less energetically favorable
than the isolated single defects and the structural stabilities of a
pair of oxygen vacancies in the 80 atom supercell are not very
distance-dependent.

In most of the previous literature, the e� ect of the oxygen
vacancy as a donor on In2O3 has been extensively studied.
However, the interactions among the oxygen vacancies and the
formation energies as a function of concentration have been
rarely discussed. In this paper, we systematically investigate the
formation energies of the oxygen vacancy, which are found to
be dependent on the size of supercells and the distribution of
oxygen vacancies. Using the package of Structures of Alloy
Generation And Recognition (SAGAR) developed in our
group, we enumerate all possible defect structures in a small
supercell based on the� rst-principles calculations, where the
potential as a function of distance is� t to describe the
interactions among the oxygen vacancies. The distributions of
oxygen vacancies with various concentrations are predicted,
which will a� ect both the formation energies and the gap
states.

� COMPUTATIONAL METHODS
Our � rst-principles calculations were performed on the basis of
the density-functional theory (DFT) method as implemented

in the Vienna Ab initio Simulation Package (VASP).25,26 The
projector augmented wave (PAW) potentials with a general-
ized gradient approximation (GGA) were used in the Perdew�
Burke� Ernzerhof (PBE) format for the exchange correlation
potential.27,28 Periodic boundary conditions with a supercell of
480 atom for the In2O3 bixbyite structure were employed. The
cuto� energy of a plane-wave basis was set as 400 eV. The
Brillouin zone was set as a mesh of 2× 1 × 1 k-points,
centered at the� -point. And the force criterion was set as 0.01
eV/Å. In allusion to the conventional gap-underestimation
issue, the DFT-1/2 method was adopted to improve the
accuracy of bandgap calculation.29

The formation energy of a defect� in the charge stateq is
given as follows30

H E q E n q E E( , ) (0) ( ) ( )q
D
( , ) solid

VBM F�� � �� = Š + � + + +�

�
� � �

(1)

whereE(� ,q) and E(0) are the total energy of the supercell
with and without the defect;� � � is the energy of the reservoir
for the atom referred to its most stable phase� �

solid; n� is the
number of each type of defect atom;q is the defect charge
state;EVBM is the energy at the VBM of a perfect crystal
system, andEF is the Fermi energy relative to theEVBM.

To consider the possible distribution of oxygen vacancies at
various concentrations, we have enumerated the possible
supercells and unique con� gurations according to the
computational cost. We used the package of SAGAR, which
is developed in our group to generate all the inequivalent
multicomponent materials based on the symmetry of
structures.31 Using the Hermite normal form matrices,32,33 all
the unique supercells of integer times of a primitive cell can be

Figure 1.(a) Conventional crystal structure of In2O3 denoted in the left panel. Orange, purple, and red spheres represent 8b indium (In1), 24d
indium (In2), and 48eoxygen atoms in a conventional unit cell of 80 atoms, respectively. Oxygen coordination around indium denoted in the right
panel. (b) Calculated bandgaps with di� erent cuto� radii (CUT) values. The CUT value corresponding to the highest point is the optimal
parameter of atomic radius. (c) Energy band structures and PDOS of the pure In2O3 by the PBE method. (d) A more accurate band structure and
PDOS of the pure In2O3 by the DFT-1/2 method. In (c) and (d), the VBM is set to zero.
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generated. For a given supercell, all the isomers with possible
compositions are also enumerated, and the unique con� g-
urations are generated based on the structural recognition.

� RESULTS AND DISCUSSION

First, we consider the bulk structure of In2O3 without defects,
where the DFT-1/2 method is adopted to study the electronic
properties. Second, we investigate the intrinsic point defects in
In2O3, includingVO, VIn, Ini, and Oi under the chemical
potential limits. Here, Kro�ger-Vink34 notation is used to label
the defects, withVO (VIn) meaning vacancy at an oxygen
(indium) site and Ini (Oi) meaning an interstitial at an indium
(oxygen) site. Finally, we focus on the e� ect of the oxygen-
vacancy concentration on the formation energies and thus
discuss the distribution of oxygen vacancies in nonstoichio-
metric In2O3.

