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ABSTRACT

Oxygen vacancy is crucial to the optical properties in In,Os, however, the single oxygen vacancy model fails to explain the observed
multi-peak emission in the experiment. Herein, we have theoretically investigated the diversity of oxygen vacancy distribution, revealing the
relationship between the defect configurations and the optical properties. Combining the first-principles calculations and bayesian regular-
ized artificial neural networks, we demonstrate that the structural stability can be remarkably enhanced by multi-oxygen vacancy aggrega-
tion, which will evolve with the defect concentration and temperature. Notably, our results indicate that the single oxygen vacancy will
induce the emission peaks centered at 1.35 eV, while multi-peak emission near 2.35 eV will be attributed to the distribution of aggregated
double oxygen vacancies. Our findings provide a comprehensive understanding of multi-peak emission observed in In,O3, and the rules of &
the vacancy distribution may be extended for other metal oxides to modulate the optical properties in practice.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0135162

I. INTRODUCTION

Due to excellent photoelectronic properties, wide bandgap
oxide semiconductors have been widely applied in flat-panel dis-
plays, solar cells, emerging flexible, and transparent electronics.'~
As an n-type semiconductor with high conductivity and good
optical transparency, indium oxide (In,O3) has attracted extensive
attention.” It has long been suspected that the oxygen vacancies are
the origin of n-type conductivity in In,O; because the oxygen
partial pressure during growth or post-growth processing can affect
the optical properties of In,03.”° In,O; films have exhibited the
optical bandgap of 3.62 eV and optical transmittance of 87% at an
oxygen partial pressure of 2 x 107> mbar.” With the increasing
oxygen partial pressure, the optical bandgap of the In, O3 thin film
was also observed to increase gradually.® Also, oxygen partial pres-
sure percentage would induce the morphology difference of In, 05
by modulating the spatial distribution of In and O atoms, further
affecting the defect concentration, electron density, and Fermi level
position.’

In the experiment, the synthesis temperature has played a sig-
nificant role in the photoluminescence (PL) peak of In,Os. There is
emission at 475nm in the PL spectra of high-density and well-
aligned In,O; nanotubes synthesized at lower temperatures, indi-
cating a deep defect level introduced by oxygen vacancy (Vo).

The blue emission peaks at 420 and 470 nm have been observed in
the thermally oxidizing indium nanohillock at 500°C, and the high
oxygen vacancies density has been detected in these In,O3 nano-
structures.'” For the In,O3 nanowires grown in the temperature of
1050°C, there are three deep defect level emission peaks in PL
spectra, corresponding to the visible region centered at 423, 436,
and 487 nm.'" In the recent study, three main PL peaks, including
485, 505, and 795 nm, have been observed in the In,O3 thin layers
annealed at 250 and 450°C during 1 and 2h.'” Therefore, the
multi-peak emission in the spectra might be attributed to the
complex distributions of Vg, which will evolve as a function of syn-
thesis temperature.

Theoretically, researchers have believed that the treatments of
the first-principles calculations should be most important to the
effect of Vo on optical properties, employing various methods such
as the local density approximation (LDA), LDA+U, generalized
gradient approximations (GGAs), GGA+U, and Heyd-Scuseria-
Ernzerhof (HSE).""™"” Based on the calculated by HSE06 with
higher accuracy, the defect energy level induced by single Vo is
about 2.25eV above the valence band maximum (VBM)."”
Furthermore, when the Hartree-Fock mixing parameter is 0.28, the
single Vo structure only gives rise to one emission peak at 2.3 eV."”
In most theoretical studies, a supercell with 80 atoms is adopted to
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model In, O3 with single oxygen vacancy because this system has been
characterized by a large 1% O-deficient nonstoichiometry.'*™’
However, regardless of the change in calculation methods, the single
vacancy model can only induce one peak emission of In,Os. Recent
studies have shown that the distribution of oxygen vacancies in
TiO,, SiO;, and HfO, can affect the electronic structure proper-
ties, while our recent progress has shown that the configuration
with double vacancies will be more stable than that with single
vacancy in In,0;.7°7*° Thus, the effect of Vg distribution should
be considered, which will provide a reasonable explanation of the
multi-peak emission.

