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ABSTRACT:In,0O3 is of particular interest as a wide-gap®®
transparent semiconductor oxide, in which the shallow dongg
defect of the oxygen vacancy plays an important role in electroni¢
properties. Herein, we focus on the oxygen vacancy with variot
concentrations in J&,, where the distribution is found to b#
crucial to the structural stabilities. For a spesipercell, the
formation energies of oxygen-vacancy pairs remarkably dependsg
the distance between the two vacancies, which can be used tpoa P
determine the oxygen-vacancy distribution in the nonstoichio-z 4 & 8 10 12 14 16
metric InO; structure. Interestingly, when two oxygen vacancies fllsnet
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 bec
more stable with the increasing of distance between vacancies. In addition, the gap states induced by oxygen vacancies move to
the valence band maximum (VBM) when the nearest distance between the two vacancies decreases, which wékchawe a great e
the conductivity.

0.65

INTRODUCTION and manifested that O vacancies are deep donors, based on an

Metal oxides (MOs) have been used in a variety of devices %?umed bandgap .Of 3.'7 eV with the corre_ction of total
excellent semiconductors, due to the wide bandgap (>2 er%\ergles by a poten;;;il allgpment proged_ure. With the GGA+U
and electron transition energy in the range of visible a ethod, goston et &l. studied the intrinsic defects ofg

ultraviolet light. * Transparent conductor oxides (TCOs), and stated that O vacancies are shallow donors with a
Jeansition level above the conduction band minimum (CBM),

with optical transparency and electrical conductivity, ha dicating that O vacancies are mainly responsible fer the
captured increasing attention due to the potential applicatioH%Pe congductivity as well as the nongtoichpi)ometryzﬁlg In
in solar cells, energy-conserving windows, touch-cont ﬁgisng the hybrid density-functional calculations, Chatratin et

anels, liquid crystal displays, light-emitting diodes, invisib . . .
gecurity c?rcuits,);md softgn\l\yith agfundamengt]al bandgap of dl.” applied the alignment of the VBM in the perfect crystal of

around 2.9 eV in bulkn,O; has been investigated for over 60 In,0; and the charge-state-dependent correction fonitae
yeard as a wide-gap metal oxide and transparent semiize of the supercell, demonstrating that O vacancies become

conductor. Experimentally, thems of In0gzSn can be electrically inactive to make conductivity saturated when the
. , 3

transparent more than 80% in the visible region yet sholi/ermI level is at or above the CBM.

. D : ; In,O; is characterized by a large'®° O-de cient
excellent metal-like conductivity properties by virtue &t a 10 2-3 = )
cm 3 carrier densify. The intrinsic 180 is an n-type nonstoichiometry, and the oxygen vacancies serve as the

conducting material with a carrier concentration up*to 10 primary native defect that renders the wide-bandgap material
310 conducting, controls carrier concentration, and interacts with

cm -~ which is suitable for application as active materials Bopants and impuritiés. The scientic question that we
gas sensors, sensing materials, semiconducting lasers, Igﬂgfess here is whether there is a distribution preference for

;ggtlnmget?]lggssj@andm?: ;dglosLthSelggbXSIDrl’;lHR-I—I’E:\Aéisl:/therethe oxygen vacancies, which will determine how the oxygen
1273 R y spray pyroly vacancies are arranged in the nonstoichiomefi¢ da a

?‘”?‘yz_ed by_ Golovanov et‘abnd they_con_cluded that the function of concentrations. For other metal oxides, theoretical
intrinsic point defects exert a majoruance on the

conductivity.
To study the origin of conductivity properties, researchef3eceived: February 17, 2021

have concentrated on theset of the intrinsic defects on the Revised: March 15, 2021

electronic properties of,@. For example, spontaneous  Published: March 25, 2021

type conductivity induced by intrinsic donor defects has been

recently proposed by Buckeridge &t lahny and Zungét

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

© 2021 American Chemical Society https://doi.org/10.1021/acs.jpcc.1c01462
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Figure 1.(a) Conventional crystal structure gDpndenoted in the left panel. Orange, purple, and red spheres repiesannginl), 24

indium (In2), and 48oxygen atoms in a conventional unit cell of 80 atoms, respectively. Oxygen coordination around indium denoted in the right
panel. (b) Calculated bandgaps witkerdint 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 th®phyettie PBE method. (d) A more accurate band structure and

