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Oxygen vacancies play significant roles in various properties of oxide materials. Therefore, insights into the
oxygen vacancies can facilitate the discovery of better oxide materials. To achieve this, we developed codes
for high-throughput point-defect calculations and applied them to characterize oxygen vacancies in 937 oxides.
From the resulting large dataset, we analyzed the vacancy structures and formation energies and constructed
machine-learning regression models to predict vacancy formation energies. We have found that the vacancy
formation energies are predicted using the random forest regression models with accuracies of 0.27-0.44 eV
depending on the charge states. Analyses of the importance of the descriptors show that the formation energies
of the neutral vacancies are mainly determined by the orbital characteristics of the conduction-band minima, the
oxide stability, and the band gaps, whereas those of the doubly charged defects are determined by factors related
to electrostatic energy. These codes and datasets are publicly available, and a graphical user interface is available

to analyze the calculation results.
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I. INTRODUCTION: IMPORTANCE OF
HIGH-THROUGHPUT POINT DEFECT CALCULATIONS

Oxygen vacancies (Vp) play significant roles in various
physical and chemical properties of metal oxides, includ-
ing electronic conductivity, ion diffusion, superconductivity,
catalytic and photocatalytic activity, and optical proper-
ties. These properties in turn determine the suitability of
metal oxides for specific applications. For example, yttria-
stabilized ZrO,, HfO,, TiO;, and Sn-doped In,0O3 are used
as oxide-ion conductors [1], nonvolatile memory materials
[2], (photo)catalysts [3], and transparent electronic conductors
[4], respectively. Therefore, insights into oxygen vacancies,
including their local structures and formation energies, can
facilitate the discovery of better oxide materials. However,
experimental investigations of Vj are challenging because the
electronic and atomic structures of defects are not easy to
determine, even today [5]. In contrast, accurate predictions of
point-defect properties using first-principles calculations have
become plausible with recent improvements in computational
power and techniques.

Generally, only one to a few target oxides are involved in
a theoretical study on Vp because point-defect calculations
require complicated processes [6]. A few exceptions include
the study reported by Deml et al. in which 45 neutral V, were
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calculated in the prototypical binary and ternary oxides [7].
They provided a linear regression equation for the formation
energies of neutral Vo (Ef[Vp]) from simple bulk quantities.
Another exception is the study reported by Linderdlv et al.,
who performed calculations of neutral and doubly ionized Vg
in 26 prototypical binary and ternary oxides [8]. They found
that the charge transition levels (CTLs) between the neutral
and 24 charge states are confined to a rather narrow energy
range even while band gap and the electronic structure of the
conduction band vary substantially.

General conclusions drawn from a limited variety of ox-
ides are potentially inaccurate, and data from calculations
of a much wider variety of oxides can be used to validate
these previously reported conclusions. Furthermore, unex-
pected datacentric insights and findings can be gained by
inspecting machine-learning (ML) regression models and out-
liers. Systematic calculations of various material properties,
including topological electronic structures [9], elastic prop-
erties [10], and phonon properties [11], have been reported.
These large datasets are publicly available and used by re-
searchers to screen for superior materials [12] and to apply
ML to these properties [13]. However, high-throughput calcu-
lations of point defects have not been reported although their
importance has been emphasized by researchers [6,12].

In this study, we developed codes for high-throughput
point-defect calculations and applied them to Vo in 937 ox-
ides. By considering all the inequivalent O sites and the
three vacancy charge states, the total number of calcu-
lated oxygen vacancies was up to ~6000, more than 100
times the dataset size from previous calculations [7,8]. Our
calculations were mainly performed with the Perdew-Burke-
Ernzerhof functional tuned for solids (PBEsol) [14], and
underestimation of the band gap was resolved using the
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non-self-consistent approach of a dielectric-dependent (nsc-
dd) hybrid functional [15].

After evaluating the calculation accuracy using the results
of representative oxides, we statistically analyze the Vj struc-
tures, E¢[Vo], and CTL. To analyze the vacancy structures,
we developed an atom pairing technique. Finally, we elucidate
the origin of E¢[Vp], a long-standing fundamental question in
materials science, using ML. These findings will illuminate
the way forward in searching for the best oxides for specific
applications. All the data are accessible via our GitHub page
[16], and the interactive graphic user interface can be retrieved
locally.

II. METHODS
A. Target oxides

The targeted oxides were retrieved from the Materials
Project database (MPD) [17] using its application program-
ming interface implemented in PYMATGEN [18], at which the
formation energies in the MPD were corrected using the
empirical scheme to reproduce the experimental enthalpies
at 298 K [19]. The selected oxides satisfied the following
criteria: (i) they are stable against competing phases, (ii) their
band gaps are larger than 0.3 eV in the MPD, (iii) they are
nonmagnetic, and (iv) the number of atoms in their primitive
cells is 30 or less in the MPD. To avoid complex systems
comprising mixed anions and/or cations with partly occupied
d and f orbitals, oxides containing H, He, C-Ne, P-Ar, Mn—
Ni, Se-Kr, Tc—Rh, Te-Xe, Pr—Lu, Os, Ir, and Po-Lr were
excluded in this study. Details of the screened oxides are
provided in Supplemental Fig. S1 [20]. The number of target
oxides was 1244 at this initial stage.