In this paper, we have systematically studied the structural
stability of In,O; with various distributions of oxygen vacancies
based on the first-principles calculations, employing the HSE06
hybrid functional to obtain accurate optical properties. To give
a good estimation of structural stability, we use bayesian regu-
larized artificial neural networks (BRANNSs) to get the relation-
ship between oxygen vacancy distance and defect formation
energy from the first-principles calculations.”® The stable struc-
tures are determined based on the formation of energies, and
the evolution of vacancy distribution is demonstrated as a func-
tion of temperature by considering the contribution of configu-
ration entropy. In optical properties, we have confirmed the
emission centers for single and double oxygen vacancies based
on the simulation of excited states, which indicates that the
multi-peak emission are attributed to multi-oxygen vacancy
aggregation.

Il. METHODS

The first-principles calculations based on density-functional
theory were performed with Vienna Ab initio Simulation Package
(VASP).””*® The Perdew-Burke-Ernzerhof (PBE) generalized gra-
dient approximation was used to describe the exchange-correlation
interaction.””” The Brillouin zone was sampled with allowed
spacing between points in 0.3 A~!. Cutoff energy of 520eV and
residual atomic forces criteria of 0.02 eV/Awere selected in all sim-
ulations. To avoid the underestimation of bandgap for traditional
metal oxide semiconductors, the HSE06 hybrid functional was
adopted to improve the description of band structure and density
of state (DOS).”' The ASCF method was employed to simulate
excited states.””™* In this way, we will construct the different elec-
tronic configurations by a set of orbitals occupation. Based on the
electronic ground-state configuration with a set of occupied orbit-
als, an excited state of In,O3 can be obtained by emptying one of
the occupied orbitals and filling one of the unoccupied orbitals.

It is known that the Vo concentration will reach 1% in the
experiments under the O-poor condition.'*' The supercells of
80 x n (n =1 ~ 7) atoms were generated with the Hermite normal
form matrices, and n oxygen vacancies were introduced in
the supercell with 80 x n atoms, respectively.”>”° Based on the
Structures of Alloy Generation and Recognition (SAGAR),” the
structural multiplicity will be obtained. With such concentrations,
the Vo is generally in a neutral charge state under the charge neu-
trality restriction.”” Therefore, we give priority to the neutral Vo as
the main defect. The formation energy of neutral defect o can be
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calculated as follows:*”

AHY) = E(a) — E0) + Y _na(Au, + 1), )

where E(a) is the total energy of the supercell containing the defect
a; E(0) is the total energy of perfect supercell; #, is the number of
atoms corresponding to defect o; a positive or negative value of 1,
indicates the atoms are removed or added. Au, is the chemical
potentials of defect a; u, is total energy of the most stable phase
corresponding to defect ¢

The average formation energy with the different number of
oxygen vacancies (AEy,) is used to describe the structural stability
of supercells, and the formula is given by

AEy, = AHY /n,. (2)

To consider the temperature effect on structural stability, the
Gibbs free energy F for a solid system ignoring volume changes is
calculated by the following equation:*® F = kT In Z. The partition
function Z is expressed as Z = >, w;e PEi, where w is the structural
multiplicity for the system. The occurrence probability of structure
pi with defect & can be shown as

pi = we "o /7, 3)
where AEY,  is the average formation energy of structure p;.

