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First-principles study of self-trapped holes and acceptor impurities in Ga,O; polymorphs
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We investigate the stability of self-trapped holes (STHs) and the acceptor levels of substitutional Mg and N
impurities in «-, 8-, §-, and £-Ga, 03 using first-principles calculations based on the hybrid functional approach
to assess their p-type dopability. When Fock-exchange and screening parameter values in the Heyd-Scuseria-
Ernzerhof (HSE) hybrid functional are optimized to satisfy the generalized Koopmans’ theorem for a STH
level in B-Ga, 03, the band gap is slightly overestimated, while functionals that well reproduce the band gap
show slight convex behavior against the fractional electron number. However, the absolute position of the STH
level at a fixed geometry is nearly independent of the parameter value, showing that the results are robust as
long as the STH geometry and localized electronic nature are appropriately described and the band edges are
well reproduced. In all of the polymorphs, holes localize with high self-trapping energies rather than being
delocalized. Furthermore, both Mg and N impurities introduce polaronic acceptor states, and their acceptor
levels lie far above the valence band maximum in all the polymorphs. Thus, the p-type doping of the four Ga,0;
polymorphs seems unfeasible in terms of the STH formation and the related deep, polaronic acceptor nature of

the Mg and N impurities.

DOI: 10.1103/PhysRevMaterials.3.044603

I. INTRODUCTION

With a wide band gap of 4.9 eV and n-type dopability
[1,2], B-Gay0s3 is a promising deep ultraviolet (UV) trans-
parent conductor for applications such as power electronic
devices and solar blind UV photodetectors [3—8]. The carrier
concentration of n-type 8-Ga,0j is easily controllable in the
range of 10'°—10'" cm~2 by Si or Sn doping [2,9-11]. Theo-
retical suggestions include H [12] and Nb [13] impurities, in
addition to Si and Sn [12,14] as shallow donors. In contrast,
previous first-principles studies on the p-type dopability of
B-Ga,03 have revealed a lack of shallow acceptors [15,16]
and formation of self-trapped holes (STHs) [17-19], both of
which hinder efficient p-type doping. Apart from exceptions
including Cu (I) and Sn (IT) oxides, the upper valence bands of
oxides are mainly composed of O 2p orbitals and have small
energy dispersions compared with other compounds such as
nitrides, phosphides, and arsenides [20-26]. The relatively
localized valence states could lead to STH formation and,
therefore, low-hole mobility [17]. This is one reason p-type
doping is challenging for many oxides. In addition, formation
of deep acceptor states is closely related to STH stability, as
such deep states typically result from polaronic hole trapping
[16,27-30]. Hence, STH stability is the primary indicator of
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p-type dopability, particularly for oxides with O 2p-derived
valence bands.

Ga,03 has at least five polymorphs with corundum (),
monoclinic (B), defective-spinel (y), bixbyite (§), and or-
thorhombic (¢) structures [31], among which the § phase is
commonly obtained and assumed to be the most thermody-
namically stable under typical growth conditions. A previous
first-principles lattice dynamics study showed that the forma-
tion free energy increases in the order B, ¢, «, 8, and y in
a wide temperature range [32]. Experimental and theoretical
studies on phases other than the 8 phase are limited. Among
the metastable phases, «-Ga,O3 has been extensively studied
[33-35] and its alloy with «-Al,O3 has attracted attention in
band-gap engineering [36,37]. In addition, doping of @-Ga; 03
with Sn leads to high n-type conductivity [38], as in the case
of B-Ga, 03 [2,9]. e-Ga, 03 has been suggested as a candidate
material for polarization-induced two-dimensional electron
gas devices [39]. A previous first-principles study indicates
that STHs in the ¢ phase are rather stable as in the case of
the B phase [40]. There is little work on the properties and
applications of §- and y-Ga,0O; [41,42]. A detailed study
on these Ga; O3 polymorphs is of interest because atomistic
structures dissimilar from that of the 8 phase could cause
different behaviors in carrier doping and transport. In partic-
ular, characterizing their STHs would be an important step in
understanding their p-type dopability.

Many first-principles studies have been done on proper-
ties of point defects and STHs in semiconductors, includ-
ing those reported experimentally and predicted theoretically
[25,43-51]. Such calculations are typically based on density
functional theory (DFT) or hybrid DFT. For the exact density
functional, total energy is a piecewise linear function E(N)

Published by the American Physical Society


http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevMaterials.3.044603&domain=pdf&date_stamp=2019-04-09
https://doi.org/10.1103/PhysRevMaterials.3.044603
https://creativecommons.org/licenses/by/4.0/

