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We report an accurate and robust interatomic pair potential for the technologically important
transparent conducting oxide indium sesquioxide (In,Os). The potential is optimized for the
thermodynamically stable bixbyite phase, and it is then used to explore the relative stability
and physical properties of five sesquioxide polymorphs and their high-pressure phase transitions.
The potential is further employed to investigate the formation of intrinsic defects at the limit of
infinite dilution through the embedded Mott—Littleton approach. The anion Frenkel pair is
determined to be the lowest energy source of ionic disorder with an energy of formation of 3.2 eV
per defect, which can be explained by the presence of intrinsic anion vacancy sites in the bixbyite
structure. In contrast, both the cation Frenkel pair (6.9 eV) and Schottky defect (4.4 eV) are less
thermodynamically stable. The Schottky formation energy is less in the high pressure phases;
however, it remains above 4 eV at elevated pressures.

1. Introduction

Indium sesquioxide (In,O3) is a prototypal transparent
conducting oxide that is currently used in a wide range of
optoelectronic applications, including flat-panel displays,
light-emitting diodes, and solar cells.!? Over the past
decades, the bulk, surface, and nanostructure properties
of the material have attracted substantial experimental
interest.”'> Electronic structure studies, predominately
based on density functional theory (DFT),'®!” have
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further contributed to our present knowledge of the
structural,'® %! optical,'®**?* and doping®*~* properties
of In,03. However, there remain many open questions
regarding the nanoscopic materials chemistry of this
system, which lie beyond the limits of purely quantum
mechanical approaches. Indeed, little is known about the
properties of extended defects, including surfaces, dislo-
cations, and grain boundaries, which are present in
fabricated In,Oj5 thin films.

Classical atomistic simulations, which replace the
many-body wave function with more tractable pairwise
analytic functions, offer a means of performing large-
scale simulations with high precision, from which valu-
able information can be extracted in relation to structure,
energetics, defect formation, and ionic transport. Such
approaches have significantly advanced our understand-
ing of the extended defects, surfaces, and nanochemistry
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of polar solids that include metal oxides (e.g., ZnO,**%
Ce0,,*!' VO,,* and MnO,*). Further extension towards
multiscale quantum mechanics/molecular mechanics
(QM/MM) methods can generate accurate electronic
structure information from realistic system sizes.>>>*~%’

The main challenge in using interatomic potentials lies
in the parametrization of the appropriate functional form
to describe accurately the physical properties of interest.
In this work, we report a new potential optimized for the
cubic bixbyite phase of In,O3. This model reproduces all
pertinent structural and physical properties of interest,
including the static and high-frequency dielectric con-
stants. The robustness of the proposed potential is
checked through investigation of the high-pressure phase
stability of a range of known and hypothetical In,O3
polymorphs. In addition, we report the formation energy
and pressure stability of intrinsic point defects in bixbyite
In,O5 in the dilute limit. These calculations highlight the
low formation energy of anion Frenkel pairs, which is due
to the presence of intrinsic anion vacancies in the under-
lying defective fluorite crystal lattice. In the high-pressure
phases, the formation of Schottky defects dominates. The
potential model that we have developed will be valuable
in subsequent investigations of the physicochemical prop-
erties of this material.

2. Computational Details

The interatomic potentials adopted are based on the Born
model of ionic solids;*® indium has a low electronegativity,
relative to oxygen, and In,O3 features a high static dielectric
constant, which is typical of polar metal oxides. Ion—ion
interactions are represented through both a Coulomb sum,
and a two-body Buckingham potential of the form

o C
Ui]?uckmghdm =4 exp( —’l) -— (1)
' P Ty
The short-range energy (Ug‘mkingham) is determined by the

interaction specific parameters 4, p, and C, where r; is the
distance between atom i and atom j. To describe the energetics
and structural properties accurately, anion polarization must be
explicitly taken into account, which is achieved using the shell
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model.***° The massless shell (charge Y) is connected to a core
by a spring (with a spring constant of kK = —F/x), i.e., the ionic
polarizibility is given by

o :Y{ 2)

where the sum of the core and shell charges conserves the formal
charge state of the anion.