The concentration of oxygen vacancies in In,Oz has been
reported to affect the optical properties,”’ so we first exclude the
contribution of defect concentration during the calculation process.
We construct the structures with the same concentration and focus
on the defect concentration (c;) with ¢; = 1/48, which is generally
adopted by previous studies.”””"” In the supercell of proper size,
the Vo interaction from the periodic images is small enough to be
neglected, and those perfect supercells are shown in supplementary
material, Fig. S1.

lll. RESULTS AND DISCUSSION

A. The stable distribution of oxygen vacancies

According to the enumeration with structural recognition, we
obtain the formation energies of all structures with single vacancy
and double vacancies. When the supercell reaches 240 atoms, there

are 40 621 nonequivalent structures with triple vacancies. As the

supercell grows larger, there are more than one hundred million
structures, and the computational cost becomes over expensive.
Thus, the BRANNs are employed to predict the relationship
between oxygen vacancy distance and AEy,.”® Our dataset contains
all structures for 40 and 80 atoms with triple oxygen vacancies, and
150 structures are selected in the supercells with 120, 160, 200, and
240 atoms, respectively. We obtain the first nearest neighbor dis-
tances between the Vo in supercells with triple oxygen vacancies
and the 150 structures are selected uniformly for each supercell
according to the average distance. The relationship between the
average distances of triple oxygen vacancies and the formation
energy is shown in supplementary material, Fig. S2. We observe
that with the increase of the average distance, AEy,, first increases,
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then decreases, and, finally, converges. The structures are more
stable when the oxygen vacancies overall tend to be aggregated.
We describe the configurations by the distances among all oxygen
defects under the periodic boundary conditions, as shown in
Fig. 1(a). Based on BRANNS, the error is smaller and the correla-
tion coefficient R? of the model is 0.945, as shown in Fig. 1(b).

Figure 1(c) shows the relationship between supercell size
and average defect formation energy under O-poor condition
(u, = —2.74eV and u,, = 0eV) . There is only one type of O site
according to the Wyckoff position in the In,O; bixbyite structure.
The structure of 80 atoms with single Vo has only one configura-
tion, and AEy, is 0.745eV. For double oxygen vacancies in the
supercell of 160 atoms, we calculated all the configurations by DFT,
and evaluated the AEy, by BRANNs for comparison. The most
stable supercells predicted by model and DFT are the same config-
uration, and the lowest AEy, calculated by DFT is 0.527 eV. Thus,
the model evaluation with BRANNS is found to be accurate and
efficient. Similarly, we used the trained model to predict oxygen
vacancy defects in supercells with 80 x n (n = 3—7) atoms. Due to
the large number of defect configurations in supercell sizes ranging
from 320 to 480, the 100000 defect configurations were randomly
selected to predict AEy,,. In addition, the ten of most stable struc-
tures under each type of supercell were confirmed by the DFT calcu-
lation, determining the most stable defect configurations in the
corresponding supercells. The lowest AEy, decreases from 0.548 to
0.338 eV in supercell sizes ranging from 240 to 480. Interestingly,
there is a magic structure with aggregated six-oxygen vacancy in the
supercell of 480 atoms as shown in structure G of Fig. 2.

Figure 2 shows the distributions of oxygen vacancies for the
stable configurations in supercells with 80 x n (n = 1—6) atoms. In
structure A, the introduction of single Vi gives rise to the repulsion
of In atoms near Vo, shortening of bond length. The average dis-
tance among the In atoms increases by 0.15A, as shown in
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supplementary material, Fig. S3(a). For two stable double Vi con-
figurations (B and C) in the supercell of 160 atoms, we employ
In-2Vy to mark one In atom losing two oxygen atoms. There are
two In-2Vq in structure B, and only one In-2Vy in structure
C. Both In-2Vg in structure B and C move toward the center of
double oxygen vacancies, while the other neighboring In atoms
are repulsed. The distances between In-In bonds are given in
supplementary material, Fig. S3, and we find that the repulsion for
In-In bonds around double oxygen vacancies is stronger than
those around single vacancy. With shortening, the distance
between double oxygen vacancies, the stronger repulsive Coulomb
forces of In-In bonds can strengthen In-O bonds near Vo, enhanc-
ing the structural stability. In the most stable structure D with
triple oxygen vacancies, the aggregation structure is also energeti-
cally preferable. Furthermore, the stable structure of the triple
vacancy can be considered the introduction of an additional
oxygen vacancy around the In-2Vy. Interestingly, the structures D,
E, F, and G contain 1, 1, 2, and 4 In-3V( respectively. The lowest
AEy, is the structure G with six-vacancy, and the distribution of
Vo is an octahedron. There are four In-3V near the octahedron,
and those are not on adjacent octahedral surfaces. Each additional
Vo repels a set of In atoms, strengthening a set of In-O bonds
around vacancies. However, when the seven vacancies are aggre-
gated, the weakened repulsive force of In atoms around the vacancy
can be obviously observed. The distances of In atoms in those
structures are shown in supplementary material, Fig. §3. Thus, six
vacancies will form a magic cluster of aggregated oxygen vacancies,
and the structural stability is attributed to the repulsion between
the In atoms near oxygen vacancies. The aggregation of oxygen
vacancies can increase the number of strengthened In-O bonds,
improving structural stability.