TOMOYA GAKE, YU KUMAGAI, AND FUMIYASU OBA

PHYSICAL REVIEW MATERIALS 3, 044603 (2019)

for the fractional electron number N with the derivative
discontinuity at the integer N [52]. This is the generalized
Koopmans’ theorem (gKT). Conventional density functionals
such as those based on the local density approximation and
generalized gradient approximation (GGA) deviate from this
condition. Because of the convex behavior associated with
the delocalization error, the derivative discontinuity at the
integer N cannot be described correctly, causing underesti-
mation of band gaps and incorrect description of localized
states [53,54]. Concave approximations such as Hartree-Fock
(HF) exhibit opposite trends and localization error [53,54].
Hybrid functionals inherit convex and concave natures from
the local/semilocal density functionals and the HF approx-
imation, respectively, and these errors can be canceled by
tuning the amount of each contribution. It has been shown
that hybrid functionals improve the description of band gaps
and localized states over local/semilocal functionals for a
variety of semiconductors and insulators [25,55-61]. Of these,
the Heyd-Scuseria-Ernzerhof (HSE) range-separated hybrid
functional [62] is probably the most used approximation to
reproduce the band gaps of solids with small to medium gaps,
but underestimation prevails for wide-gap systems when stan-
dard values of Fock-exchange and screening parameters are
used [55,63]. For such wide-gap systems including 8-Ga, 03,
the amount of Fock exchange is often tuned by referring to
experimental band gaps [12,13,15-17,64]. By doing so, local-
ized states such as STHs cannot always be well described in
terms of the convexity of the functional [18,65]. It is therefore
important to assess whether the linearity and derivative dis-
continuity conditions are simultaneously satisfied [18,65-67].

In this paper, we report on the energetics and electronic
states of STHs in four («, 8, §, and €) Ga, O3 polymorphs via
first-principles calculations based on the hybrid functional ap-
proach. First, we investigate the bulk electronic properties of
the four Ga, O3 polymorphs using the HSE hybrid functional
with parameter values used for 8-Ga,03 [12,13,16,17]. Next,
we discuss the Fock-exchange and screening parameters of
the HSE functional that satisfy the gKT for a STH level in
B-Ga,03. We then assess the stability of STHs in the four
Ga, 03 polymorphs. Finally, we investigate the acceptor levels
of substitutional Mg and N impurities in the four polymorphs,
and discuss the p-type dopability in terms of both STH
formation and acceptor doping.

II. METHODOLOGY

A. Self-trapping energy and impurity levels

To discuss the STH stability and acceptor levels of Mg
and N impurities, we evaluate their formation energies and
thermodynamic transition levels. On the basis of the supercell
approach, we write the former as

Ef[Dq] = E[Dq] + Ecorr[Dq] - Ep

- Zniﬂi + g(evm + Acp), ()

L
where E[D?] and E, are the total energies of the supercell
containing a defect D in charge state g (D7) and the perfect
crystal supercell without the defect, respectively. The cor-
rection energy E.o[D?] is associated with spurious electro-
static interactions in a finite-sized charged supercell [68,69],

n; is the number of added (n; > 0) or removed (n; < 0)
i-type atoms, ; is the chemical potential for an i-type atom,
evpm denotes the energy level of the valence band maximum
(VBM), and Acep is the Fermi level referenced to eygy.

From Eq. (1), the thermodynamic transition level with
respect to the VBM for defect D between charge states ¢ and
q'.e(q/q). is

E¢[D?, Aep = 0] — E¢[DY, Aer = 0]
s , Q)

where E¢[D?, Agg = 0] is the formation energy of D? when
the Fermi level is at the VBM. The £(0/-) level corresponds
to an acceptor level. For example, the acceptor level of an Mg
impurity on a Ga site (Mgg,) is

£(0/—) = Ef[Mgg,. Aer = 0] — Ef[Mgg, |- 3)

The stability of STHs was evaluated using the self-trapping
energy Egr, corresponding to the position of £(+/0) associ-
ated with each STH. For a self-trapped, localized hole 5™,
the reference neutral state is merely the perfect crystal whose
(defect) formation energy is defined to be zero by Eq. (1).
Then Egt or e(+/0) is given as

Est = e(+/0) = —Ef[n*, Agp = 0]. 4)

There is no addition or removal of atoms for n* and, therefore,

the fourth term on the right side of Eq. (1) is absent. Using
Eq. (1), Eq. (4) can be deformed as

e(+/0) = —(E[77+] + Ecorr[n+] - Ep + evBM), ()

where E[n™] is the total energy of the supercell containing a
STH.

e(q/q) =

B. Generalized Koopmans’ theorem

On the basis of the gKT, the following condition should be
satisfied when an electron is removed from the ith occupied

single-particle energy level in an N-electron system &;(N)
(521,

EN)—EN — 1) = &(N), (6)

where E (N ) denotes the total energy of the N-electron system.
When an electron is added to the ith unoccupied energy level
in an (N — 1)-electron system, the gKT requires

E(N)—EWN —1)=¢g(N—1). @)
From the above, we obtain
EN)—EN —1)=¢;(N) =¢&;(N —1). ®)

If &;(N — 1) shifts upward (downward) by electron addition,
ie., &N —1)<eg(N)(g;(N — 1) > g;(N)), the functional has
convex (concave) nature, deviating from the gKT condition.

In this paper, these gKT-relevant quantities were investi-
gated for STHs and substitutional Mg and N impurities using
a supercell approach, including electrostatic corrections for
both total and single-particle energies associated with charged
species.