B. Symmetry identification and symmetrization of structures

We identified the space groups of unit cells and the point
groups of oxygen vacancies using SPGLIB [21]. The distance
and angle tolerances in Cartesian coordinates were set to
0.1 A and 5°, respectively. The same parameters were used
throughout the study for consistency. SPGLIB was also used to
symmetrize the unit cells and vacancy structures.

C. Automation of the point-defect calculations

As will be shown later, the workflow for the point-defect
calculations is complicated. Therefore, we developed two
open-source codes for their complete automation. The first
is VISE [22] in which the input files are created for first-
principles calculations using VASP [23] and the output results
are analyzed and visualized. The second is PYDEFECT [24]
in which point-defect calculations are expedited for non-
metallic solids. PYDEFECT allows us to calculate chemical
potential diagrams for the determination of chemical po-
tential ranges in targeted materials, to determine supercell
sizes used to model defects, to construct a set of input
files required for point-defect calculations, to evaluate cor-
rection energies for spurious electrostatic interactions using
the extended Freysoldt-Neugebauer—Van de Walle correction
scheme [25,26], to analyze electronic and atomic structures
for supercells containing defects, and to evaluate defect

formation energies depending on the chemical potentials,
with the aid of open-source packages, including PYMATGEN
[18] and SPGLIB [21]. The point-defect programs such as
PYCDT [6], PYLADA-DEFECT [27], and PYDEF [28] have been
previously developed. The primary advantages of PYDEFECT
compared to these are utilities of the analyses for atomic
and electronic structures as shown later. Automation of the
workflow is also supported by FIREWORKS [29] and
CUSTODIAN [30].

D. Modeling the oxygen vacancies

We constructed the supercells by expanding the conven-
tional unit cells. We first created a set of supercells by
incrementing the scales along the lattice vectors. Exception-
ally, rotating the supercells by 45° along the ¢ axis was also
considered for tetragonal systems. The number of atoms in
the supercells was set to 60-500. We defined the supercell
anisotropy as » ;53 ‘S’E_ Sl where s; and 3 are the lattice
constants and their average, respectively, and adopted the
supercell with the least anisotropy among the candidates.

To reduce the initial site symmetry of Vg, atoms within 1.3
times the shortest bond length from the initial vacancy site
were displaced in the random direction by up to 0.2 A.

E. Conditions of first-principles calculations

All the calculations were performed using the projector
augmented-wave (PAW) method [31,32] implemented in VASP
[23] version 6.2.0. The PAW dataset is detailed in Supple-
mental Table S1 [20]. The cutoff energy was set to 520 eV
to optimize the lattice constants and to 400 eV for other
calculations. All k-point samplings were centered at the I’
point. The k-point densities for the unit cells and supercells
were respectively set to 2.5 and 1.8 A~!, and fractions of
the numbers of k-points were rounded up. Body-centered
orthorhombic and tetragonal systems were exceptions; al-
though the reciprocal lattice lengths are different, the numbers
of k-points must be the same to maintain lattice symmetry.
Therefore, we calculated the geometric mean of the reciprocal
lattice constants and adopted the average number of k-points
along all the directions. To calculate the dielectric constant,
the number of k-points was doubled along all the directions.
Band paths in the band-structure calculations were generated
using SEEKPATH [33] with a mesh distance of 0.05 A1

To optimize the unit cells under the coarse (tight) con-
dition, the convergence parameter for the decision of the
self-consistent field (SCF), namely, the total-energy and
eigenvalue change between two electronic steps, was set to
1073 (107%) eV, and the atomic force criterion for structure
optimization was set to 0.2 (0.001) eV/A. Under the tight
condition, support grids for the augmentation charge were
added to reduce noise in the forces. The SCF parameter and
the atomic force criterion were set to 10~% eV and 0.03 eV/A
for the oxygen vacancy calculations. The SCF parameter was
set to 107 and 1079 eV for the band-structure and dielectric-
constant calculations, respectively.

The dielectric constants and phonon band structures were
calculated according to density functional perturbation theory
(DFPT) [34,35]. PHONOPY [36] was used to plot the phonon
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band structures. Spin polarization was considered for the
Vo calculations; when the absolute magnetization fell below
0.1up during structure optimization, it was switched off from
the subsequent structure optimization.

F. Exchange-correlation interactions

Over the past decade, hybrid functionals have been rou-
tinely adopted for point-defect calculations because they tend
to reproduce experimental band gaps more accurately than
local or semilocal functionals for nonmetallic solids [37,38].
The computational cost is, however, too expensive, espe-
cially for large-number calculations. In addition, previously
reported studies indicate that the estimated formation ener-
gies of defects are accurate if the band-edge positions are
properly determined using hybrid functionals [39—41]. There-
fore, we adopted the PBEsol functional [14] and Hubbard U
corrections [42] for Cu and Zn d orbitals and Ce f orbitals
with U = 5 eV. The band-edge positions were determined
using the nsc-dd hybrid-functional calculations; our earlier
work demonstrated that these calculations satisfactorily pre-
dict band edges in typical semiconductors and insulators,
producing results comparable to those of the GW,, approxi-
mation [15].