The defect calculations were performed within the embedded-
cluster Mott—Littleton method,*' which describes an isolated
defect center in the true impurity limit; this is unlike the supercell
approach that has been adopted in most electronic structure
calculations, which is subject to the spurious effects of periodic
charged-defect interactions.*” Within the Mott—Littleton ap-
proach, the simulation is divided into an inner region centered
around the defect, in which interactions are explicitly treated
(region I), and an outer region that responds to the defect
perturbation via a linear response approach (region II). In our
calculations, the radius of region I was chosen as 10 A (>500
atoms) with a 25 A radius for region Ila (> 5000 atoms); the
region IIb continuum commences outside of these spheres and
extends to infinity. The calculated defect formation energies are
converged to within 50 meV, with respect to the chosen radii.
One disadvantage of an interatomic potential approach is that
the chemical potential of the individual ions is not directly
known; the ion self-energy is defined as zero at infinite separa-
tion. Therefore, only the formation energy of stoichiometry-
preserving defects can be meaningfully compared in a straight
forward fashion in this study. All simulations were performed
within the GULP package.*’

3. Results and Discussions

3.1. Revised Potential Model. Parameterization of the
Buckingham potential (eq 1) for In,O;5 has been reported
by Warschow et al.,** which itself is derived from the
earlier work of McCoy et al.* and Bush et al.*® While their
potential, which includes oxygen polarization, reproduces
the bixbyite cubic lattice constant, the dielectric properties
are less well-described, as shown in Table 1. A potential
for In—O and O—O interactions has also been reported by
Fisher and Islam,*” which includes both cation and anion
polarization; however, the model was optimized for
Ba,In,Os5 and was not intended to be transferable to the
binary system. A third potential can be found in the work
of Minvervini et al.,*® which was optimized to reproduce a
range of metal oxide structures. While this potential does
replicate the experimental lattice constant with minimal
error, it is again at the sacrifice of describing the dielectric
properties, with errors in excess of 25%, which will be
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Table 1. Calculated and Experimental Values for the Material Properties of Bixbyite In,O3

Value
property experiment  present work  Warschow et al.**  Fisher and Islam*’  Minervini et al.*®  LDA-DFT'®

cubic lattice constant, a (A) 10.117¢ 10.121 10.120 9.689 10.118 10.094
bulk modulus, B (GPa) 194.24° 193.77 222.79 224.29 210.25 174
static dielectric constant, &' 8.9-9.5° 9.052 6.871 7.533 6.433
high frequency dielectric constant, & 4.0° 3.903 3.534 2.376 3.382 3.82
elastic constants

c11 (GPa) 297.75 368.11 288.99 326.18

¢12 (GPa) 141.78 150.13 191.94 152.30

c44 (GPa) 76.42 111.26 115.73 126.61

“Data taken from ref 7. ® Data taken from ref 49. ¢ Data taken from ref 2.

Table 2. Buckingham Interatomic Pair Potential Parameters for InOs,
with Shell Polarization on Oxygen”

o Ce /(a
p(A) (VA9 (V/AY) Y(e)

pair potential parameters A4 (eV)

In core—O shell 1498.651 0.3405 33.2
O shell—O shell 22764.000 0.1490 32.0
O core—O shell 28 —2.84

“The core charges for indium and oxygen are +3.00 and 0.84,
respectively.

insufficient to provide an accurate description of charged
point defects.

To overcome the limitations of the available potentials,
which do not satisfactorily model the key material prop-
erties, we perform a revised paramaterization using a
weighted fit over a wider range of properties available
from experiment, including structure, bulk modulus, and
dielectric constants; the resulting potential is detailed in
Table 2. As can be observed in Table 1, this potential
results in good overall agreement with experiment. In
particular, both the static and high-frequency dielectric
constants are very well-reproduced. Recent high-pressure
powder X-ray diffraction (XRD) reported a bulk mod-
ulus of 194 GPa,* which is substantially larger than the
DFT value of 174 GPa'® within the local density approx-
imation (LDA); however, this value agrees well with the
results from our potential model. A concession in our
model lies in the reproduction of the phonon frequencies,
which have a range of 106.73—544.99 cm ™! at the Bril-
louin zone center. These compare to the frequency range
of 130—650 cm ™! that is observed in room-temperature
Raman spectra®® and the frequency range of 205—625
cm ! that is observed in infrared (IR) reflectivity spec-
tra;>" this is a common compromise in potential fitting,
where one must choose between achieving close agree-
ment with the elastic, dielectric, or vibrational properties.