PDOS of the pure j@5 by the DFT-1/2 method. In (¢) and (d), the VBM is set to zero.

investigations showed that the most stable oxygen-vacaityhe Vienna Ab initio Simulation Package (VASPYhe
pairs on the ceria (110) surface are located at the next-neargsbjector augmented wave (PAW) potentials with a general-
nelghbor sité’ and the nearest-neighbored oxygen-vacanayed gradient approximation (GGA) were used in the Perdew
pairs in WQ are most stabfé.In In,O,, Zatsepin et af. Burke Ernzerhof (PBE) format for the exchange correlation
reported that the formation energy of a single oxygen vacammtentiaf."*® Periodic boundary conditions with a supercell of
is 3.19 eV, while the formation energies for a pair of oxyg&®80 atom for the JO; bixbyite structure were employed. The
vacancies are 3.47 eV for the most distant oxygen vacancig® energy of a plane-wave basis was set as 400 eV. The
and 3.51 eV for nearest neighbors, concluding that thRrillouin zone was set as a mesh &f 2 x 1 k-points,
clustering of the oxygen vacancies is less energetically favoredreered at the-point. And the force criterion was set as 0.01
than the isolated single defects and the structural stabilities adf&A. In allusion to the conventional gap-underestimation
pair of oxygen vacancies in the 80 atom supercell are not vessue, the DFT-1/2 method was adopted to improve the
distance-dependent. accuracy of bandgap calculation.

In most of the previous literature, theat of the oxygen The formation energy of a defedh the charge statgis
vacancy as a donor on®g has been extensively studied. given as follow/
However, the interactions among the oxygen vacancies and the _
formation energies as a function of concentration have been HS®=E .98 B+ n + % @G&s E
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 whereE( ) and E(0) are the total energy of the supercell
oxygen vacancies. Using the package of Structures of Allgih and without the defect; is the energy of the reservoir
Generation And Recognition (SAGAR) developed in oufor the atom referred to its most stable ph&é&n is the
group, we enumerate all possible defect structures in a smlinber of each type of defect atonis the defect charge
supercell based on thest-principles calculations, where the state;E, is the energy at the VBM of a perfect crystal
potential as a function of distance tisto describe the  system, anH: is the Fermi energy relative to Eygy,.
interactions among the oxygen vacancies. The distributions 0ffo consider the possible distribution of oxygen vacancies at
oxygen vacancies with various concentrations are predict@grious concentrations, we have enumerated the possible
which will aect both the formation energies and the gapsupercells and unique cgaorations according to the
states. computational cost. We used the package of SAGAR, which
is developed in our group to generate all the inequivalent
COMPUTATIONAL METHODS multlcomponent materials based on the symmetry of
Our rst-principles calculations were performed on the basis stfucture$’ Using the Hermite normal form matrices all
the density-functional theory (DFT) method as implementedhe unique supercells of integer times of a primitive cell can be
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generated. For a given supercell, all the isomers with possibléntrinsic Point Defects in In,O; and the Concen-
compositions are also enumerated, and the uniqug- con tration E ect. Fromeq 1, the formation energy of intrinsic
urations are generated based on the structural recognition.point defects in O varies with the chemical potentialg,

and o, which can demonstrate the condition from O-poor

RESULTS AND DISCUSSION (In-rich) to O-rich (In-poor) limits. The chemical potentials