G. Formation energy of oxygen vacancies

The oxygen vacancy formation energies are evaluated
according to

Ef[Dq] = {E[Dq]+Ec0n[Dq]} —Ep+ Ko + q(EVBM + AGF)7

where E[V{] is the total energy of the supercell with an
O vacancy in charge state g, E, is the total energy of the
pristine supercell, o is the O chemical potential, and Aep is
the Fermi level to the valence band maximum (VBM), eygm
[25]. To evaluate the correction term ECOIT[V(‘;7 ], the extended
Freysoldt-Neugebauer—Van de Walle scheme [25,26] imple-
mented in PYDEFECT was used. The dielectric screening effect
was then evaluated using the sum of the electronic (g¢e) and
ionic (gjon) contributions of the dielectric constants.

The calculated binding energy of the O, molecule using
PBEsol (3.3 eV/atom) was greater than that determined from
experiments (2.6 eV /atom) [43]. Therefore, the standard state
of the O chemical potential was determined from the sum
of the calculated O-atom energy and the experimental O,-
molecule binding energy. The relative chemical potentials of
the oxides with respect to those of the competing phases were
determined from the stabilities available in the MPD [19].
Application of the corrected chemical potentials to the local
or semilocal functional calculation results is known to show
similar defect formation energies with those calculated by the
hybrid functionals with the same corrections applied [39,41].

H. Identification of the perturbed host state

Because a hydrogenlike donor or acceptor state is a per-
turbed band-edge state distributed over a large area with a
shallow donor or acceptor level [44], it is called a perturbed
host state (PHS) [45]. For example, in case where Vg is a sin-
gle shallow donor, V{ is described as V™ plus a hydrogenlike
single donor electron positioned slightly below the conduction

band minimum (CBM). The calculated formation energy of
V{) is almost the same as that of V" when the Fermi level is
located at the CBM; the difference corresponds to the shallow
donor level that is generally less than 0.1 eV. If one wants
to calculate the shallow donor or acceptor level, one needs to
adopt gigantic supercells, e.g., 64 000-atom supercells [44].
Conversely, when adopting supercells composed of several
hundred atoms, the defect formation energies are erroneously
calculated (see our previous papers [46,47] for details). Fur-
thermore, the PHS perturbs the defect structure only slightly.
Therefore, we excluded these defects from the data used for
the statistical analyses of E¢[Vo] and defect structures.

Although the PHS can be identified by manually scrutiniz-
ing electronic eigenvalues and orbital components in studies
on small materials, we needed an algorithm to automate this
process because of the large number of calculations. For this
purpose, we determined the VBM- and CBM-like edge states
in the supercells with V by comparing the eigenvalues and
element-resolved orbital characteristics near the band edges
in the defective supercells with those in the perfect supercell.

We initially describe the procedure used to determine the
CBM-like edge state. The single-particle level (g,) and wave-
function of the CBM in the perfect supercell should be similar
to those at the CBM-like edge state located at the same k-
point. Here, we defined the orbital dissimilarity as

m,e,i
m - Z |¢VdCdHCy
where ¢&)

vacancy 18 the sum of the projections on element e and
orbital i (i = s p, d, or f) at the mth band in the supercell
with Vp and ¢>p‘,’rfect is that at the CBM in the perfect supercell.
We calculated A, for the orbitals at the k-point where the
CBM is located and defined the CBM-like edge state as the
orbital with the lowest eigenvalue among those satisfying &, >
ecem — 0.5 eV and A, < 0.4. Similarly, the VBM-like edge
state was defined as the orbital with the highest eigenvalue
among those satisfying €, < eypm + 0.5 eV and A, < 0.4,
where ¢pertect is the sum of the projections at the VBM in the
perfect supercell.

Subsequently, vacancies with CBM-like (VBM-like) edge
states occupied by more (less) than 0.2 (0.8) elec-
trons were determined to have PHS. See Supplemental
Fig. S5 for some examples [20].

I. Details on machine learning

To perform the ML regression, we need to choose the de-
scriptors. In some cases, the information on crystal structures
is directly converted to the descriptors using, e.g., the graph
networks or symmetry functions [48,49]. However, these de-
scriptors are generally difficult to use to interpret the physical
and/or chemical origins of the target properties. We therefore
adopted interpretable physical and chemical information on
the oxides and the on-site and neighboring information at the
oxygen sites.