Structural and Electronic Properties of Bulk In2O3.
There are three di� erent forms of bulk In2O3, and it is the
body-centered cubic bixbyite crystal structure at low temper-
ature and ambient pressure.35,36 Experimentally, a bulk crystal
is grown by the� ux method. Its primitive cell consists of 40
atoms, and the lattice constants area = b = c= 8.86 Å and� =
� = � = 109°, as shown inFigure S1a. Its conventional unit cell
consists of 16 formula units of In2O3, whose space group isIa3�
and lattice constant is 10.12 Å.37 As shown inFigure 1a, the
In2O3 crystal has two distinct In sites, the 8b site and 24d site
(denoted by In1 and In2), and all the same O sites, the 48e
site. Each In atom is surrounded by six O atoms, forming an
octahedron as shown in the transparent octahedron cage in
Figure 1a. Considering the O vacancy concentration, we� nally
choose a supercell with 480 atoms to investigate the intrinsic
point defects, as discussed in the next section.

The band structure and partial density of states (PDOS) of
In2O3 are shown inFigure 1c. The CBM and VBM are both
located at point� , implying a direct bandgap semiconductor
property. Compared with the experimental value of 2.9 eV,7 an
underestimated gap value of 1.06 eV occurs due to the
limitation of the GGA-PBE method. Because of the hybrid-
ization of In atoms and O atoms, the PDOS reveals that the
VBM is mainly contributed to by O-2p, In-5p, and In-4d
orbitals, whereas the CBM is primarily contributed to by In-5s
and O-2p orbitals, which is consistent with Erhart’s and
Odaka’s work.38,39As a result of this fundamental characteristic
of its valence band, acceptor dopants produce a deep impurity
level in the gap, with high ionization energies.40 Consequently,
it is di� cult to realizep-type conduction of In2O3.

To improve the calculation precision of the electronic
structure, we have employed the DFT-1/2 method, which
introduces the hole self-energy into the Schro�dinger equation.
The eigenvalues and the bandgap are exhibited as a trimming
function of the self-energy potential de� ned in the atoms, as
bandgaps frequently depend on speci� c types of atoms and
bonds for a given semiconductor.29 The parameter CUT is an
ionic or covalent radius, and the optimal CUT gives the
bandgap maximum in the function. The selected optimal value
of the O-p orbital CUT is 2.8 Bohr, which is tested to
maximize the bandgap (seeFigure 1b). As shown inFigure 1d,
the DFT-1/2 method gives a relatively reasonable bandgap
value of 3.2 eV compared with experimental values, without
requiring much more computational e� orts than the standard
GGA-PBE method. Furthermore, the DFT-1/2 method gives
similar band structures to the GGA-PBE method.

Intrinsic Point Defects in In2O3 and the Concen-
tration E� ect. Fromeq 1, the formation energy of intrinsic
point defects in In2O3 varies with the chemical potentials� � In
and� � O, which can demonstrate the condition from O-poor
(In-rich) to O-rich (In-poor) limits. The chemical potentials
� � In and� � O are not independent

H2 3 (In O )In O f 2 3� �� + � = � (2)

where� Hf(In2O3) is the calculated formation enthalpy of
In2O3. In the O-poor condition, we have� � In = 0, � � O = 1/
3� Hf(In2O3); in the O-rich condition, we have� � O = 0 and
� � In = 1/2� Hf(In2O3). � O

solid is given by 1/2Etot(O2), and� In
solid

is given byEtot(Inbulk). The calculated formation energies are
listed inTable S1.

Based on an occupation probability according to the
Boltzmann factor, the vacancy concentration at theX site (
nVX

) under thermodynamic equilibrium at growth temperature
Tg is estimated as41

n N H k Texp( / )V D B gX
= Š� (3)

where� HD is the formation energy of vacancyX in the 480
atom supercell,N is the concentration of atomic sites ofX in
ideal crystal, andkB is the Boltzmann constant. The calculated
maximal concentrations ofVO

0 are around 1021 cm� 3 (3% of the
O lattice sites) atTg = 1673 K19,20 in the O-poor condition,
which is comparable to a singleVO concentration in a 480
atom supercell (0.35% of the O lattice sites). Thus, we choose
a supercell with 480 atoms to study the intrinsic point defects.
Note that there are 53 unique supercells for this given volume
based on the structural recognition from SAGAR,31 and we
have chosen the one with the largest distance of nearest-
neighboringVO to reduce the interactions among theVO due
to the periodical boundary condition. The selected 480 atom
supercell consists of 96 formula units of In2O3, with the
optimized lattice constantsa = b = 17.73 Å,c= 22.89 Å and�
= � = 75°, � = 70°, as shown inFigure 2a.