. . i m and o are not independent
First, we consider the bulk structure gbJnwithout defects,

where the DFT-1/2 method is adopted to study the electronic 2 |+ 3 3 H;(In,0y) )
properties. Second, we investigate the intrinsic point defects in ) .
In,0s, includingVg, Vi, In, and O under the chemical Where H(In,Oj) is the calculated formation enthalpy of
potential limits. Here, Kger-VinR* notation is used to label [Nz:0s. In the O-poor condition, we have, =0, =1/
the defects, witV, (Vi,) meaning vacancy at an oxygen 3 Hi(In;Qy); in the O-rich condition, we have, = 0 and
(indium) site and In(O;) meaning an interstitial at an indium 1= 1/2 H{(In,05). &"lis given by 1/8(O,), and i
(oxygen) site. Finally, we focus on theceof the oxygen- IS given byEi(Inpu. The calculated formation energies are
vacancy concentration on the formation energies and thiigted inTable S1 _ o _
discuss the distribution of oxygen vacancies in nonstoichig-Based on an occupation probability according to the
metric 105, Boltzmann factor, the vacancy concentration o dite (
Structural and Electronic Properties of Bulk 1n,Os. ny,) under thermodynamic equilibrium at growth temperature
There are three dirent forms of bulk J8;, and it is the  Tgis estimated &s
body-centered cubic bixbyite crystal structure at low temper- _ _ =
ature and ambient presﬁ%@.Experimentally, a bulk crystal My, = N expG Hp /kgTy 3
is grown by theux method. Its primitive cell consists of 40
atoms, and the lattice constantsaré=c=8.86 A and =
= =109, as shown iRigure S1dts conventional unit cell

where Hj is the formation energy of vacakdp the 480
atom supercel is the concentration of atomic siteX af

. 16 1 | : h ) ideal crystal, and is the Boltzmann constant. The calculated
consists of 16 formula units o0y whose space groupal — n\55ima| concentrationsWfare around #9cm 2 (3% of the

and lattice constant is _10_.1? ,&\S_shown i_rFigure a, t_he O lattice sites) af, = 1673 K920 in the O-poor condition,
In;0; crystal has two distinct In sites, theif and 2dsite  \yhich s comparable to a single concentration in a 480
(denoted by Inl and In2), and all the same O sites, éhe 48,5y, supercell (0.35% of the O lattice sites). Thus, we choose
site. Each In atom is surrounded by six O atoms, forming aighercell with 480 atoms to study the intrinsic point defects.
octahedron as shown in the transparent octahedron cageNgye that there are 53 unique supercells for this given volume
Figure &. Considering the O vacancy concentratiomallg  55ed on the structural recognition from SAGARG we
choose a supercell with 480 atoms to investigate the intringigye chosen the one with the largest distance of nearest-
point defects, as discussed in the next section. neighboring/,, to reduce the interactions among\thedue

The band structure and partial density of states (PDOS) @} the periodical boundary condition. The selected 480 atom
In,O; are shown ifrigure €. The CBM and VBM are both  gypercell consists of 96 formula units gDsjnwith the
located at point, implying a direct bandgap semlconductoroptimized lattice constamts b= 17.73 Ac=22.89 A and
property. Compared with the experimental value of 2gheV, — - 75, =70, as shown ifigure 2.
underestimated gap value of 1.06 eV occurs due to thepromeq 1 the formation energies of intrinsic point defects
!lml?atlon of the GGA-PBE method. Because of the hybnq]ary with the Charge Statﬁ§igure P shows the formation
ization of In atoms and O atoms, the PDOS reveals that théhergies of the corresponding intrinsic defects as a function of
VBM is mainly contributed to by ®:2n-3, and In-d the Fermi level under the O-poor condition and O-rich
orbitals, whereas the CBM is primarily contributed to I8y In-Scondition in a 480 atom supercell, respectively. Herein, the
and O-p orbitals, which is consistent with Ethasnd  charge-state-dependent correction for tite size of the
Odakss work:**° As a result of this fundamental characteristiGsupercell is not employed, because the defect concentration in
of its valence band, acceptor dopants produce a deep impudty model is in the range of that in experiments. For each
level in the gap, with high ionization enef8i@ensequently,  defect, only the charge state with the lowest formation energy
it is di cult to realize-type conduction of j@;. is shown as a function of Fermi level. In the O-poor condition,