Our descriptors are categorized into three types: The first
type is the bulk oxide properties, namely, PBEsol(+U) band
gap, spherically averaged & and &jo,, formation energies
(Ey) that are retrieved from the MPD, and ratios of i-orbital
(i=s, p, d, or f) components at the VBM and CBM. The
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FIG. 1. Workflow for high-throughput point-defect calculations. Steps in the blue boxes and in the purple boxes require first-principles
calculations and other complex processes, respectively. The green diamonds indicate decision steps, and those surrounded by bold red lines

include a band-gap criterion (E, > 0.3 V). The number of compounds
(green) by decision steps are marked in different colors. The number

or vacancies successfully calculated (red), failed (blue), and eliminated
of calculations at step O for each oxide is three times the number of

inequivalent O sites because three charge states (¢ = 0, +, and 2+) are considered for each oxygen vacancy.

second type is the oxygen on-site information to be removed,
namely, the Bader charge and volume [50], spherically aver-
aged Born effective charge (BEC), and the difference between
the center of the O-2p density of state and VBM at the O
site that is proposed by Deml et al. [7]. The Bader charges
were estimated using the code developed by Henkelman et al.
[51]. Then, the atomic boundaries were determined from the
all-electron charge density. The third type is the information
on neighboring atoms. We defined the weights of surfaces
pointing to neighboring X atoms (wy) as fractions of the
solid angles in the Voronoi cells, which were calculated using
PYMATGEN [30]. In addition, the average of the Bader charges,
BEC, and electronegativities of the neighboring atoms were
calculated using wy; the maximum and minimum values
were determined from neighboring atoms with weights larger
than 1/12. In total, 70 descriptors were considered in this
study.

We used a random forest (RF) regression method [52] im-
plemented in SCIKIT-LEARN [53]. The RF method is one of the
ensemble learning techniques, which fits the target properties
with a bundle of decision trees. It is known to generally show
superior performance due to the nonlinear fitting and robust-
ness against overfitting [52]. The hyperparameters in the RF
technique, which controls the accuracy and overfitting, are the
number of trees in the forests and the number of features in
each forest. The former was fixed to 400, while the latter
was determined via grid search in conjunction with fourfold
cross validation (CV) and the mean-squared-error regression
loss function. Other parameters were set to defaults in the
random forest regressor in SCIKIT-LEARN version 0.24.1. The

importance was evaluated with the permutation importance
[52,54].

III. RESULTS AND DISCUSSION
A. Flow of high-throughput oxygen vacancy calculations

Figure 1 shows the workflow adopted in this study. We first
performed structure optimization using the coarse conditions
(step C). Because the exchange-correlation functional and
Hubbard U parameters are different from those of the MPD,
we verified the nonmagnetic states by running the calculations
from the ferromagnetic spin configurations. Subsequently,
structure optimization was performed with tighter conditions
and the symmetries of the relaxed structures were identified
(step E); when the symmetry increased, structure optimization
was iterated from the symmetrized structure (step F). Conse-
quently, 14 structures were found to show higher symmetries
than those in the MPD (Supplemental Table S2 [20]), in
which the structures were obtained using the Perdew-Burke-
Ernzerhof (PBE) functional [55]. See Ref. [19] for details. We
excluded oxides with more than four inequivalent O sites in
step G. We also found that our calculated lattice constants
were closer to the experimental results than those in the MPD,
mainly originating from the use of PBEsol (Supplemental Fig.
S3 [20]).

In steps H and I, we concurrently calculated the band
structures and dielectric constants (&gl and &j,,). In the for-
mer step, the PBEsol(4+-U) band gap was determined and
wavefunctions were created for the nsc-dd hybrid-functional
calculations (step K). The average of &, was used to

123803-4



INSIGHTS INTO OXYGEN VACANCIES FROM ...

PHYSICAL REVIEW MATERIALS §, 123803 (2021)

determine the exchange interaction mixing parameter in the
dd hybrid functional [15], whereas the sum of &, and €;o, Was
used to estimate the cell-size correction energies of Ef[Vo]
[25]. The phonon frequencies at the I" points, by-products of
the &;,, calculations, were used to eliminate unstable oxides
(step J); because phonon frequencies in the full reciprocal
space were not calculated, oxides with unstable modes at other
q points were not eliminated at this step.

We then constructed and calculated the supercells (steps L
and M); five of these calculations failed because the electronic
energies were diverged during the SCF iteration. Finally,
calculations for 20 (1.6%) of the 1244 oxides failed before
reaching step N, and 287 oxides were excluded because of
the criteria. Supercells for V at all the inequivalent O sites
with Vg typical charge states, namely, g = 0, +, or 2+, were
then created at step N. After structure optimization, iterations
similar to those in steps E and F were also implemented at
steps O, P, and Q. The correction energies and the electronic
and atomic structures were automatically analyzed using PY-
DEFECT at steps R and S.

A total of 6327 calculations were performed to char-
acterize the Vo in 937 oxides, of which 122 calculations
(1.9%) failed because structure optimization did not con-
verge. Moreover, the formation energies of 21 V5 in K,Cd, O3,
Ba, Ti(GeOy),, and Cs,O were too low because the structures
of the host materials were unstable (Supplemental Fig. S4
[20]). These results were removed from the following analyses
but remained in the publicly accessible data for verification
purposes.

As written in Sec. II H, we need to exclude the oxygen
vacancies with PHS. In this study, the band edges in 59 Vg
(0.96%) were not determined within our fixed criteria on
account of large modulation of the band edges caused by V.
Such issues may be resolved when using larger supercells.
Because these V constituted a small percentage, their results
were removed from the data used for the statistical analyses.
Finally, 924 V were identified as defects with the PHS, and
5201 Vg remained.