C. Computational details

The first-principles calculations were performed using the
projector augmented-wave (PAW) method [70] with the HSE
range-separated hybrid functional, as implemented in the
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VASP code [56,71,72]. We used PAW data sets with radial
cutoffs of 1.40, 0.82, 1.52, and 0.74 A for Ga, O, Mg, and
N, respectively. Ga 4s and 4p, O 2s and 2p, Mg 3s, and N
2s and 2p were described as valence electrons. The Ga 3d
electrons were treated as core electrons; a test STH calculation
for B-Ga, 03 showed that the self-trapping energy changed by
only 0.01 eV when the Ga 3d electrons were included in the
valence states. The Fock-exchange mixing parameter, o, was
set to 0.35 and a screening parameter of u = 0.21 A~ was
used in the HSE(«, i) functional, as this set of parameter
values has been reported to reproduce an experimental band
gap of $-Ga,03 (4.9 eV [2]) [12,13]; the dependence of the
gKT-relevant quantities on & and p was also investigated. The
lattice vectors and internal atomic coordinates of the unit cells
for the four Ga, O3 polymorphs were relaxed until the residual
atomic forces and stresses converged to less than 0.01 eV/A
and 0.03 GPa, respectively. I'-centered k-point meshes of 6 x
6 x 6 for the o phase, 8 x 8 x 4 for 8,4 x 4 x 4 for §, and
4 x 2 x 2 for ¢ were used with a plane-wave cutoff energy
of 520 eV in the geometry optimization. The band structure
and density of states (DOS) were then evaluated using a
plane-wave cutoff energy of 400 eV. For DOS calculations,
we used k-point meshes with double the density.

STHs and acceptor impurities were modeled with 120-
atom supercells for the ¢ and B phases, and 80-atom su-
percells for § and ¢. In the case of STHs, an electron was
removed from a supercell, and random small atomic displace-
ments were applied around an oxygen site. Internal atomic
coordinates were relaxed under the fixed lattice vectors until
the atomic forces became smaller than 0.05 eV/A. We used
a2 x 2 x 2 k-point mesh and a plane-wave cutoff energy of
400 eV, and considered spin polarization in these supercell
calculations.

The cell-size correction term for electrostatic interactions
Ecorr[D?] in Eqgs. (1) and (5) was evaluated using the extended
Freysoldt-Neugebauer-Van de Walle (extended-FNV) scheme
[68,69], where anisotropic screening effects were considered
using dielectric tensors [69]. Such spurious electrostatic inter-
actions have also been reported to affect single-particle levels
induced by charged defects [73—76]. Therefore, corrections
were applied to the relevant single-particle levels using a
scheme reported by Chen and Pasquarello [76], where a cor-
rection term for DY is given using the total energy correction:

€corr[Dq] = _z corr[Dq]~ (9)
q

We used the extended-FNV correction energy for Ecq [D?]
as in the case of the total energy correction. The long-range
electrostatic screening effects in E o [D?] were described
using dielectric tensors involving both ionic and electronic
contributions for charged STHs and impurities with relaxed
geometries [69]. Only electronic contributions were used
to evaluate gKT-relevant quantities at fixed geometries, for
which potential reference states were constructed by adding
an electron to a STH or taken to be a neutral acceptor
impurity. The ionic contributions of the dielectric tensors were
calculated using the Perdew-Burke-Ernzerhof (PBE) GGA
functional [77] based on density functional perturbation the-
ory [78,79], while their electronic contributions were obtained
using HSE(0.35, 0.21) with a finite-electric-field approach

[80]. The effects of the cell-size corrections are discussed in
the Appendix.

III. RESULTS AND DISCUSSION

A. Bulk electronic structure

The electronic structure of 8-Ga,0O3; has been widely in-
vestigated using a variety of approximations to the exchange-
correlation [81-83]; however, there are few or no reports
on the other polymorphs at the hybrid functional level or
based on many-body perturbation theory. Furthmiiller and
Bechstedt recently reported the quasiparticle band structures
and DOS for «- and B-Ga, O3 [83]. They also calculated these
properties for §- and £-Ga, O3 but at the GGA level. We use
the aforementioned HSE(0.35, 0.21) in this section to discuss
the bulk electronic properties of the four Ga, O3 polymorphs.

The crystal structures and coordination environments of
the four polymorphs are summarized in Fig. 1 and Table 1.
«-Gay03 has a corundum structure [Fig. 1(a)] with space
group R3c and only one nonequivalent site for each of Ga
and O: the sixfold-coordinated Ga site and the fourfold-
coordinated O site. The monoclinic 8-Ga, 03 [Fig. 1(b)] with
space group C2/m has two nonequivalent Ga sites: Gal is
the sixfold-coordinated site, while Ga2 is the fourfold. In
addition, there are three nonequivalent O sites, which are
threefold-coordinated O1 and O3 sites, while O2 is the four-
fold. §-Ga, 03 crystallizes in a bixbyite structure [Fig. 1(c)]
with space group /a3. It has two nonequivalent Ga sites, where
both Gal and Ga2 are sixfold-coordinated sites, and only one
nonequivalent fourfold-coordinated O site. The orthorhombic
phase with space group Pna2,, called e-Ga,O; [Fig. 1(d)], has
four nonequivalent Ga sites: Gal and Ga2 are fourfold- and
sixfold-coordinated sites, respectively, while both Ga3 and

FIG. 1. Crystal structures for (a) «-Ga,0Osz, (b) B-Ga,0;,
(c) 8-Ga, 03, and (d) e-Ga,03. Green and red balls indicate Ga and
O atoms, respectively. Each nonequivalent site is described near the
balls (see the text and Table I for details).
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TABLE I. Coordination number of each nonequivalent site in the four Ga,O; polymorphs. Breakdown for the coordinating atomic sites is

provided in the parentheses.