To improve the calculation precision of the electronigoxygen vacancies are shallow donors, for the (+2/+1) and
structure, we have employed the DFT-1/2 method, whicl+1/0) transition levels are near the CBM, where two
introduces the hole self-energy into the Siclyer equation.  electrons or one electron will be released to recombine with
The eigenvalues and the bandgap are exhibited as a trimméingole and to form an oxygen-vacancy defect level. This result
function of the self-energy potentiainéel in the atoms, as is in agreement with the previous 2 Similarly, Walsh
bandgaps frequently depend on spegpes of atoms and and Scanlon have found that the dominant point dgfect
bonds for a given semiconduttdfhe parameter CUT is an  shows the shallow donor behavior in the orthorhombic phase
ionic or covalent radius, and the optimal CUT gives thef In,0,.** Notably, the formation energiesVef with all
bandgap maximum in the function. The selected optimal valgharge states are low and even negative in the O-poor
of the Op orbital CUT is 2.8 Bohr, which is tested to condition, indicating that oxygen vacancies are easy to form, so
maximize the bandgap (&§égure b). As shown ifrigure d, as to play an important role as compensation centers and limit
the DFT-1/2 method gives a relatively reasonable bandgggype doping in h©,;. The low formation energy \df is
value of 3.2 eV compared with experimental values, withdogtcause of the formation of In bonds neay, which leads
requiring much more computationadrés than the standard to large atomic distortioR** Finally, our results demonstrate
GGA-PBE method. Furthermore, the DFT-1/2 method givethat the oxygen vacancies are shallow donors that induce
similar band structures to the GGA-PBE method. type conductivity in @5 In the O-rich condition, the
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where n, and nj are the acceptor and donor defect
concentrationsn, and p, are the electron and hole
concentrations. West usedl = 1673 K forEf¥ 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 obtaified at

300 K, and the carrier concentrations are calculated as a
function ofg: andT by numerical integration of the Fermi
Dirac distribution function. As showrrigure B, the dashed

lines point to the equilibrium Fermi level, which are 3.20 and
2.37 eV afl = 1673 K in the O-poor and O-rich condition,
respectively. Under the O-poor condition, the self-consistently
calculated equilibrium carrier concentrations,arel.59x

10 cm 3, and the self-consistently calculated equilibgum

concentration i, ~ 2.64 16" cif. 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
d 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.
3 In addition, we have studied the electronic structures of
isolatedVy and In in stoichiometric k©O; with a 480 atom
: ! supercell. Here, we have adopted the DFT-1/2 method for the
E,, .1 (CBM bandgap improvement, focusing on the structures with lowest
o7 9% energy for every type. Frétfigure 2, we can see that the
o< ﬁ 33\1_:_'L Ins, defectV, traps two electrons to form a defect level near the
600 ' e = |ni—029 CBM, which is contributed to by 18-80-% and O-p
o orbitals. The defect ;lintroduces a notable shallow level
| “ below the CBM, due to the hybridization betvpdeands of
[ O ands states of In. Th¥, defect states and the diefect
g 3_}\'_| L levels are located aB eV, in line with their transition levels
¢ ' 7 2 Ty shown inFigure B. It is further proved that the oxygen
Energy (eV) de ciency forms a shallow donor state.
To consider the concentrationeet on the structural
stabilities, we have calculated the formation energies of one