We aggregated the calculated E¢[Vo] at step U to draw the
defect formation energy diagrams.

B. Validation of the calculation results for prototypical oxides

The formation energies of charged defects are linearly de-
pendent on the Fermi level, and its controllability is linked to
the band gap. Therefore, we compared the band gaps of pro-
totypical oxides obtained from the nsc-dd hybrid-functional
calculations with experimental values [56-61]. As shown in
Fig. 2(a), most of the band gaps are drastically improved
when the nsc-dd hybrid-functional calculations are used. The
increases in the band gaps are more related to VBM shifts
than to CBM shifts (Supplemental Fig. S6 [20]). Herein, VBM
and CBM refer to the nsc-dd hybrid values unless otherwise
mentioned.

In Figs. 2(b)-2(d), we show our calculated E¢[Vo] for three
prototypical oxides (ZnO, Ga, 03, and BaTiO3) under the O-
rich condition with previously reported results using hybrid
functionals [62—64]. The CTL in ZnO is in good agreement
with the previous result despite the large band-edge shift
(~2 eV) from the PBEsol+U to the nsc-dd hybrid-functional

(a) w(b) VBM VBMin  CBMin CBM
101 %MAE 2 (nsc-dd supercell  supercell (nsc-dd
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FIG. 2. Accuracy of band gaps and oxygen vacancy formation
energies. (a) Band gaps from the PBEsol(4-U) and nsc-dd hybrid-
functional calculations along with the experimental values [56-61].
The mean absolute percent errors (%2MAE) are also shown. (b)—(d)
Calculated formation energies of oxygen vacancies in ZnO, Ga,0s3,
and BaTiO3 under the O-rich condition as a function of the Fermi
level compared with the results of previous hybrid-functional cal-
culations [62—-64] (dashed lines). The VBM is aligned and set to
zero in each oxide. Although our calculated band gaps for ZnO and
Ga,O; agree with those in Refs. [62,63] within 0.03 eV, that for
BaTiO; (4.06 eV) is 0.37 eV larger than the gap reported in Ref. [64]
(3.69 eV). Therefore, the CBM reported by Tsunoda et al. [64] is
shown by the red dashed vertical line. The VBM and CBM in the
perfect supercells by PBEsol(+U) are marked with vertical dash-
dotted lines, and the energy ranges between those and the band edges
determined by the nsc-dd hybrid-functional calculations are colored
in orange. The charge states are also described, and the transition
levels are designated with solid circles. In (c), three inequivalent
O sites are distinguished with different colors. An open circle in

(d) indicates the CTL associated with a perturbed host state.

calculations. E¢[Vp] was, however, constantly overestimated
by 0.5 eV, which was partly ascribed to the differences in
the O chemical potential. E¢[Vp] for Ga,O3, including the
positional relationship among the three different O sites, also
match the previous results.

However, the CTL located between the band edges of
the supercells and those evaluated by the nsc-dd hybrid-
functional calculations [orange area in Figs. 2(b)-2(d)] is not
described properly. As an example, the calculation results for
BaTiO3 are shown in Fig. 2(d). Although E¢[Vo] for g = 2
is calculated with adequate accuracy, the CTL found in the
previous hybrid-functional calculations [64] is not reproduced
and E¢[Vo] for g =2 is linearly extended to the CBM; the
highly localized polaronic electrons at ¢ = 0 or + reported
in Ref. [64] were not stabilized when using the PBEsol func-
tional. Instead, the donor-type PHS appeared in our PBEsol
calculations. Indeed, it has been reported that such small po-
laronic behavior is not reproduced in some titanium oxides
such as rutile TiO, [65] and SrTiO3; [66] when using the
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FIG. 3. Analysis of oxygen vacancy structures. (a)—(d) Schematic representation of the atom pairing technique. The orange balls represent
the same element in the supercell. One-to-one correspondence of atoms is identified (a)—(c) between the perfect and relaxed defect structures
and (d) between the initial and relaxed defect structures. Paired atoms with bidirectional arrows are enclosed in dashed boxes. (e) Crystal
structure of KSrVO,. The four inequivalent O sites surrounding a V ion are shown, and vacancy migration from three sites is indicated by the
blue arrows. (f) Percentages of the number of removed atoms (7,,,,) in the oxygen vacancy structure for each ¢ defined by the atom pairing
technique with reor = 1 A (see text for details). The total number of oxygen vacancies at each g is shown in parentheses. (g) Percentages of
the point-group relationships in the oxygen vacancy structures compared with the original O site symmetries for ¢ = 2+. The bottom bar is
for n,, = 1, while the top bar is for n,, > 2. (h) Local structure of the split-type oxygen vacancy in Ba,TiO4. When the left-hand vacancy is
introduced, the neighboring right-hand O ion migrates to the high-symmetry site.

semilocal functionals. Addition of the Hubbard U correction
to the Ti 3d orbitals tends to reproduce the polaronic states,
but it may erroneously calculate the ground-state structures;
for example, the structure of BaTiO; is converged to the cubic
phase, inconsistent with experiments [64], when relaxed using
the PBEsol functional with U.s = 3 eV at the Ti 3d orbitals.
From this example, we should keep in mind that the CTL may
not be properly calculated especially when the CBM is largely
underestimated.