Fromeq 1, the formation energies of intrinsic point defects
vary with the charge statesq. Figure 2b shows the formation
energies of the corresponding intrinsic defects as a function of
the Fermi level under the O-poor condition and O-rich
condition in a 480 atom supercell, respectively. Herein, the
charge-state-dependent correction for the� nite size of the
supercell is not employed, because the defect concentration in
our model is in the range of that in experiments. For each
defect, only the charge state with the lowest formation energy
is shown as a function of Fermi level. In the O-poor condition,
oxygen vacancies are shallow donors, for the (+2/+1) and
(+1/0) transition levels are near the CBM, where two
electrons or one electron will be released to recombine with
a hole and to form an oxygen-vacancy defect level. This result
is in agreement with the previous work.15,18,42 Similarly, Walsh
and Scanlon have found that the dominant point defectVO
shows the shallow donor behavior in the orthorhombic phase
of In2O3.

43 Notably, the formation energies ofVO with all
charge states are low and even negative in the O-poor
condition, indicating that oxygen vacancies are easy to form, so
as to play an important role as compensation centers and limit
p-type doping in In2O3. The low formation energy ofVO is
because of the formation of In� In bonds nearVO, which leads
to large atomic distortion.16,44 Finally, our results demonstrate
that the oxygen vacancies are shallow donors that inducen-
type conductivity in In2O3. In the O-rich condition, the

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c01462
J. Phys. Chem. C2021, 125, 7077� 7085

7079

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c01462/suppl_file/jp1c01462_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c01462/suppl_file/jp1c01462_si_001.pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c01462?rel=cite-as&ref=PDF&jav=VoR


donors’ formation energies are higher than the acceptors’
formation energies at the Fermi level near the CBM. Thus,
signi� cant concentrations of intrinsic donors would not occur
under O-rich growth conditions, except for the Fermi level
near the VBM.

We also perform a self-consistent calculation to determine
the equilibrium Fermi levelEF

eq and carrier density. The defect
concentrations depend explicitly onEF, and, in turn,EF
depends on the concentrations of the charged defects and
the free carriers.45 On account of the charge neutrality
condition, we have45

n n p n0 a 0 d+ = +Š +
(4)

where na
� and nd

+ are the acceptor and donor defect
concentrations;n0 and p0 are the electron and hole
concentrations. We� rst usedT = 1673 K forEF

eq and a total
equilibrium defect concentration calculation with all charge
states, according to the Boltzmann distribution. We then
performed an additional self-consistent calculation for room
temperatureT = 300 K, in which the total defect
concentrations are assumed to be frozen-in at the values
calculated for 1673 K. The ration between the concentrations
of the di� erent charge states of the defects is obtained atT =
300 K, and the carrier concentrations are calculated as a
function ofEF andT by numerical integration of the Fermi�
Dirac distribution function. As shown inFigure 2b, the dashed
lines point to the equilibrium Fermi level, which are 3.20 and
2.37 eV atT = 1673 K in the O-poor and O-rich condition,
respectively. Under the O-poor condition, the self-consistently
calculated equilibrium carrier concentrations aren0 � 1.59×
1018 cm� 3, and the self-consistently calculated equilibriumVO

concentration isN 2.64 10 cmV
21 3

O
� * Š . Thus, only a small

fraction of electrons are thermally activated into the
conduction band. In addition, the carrier density and defect
concentration under the O-rich condition at room temperature
are rather small and can be ignored. Importantly, we can
observe that the oxygen vacancy is in a neutral charge state at
the equilibrium Fermi level under the O-poor condition, and
thus, we focus on the neutral oxygen vacancy in the next
section.

In addition, we have studied the electronic structures of
isolatedVO and Ini in stoichiometric In2O3 with a 480 atom
supercell. Here, we have adopted the DFT-1/2 method for the
bandgap improvement, focusing on the structures with lowest
energy for every type. FromFigure 2c, we can see that the
defectVO traps two electrons to form a defect level near the
CBM, which is contributed to by In-5s, O-2s, and O-2p
orbitals. The defect Ini introduces a notable shallow level
below the CBM, due to the hybridization betweenp bands of
O ands states of In. TheVO defect states and the Ini defect
levels are located at� 3 eV, in line with their transition levels
shown inFigure 2b. It is further proved that the oxygen
de� ciency forms a shallow donor state.