3.2. High-Pressure Polymorphs. The previous results
and potential models were based on the thermodynami-
cally stable phase of In,O3, the cubic bixbyite structure
(space group Ia3).”' The unit cell of bixbyite can be
viewed as a 2 x 2 x 2 fluorite structured supercell with
one-quarter of the anion sites vacant, which are ordered

(49) Liu, D.; Lei, W. W.; Zou, B.; Yu, S. D.; Hao, J.; Wang, K.; Liu, B.
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in (110) and (111) directions around each In site. While
an early investigation indicated the possibility of an
alternative 72,3 ground state,”> our potential model
demonstrates that this structure spontaneously relaxes
to bixbyite, which is in agreement with recent DFT
calculations.'®!” There are many higher density crystal
structures for A,B; stoichiometry, which leads to a
variety of metastable high-pressure In,O3 phases. To
assess the transferability of the proposed potential
beyond the cubic bixbyite structure, we have explored
the relative stability of competing In,O3 polymorphs over
arange of 0—70 GPa (in steps of 0.05 GPa): (i) corundum
(space group R3c¢):> (ii) a-Gd,Ss (space group Pnam);™*
(iii) Rh,O5(II) (space group Phna).”> We have addi-
tionally considered the 5-Ga,Oj5 structure (space group
C2m)*® and the low-temperature La,Os structure (space
group P3ml1),”” which have not been reported for In,O;
to our knowledge, but may be viable at elevated pressures.
These structures are illustrated in Figure 1, with the
calculated enthalpy—pressure data plotted in Figure 2.
At zero pressure, we found that the energetic ordering
of the phases is bixbyite < corundum < Rh,O3 < Gd,S; <
Ga,O; < La,O;, with the La,O3 phase being 0.7 eV
per formula unit higher in energy than bixbyite. All
phases are observed to be stable, with no imaginary
phonon frequencies. In the range of 0—70 GPa, two
structural transitions are predicted for the lowest enthal-
py phase in our 7 = 0 K calculations. The first pressure-
induced transition with pressure is from bixbyite to the
Rh,O5-type phase at 20 GPa, which is stable until ~45
GPa, where a transition to the a-Gd,S; structure is
observed. Rh,O5 is a known stable polymorph in this
pressure window,”” and it has also been observed to
undergo a phase transition to corundum on decreasing
pressure at ~7 GPa,?® a crossover point that our data also
reproduces (at 9 GPa). Remarkably, the high-pressure
stability of a-Gd»S; above 40 GPa was only recently
reported from a combination of experiment and DFT
calculations.?! The relevant driving forces for these tran-
sitions have been discussed in detail elsewhere.”>*' The
calculated structural and physical properties for the

(52) Zachariasen, W. H. Skr. Nor. Vidensk.—Akad., [KI.] 1. Mat.—
Naturvidensk. KI. 1928, 1928, 165.
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Figure 1. Crystal structure representations of the (a) bixbyite, (b) corundum, (¢) a-Gd,Ss, (d) -Ga,0s3, (e) La,0;, and (f) Rh,O5(II) phases of indium
sesquioxide (In,O3). The O ions are colored red, with blue polyhedra around the purple In ions.

0.8 T T T T T
Ga,0,
0.4 § La,0, .
% \
:)/ \
% 0.0
S Corundum
e Rh,O
I'x 04 278 _
j”:
3
-0.8 - 3
Gd,S,
1.2 L L L L L
10 20 30 40 50 60 70

Pressure (GPa)

Figure 2. Calculated phase stabilities, per formula unit, of five sesqui-
oxide structures relative to the cubic bixbyite groundstate for In,O5 (0 eV).
Note that the Ga,O5 phase (black line) transitions into the La,Oj
structure (pink line) above 6 GPa.

bixbyite, Gd,S3;, Rh,03, and corundum phases at zero
pressure and at the two high-pressure transition points
are listed in Table 3, from which many trends are appar-
ent: (i) the zero-pressure static dielectric constants are
higher in the more-dense phases, and they decrease as the
pressure increases; (ii) the high-frequency dielectric con-
stants are smallest in bixbyite, and they increase as the
pressure increases; (iii) the Rh,Oj5 structure exhibits the
largest bulk moduli at all pressures, whereas the Gd,S;
structure exhibits the smallest. Because of the absence of
available data, these cannot presently be compared to
experimental measurements.