Phase Cation site Coordination number Anion site Coordination number
o Ga 6 (0] 4
B Gal 6 (01,02x3,03x%x2) (0]} 3 (Gal, Ga2x2)
Ga2 4 (01x2,02,03) 02 4 (Gal x3, Ga2)
03 3 (Gal x2, Ga2)
8 Gal 6 (0] 4 (Gal, Ga2x3)
Ga2 6
e Gal 4 (02, 04, 06x2) o1 3 (Ga2x2, Ga3)
Ga2 6 (01x2,02,03,04x2) 02 4 (Gal, Ga2, Ga3, Ga4)
Ga3 5 (01, 02,03, O5x2) 03 3 (Ga2, Ga3, Ga4)
Ga4d 5 (02, 03, 04, 05, 06) 04 4 (Gal, Ga2x2, Ga4)
05 3 (Ga3x2, Gad)
06 3 (Gal x2, Ga4)

Ga4 are fivefold-coordinated sites. It also has six nonequiv-
alent O sites: O1, O3, OS5, and O6 are threefold-coordinated
sites, while O2 and O4 are fourfold.

Figure 2 shows the band structures for the four Ga,0O3
polymorphs, and the direct and indirect band gap values are
summarized in Table II. In all polymorphs, the conduction
band minima are at the I points, while the VBMs are at

(a)

Energy (eV)
o

H2HO L r S0|S2 F r

r H N r P HP N

low symmetry points. The band gap of B-Ga,O; calcu-
lated using HSE(0.35, 0.21) well reproduces the experimental
value of 4.9 eV [2], as previously reported [12,13]. A wide
range of experimental band gap values has been reported for
a-Gay03 (5.0-5.6 eV; Refs. [33,35,85]), and our results using
HSE(0.35, 0.21) fall within this range. «- and §-Ga; O3 have
indirect band gaps that are 0.23 and 0.15 eV smaller than the
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FIG. 2. Band structures for (a) a-Ga,0s3, (b) -Ga,0s3, (c) §-Ga, 03, and (d) e-Ga, O3 obtained using HSE(0.35, 0.21). The valence band
maxima are aligned to the zero energies. The band paths conform to Ref. [84].
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TABLE II. Direct and indirect band gaps and electron effective masses for the four Ga,O; polymorphs obtained using HSE(0.35, 0.21).
Experimental values are also shown for comparison. The electron effective masses are calculated along the paths from the I" point to relevant
high-symmetry points; however, they are almost isotropic with values of 0.26my—0.28m, where my; is the electron rest mass, and the lowest

values are shown in the table.

Band gap (eV) Electron effective mass ()
Phase Direct Indirect Experimental This work Experimental
o 5.72 5.49 4.98 [85], 5.3 [33], 5.61 [35] 0.26 -
B 4.92 4.89 4912] 0.27 0.28 [86]
8 5.30 5.15 - 0.27 -
e 5.03 5.03 - 0.26 -

direct gaps at the I' point, respectively [Figs. 2(a) and 2(c),
and Table II]. 8- and £-Ga,03 also have indirect-type band
structures, but the energy differences between their indirect
and direct band gaps are only 30 and 1.1 meV, respectively
[Figs. 2(b) and 2(d), and Table II].

According to Ref. [83], «-Ga;O3 has an indirect gap
of 5.39 eV and the energy difference from the direct gap
is —0.24 eV at the GoWy@HSEO3 level. This is close to
our HSE(0.35, 0.21) results (5.49 eV and —0.23 eV, re-
spectively). B-Ga,O3; has a direct gap of 5.04 eV with
GoWy @HSEOQ3, where the energy difference from the indirect
gap is —8.0 meV, while our results show an indirect gap of
4.89 eV and a 30 meV larger direct gap. We expect this small
discrepancy between GoWy @HSEO03 and HSE(0.35, 0.21) has
an insignificant effect on our discussion.

In all polymorphs, the valence bands are mainly derived
from O 2p orbitals and show small energy dispersions, and
the conduction bands are predominantly made up of Ga 4s
orbitals with free-electron-like dispersions. We calculated the
effective masses of electrons using parabolic fitting of conduc-
tion bands along the I" point to relevant high-symmetry points.
In all directions and in all polymorphs, almost equal values
between 0.26m and 0.28m, were obtained as summarized in
Table II, where my is the electron rest mass. The values for
B-Ga,05 are in good agreement with previous experimental
[86] and theoretical [82,83] reports. An analysis of atomic-site
projected DOS revealed that the upper valence bands are
mainly formed by O 2p orbitals and the lower valence bands
by hybridization of Ga 4s with O 2p orbitals, while Ga 4p
orbitals are almost evenly spread in the valence bands in all
the polymorphs.