To consider the concentration e� ect on the structural
stabilities, we have calculated the formation energies of one
oxygen vacancy in di� erent supercells with 80, 160, 240, 320,
and 480 atoms and whose lattice parameters are shown in
Table S2. Herein, all supercells are expanded by a primitive cell
based on the SAGAR, several of which are shown inFigure
S1b� d. According to the analysis in the above section, we only
study the neutral oxygen vacancies, whose formation energies
are shown inTable S3. The formation energy of one oxygen
vacancy decreases with the increasing sizes of the supercell,
and a fast convergence with respect to the supercell size is
found (inset ofFigure S2a). For comparison, we have also
calculated the formation energy of a single oxygen vacancy in
various supercells without relaxation, which have a higher value
with respect to the relaxed structure. As a result, structural
relaxation will make a di� erence to the defect formation
energy.

To demonstrate the local distortion induced by the single
oxygen vacancy, we have calculated the average changes (� D)
in the relaxed In� O bond lengths with respect to their original
lengths in the 480 atom supercell, as shown inFigure S2a. We
� nd that the atomic relaxation results in larger deviations from

Figure 2. (a) Optimized In2O3 crystal structure of the 480 atom
supercell. (b) Formation energies of intrinsic point defects as a
function of Fermi level. Only segments corresponding to the lowest
energy charge states are shown. The two purple areas represent the
valence and conduction bands, respectively. The vertical dashed lines
represent the equilibrium Fermi level. (c) Calculated PDOS of In2O3
with isolatedVO and Ini. The zero of Fermi level corresponds to the
VBM.
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their original In� O bond length for the In atoms near the
defect site. Thus, the atomic relaxation surrounding the oxygen
vacancy will be dominant to the defect formation energy.

It is worth mentioning that there are various supercells with
the same volume after the primitive cell is expanded, while the
shapes of the supercell determine the nearest neighbor
between periodic images of a single oxygen vacancy. To
reduce the e� ect of periodic images, we choose the supercell in
whichdNN is at a maximum for the given volume. Taking the
supercell of 80 atoms as an example, two con� gurations are
generated (as shown inFigure S2b), and the formation energy
of structure-b is lower, corresponding to the larger nearest
neighbor of oxygen vacancies. Therefore, the defect formation
energy of a single oxygen vacancy in a supercell is determined
not only by the concentration of the oxygen vacancy but also
the distance of the nearest neighbor. The possible supercells
with a given volume are enumerated using SAGAR, and the
one corresponding to the largest nearest neighbor of oxygen
vacancies is selected.

Distribution of Oxygen Vacancies in In2O3. In the
following, we have considered the various distributions of
neutral oxygen vacancies in di� erent supercells, focusing on the
interactions among oxygen vacancies. For simplicity, we� rst
consider two oxygen vacancies in given supercells with 80 and
160 atoms, where 31 and 53 con� gurations are enumerated
based on structural recognition from SAGAR. Interestingly, by
comparingTables S3andS4, we can observe that the average
formation energies of an oxygen-vacancy pair are lower than
that of a single oxygen vacancy in all supercells except for the
80 atom supercell, which reveals a tendency of oxygen
vacancies to be clustering in In2O3. To further con� rm this,
we have investigated the average formation energy (EVO

� ) of

oxygen vacancy pairs as a function of the distance, which is
calculated as

E H n/V
q

D
( , )

O
� = � �

� (5)

From Figure 1a, when two oxygen vacancies share an In
atom, the max distance is 4.40 Å. Within the distance of 4.40
Å, the defect formation energy basically increases as the
distance increases (Figure 3a,b) so that there is an attraction
between the oxygen vacancies in the 80 and 160 atom
supercells for a distance less than 4.40 Å. On the contrary, the
opposite trend appears when the distance is larger than 4.40 Å,
indicating the interaction becomes repulsive. In the con� g-
uration (structure-1 inFigure 3d) with the lowest formation
energy, the distance of two oxygen vacancies is 2.97 Å, of
which both are extracted from the O sites attached to In-2 site
(as shown inFigure 1a) with the shortest bond length of 2.16
Å. A similar tendency for oxygen-vacancy pair formation is
found in tungsten oxides WO3.