Although the zero-pressure separation between the
Ga,03, Gd,S;, and La,O; structures is ~0.2 eV per
formula unit, at higher pressures, they come close to
being degenerate (within 50 meV per formula unit)
at ~30 GPa before separating again in energy at 45
GPa, which is largely due to a significant compression
along the c-axis in the 3-Ga,Oj5 structure, which produces
7-fold coordinated In sites, similar to the La,O3 and
Gd,S; phases. Indeed, after 6 GPa, a second-order phase
transition from the Ga,O5 to La,Ojs structure is observed.
However, at elevated pressures, the Gd,S; structure offers
more-efficient packing of the cation polyhedra, resulting
in its higher stability above 45 GPa. Thus, because of the
small enthalpy differences between 30 GPa and 45 GPa,
we expect that the three phases may coexist, along with
other related intermediate or possibly amorphous struc-
tures.

3.3. Intrinsic Defect Formation. Point-defect forma-
tion was investigated for the thermodynamically stable
bixbyite phase of In,O3. The relevant lattice and inter-
stitial sites involved are illustrated in Figure 3, with
their associated Madelung site potentials, which are listed
in Table 4. The defect formation energies are listed in
Table 5; both structural and electronic (shell) relaxation
are determined to be essential in all cases. Removal of
an oxygen anion (Vg) results in a decrease in coordination
for four In ions, which contract away from the vacancy
site resulting in a reduction in the largest remaining In—O
bond length from 2.25 A to 2.18 A. Two crystallographi-
cally unique In lattice sites are present in bixbyite; both
are 6-fold coordinated to oxygen, but the 8b Wyckoff site
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Table 3. Calculated Physical Properties of Four In,O3; Polymorphs from Three Constant Pressure Simulations at 0, 20, and 45 GPa

Bixbyite Rh,05
property 0 GPa 20 GPa 45 GPa 0 GPa 20 GPa 45 GPa

lattice constants

a(A) 10.12 9.83 9.56 7.96 7.71 7.46

b(A) 5.48 5.35 5.24

c(A) i 5.59 5.45 5.32
volume, ¥ (A? per formula unit) 64.79 59.35 54.64 60.96 56.18 51.95
bulk modulus, B (GPa) 193.77 257.70 327.88 210.59 274.13 344.11
static dielectric constants

&) 9.05 7.90 7.31 15.33 13.36 12.94

&5 9.05 7.90 7.31 10.66 9.20 8.24

&’ 9.05 7.90 7.31 13.80 12.66 13.98
high-frequency dielectric constants

el 3.90 4.13 4.26 4.47 4.65 4.82

e2 3.90 4.13 4.26 4.34 4.50 4.62

e 3.90 4.13 4.26 4.39 4.53 4.66
elastic constants

c11 (GPa) 297.75 334.85 368.99 274.00 334.68 381.10

¢ (GPa) 297.75 334.85 368.99 375.11 432.97 492.43

¢33 (GPa) 297.75 334.85 368.99 343.44 417.65 481.32

c44 (GPa) 76.42 83.76 75.00 54.91 58.33 43.35

¢s5 (GPa) 76.42 83.76 75.00 107.13 112.36 110.74

ce6 (GPa) 76.42 83.76 75.00 107.41 118.21 116.98

¢1» (GPa) 141.78 219.12 307.33 176.57 234.58 305.63

¢13 (GPa) 141.78 219.12 307.33 163.96 227.29 310.01

¢»3 (GPa) 141.78 219.12 307.33 115.12 185.28 272.61

Gd,S;3 Corundum
property 0 GPa 20 GPa 45 GPa 0 GPa 20 GPa 45 GPa

lattice constants

a(A) 13.21 12.15 11.17 5.49 5.36 5.26

b(A) 3.35 3.28 3.20

c(A) ) 5.61 5.62 5.65 14.46 13.86 13.22
volume, V' (A® per formula unit) 62.01 55.86 50.55 62.82 57.55 52.86
bulk modulus, B (GPa) 114.19 231.29 204.83 198.38 252.54 308.68
static dielectric constants