C. Oxygen vacancy structures

Historically, nontrivial defects, represented by split inter-
stitials in Si [67] and DX centers in III-V semiconductors
[68], have been investigated on the atomic scale using first-
principles calculations. High-throughput calculations should
play a complementary role. However, identifying nontrivial
defects from large datasets requires a method that quantifies
the defect structures.

To this end, we developed an atom pairing technique that
is composed of the following steps. First, we calculate the

distances from each atom in the perfect supercell structure
(PSS) to atoms of the same element in the relaxed defect struc-
ture (RDS), where the farthest atom from the defect position
in the initial defect structure (IDS) is taken as an anchorage
point. The atom with the shortest distance in the RDS within
a cutoff radius (reuwfr) 1S then marked as the pointed atom
[atom to which a down arrow is pointing in Fig. 3(a)]. Next,
we perform the same calculations from each atom in the RDS
to atoms in the PSS and find the pointed atom in the reverse
direction (atom to which an up arrow is pointing). The atoms
bi-pointed to each other are then defined as the host atoms in
the RDS, whereas unpaired atoms in the PSS and RDS are de-
fined as removed atoms (vacancies) and inserted atoms (inter-
stitials), respectively [Fig. 3(a)]. Note that such bidirectional
pairing is essential to identify pairs because an atom could be
pointed to from multiple atoms, as shown in Fig. 3(b).

The nontrivial defects associated with large atomic recon-
struction were detected using this technique. For instance, a
split-type vacancy shows the removal of two atoms and the
insertion of one atom at least, as shown in Fig. 3(c). We
also identified the defects that migrated from their initially
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assigned positions to other sites during structure optimization
by performing the same analysis between the IDS and the
RDS [Fig. 3(d)].

Specifically, the number of removed and inserted atoms
(nmm and ny,) in the Vo supercells satisfies ny, = ni, + 1,
and the number of removed and inserted atoms against the
IDS (725 and nPS) satisfies nDS = nIPS. Furthermore, when
a vacancy migrates to another O site, ng,= nPS: otherwise,

m °
Ny = DS + 1. Therefore, niy, nDS, and n!P% are uniquely

m > n
derived from n,, if vacancy migrations are properly detected.
In this study, we applied this technique with reyor =
1 A, which is approximately 70% of the O ionic radius
(1.35-1.42 A) [69], and found that 58 V; migrated to other O
sites during structure optimization. For example, in KSrVOy
[Fig. 3(e)], three out of the four inequivalent Vé’L (the super-
script is the charge state g) surrounding a V ion transferred
to the Ol site. In contrast to the K and Sr ions, the V ion
participates in covalent bonding with the O ions. Therefore,
the O ions can easily rotate around the V ion and migrate to
the most energetically favorable position. This was confirmed
even without local structure perturbation, meaning the energy
barriers are intrinsically absent. However, these migrations
were absent for ¢ = 0 and rare for ¢ = + (5 V" vs 53 V1)
mainly because the electrons localized at the vacant sites pre-
vent migration; indeed, the defect-induced electrons in the five
migrated V(;r are located at the d° transition-metal ions rather
than the vacant sites. Because the migrated Vi are duplicates
of the other Vj, we excluded them from the following analyses
(see Supplemental Table S3 [20]).

The statistics for n., as a function of g are shown in
Fig. 3(f). Most Vp with ¢ =0 and + show trivial vacancy
structures (n;;, = 1), whereas 20% of Vg+ show large atom
reconfiguration (n, > 2) because vacancy-induced localized
electrons are absent. Figure 3(g) shows the symmetry relation
between the Vg* structures and the initial O-site symmetries.
For n,;, = 1, more than 99% of V§+ have the same symmetries
with their O sites. In contrast, for n,, > 2, 16 (5.2%) and
20 (6.5%) V§+ show supergroup and subgroup relations, re-
spectively. The site symmetry affects the defect concentration
because site degeneracy is proportional to the inverse of the
number of symmetry operations. In an extreme case, when the
m3m site symmetry is reduced to 1, the number of equivalent
sites, which linearly correlates to the defect concentration, is
increased by 48.

There are a variety of reasons for symmetry lowering; con-
vergence failure during structure optimization is potentially a
technical reason if the potential energy surfaces are nearly flat.
Therefore, these results need to be handled with care (Supple-
mental Table S4 [20]). Conversely, because an increase in site
symmetry represents a merging of the Wyckoff positions, all
the defects with supergroup relations are associated with split-
type Vo, which were found only for g = 2. As an example, the
calculation results for Ba,TiO4 [70] are shown in Fig. 3(h).
When an O ion was removed from the Wyckoff position 4e,
the Ti-O coordination number at the neighboring Ti ions is
reduced from 4 to 3, but the neighboring O ion is migrated
to the merged Wyckoff position 2a with inversion symmetry
during the structure optimization and the original coordination
number is recovered.