In order to determine the effect of aggregated V, on structural
stability from the perspective of electronic structure, we use crystal
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FIG. 1. (a) One wireframe graphic structure with the triple oxygen vacancies for In,O3. A black box represents one lattice period, and the blue ball shows the Vo. The
blue line shows the distance between oxygen vacancies, while the red background box shows the line between the In and O atoms. (b) Comparison of AEy,, predicted by
the BRANNs and DFT. R? is the correlation coefficient. (c) AEy, varies with the supercell size under O-poor condition at 1/48 vacancy concentration. AEy, represented

by letters corresponds to the structures in Fig. 2.
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FIG. 2. Vacancy distribution of stable configurations at different supercell sizes. (a) 80, 160, 160, 240 atoms. (b) 320, 400, 480 atoms. In-3V, represents the orange In

atom losing three oxygen atoms. The arrows show the direction of movement for the In atoms after relaxation.

orbital Hamilton populations (COHP) to discuss bonding between
atom pairs.””*" The positive value of ~COHP indicates bonding
states, whereas the negative value indicates antibonding states. As
shown in Fig. 3(a), the -COHP shows that the In-O interactions
are mainly bonding states in the defect-free In,O;. The In-O

defect-free
14}

-COHP

bonds form the antibonding states below the Fermi level in the
structures with vacancy, whereas it can be attributed to the struc-
tural distortion caused by the introduction of V. Thus, the expel-
ling O atoms immediately weaken In-O bonding states and are
energetically unfavorable. Note that the In-O antibonding states
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12} structure B,
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FIG. 3. (a) Negative crystal orbital Hamilton population of In-O bond in the structure of A, B, C, and defect-free. (b) Negative crystal orbital Hamilton population of average
In-In bonds and single In1-In2 bond in structure B. (c) The Bader charges of In atoms around the oxygen vacancies in the structure of A, B, C, and defect-free. The nega-
tive value of An, represents the number of electrons lost by one In atom.
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for expelling two adjacent O atoms is weaker than expelling single
O atom. On structural relaxation, the structures for aggregated
oxygen vacancies are more stable. Furthermore, there is a pair of
In-In bonds in structure B as shown in Fig. 3(b), which is consis-
tent with the two In atoms moving towards each other. Compared
with structure C, the pair of In-In bonds will enhance In-O anti-
bonding, thus slightly reducing structural stability. Figure 3(c)
shows that In atoms in structures B and C lose less charge than
that in structure A, based on the charge transfer by the Bader anal-
ysis."' The In-2Vo of structure C has more charge than the In-2Vo
of structure B with the absence of In-In bond. The number of
paired electrons between the In and the O atoms around the
double oxygen vacancies increases, strengthening the stability of
the In-O bond.