e(l)l 13.58 11.01 11.62 9.66 8.14 7.27

& 14.08 10.44 8.75 9.66 8.14 7.27

&’ 10.00 9.22 8.85 15.27 13.63 13.53
high-frequency dielectric constants

el 4.37 473 5.18 4.17 4.29 4.40

&2 4.37 4.65 4.84 4.17 4.29 4.40

e 4.24 4.59 4.99 4.33 4.56 4.86
elastic constants

¢11 (GPa) 123.23 244.70 237.64 357.16 425.02 495.39

¢» (GPa) 329.71 408.12 458.81 357.16 425.02 495.39

¢33 (GPa) 314.40 367.59 440.39 292.59 314.96 341.05

c44 (GPa) 58.66 76.84 76.24 73.31 78.06 57.75

¢ss (GPa) 99.38 121.44 126.45 73.31 78.06 57.75

ce6 (GPa) 59.18 93.90 107.61 88.36 97.89 101.93

¢1» (GPa) 90.19 182.68 210.04 180.45 249.24 336.53

¢13 (GPa) 144.82 235.86 286.76 116.93 179.88 249.76

23 (GPa) 153.75 224.56 306.45 116.93 179.88 249.76

has high symmetry (S¢) while the 24d site is more distorted
(C,). The removal of an In cation (V’];) results in a
relaxation of the neighboring oxygens away from the
vacancy center with a substantial contraction of the local
In—O bond lengths; e.g., for the 8b indium site, they
decrease from 2.11—2.25 A t0 2.04—2.14 A. The energetic
cost for In removal is similar for the 8b and 24b
sites; however, it is the 8b site that has a lower energy,
by 130 meV, because of its higher site potential.

A natural choice for the anion interstitial is the 16¢
('/s."/s.!/s) position—an intrinsic structural anion va-
cancy (i.e., an occupied anion site in the parent fluorite
structure). (See Figure 3.) Other possibilities include
the 24d ('/4,0.'/s) and 8a ('/5,'/5,0) sites, which both
feature 6-fold oxygen coordination. Occupation of the

16¢ site by oxygen has been suggested to occur in tin-
doped In,0;, where the oxygen interstitial compensates
the excess Sn charge produced by the aliovalent doping,
i.e., the formation of a [2Sn}j,—O!] charge neutral com-
plex.>>® In the intrinsic system, our calculations also
predict the 16¢ interstitial site to be the lowest in energy
by more than 1 eV; the oxygen insertion has a minor effect
on the local structural environment, as shown in Figure 4.

For the cation interstitial, it could be expected that the
24d or 8a sites would be more stable, because of the shorter
initial In—O bond lengths; however, interestingly, the en-
ergetic ordering for the unrelaxed defects (8a < 24d < 16¢)

(58) Gonzalez, G. B.; Cohen, J. B.; Hwang, J.-H.; Mason, T. O.;
Hodges, J. P.; Jorgensen, J. D. J. Appl. Phys. 2001, 89, 2550.
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Figure 3. Illustration of high-symmetry ion and interstitial positions
within the cubic bixbyite unit cell. The O atoms are colored red (small
balls), with purple In and green interstitials (large balls). Two-dimensional
ion distributions through (001) planes are shown on the right.

Table 4. Electrostatic Site Potentials for Several High-Symmetry Ion and
Interstitial Positions in the Equilibrium Bixbyite Phase of In,O3

site coordination number potential (V)
Iny, (8b) 6 —32.33
Iny, (24d) 6 —32.44
Oo (48e) 4 22.92
Vi (16¢) 4 —0.20
V; (24d) 6 —2.67
Vi (8a) 6 -1.77

Table 5. Calculated Formation and Relaxation Energies for a Range of
Intrinsic Defects in Bixbyite In,O3: Energetics of Defect Reactions
(e.g. Frenkel Pair) are Reported per Defect

defect unrelaxed (eV) relaxed (eV) relaxation energy (eV)