23 However, the oxygen-vacancy
pair (structure-2 inFigure 3d) with a distance of 4.17 Å has a
highest average formation energy when it is taken from the O
coordination of the same In2 atom, indicating that this
structure is most unstable. Note that the change ofVO pair
formation energies as a function ofVO� VO distance is found to
be not monotonic, increasing approximately� rst and then
decreasing when the distance increases. To explain the unusual
trend of formation energies, we have analyzed the electronic
structures and structural distortion. Focusing on the structures
with oxygen-vacancy pairs, which share a same In atom in a 80
atom supercell, we have found that there are two defect-related
peaks corresponding to the two oxygen vacancies in the
calculated PDOS (Figure S3). For the structures with smaller
VO distances, one of the two peaks is moving toward the VBM,

Figure 3.Average defect formation energies ofVO� VO pairs as a function of oxygen vacancy distance in (a) In32O46, (b) In64O94, and (c) In192O286.
Each data point represents a con� guration optimized fully in GGA-PBE. (d) Two structurally di� erent possible sites for oxygen-vacancy pairs with
di� erent distances, which are represented by triangles in the� gure; the special In� VO and VO� VO distances (in Å) are given next to each
connection. Orange, purple, and blue spheres represent In1, In2, and the oxygen vacancy respectively; the atoms are similarly shown in the diagram
below.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c01462
J. Phys. Chem. C2021, 125, 7077� 7085

7081

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c01462/suppl_file/jp1c01462_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c01462/suppl_file/jp1c01462_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c01462/suppl_file/jp1c01462_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c01462/suppl_file/jp1c01462_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c01462?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c01462?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c01462?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c01462?fig=fig3&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c01462?rel=cite-as&ref=PDF&jav=VoR


while the other is shifting near the CBM. However, the two
peaks for the structures with largerVO distances remain in the
gap with smaller split. We can not judge the structural
stabilities from the PDOS analysis, because the average defect
levels should be similar in these structures. Moreover, we have
compared the change of the In� O bond length induced by the
VO pair. As shown in theTable S5, the variations are much
greater in the structures with aVO distance less than 3 Å than
in the structures withVO distance larger than 3 Å. The minimal

bond length change in distance of 4.17 Å corresponds to the
most unstable structure. Thus, we can conclude that the
introduction of oxygen vacancies will shorten the In� O bonds
near theVO pair when the twoVO share an In atom and thus
signi� cantly enhance the structural stabilities.

In the previous discussion, there will be two to three oxygen
vacancies in a 480 atom supercell according to the
experimental concentration of the oxygen vacancy. In the
480 atom supercell, there are great quantities of structures for

Figure 4.(a) Local atomic structure of oxygen-vacancy pairs in the 480 atom supercells. The pairs of oxygen vacancies in A� F are taken away from
the same In2 site, and the oxygen vacancies in G� I are adjacent to the same In1 site. (b) Calculated PDOS for four structures corresponding to
models in (a) (A, E, and J) and the model of the 240 atom supercell with a single oxygen vacancy. The insets are schematics of occupied energy
levels relative to the band edges for oxygen vacancies. The energy is measured from the VBM.
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one oxygen-vacancy pair, and the enumerated� rst-principles
calculations will be overly expensive. According to the
calculated results in the 80 and 160 atom supercells, we� nd
that the structures with low formation energies correspond to
the two oxygen vacancies that share an In nearest neighbor, at
a distance of about 3 Å. As shown inFigure 4a, in a 480 atom
supercell, we focus on the two oxygen vacancies that are
bonded to a same� rst-neighbor In site (In1 and In2 sites are
both considered), in structures A� I. Similarly, we con� rm that
the structure-A with a 2.97 ÅdNN of the oxygen-vacancy pair is
the most energetically favorable structure (shown inTable S6).
In addition, we have also calculated several structures with
oxygen-vacancy pair nearest-neighbor distributions ranging
from 5 to 11 Å (Figure 3c), where there is a similar trend to
Figure 3a,b. Obviously, the defect formation energy will
decrease when the distance ofVO is larger than 4.40 Å. The
relatively large di� erences in defect formation energy indicate
that the two oxygen vacancies tend to be located at the oxygen
sites bonded to the same In2 site with the shortest bond length
of 2.16 Å. Meanwhile, three oxygen vacancies bonded to the
same In atom are not stable, because the formation energies of
VO will be increased due to the repulsion. In addition, we have
also studied the oxygen-vacancy pairs in the orthorhombic
phase (space groupPbcn) and rhombohedral phase (space
groupR3�c) of In2O3, where the variations of formation energy
as a function of distance are similar to the case of the cubic
phase (Figure S4).