B. Quantities relevant to generalized Koopmans’ theorem

The dependence of the gKT-relevant quantities on the
Fock-exchange mixing parameter « and screening parameter
@ in the HSE functional was investigated by taking the
STH on the O3 site in §-Ga, 03 as an example. The STH
geometry and the cell-size correction terms for total energy,
Ecorr[n], and single-particle energy, &.or[7], obtained using
HSE(0.35, 0.21), were applied to a range of parameter values;
effectiveness of the cell-size corrections is demonstrated in
the Appendix. Figure 3(a) shows the dependence of E(N) —
E(N—1) for the STH and its single-particle level [est(N —1)
and est(N)] on «, where p is fixed at 0.21 A~!. When
using HSE(0.35, 0.21), which reproduces the band gap of
B-Ga,03 well as mentioned above, est(N — 1) slightly shifts

upward when the electron is added [esT(NV)]. In other words,
the functional shows convex behavior, promoting hole de-
localization in small measure. We find that est(N — 1) and
est(N) almost linearly increase and decrease with increasing
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FIG. 3. Total energy difference between the neutral supercell
with STH geometry and a positively charged supercell with a
STH, E(N) — E(N — 1), and STH single-particle levels without and
with an electron addition, est(N — 1) and es1(N), respectively, for
the STH on the O3 site in $-Ga,O3 for (a) HSE(«, 0.21) and
(b) HSE(0.35, ). Solid lines show linear fits to the data. STH
geometry and corrections for total energy, Ecor[nT], and single-
particle energy, e.or[17"], obtained using HSE(0.35, 0.21) are applied
to a range of parameter values. The vertical axes are relative energy
to the VBM obtained using HSE(0.35, 0.21).
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TABLE III. Indirect band gaps of 8-Ga,03; and E(N) — E(N — 1), est(N), est(N — 1), and esr(N) — est(N — 1) of its STH on the O3
site for selected parameter values (e, ) in the HSE functional. STH geometry and corrections for total energy, Eco[1"], and single-particle
energy, &corr (7], obtained using HSE(0.35, 0.21) are applied in all cases. Positive and negative values for est(N) — es(N — 1) mean convex
and concave, respectively, for curves of total energy versus fractional electron number N. The gKT-relevant quantities are relative values to the

VBM obtained using HSE(0.35, 0.21). All values are in eV.

(a, 1) Indirect gap E(N)—EN-—1) est(N) est(N — 1) esT(N) —est(N — 1)
(0.35, 0.21) 4.89 1.38 1.45 1.29 0.16
(0.37,0.21) 5.07 1.38 1.35 1.38 —0.03
(0.35,0.17) 5.06 1.37 1.35 1.37 —0.02
(0.26, 0.00) 4.83 1.38 1.46 1.30 0.16

a, respectively, while E(N) — E(N — 1) is nearly indepen-
dent of «. The linear fits of the three quantities approximately
intersect at « = 0.37. We also find that egp(N — 1) and
est(N) have nearly linear dependencies on the screening
parameter « when o = 0.35, while E(N)—E (N —1) is almost
independent of w, and these three approximately intersect at

n=0.17 10\71 [Fig. 3(b)]. Consequently, two hybrid function-
als, HSE(0.37, 0.21) and HSE(0.35, 0.17), satisfy the gKT
for the STH level when each of o and w is changed from
that of HSE(0.35, 0.21). Using these parameter values, we
optimized lattice vectors and internal atomic coordinates, and
calculated the band structure for the 8-Ga,O3 primitive cell.
HSE(0.37, 0.21) and HSE(0.35, 0.17) are found to yield band
gaps of 5.07 and 5.06 eV, respectively, while the experimental
value is 4.9 eV [2]. These parameter values thus satisfy the
gKT for the STH level but overestimate the band gap of
B-Ga,03 by ~0.2 eV.

Table III shows the indirect band gap, E(N) — E(N — 1),
estT(N), est(N — 1), and est(N) —est(N — 1) for se-
lected parameter values. Dedk er al. [18] reported that
HSE(0.26, 0.00) reproduces the experimental band gap and
satisfies the gKT for Ga and O vacancies in $-Ga;0Os. The
resultant functional is close to PBEO, which corresponds to
HSE(0.25, 0.00) [87]. Furthermore, they found that the the-
oretical thermodynamic transition levels for these vacancies
and STHs quantitatively agree with experiment, although their
study did not check for gKT conditions for the STHs. It
has been reported that satisfying the gKT depends on defect
species, particularly the spatial extent of the defect states
[65,67]. In our STH calculation, HSE(0.26, 0.00) shows al-
most the same convex behavior and band gap value as those
for HSE(0.35, 0.21).

Moving back to Fig. 3, the energy difference between
the neutral supercell with a STH geometry and the supercell
containing the STH, E(N) — E(N — 1), is almost indepen-
dent of o and w. Actually, E(N) — E(N — 1) corresponds
to the absolute position of a thermodynamic transition level
excluding the atomic relaxation contribution. This shows that
the calculated STH level or self-trapping energy is robust for
a wide range of o and w values, as long as an appropriate
STH geometry and electronic structure are obtained and the
absolute VBM position is well reproduced.