B. The optical properties modulated by the
distributions of double oxygen vacancies

Due to the diversity of experimental synthesis conditions,
there may be a variety of defects in the preparation of In,0;. Based
on the Boltzmann distribution, the vacancy concentration under
thermodynamic equilibrium at growth temperature T, is estimated
as:”” The oxygen vacancy concentration of single and double are
0.57%, 2.58%, respectively at T, = 1673 K. The In,0; is charac-
terized by a non-stoichiometric ratio of 1% O-deficient at this
growth temperature Ty, indicating a mixed distribution of single
and double vacancies with different probabilities. Therefore, we
study the free energy variation of defect structure with the tempera-
ture by considering the configuration entropy attributed to struc-
tural multiplicity. The system with given concentration of vacancy
is considered the canonical ensemble, and the number of possible
configurations is estimated by combination. Taking the structure
with six oxygen vacancies as an example, the structural multiplicity
of single vacancy is represented by the number of combinations
formed by six oxygen vacancies that are not close to each other.
When facing the aggregated double oxygen vacancies, we regard
the adjacent double oxygen vacancy as a local structure, and the
three local structures are far away from each other. The structural
multiplicity with aggregated double oxygen vacancies is given by
the number of combinations, and changes with the defect concen-
tration. Similarly, the combination of aggregated triple, four, five,
and six oxygen vacancies are given correspondingly. For a given
defect concentration and temperature, we estimate the probability
of these Vi configurations according to the Eq. (3), as shown in
Fig. 4(a). The probability for the structure with triple, four, and five
oxygen vacancies are small enough to be neglected, and only the
probability for structures with single, double, and six oxygen vacan-
cies are shown in Fig. 4(a). When the V concentration is 1/100,
the probability of structure with the six-vacancy aggregation is the
highest at low temperatures. With the increase in temperature, the
probability of the structure of a double vacancy configuration is
obviously superior. However, when the Vo concentration is 1/200
and the experimental temperature exceeds 800 K, the defect config-
uration of single vacancy is obviously more likely to appear, rather
than double vacancies. The detailed phase diagram as a function of
defect concentration and temperature is given in Fig. 4(b).
Considering the defect concentration from 0.1% to 1%, the
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six-vacancy aggregation will energetically preferable at low temper-
atures, which will evolve into double vacancies and, finally, single
vacancy as the temperature increases. The critical temperature of
the transition from aggregated six vacancies to aggregated double
vacancies is almost the same, while the temperature of transition
from double vacancies to single vacancy depends on the concentra-
tion dramatically. At the synthesis temperature (450—1050°C) of
In,0;,”""* the phase diagram indicates that aggregated double
oxygen vacancies will appear when the synthesis concentration of
oxygen vacancies is higher than 1/150. Note that, In,Oj is charac-
terized by a non-stoichiometric ratio of 1% O-deficient in
experiments.'®™*' Therefore, double oxygen vacancies should be the
majority of defects under common conditions.

Besides the structural stability, the optical properties will be
dominated by the aggregation of multi-oxygen vacancy. The HSE06
was used to overcome the problem of underestimating the
bandgap, and the electronic band in the reciprocal space is shown
in supplementary material, Fig. S4. The calculated bandgap of
In, 05 given by PBE is 0.90 eV, while the one by HSE06 is 2.57 eV,
which is in good agreement with the previous result.”’

In Fig. 4(c), we have shown the DOS of In,O; with and
without Vo, focusing on the variation with the distance of double
oxygen vacancies. The O atoms are surrounded by four In nearest
neighbors in In, O3, with four slightly different In-O bond lengths.
The formation of Vo induces four In dangling bonds, which
consist of a lower energy o state in bandgap and three higher
energy states in the conduction band. The «a; state is located at
2.1eV above the VBM in single Vi, whereas the double oxygen
vacancies introduce two energy states in the bandgap, and the deeper
state is marked as @, state. Interestingly, the o/ state gradually moves
toward the conduction band minimum (CBM) with the distance of
the double oxygen vacancies increasing, while the @) state first
moves toward the CBM and then moves toward the VBM. Owing to
the weakened interaction between the oxygen vacancies , the two
energy states in the gap become almost degenerate, eventually
forming a single energy state. As shown in Fig. S5 of the supplemen-
tary material, we have obtained structures A, C, and G with partial
charge densities from defect states, corresponding to single-, double-,
and six-vacancy, respectively. The charge distribution in the gap state
is mainly localized around the defect. The variation of defect states
induced by the spatial distribution of oxygen vacancies will effec-
tively modulate the optical properties.