To understand the stable distribution of oxygen vacancies,
the analysis of electronic structures of defective In2O3 with
oxygen-vacancy pairs in a 480 atom supercell is shown in
Figure 4b. Here, we have adopted the DFT-1/2 method for
presenting calculations of the PDOS distribution for several
comparative structures. Compared to the ideal structure, the
oxygen vacancy will induce gap states between VBM and
CBM, as indicated by the purple rectangles inFigure 4b. For
the one with lowest energy, the gap states are located at 1.7 eV
higher than the VBM, where the distance ofVO is 2.97 Å. The
gap states will be closer to the CBM when the distance of the
nearest-neighborVO is becoming larger. The PDOS of an
isolatedVO from the 240 atom supercell is also shown in the
fourth diagram ofFigure 4b for comparison, which is
compared with the one of an oxygen-vacancy pair at a large
distance in the 480 atom supercell. In such a case, the distance
between two oxygen vacancies is large enough, and the
interactions can be neglected, resulting in the negligible
changes of the defect level.

In the above discussion, we� nd that the formation energies
depend on the distance between oxygen vacancies. Thus, we
have proposed a formation energy model to describe the
interactions among oxygen vacancies, which will help us to
predict the distribution of oxygen vacancies. Herein, the
formation energies in our model are expressed as follows
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where theVrij
is the formation energy of one pair ofVO, n is the

number of oxygen vacancies, theE0 is formation energy of an
isolatedVO, the rij is the nearest neighbor of two oxygen
vacancies (VOi

andVOj
), A, B, s, andt are parameters whose

values are� t from the data in the speci� c supercell with two
oxygen vacancies, and theEVO

� is the average formation
energy ofVO in supercell. In the 480 atom supercell, we have
obtained the distance and formation energies of oxygen-
vacancy pairs (shown inFigure 3c), and then, we can get an
expression.Figure 5a shows the curve of the� tted potential
function, and the calculated expression for the potential energy
function is shown as follows
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With this model, we have randomly selected 10 000 structures
with three oxygen vacancies in the 480 atom supercell, and
their average defect formation energies of neutral oxygen
vacancies can be quickly estimated according to the distancesr
of oxygen vacancies. We then con� rmed the defect formation
energies of 10 di� erent structures using the� rst-principles
calculations, in which the structure with lowest defect
formation energy is shown asFigure 5b. Obviously, two
oxygen vacancies prefer to form a dimer attached to the same
In atom, while the third oxygen vacancy tends to be away.

� CONCLUSION
In summary, we have theoretically investigated the distribution
of oxygen vacancies in an In2O3 bulk crystal, combining the
structural recognition and the� rst-principles calculations. In
the O-poor condition, the formation energies ofVO are low,
indicating a shallow donor behavior and a dominating role in

Figure 5.(a) Fitted potential for the interaction of oxygen vacancies as a function of distance in a 480 atom supercell. (b) Stable structure with
three oxygen vacancies in a 480 atom supercell con� rmed by the� rst-principles calculations.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c01462
J. Phys. Chem. C2021, 125, 7077� 7085

7083

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c01462/suppl_file/jp1c01462_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c01462/suppl_file/jp1c01462_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c01462?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c01462?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c01462?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c01462?fig=fig5&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c01462?rel=cite-as&ref=PDF&jav=VoR


the n-type conductivity of In2O3, which is in good agreement
with previous studies. Notably, the formation energy of a single
oxygen vacancy converges as a function of their concentration,
where the atomic relaxation near the defect will be larger. For a
given supercell, the oxygen-vacancy pairs attaching to the same
In atom tend to be located at the oxygen sites bonded to the
same In2 site with the distance of about 3 Å. The dimerization
of the oxygen vacancy not only enhances the structural stability
but also has signi� cant in� uence on the electronic properties.
The results in the present work will be important for
understanding the distribution of oxygen vacancies in non-
stoichiometric In2O3.
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