The ionization potential (IP), which is the VBM with
respect to the vacuum level, is typically used to discuss
the absolute VBM position, although the IP depends on the
surface orientation and structure because of the surface dipole
contribution [88-92]. To our knowledge, the IPs of Ga,03

surfaces have not been well established experimentally, al-
though the electron affinity has been estimated to be 4.00 +
0.05 eV at an Au/B-Ga,03(100) Schottky junction [93].
Given that the band gap of §-Ga,0s3 is 4.9 eV [2], the IP is
estimated at 8.9 eV. Previous theoretical studies on other ox-
ides such as ZnO and MgO have shown that tuning « and/or
w in the HSE functional to reproduce band gaps also improves
IPs [94,95]. We theoretically determine the IP of §-Ga,03
to check whether it is improved by band-gap tuning in this
case. We use a combination of bulk and slab-vacuum models
as typically done in the IP evaluation [25], the latter of which
is for a B-Ga, 03 (100) surface with 40 atoms and the slab and
vacuum thickness over 20 A and constructed on the basis of
the procedure described in Ref. [96]. Since surface geometry
optimization using the hybrid functional is computationally
demanding, bulk and surface geometries are optimized us-
ing the PBEsol functional [97], which improves the lattice
constants of 8-Ga,03 over the standard PBE functional [98]
and yields values closer to those of HSE(0.35, 0.21). Then,
the lattice constants of the bulk and slab-vacuum models
are scaled using those of HSE(0.35, 0.21) with the internal
coordinates kept. Together with the bulk HSE(0.35, 0.21)
result, we obtain an IP value of 8.7 eV in good agreement
with the experimental value of 8.9 eV estimated above. This
verifies that HSE(0.35, 0.21) well reproduces the IP in ad-
dition to the band gap. We deem the STH geometry and
electronic structures are close between HSE(0.37, 0.21) and
HSE(0.35, 0.21), which are rationalized in terms of the gKT
condition and the band structure, respectively, and investigate
STHs and substitutional Mg and N impurities in the four
Ga; 03 polymorphs using HSE(0.35, 0.21).

C. Self-trapped holes and acceptor impurities

Figure 4 shows the relaxed atomic configurations and
isosurfaces of the squared wave functions for the STHs on
selected nonequivalent O sites in the four Ga, O3 polymorphs
obtained using HSE(0.35, 0.21). The STH is localized on an
O site with an O 2p-like state in «-Ga, O3 [Fig. 4(a)] with Egt
of 0.54 eV. The four Ga neighbors around the STH site have
averagely relaxed outward by 0.13 A, which can be attributed
to the repulsive interaction between the positively charged
hole and Ga ions. The STH in B-Ga,0Os shows particular
behavior on each site. A hole is trapped by an O atom
on the O3 site [Fig. 4(c)] with average outward relaxation
of the Ga neighbors by 0.16 A. At the Ol site, a hole is
distributed among two O sites [Fig. 4(b)], which have relaxed
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FIG. 4. Relaxed atomic configurations and isosurfaces of the squared wave functions for the STHs on (a) the O site in «-Ga, 03, (b) the O1
site and (c) the O3 site in B-Ga, 03, (d) the O site in §-Ga, 03, and (e) the OS5 site in e-Ga,03. Green and red balls indicate Ga and O atoms,

respectively. The isosurfaces correspond to 10% of the maximum value.

by 0.25 and 0.27 A, respectively, to approach each other. Both
STHs show nearly the same Est values of 0.58 eV. To our
knowledge, the STH on the O2 site in 8-Ga; O3 has not been
reported previously, and we could not stabilize it. In §-Ga, O3,
a split STH forms in the same manner as the Ol-site STH
in 8-Ga,0s, and Egy is estimated to be 0.65 eV [Fig. 4(d)].
Similarly, two O atoms have approached each other with
relaxation by 0.20 and 0.27 A. e-Ga,0; exhibits a large site
dependence of Egr. Although a hole is trapped by a single
O atom in each case [Fig. 4(e) for the OS site], Eg varies
widely from 0.46 to 1.08 eV (O1 to OS5). The average outward
relaxations of the neighboring Ga atoms for the O1-, O3-,
and O5-site STHs are 0.09, 0.15, and 0.16 A, respectively.
When there are both threefold- and fourfold-coordinated O
sites as in B- and e-Ga,0s3, the STHs prefer to be localized
on the threefold-coordinated sites with higher Est. For a- and
8-Ga, 03, which have only fourfold-coordinated O sites, the
STHs are stabilized with Esr comparable to or even greater
than on the threefold-coordinated sites in -Ga,0Os3. In any
case, STHs are stable with high Egr and, therefore, high
hole-mobility would be extremely difficult to obtain for all
four Ga; O3 polymorphs.

In addition to STHs, we investigate the acceptor levels of
representative substitutional impurities to obtain further detail
of the difficulty of p-type doping of Ga, O3 polymorphs. We
focus on Mg, because it is the most stable acceptor and has

(a) (b) ()

the lowest ionization energy (the lowest 0/— thermodynamic
transition level) among the group II impurities in B-Ga,0s3,
according to Ref. [16]. For an anion-site acceptor, we consider
N on O (Np).