V5 35.14 20.99 14.15
Vi, (8b) 78.33 49.92 28.42
Vi (24d) 78.43 50.05 28.38
O} (16¢) 2.09 —14.61 16.70
0! (24d) 5.90 —12.08 17.98
O (8a) 3.67 —13.29 16.96
In{™ (16¢) 2.16 —36.21 38.37
In{™ (24d) 0.85 —34.89 35.74
In{™ (8a) —0.38 —35.57 35.19
anion Frenkel pair 3.19

cation Frenkel pair 6.85

Schottky defect 4.44

interstitial disorder 4.87

is overturned by strong relaxation in which the final
ordering becomes 16c < 8a < 24d. Both the anion and
cation interstitials substantially favor the 16c site. Inspec-
tion of the relaxed structures reveals that, upon the
addition of indium, there is a concerted outward expan-
sion of the four nearest In ions and an inward contraction
of the six O ions, as shown in Figure 4. The resulting
In—O separations are in the range of 2.10—2.23 A, which
are close to the ideal bond lengths. In this way, the 16c site
offers the space to incorporate the large In cation and can
simultaneously satisfy its bonding requirements.
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Figure 4. Relaxed geometries around oxygen and indium interstitials
(colored green) in bixbyite In,Os.

Now, we will consider the energetics of stoichiometric
defect formation: the case of intrinsic ionic disorder.>*-®°
The Schottky defect represents the removal of In and O
ions in stoichiometric units to form vacant lattice sites:

2Iny, + 300 =2V, + 3V (3)

The associated Schottky defect energy is defined with
respect to isolated ion removal and the addition of one
formula unit to the bulk lattice (E[In,O3] = —140.60 eV):

1 "
ESchottky = §(2E[V1n] + 3E[V8] + E[In203]) (4)

Based on the lowest-energy indium vacancy (the 8b site),
the Schottky defect energy is 4.44 eV per defect. Corres-
pondingly, a Frenkel defect is created by the displacement
of an occupied lattice site onto an interstitial position, e.g.,

Ing, =V, + Ini™ ()
for the cation Frenkel pair, with a formation energy
calculated from

m

Efrenkel = 5 (E[Vy,] + E[Inj™]) (6)

NS

Again, based on the lowest-energy interstitials and
vacancies, the anion and cation Frenkel pair energies
are 3.19 eV and 6.85 eV per defect, respectively. This
energy ordering indicates a stronger preference for the
anion Frenkel pair over the other sources of ionic dis-
order, which is understandable, based on the presence of
intrinsic anion vacancy sites in the lattice. In comparison,
the cost of creating anion Frenkel pairs in the related
TCOs, ZnO and SnO, have been reported as 4.40 eV’

(59) Smyth, D. M. The Defect Chemistry of Metal Oxides; Oxford
University Press: Oxford, MA, 2000.

(60) Kroger, F. A. The Chemistry of Imperfect Crystals; North—Holland:
Amsterdam, 1974.
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Figure 5. Calculated pressure dependence of the formation energy of
three stoichiometric defect pairs in bixbyite In,Os. Schottky energies for
the three high-pressure phases are shown for comparison, with the stable
phase in each pressure region indicated with solid lines.

and 5.53 eV®' per defect, respectively, using classical
simulations, which are substantially higher in energy than
In,0;, because of the more-efficient packing in the wurt-
zite and rutile lattices. Because of the low anion Frenkel
pair energy, the case of stoichiometric interstitial disorder
is also worth considering:

1 "
Elnterstitial = 3 (2E[Inj] + 3E[O;] — E[In203]) (7)

which is observed to cost 4.87 eV per defect, which is
moderately higher than the Schottky defect energy but still
lower than the formation energy of the cation Frenkel pair.

We have further investigated the pressure dependence
of the three key stoichiometric defects over the range of
0—70 GPa (Figure 5). Here, isochoric point defect for-
mation is calculated within a lattice that has been opti-
mized at a fixed pressure. In this range, the anion Frenkel
pair increases in energy from 3.19 ¢V to 4.09 eV; while the
cost of oxygen vacancy formation decreases as the pres-
sure increases, the cost of the oxygen interstitial increases
at a faster rate. The same interplay is observed for the ca-
tion Frenkel pair, which increases from 6.85eV to 7.91 eV.
The rate of change for the Schottky defect is much
greater, which increases from 4.44 eV to 7.83 ¢V, a similar
pressure dependence for Schottky formation has pre-
viously been reported in MgSiO;.°* However, to provide
tangible insight into the high-pressure defect behavior, we
must consider the appropriate stable phases. For the
high-pressure phases, which are significantly denser than
bixbyite, the Schottky defect is the dominant source of
ionic disorder. The associated ion vacancy and Schottky
energies for the corundum, Rh,05 and Gd»S; phases, are
compared in Table 6. At zero pressure, Schottky defect
formation is very similar in the bixbyite and corundum
phases; although the formation energy is lower in the
Rh,O5; and Gd,S;3 phases, it is still significantly costly
at >3.5eV.