The multi-peak emission of In,O; have been observed in the
recent experiment, including 485, 505, and 795 nm."” In order to
understand these emission centers caused by defect states, we
employed ASCF method to simulate excited states, and focusing on
the optical properties of single and double neutral oxygen vacancies
based on the results discussed in Fig. 4(b).>*7** The schematic
diagram of electron-hole pairs induced by oxygen vacancies under
external field excitation is shown in Fig. 4(d). When the electron of
VBM is excited above the CBM, the system is in excited state. After
lattice relaxation, the electron in the defect state falls back to the
VBM accompanied by a luminescence process. In view of the
higher thermal barrier induced by the instability of the single Vo,
we predict a broad emission peak centered at 1.35 eV. In the struc-
ture of double oxygen vacancies, the emission peak centered at
2.35eV is significantly higher than that of single V. Since the
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FIG. 4. (a) The probability of configurations with aggregated n (n = 1, 2, 6) oxygen vacancies under the Boltzmann distribution at defect concentration of 1/100 and
1/200. (b) The structural stability with n (n = 1, 2, 6) oxygen vacancies in InO3 as a function of concentration ¢y and temperature T. In a certain concentration and
temperature, the structure for specific defect is dominant in the given area. (c) The total and atom-projected DOS for the defect-free, single Vo, and different double
oxygen vacancies in In,O3. The zero position is VBM, and the red dashed lines represent the CBM. The a4 state represents the defect state induced by the single Vo,
while the a'1 and a'{ states circled by the black dashed lines respectively refer to the deeper and shallower defect states induced by double oxygen vacancies. The dj is
the relative position between the oxygen vacancies i and j. (d) Calculated configuration coordinate diagram of the optical transition for single oxygen vacancy (structure A)

and double oxygen vacancies (structure C).

bandgap is slightly 0.1eV lower than the experimental gap of
2.67 eV, we infer that the two calculated emission peaks, respec-
tively, correspond to emission peaks near 795 and 505 nm. Note
that the thermal barrier of double oxygen vacancies is significantly
lower than that of the single Vo, which is in agreement with the
experimental observation that the PL intensity near 795 nm is evi-
dently weaker than the intensity near 505nm.'” As shown in
Fig. 4(c), the position of the o state will change with the distance
between the oxygen vacancies. The double oxygen vacancies with
different distributions may lead to various emission peaks near
2.35 eV, corresponding to the multi-peak emission of In,Os. Thus,

the peaks at 485 and 505nm are attributed to double oxygen
vacancies, rather than the single Vo.

IV. CONCLUSION

In summary, we have demonstrated that the aggregation of
oxygen vacancies will be energetically preferable combining the
BRANNSs and the first-principles calculations. The aggregated six-
oxygen vacancy is an octahedral defect, and the four In-3V( are
distributed on non-adjacent octahedral surfaces. The calculated free
energy shows that the double oxygen vacancies are dominant at the
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common condition due to the contribution of configuration
entropy. In addition, the structural distortion induced by Vo will
lead to charge redistribution, and form many localized defect
states, resulting in the multi-peak emission in In,Os3. The experi-
mentally observed peaks at 485 and 505nm are attributed to
double oxygen vacancies, while the single vacancy mainly induces
an emission peak at 795nm. Our calculation results fully illustrate
that different oxygen vacancy distributions will affect the structural
stabilities and optical properties, which is of great significance to
the study of other non-stoichiometric oxides.

SUPPLEMENTARY MATERIAL

The supplementary material includes supercell structure corre-
sponding to the 80, 160, 240, 320, 400, and 480 atoms (Fig. S1),
AEy,, varies with the average distances of triple oxygen vacancies
under O-poor conditions (Fig. S2), the relative positions of In
atoms before and after optimization of defect structures with
oxygen vacancies (Fig. S3), the electronic band dispersion diagram
for In, O3 calculated at the PBE and HSEO06 level of the theory
(Fig. S4), the partial charge densities from defect states of structures
A, C, and G (Fig. S5).
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