D. Oxygen vacancy formation energies

Analyzing the large dataset from the calculations could
help us better understand the origin of E¢[Vo], which is a
fundamental question in defect chemistry. Figures 4(a)—4(c)
show the distributions of E[Vp] for each g. For comparison,
the O chemical potential is set to the O standard state (see
Sec. II G). The energy distribution ranges of E¢[Vp], with
standard deviation in brackets, were 6.9 (1.41), 5.3 (1.01),
and 9.3 (1.53) eV for g =0, 4, and 24, respectively. The
lowest E¢[Vo] were calculated for Au, O3 (g = 0), MgCu,04
(g =), and V,0s5 (g = 2+), whereas the largest Ef[Vo]
were determined for La,Zr,O7 (¢ = 0), NaAlO; (¢ = +), and
KBO, (¢ = 2+). Early studies reported band gaps (E,) and E ¢
are highly correlated to E¢[Vo] [7,71-73]. Although E/[Vo]
at ¢ = 0 agree with these reported results, it is not true for
E¢[Vo] at ¢ = 24 (Supplemental Fig. S9 [20]).

To properly understand the origin of E/[Vp] without pre-
conception, we performed ML regressions for E¢[Vo] using
the random forest model [52] (see Sec. II I for details). For
ML, only E([Vp] for ny, < 2 were included because use
of the descriptors on the local environment is inappropriate
when large atomic reconfiguration exists. The dataset was
split into training and test datasets (see Sec. II I for more
details).

In some oxides, the local environments were almost iden-
tical between different O sites. When their E;[Vp] are split
into the training and test datasets, the prediction accuracy
is erroneously enhanced, known as data leakage. Therefore,
we divided the dataset by the oxides rather than by the O
sites. The total numbers of oxides were 824, 764, and 750 for
g = 0, +, and 2+, respectively; 22, 70, 220, and 700 oxides
were selected for the training sets, and 48 oxides for the test
sets. Conversely, the statistical errors were evaluated from the
errors for the O sites.

Figure 5(a) shows the ML prediction performances for
each g; the accuracy is rather high considering the distribution
of E¢[Vo]. The error for ¢ = + is small compared with the
others, primarily ascribed to the narrower energy distribution.
Following Ref. [74], the data were fitted using aN~%> + b,
where N is the size of the training dataset; the mean absolute
error (MAE) is lowered to 0.19 (¢ = 0), 0.18 (+), and 0.33
(2+) at N — oo when the values at N = 220 and 700 are
extrapolated. The large error at ¢ = 2+ mainly stems from the
spurious defect charge interaction errors that remained even
after the corrections [25].

We compared our ML model for g = 0 with the linear re-
gression model proposed by Deml et al. [7]. In their model, the
descriptors are Ey, E,, an average of electronegativity at the
nearest-neighboring cations (x,,), and the difference between
the center of the O-2p density of state and VBM (Ao.2p).
Note that x|, are different from the averaged electronega-
tivity used in our ML model, which includes both cations
and anions including oxygen atoms, and the weight of that
average depends on the solid angles of the Voronoi cells (see
Sec. II I for the definition). For comparison, we determined
the linear fitting parameters using the same descriptors (see
Supplemental Table S6 [20]). Consequently, the MAE of our
ML model (0.32 eV) is less than half the MAE of Deml et al.’s
model (0.71 eV) (Supplemental Fig. S10 [20]).
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FIG. 4. Statistical analysis of vacancy formation energies. (a)—(c) Distribution of the vacancy formation energies at ¢ = 0, +, and 2+.
(d) Charge transition levels between ¢ = 0 and 2+. The O chemical potential is set to the O standard state. Because the values of E/[Vo] at
q = + and 2+ depend on the Fermi level, we use the O-site local potential as reference for their alignment, and the origin of the Fermi level
is set to the VBM in ZnO. The number of data (ng,,), and the average (ave) and standard deviation (std) of the data are shown in each upper
right inset (the latter two are in eV). The oxides with the lowest and highest values are also shown with their values. Five different percentiles

are marked with green dashed vertical lines.

The importance of the significant descriptors for ¢ = 0 and
2+ is shown in Figs. 5(b) and 5(c). Although Ef, E, and the
maximum of yx, are listed as important for g = 0, the p-type
orbital component ratio at the CBM, absent in Deml et al.’s
model, is the most important descriptor. Yin et al. reported
both the localized defect states and the CTL are qualitatively
determined from the orbital characteristics at the CBM [75],
which agrees with our results. However, their model has a
limitation because the localized states do not always strongly
hybridize with the CBM but float at the vacant sites as elec-
trides, as exemplified in the inset of Fig. 5(b).

Notably, the important descriptors differ substantially be-
tween ¢ =0 and 2+4. As for g =2+, & and the Born
effective charges are listed as important, in addition to the
average of x,, mostly related to finite g; &qe determines
the screening strength of the electrostatic potential caused
by the vacancy charge, whereas the Born effective charges
determine the spatial charge distribution [76]. The weight
of neighboring surfaces pointing to O atoms (wg) is also
listed probably because positively charged vacancies are
preferentially located near the negatively charged O ions

(see Supplemental Figs. S12 and S13 for their scatter plots
against E¢[Vo] [20]).