(61) Freeman, C. M.; Catlow, C.R. A. J. Solid State Chem. 1990, 85, 65.
(62) Watson, G. W.; Wall, A.; Parker, S. C. J. Phys.: Condens. Matter
2000, 8427.

Walsh et al.

Table 6. Calculated Ion Vacancy and Schottky Defect Formation Energies
for the Bixbyite, Corundum, Rh,03, and Gd,S; Phases of In,O3
at Zero Pressure

phase Vg (eV/defect) Vi (eV/defect) Schottky defect (eV/defect)

bixbyite 20.99 49.92 4.44
corundum 21.39 48.88 4.33
Rh,03 20.70 48.66 3.85
Gd»S; 20.20 48.87 3.66

The pressure dependence of Schottky defect formation
for all four phases is compared in Figure 5. At zero
pressure, defect formation in the Rh,O5; (Gd»S5) phase
is 0.59 eV (0.79 eV) more favorable than for bixbyite. At
20 GPa, Schottky defect formation in the Rh,O3 phase is
4.98 eV, whereas at 45 GPa, it is 5.52 eV in the Gd,S;
phase. Therefore, the cost of creating intrinsic ionic
disorder is high in all stable phases at elevated pressures,
which suggests that ionic disorder will not be appreciable
without the influence of extrinsic impurities or dopants.
For the corundum phase, the initial Schottky formation
energy is similar to bixbyite and shows a similar pressure
dependence up to 40 GPa, but then begins to decrease
because of a reduction in energy of the oxygen vacancy in
the corundum structure at higher pressures.

4. Conclusions

We have reported a revised interatomic potential for
In,O5, which both reproduces the structural and physical
properties of the thermodynamically stable bixbyite
phase and marks a significant improvement over the
previously reported potentials. Calculation of the relative
stability of five high-pressure phases up to 70 GPa
revealed transition pressure ranges in good agreement
with both experimental observations and ab initio elec-
tronic structure calculations. Furthermore, we investi-
gated the formation of intrinsic defects in the bixbyite
lattice, including all possible ion vacancies and intersti-
tials. The results revealed a marked preference for the
anion Frenkel pair arising from the presence of intrinsic
anion vacancy sites in the underlying defective fluorite
lattice. However, at high pressures, the Schottky defect
energy is reduced when the appropriate stable phases are
considered. The formation energies exceed 3 eV for all
stoichiometric defects; therefore, intrinsic ionic disorder
is not expected to be appreciable in any In,O3 polymorph
grown under equilibrium conditions.

Empirically, In,O3 is known as an n-type electron
conductor, because of oxygen substoichiometry, and
progress in transparent oxide optoelectronics applica-
tions relies on the fabrication of p-type materials (for
p—n junctions).'®%7% We are currently investigating
approaches to explore the redox properties using a com-
bination of classical and quantum chemical approaches,
which would shed light on the atomistic origins of the

(63) Ogo, Y.; Hiramatsu, H.; Nomura, K.; Yanagi, H.; Kamiya, T.;
Hirano, M.; Hosono, H. Appl. Phys. Lett. 2008, 93, 032113.

(64) Scanlon, D. O.; Morgan, B. J.; Watson, G. W.; Walsh, A. Phys.
Rev. Lett. 2009, 103, 096405.

(65) Godinho, K. G.; Watson, G. W.; Walsh, A.; Green, A.J. H.; Payne,
D. J.; Harmer, J.; Egdell, R. G. J. Mater. Chem. 2008, 18, 2798.
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n-type behavior and assess the possibility of p-type dop-
ing, in addition to highlighting the potential for electro-
chemical applications.
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