function of Fermi level. Only segments corresponding to the lowe, ygen vacancy in drent SUperC(.a”S with 80, 160, 240, 320, .
energy charge states are shown. The two purple areas represen 480 atoms and whose lattice parameters are shown in
valence and conduction bands, respectively. The vertical dashed lih@8le S2Herein, all supercells are expanded by a primitive cell
represent the equilibrium Fermi level. (c) Calculated PDO®g9f In based on the SAGAR, several of which are shdvguie
with isolated/, and In. The zero of Fermi level corresponds to the S1b d. According to the analysis in the above section, we only
VBM. study the neutral oxygen vacancies, whose formation energies
are shown ifable S3The formation energy of one oxygen
donors formation energies are higher than the acceptoryacancy decreases with the increasing sizes of the supercell,
formation energies at the Fermi level near the CBM. Thugnd a fast convergence with respect to the supercell size is
signi cant concentrations of intrinsic donors would not occufound (inset ofFigure S2a For comparison, we have also
under O-rich growth conditions, except for the Fermi levetalculated the formation energy of a single oxygen vacancy in
near the VBM. various supercells without relaxation, which have a higher value
We also perform a self-consistent calculation to determiméth respect to the relaxed structure. As a result, structural
the equilibrium Fermi levigl® and carrier density. The defect relaxation will make a drence to the defect formation
concentrations depend explicitly Bn and, in turn,Ee energy.
depends on the concentrations of the charged defects andio demonstrate the local distortion induced by the single
the free carriefs. On account of the charge neutrality oxygen vacancy, we have calculated the average chianges (

Formation energy (eV)

—~
(¢
N
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]

PDOS (States/eV)

1
1
E cBM

Fermi
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Figure 2.(a) Optimized 1805 crystal structure of the 480 atom
supercell. (b) Formation energies of intrinsic point defects as

condition, we hafe in the relaxed INO bond lengths with respect to their original
+nd= n+ o lengths in the 480 atom supercell, as shokigune S2aNe
Mo+ N = R+ Ty 4) nd that the atomic relaxation results in larger deviations from
7080 https://doi.org/10.1021/acs.jpcc.1c01462
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Figure 3 Average defect formation energi®sg o¥/ pairs as a function of oxygen vacancy distance igg@a), [(b) IngOq4 and (c) INgLOygs

Each data point represents a garation optimized fully in GGA-PBE. (d) Two structuraléret possible sites for oxygen-vacancy pairs with

di erent distances, which are represented by triangles guitbethe special IV, andVy Vg distances (in A) 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 dia
below.

their original InO bond length for the In atoms near the oxygen vacancy pairs as a function of the distance, which is
defect site. Thus, the atomic relaxation surrounding the oxygealculated as
vacancy will be dominant to the defect formation energy.

It is worth mentioning that there are various supercells with B, = HE) 9/ n (5)
the same volume after the primitive cell is expanded, while the
shapes of the supercell determine the nearest neighbofFrom Figure &, when two oxygen vacancies share an In
between periodic images of a single oxygen vacancy. d@®m, the max distance is 4.40 A. Within the distance of 4.40
reduce the ect of periodic images, we choose the supercell i, the defect formation energy basically increases as the
whichdyy is at a maximum for the given volume. Taking thedistance increasésidure 8,b) so that there is an attraction
supercell of 80 atoms as an example, twgumations are ~ between the oxygen vacancies in the 80 and 160 atom
generated (as shownFigure S2)) and the formation energy supercells for a distance less than 4.40 A On the contrary, the
of structure-b is lower, corresponding to the larger neare@POsite trend appears when the distance is larger than 4.40 A,
neighbor of oxygen vacancies. Therefore, the defect formatlBficating the interaction becomes repulsive. In thg-con

energy of a single oxygen vacancy in a supercell is determiHEgion (Structure-1 iRigure #) with the lowest formation