The formation energies for ¢ = 2+ are found to be mainly
dominated by the electrostatics-related quantities. However,
it should be emphasized that this result is not self-evident
without high-throughput first-principles calculations; the fac-
tors of the charged defect formation energies are determined
by both the bond strength and electrostatics, and which is
dominant depends on the defect species and charge states.
Indeed, E¢[V] are dominated by a mixture of both as shown
in Supplemental Fig. S10 [20].

The distribution of the CTLs between ¢ = 0 and 2+ is
shown in Fig. 4(d). Linderilv et al. [8] have reported that the
standard deviation of the CTLs averaged over 22 oxides is
0.66 eV, which is slightly smaller than our standard deviation
(0.82 eV). However, unlike the conclusion that the CTLs are
confined to a rather narrow energy range, we emphasize that
there are a certain number of exceptions, which could be at-
tributed to the difference of the important descriptors between
the neutral and doubly charged defects. Oxides showing the
lowest and highest CTL are K,O and SnB4O7, respectively.
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FIG. 5. Machine learning of oxygen vacancy formation energies. (a) RF model convergence against the number of oxides in the training
set. The model creation process was repeated 100 times with a different training set. Mean absolute errors and standard deviations are estimated
from the test sets, which are represented by the circles and shaded areas, respectively. (b), (c) Average of the importance of the significant
descriptors in the RF models for (b) ¢ = 0 and (c) 2+. The error bars represent the standard deviations. wg is the weight of neighboring
surfaces pointing to O atoms in Voronoi polyhedra. The inset in (b) shows the spatial distribution of the localized vacancy state of V2 in MgO.

E f[Vg] for K,O is located in the middle of the distribution,
whereas V§+ is quite high in energy [Figs. 4(a) and 4(c)],
which is primarily ascribed to the small electronegativity of K
(Supplemental Fig. S12(f) [20]). Conversely, SnB4O7 shows
a small E f-[V§+] and large E f[V(())], which would be affected
by the large electronegativity of B (Supplemental Fig. S12(f)
[20]) and the large band gap (Supplemental Fig. S9(a) [20]),
respectively. The effective correlation energy U for electrons
trapped at the vacancy sites is also discussed in Supplemental
Fig. S15 [20].

IV. SUMMARY

We conducted high-throughput calculations of the oxygen
vacancies in 937 oxides with band gaps. For this purpose, we
initially developed programs to automate the calculations and
analyze the atomic and electronic structures of point defects
based on the programmable algorithms.

After showing the details of the calculation flow, we
checked the accuracies of the band gaps and the vacancy
formation energies in comparison with experiments and previ-
ously reported hybrid-functional calculations, respectively. It
was found that the band gaps are predicted with an accuracy
of 7% MAE and our vacancy formation energies are similar
to those calculated by the hybrid functionals, including the
positional relationship among the different O sites. However,
it should be noted that the transition levels associated with
the small polarons may not be properly calculated using
PBEsol(+U).

We next proposed the atom mapping technique to identify
the oxygen vacancy structures. With this technique, we found
the doubly charged vacancies tend to show large atomic recon-
structions such as the split-type vacancies or those migrated to
another site probably because they do not have the localized
electrons at the vacant sites.

Finally, we showed the distribution of the oxygen vacancy
formation energies and the results of the RF regressions. The
vacancy formation energies are predicted with accuracies of

0.27-0.44 eV depending on the charge state. Based on the
importance of the descriptors, we have found the formation
energies of the neutral vacancies are mainly determined by
the orbital characteristics of the conduction band minima,
the oxide stability, and the band gaps, whereas those of the
doubly charged defects are determined by the factors related
to the electrostatic energy. Note that these are not self-evident
without high-throughput first-principles calculations because
the formation energies of the charged defects are determined
by a balance of the bond strength and electrostatics.

Although we mainly discussed the tendency and outliers of
Vo, our large dataset should be useful for finding oxide mate-
rials suitable for specific applications. For instance, oxides in
which only neutral V are stable at the Fermi level in the band
gaps are good semiconductors because neither Fermi level
pinning nor carrier trapping is caused by the oxygen vacancies
within these oxides.

Furthermore, the codes and techniques developed in this
research are easily adapted to other types of defects and other
nonmetallic materials. Indeed, the oxygen vacancies are not
only relevant defects in oxides, but cation vacancies, intersti-
tials, and impurities such as ubiquitous hydrogens may also
play vital roles in oxides. We hope the results presented herein
will facilitate high-throughput point-defect calculations in the
community and promote the discovery of new superior ma-
terials where point defects play significant roles, such as
semiconductors, catalysts, and ion batteries.
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APPENDIX: DATA VISUALIZATION

We have developed the graphical user interface to visualize
the calculated results with the aid of Crystal Toolkit [77]. We

show an example of the graphical user interface distributed in
the GitHub page [78] (see Supplemental Figs. S16 and S17
[20]). Since the data would be updated continuously, please
refer the web page for details.
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