Figure 5 shows acceptor levels for Mgg, and Np on
nonequivalent sites in the four Ga,O3 polymorphs relative to
respective VBMs. The +/0 thermodynamic transition levels
for the STHs, corresponding to Egy, are also shown for
comparison. Our calculated acceptor levels for Mgg, and
No in $-Ga,0; agree well with those reported in Ref. [16].
In Fig. 5, the acceptor levels are very far from the VBM
for both Mg, and Ng in all polymorphs. This means that
Mg, and Np impurities act as deep acceptors and do not
essentially contribute to carrier generation in any of the Ga, O3
polymorphs. The acceptor levels of Mg, are generally lower
than those of Ng, but even the lowest one for a-Ga,0O; lies
1.07 eV above the VBM. Figure 6 shows the relaxed atomic
configurations and isosurfaces of the squared wave functions
of selected acceptor states. As reported in Ref. [16], MgOGal
in $-Ga;0; causes hole trapping by one of the neighboring
O atoms. For such a deep, polaronic acceptor, a released hole
would tend to be trapped on an O site (or two O sites) with
the highest Est among the neighboring nonequivalent O sites;
such a neighboring configuration should be energetically fa-
vorable in view of electrostatic attractive interaction between a
negatively charged acceptor impurity and a positively charged

(d)

-
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FIG. 5. Thermodynamic transition levels for STHs, Mg, , and No on nonequivalent sites in the four Ga,O; polymorphs obtained using
HSE(0.35, 0.21): (a) @-Ga, 03, (b) B-Ga, 03, (c) §-Ga, 03, and (d) e-Ga,05. The sites of the STHs and substitutional impurities are described
above the levels. Note that the STHs are not stabilized on the O2 site in 8-Ga, O3 or the 02, O4, and O6 sites in £-Ga; 0.
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()

(d)

FIG. 6. Relaxed atomic configurations and isosurfaces of the squared wave functions of acceptor states for (a) MgOGﬂ in a-Ga, 03, (b) Mg%a,
in 8-Ga,0;3, (¢) MgOG‘,J\1 in £-Ga, 03, (d) Ngz in 8-Ga,0s3, and (e) N86 in e-Ga,0;. Green, red, orange, and blue balls indicate Ga, O, Mg, and
N atoms, respectively. The isosurfaces correspond to 10% of the maximum value.

hole. This tendency holds for Mg, in the Ga,O3 polymorphs
with only one exception: Mgg,, in ¢-Ga;Os. Although the
Gal site in £-Ga,O; is surrounded by the 02, O4, and two 06
sites, a hole is mainly localized on a non-neighboring OS5 site
[Fig. 6(c)]. As discussed above, the STH cannot be stabilized
on the 02, O4, and O6 sites and localizes on the OS5 site with
the highest Est. The stability of a released hole on the OS5 site
appears to overcome the electrostatic attractive interaction in
the acceptor-hole neighboring configuration.

To obtain further insight into the electrostatic effect, we
calculated the acceptor state for Nagil in &-Ga,Oj5 that ca-
putures a single hole polaron as in the case of Mg%al, where
Na 3s was treated as a valence electron with a PAW radial
cutoff of 1.76 A. As a result, a released hole was trapped
on the neighboring but STH nonpreferable site (06), instead
of the OS5 site with the highest Egy. This is most likely due
to a larger electrostatic gain than the case of Mg, ,. Thus,
the acceptor-hole configuration would be determined by the
balance between the trapping and electrostatic energies.

The acceptor levels for Mg, are higher than the STH lev-
els, as shown in Fig. 5. This behavior can also be understood
from the electrostatic attractive interaction that stabilizes the
released hole. For MgOGal in ¢-Ga,03, the distance between
Mg, and the released hole is longer than those for Mgg,
at the other sites, which means the electrostatic attraction
becomes weaker. The acceptor level for Mg, is somewhat
close to the +/0 thermodynamic transition level for the STH
on the OS5 site, with a 0.33 eV difference; the positions of
the thermodynamic transition levels of Mgg, and the STH
differ by more than 0.53 eV on the other sites in all Ga,03
polymorphs when the acceptor-induced and self-trapped holes
are on the same site.

Figures 6(d) and 6(e) show the squared wave functions of
the acceptor states for N3, in 8-Ga, 03 and N2 in £-Ga, 03,
respectively. Unlike cation-site acceptor MgoGa, No traps a
hole generated by itself with an N 2p-like state. Examining
Fig. 5 reveals that the relative position of the 4-/0 thermo-
dynamic transition level for the STH is related to the 0/—
acceptor level for Ng on each site. As mentioned above, STHs
cannot be stabilized on the O2 site in 8-Ga, O3 or the O2,
04, and O6 sites in ¢-Ga,03. However, for Ng, the released
holes are trapped by themselves on these sites [Fig. 6(d)],
with acceptor levels lower than those on the other stable STH
sites except for Nog in e-Ga, O3 [Figs. 5(b), 5(d), and 6(e)].
Furthermore, it seems that in the favorable sites for STHs,

such as Ol and O3 in B-Ga;0O3 and O1, O3, and OS5 in
e-Ga, 03, the relative positions of the STH thermodynamic
transition levels are related to those for the corresponding Ng.

We checked the gKT condition for Mgg, and N in
B-Ga,03 by adding an electron to the unoccupied acceptor
levels g5 (N). We find that HSE(0.35, 0.21), which is used
to reproduce the experimental band gap, well satisfies the
gKT for Nos with eo(N + 1) — ea(N) = 0.03 eV. In contrast,
HSE(0.35, 0.21) does not satisfy the gKT well for Mgg,;,
Mggao» Noi, or Nog, being convex with ea (N 4+ 1) — ea(N) =
0.24,0.34,0.13, and 0.13 eV, respectively. Even if we adjust o
and/or u to satisfy the gKT condition, however, the positions
of the acceptor levels are unlikely to change significantly
because of the small & and p dependence of E(N)—E(N—1)
found for the STH in Sec. III B. Therefore, we conclude that
the Mgg, and No impurities are deep acceptors in all four
Ga, 03 polymorphs, which is further evidence of the difficulty
of their p-type doping.