- ergy, the distance of two oxygen vacancies is 2.97 A, of
not only by the concentration of the oxygen vacancy but algﬁ]}ich both are extracted from the O sites attached to In-2 site

the distance of the nearest neighbor. The possible superc S shown iFigure &) with the shortest bond length of 2.16

with a given volume are enumerated using SAGAR, and t — A similar tendency for oxygen-vacancy pair formation is

one corresponding to the largest nearest neighbor of OXY9elind in tungsten oxides WHowever, the oxygen-vacancy
vacancies is selected. i

pair (structure-2 iffigure #) with a distance of 4.17 A has a

D|s'§r|but|on of Oxygen_ vacancies n InZOS'. In_ the_ hjghest average formation energy when it is taken from the O
following, we have considered the various distributions @bordination of the same In2 atom indicating that this

peutral oxygen vacancies irnt supercells, fo_cusing onthe giycture is most unstable. Note that the changg péir
interactions among oxygen vacancies. For simplicitst we  formation energies as a functiovdfV,, distance is found to
consider two oxygen vacancies in given supercells with 80 not monotonic, increasing approximatedy and then

160 atoms, where 31 and 53 gumations are enumerated decreasing when the distance increases. To explain the unusual
based on structural recognition from SAGAR. Interestingly, Bnd of formation energies, we have analyzed the electronic
comparing ables SandS4 we can observe that the averagestructures and structural distortion. Focusing on the structures
formation energies of an oxygen-vacancy pair are lower thgih oxygen-vacancy pairs, which share a same In atom in a 80
that of a single oxygen vacancy in all supercells except for gem supercell, we have found that there are two defect-related
80 atom supercell, which reveals a tendency of oxyggeaks corresponding to the two oxygen vacancies in the

vacancies to be clustering igOipp To further conrm this, calculated PDOS-(gure SB For the structures with smaller
we have investigated the average formation en&gydf Vo, distances, one of the two peaks is moving toward the VBM,
7081 https://doi.org/10.1021/acs.jpcc.1c01462
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Figure 4(a) Local atomic structure of oxygen-vacancy pairs in the 480 atom supercells. The pairs of oxygen vacandigsesin dway from

the same In2 site, and the oxygen vacancies arésadjacent to the same Inl 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 ene
levels relative to the band edges for oxygen vacancies. The energy is measured from the VBM.

while the other is shifting near the CBM. However, the twdond length change in distance of 4.17 A corresponds to the
peaks for the structures with lakgedistances remain in the most unstable structure. Thus, we can conclude that the
gap with smaller split. We can not judge the structurahtroduction of oxygen vacancies will shorten th@ bonds
stabilities from the PDOS analysis, because the average dafear theV, pair when the tw¥, share an In atom and thus
levels should be similar in these structures. Moreover, we haigni cantly enhance the structural stabilities.

compared the change of the@bond length induced by the In the previous discussion, there will be two to three oxygen
Vo pair. As shown in theable S5the variations are much vacancies in a 480 atom supercell according to the
greater in the structures witN@distance less than 3 A than experimental concentration of the oxygen vacancy. In the
in the structures witf, distance larger than 3 A. The minimal 480 atom supercell, there are great quantities of structures for
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Figure 5.(a) Fitted potential for the interaction of oxygen vacancies as a function of distance in a 480 atom supercell. (b) Stable structure witt
three oxygen vacancies in a 480 atom supercethedrby the rst-principles calculations.

one oxygen-vacancy pair, and the enumerateatinciples In the above discussion, veel that the formation energies
calculations will be overly expensive. According to théepend on the distance between oxygen vacancies. Thus, we
calculated results in the 80 and 160 atom supercellsj we have proposed a formation energy model to describe the
that the structures with low formation energies correspond toteractions among oxygen vacancies, which will help us to
the two oxygen vacancies that share an In nearest neighbomradict the distribution of oxygen vacancies. Herein, the
a distance of about 3 A. As showfigure 4, in a 480 atom  formation energies in our model are expressed as follows

supercell, we focus on the two oxygen vacancies that are A. B

bonded to a samest-neighbor In site (In1 and In2 sites are Vi, = p S <(s= 29

both considered), in structuresl ASimilarly, we corm that i (6)
the structure-A with a 2.9, of the oxygen-vacancy pair is nd1 n

the most energetically favorable structure (shdvelie Sh E, = B+ 1 \VA

In addition, we have also calculated several structures with ™ Niigjmier @

oxygen-vacancy pair nearest-neighbor distributions ranginﬁ ] . .
from 5 to 11 A Figure 8), where there is a similar trend to Where th&/ is the formation energy of one paVgfnis the
Figure 3,b. Obviously, the defect formation energy wilhumber of oxygen vacancies Bhie formation energy of an
decrease when the distanc¥@fs larger than 4.40 A. The isolatedV,, the r; is the nearest neighbor of two oxygen
relatively large dérences in defect formation energy indicatevacanciesvg, andvq), A, B, s andt are parameters whose
that the two oxygen vacancies tend to be located at the oXygglj,es aret from the data in the specisupercell with two
sites bonded to the same In2 site with the shortest bond len ygen vacancies, and thg, is the average formation
(e]

of 2.16 A. Meanwhile, three oxygen vacancies bonded to the rav o/ in supercell. In the 480 atom supercell. we have
same In atom are not stable, because the formation energie '25? 9y OVo P : P ’

Vo will be increased due to the repulsion. In addition, we ha\Peb ained the distance and formation energies of oxygen-

also studied the oxygen-vacancy pairs in the orthorhomt}iacancy pairs (shownfiigure §), and then, we can get an

phase (space grodbch and rho.mt.)ohedral pha$e (space function, and the calculated expression for the potential energy
groupR3g) of In,0O4, where the variations of formation energy ¢ nction is shown as follows
as a function of distance are similar to the case of the cubic

%pressioﬂ?igure a shows the curve of thited potential

phase Figure Syt _ 1™t " 5904244  10.7854
To understand the stable distribution of oxygen vacancies, By, = 0.559+ n 4 + 12
the analysis of electronic structures of defec}®g With =1 j=i+1 I I ®)

oxygen-vacancy pairs in a 480 atom supercell is shown\ijith this model, we have randomly selected 10 000 structures
Figure b. Here, we have adopted the DFT-1/2 method foryith three oxygen vacancies in the 480 atom supercell, and
presenting calculations of the PDOS distribution for severgdeir average defect formation energies of neutral oxygen
comparative structures. Compared to the ideal structure, thgcancies can be quickly estimated according to the distances
oxygen vacancy will induce gap states between VBM apfloxygen vacancies. We then moed the defect formation
CBM, as indicated by the purple rectanglBgjime b. For  energies of 10 dirent structures using thest-principles

the one with lowest energy, the gap states are located at 1.7gg\culations, in which the structure with lowest defect
higher than the VBM, where the distanag,d$ 2.97 A. The  formation energy is shown REsure 5. Obviously, two

gap states will be closer to the CBM when the distance of tlixygen vacancies prefer to form a dimer attached to the same
nearest-neighbdry is becoming larger. The PDOS of an In atom, while the third oxygen vacancy tends to be away.
isolatedv, from the 240 atom supercell is also shown in the

fourth diagram ofFigure & for comparison, which is CONCLUSION

compared with the one of an oxygen-vacancy pair at a langesummary, we have theoretically investigated the distribution
distance in the 480 atom supercell. In such a case, the distaoE@xygen vacancies in agObulk crystal, combining the
between two oxygen vacancies is large enough, and #teuctural recognition and thest-principles calculations. In
interactions can be neglected, resulting in the negligibthe O-poor condition, the formation energieg,ofre low,
changes of the defect level. indicating a shallow donor behavior and a dominating role in
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