IV. CONCLUSIONS

We have investigated the stability of STHs and the acceptor
levels of Mg and N impurities using the HSE hybrid functional
to assess the p-type dopability of «-, -, §-, and £-Ga,0Os.
Their electronic band structures have been obtained using
HSE(0.35, 0.21), which well reproduces the experimental gap
of B-Ga, 3. All the polymorphs show valence and conduction
bands with small and large energy dispersions, respectively.
The electron effective mass is almost invariant with poly-
morph type, with values between 0.26m and 0.28my.

The gKT condition of the HSE functional is discussed
by taking a STH level in 8-Ga;0s. The dependencies of
the relevant quantities on the Fock-exchange mixing and
screening parameters in HSE have been investigated including
finite cell-size corrections for both total and single-particle
energies. We found that the parameter values that well meet
the gKT condition slightly overestimate the band gap, whlie
HSE(0.35, 0.21) shows slightly convex behavior. However,
the absolute position of the STH level at a fixed geometry is
nearly independent of o and u, showing that the results are
robust against the choice of the parameters as long as the ge-
ometry and electronic structure of STHs are appropriately de-
scribed and the band edges are well reproduced. Therefore, we
have evaluated STH stability of the four Ga,O3 polymorphs
using HSE(0.35, 0.21). In all of the polymorphs, an introduced
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hole localizes on an O atom or two O atoms with atomic dis-
placements. The resultant self-trapping energies are as high as
0.5 eV or even higher in other cases. Furthermore, the accep-
tor levels for the substitutional Mg and N impurities have been
calculated using HSE(0.35, 0.21). Both Mg and N impurities
introduce polaronic acceptor states, and their acceptor levels
lie far above the VBM in all the polymorphs. In general, the
acceptor levels are much higher than the STH levels, although
the specific relationship between these levels depends on
the sites for impurity-induced and self-trapped holes. Thus,
p-type doping of the four Ga,O3 polymorphs seems unfea-
sible from the viewpoint of stable STH formation and the
related deep, polaronic acceptor nature of the substitutional
Mg and N impurities.
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APPENDIX

Here, we discuss the dependence of the gKT-relevant
quantities and the self-trapping energies on the supercell size,
taking an example of the STH in «-Ga,0O3 primitive-based
supercells because it has a relatively simple crystal structure
among the four polymorphs. The calculations were performed
using PBE-GGA+U [99] on the basis of Dudarev’s formalism
[100] with an effective U value of 10 eV applied to the O 2p
orbitals, which enables the stabilization of the STH and the
use of large supercells. Figure 7(a) shows the corrected gKT-
relevant quantities as a function of the supercell size. The STH
single-particle level egr(N — 1) shifts downward by ~0.2 eV
by electron addition [esT(N)] for any cell size, indicating
this approximation shows slight concave behavior. A notable
message from Fig. 7(a) is that es7(N) — est(N — 1) has al-
ready converged well with the smallest 80-atom supercell.
Moreover, E(N) — E(N — 1) is close in value to egt(N — 1)
for any cell size. In other words, the differences between
E(N)—E(N — 1) and est(N — 1) or es7(N) have also con-
verged well. When the curve of total energy versus fractional
electron number is quadratic, est(N — 1) and egr(N) are
distributed symmetrically about E(N) — E(N — 1), as shown
in Fig. 3. The U correction enhances the concavity by adding
a quadratic penalty function; however, the resultant curves are
not quadratic and the derivative values at the integer N — 1 are
nearly on the straight line.

The self-trapping energies and the STH single-particle
levels with and without corrections are shown in Fig. 7(b)
as a function of the supercell size. Both corrected Egt and
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FIG. 7. Dependence of (a) corrected gKT-relavent quantities and
(b) corrected or uncorrected self-trapping energies and STH single-
particle levels on supercell size for the STH in a-Ga;03. Nyom i
the number of atoms in the supercell. I'-centered k-point meshes
of4 x 4 x 4and 2 x 2 x 2 are used for the 80- and 270-atom
supercells, respectively, while 640- and 1250-atom supercells are
with the I'-only sampling. The STHs are modeled using PBE-
GGA+U, where an effective U value of 10 eV is applied to the O
2p orbitals. The uncorrected self-trapping energies and STH single-
particle levels are fitted with a function of aN, + bNafolrf‘3 +cin

(b); the energy zeros are set at the respective corrected values for the
largest 1250-atom supercell.

est(N —1) converge rapidly at the smallest 80-atom supercell.
The nearly linear dependence indicates that the first-order
term associated with point-charge contributions has a pre-
dominant influence on the cell-size dependence of Egt and
est(N — 1) for the STH. The bottom line is that the gKT-
relevant quantities, self-trapping energies, and STH single-
particle levels are all reproducible by relatively small super-
cells after the cell-size corrections using the schemes de-
scribed in Sec. 11 C.
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