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ABSTRACT

This work explores the luminescence properties of self-trapped holes and impurity-related acceptors using one-dimensional configuration
coordinate diagrams derived from hybrid functional calculations. The photoluminescence spectrum of as-grown β-Ga2O3 typically consists
of a broad band in the wavelength region from ultraviolet to green and is often dominated by an impurity independent ultraviolet band that
is commonly attributed to self-trapped holes. Here, we use the self-trapped hole as a benchmark to evaluate the accuracy of the theoretical
defect luminescence spectra and estimate the optical properties of MgGa, BeGa, CaGa, CdGa, ZnGa, LiGa, and NO acceptor impurities, as well
as their complexes with hydrogen donors. We also explore VGa acceptors complexed with hydrogen and SiGa donor impurities. The results
show that these defects can give rise to broad luminescence bands peaking in the infrared to visible part of the spectrum, making them
potential candidates for the defect origin of broad luminescence bands in β-Ga2O3.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5140742

I. INTRODUCTION

The monoclinic phase of gallium oxide (β-Ga2O3) has drawn
considerable attention in recent years. Its unique optical and elec-
trical properties, including a wide bandgap (�4:9 eV) and a high
breakdown field (�8MV/cm), make it a promising material for
applications in, e.g., high-power electronics and UV sensors.1 This
technological development will require a good understanding of
the defect structure of β-Ga2O3, including native defects, impuri-
ties, and complexes thereof. To this avail, spectroscopic identifica-
tion of the ruling defects,2,3 e.g., by using photoluminescence (PL)
spectroscopy, is essential.

The luminescence spectrum of β-Ga2O3 does not exhibit near
band-edge emission (NBE), but often consists of several broad
luminescence bands in the spectral range between 2.3 and 4.5 eV,1

which are typically divided into three main spectral components:
the ultraviolet (UVL), blue (BL), and green (GL) luminescence
bands. These luminescence bands have been extensively character-
ized in terms of their dependence on temperature, ambient condi-
tions, and dopant concentrations.4–12 The lack of NBE has been
attributed to self-trapped holes (STHs),13,14 which are believed to
form self-trapped excitons that recombine and give rise to an

impurity independent, and often dominant, broad UVL band in
the emission spectrum.4,8–12 This UVL band is only observed for
excitation energies above the bandgap and exhibits a large Stokes
shift, which is indicative of a strong electron–phonon coupling
caused by highly localized charge carriers involved in the recombi-
nation.4 Recently, the UVL band has been resolved into high and
low energy components, where the low band is polarized parallel to
the c axis of the crystal, and the high band is polarization indepen-
dent.8,12 Donor–acceptor pair recombination involving deep
acceptors like VGa, VGaVO complexes, MgGa, BeGa, LiGa, ZnGa, and
NO have been suggested as candidates responsible for the lumines-
cence bands peaking in the visible part of the emission
spectrum.5–8,10,11,15–17 However, the specific defect origins of the
majority of PL bands in β-Ga2O3 remain a subject of debate.

Defect luminescence lines can be estimated theoretically by
using configuration coordinate (CC) diagrams derived from first-
principles calculations.18–20 This can be highly useful to interpret
experimental PL data.20 In the present work, we employ hybrid
functional calculations and the effective one-dimensional (1D) CC
model to estimate the optical transition energies and luminescence
lines of a selection of acceptor impurities in β-Ga2O3, namely,
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MgGa, BeGa, CaGa, CdGa, ZnGa, LiGa, and NO. These impurities are
typical contaminants in as-grown β-Ga2O3 crystals, and/or poten-
tially useful as compensating acceptor dopants to obtain high-
resistive or semi-insulating material.21–25 We have also investigated
their interaction with hydrogen. Indeed, Hi acts exclusively as a
shallow donor in β-Ga2O3 and is likely to be trapped by acceptor
impurities.26–28 Finally, we have explored the optical properties of
VGa acceptors complexed with shallow donor impurities hydrogen
and SiGa. The STH is used as a benchmark to assess the accuracy of
our results, as most of the acceptors studied here exhibit a similar
polaronic defect state. Our predictions provide useful input for
future optical studies on β-Ga2O3.

II. METHODOLOGY

All first-principles calculations were based on the generalized
Kohn–Sham theory with the projector augmented wave
method,29,30 as implemented in the VASP code.31 The Ga 3d, 4s,
4p; O 2s, 2p; Mg 2p, 3s; Be 2s; Cd 5s, 4d; Ca 3s, 3p, 4s; Zn 3d, 4s;
Li 1s, 2s; and N 2s, 2p electrons were treated as explicit valence
states. To obtain an accurate description of the electronic and
structural properties of β-Ga2O3, we used the Heyd–Scuseria–
Ernzerhof (HSE)32 range-separated hybrid functional. The screen-
ing parameter μ was fixed at the standard value,32 and the fraction
of screened Hartree–Fock exchange was set to α ¼ 0:33, resulting
in a direct bandgap of 4.9 eV. The indirect bandgap is only
40 meV lower in energy.33 This parameterization does not neces-
sarily guarantee an accurate description of defect states, as is
evident from the increasing use of Koopmans compliant function-
als aiming to ensure that the total energy is a piece-wise linear
function of the fractional electron number.34–38 For instance,
Gake et al.39 recently reported that the polaronic defect states of
the STH and MgGa acceptor in β-Ga2O3 exhibit slightly convex
behavior, i.e., the single-particle level of the defect state shifts up
in energy upon electron occupation. In order to assess how sensi-
tive our results are to the HSE parameterization and elaborate on
possible non-Koopmans behavior, some calculations were also
performed using the PBE0 functional, as shown in the Appendix,
which also yields a direct bandgap of 4.9 eV. We find that the
peak positions (PPs) of the calculated luminescence lines change
by less than 0.1 eV when PBE0 is used. Both functionals result in
slightly convex behavior for the defects studied here, similar to
what was reported by Gake et al.39

For defect calculations, we employed 160-atom supercells, a
plane-wave energy cutoff of 500 eV, and a single special k-point
at (0.25, 0.25, 0.25). Thermodynamic charge-state transition
levels of defects are given by the Fermi level position for which
the total energy of the defect-containing supercell in
charge-states q and q+ 1 and relaxed configurations Q(q) and
Q(q+ 1) is equal,

ε(q=q+ 1) ¼ E[q+ 1; Q(q+ 1)]� E(q; Q(q))+ εVBM: (1)

Here, ε(q=q+ 1) is given relative to the energy level of the
valence band maximum (VBM) εVBM. For vertical charge-state
transitions, the configuration is fixed to that of the initial

charge-state Q(q), and the level is given by

μ(q=q+ 1) ¼ E[q+ 1; Q(q)]� E(q; Q(q))+ εVBM: (2)

For charged defects, the total energies in Eq. (1) were cor-
rected by using the anisotropic40 Freysoldt, Neugebauer, and Van
de Walle (FNV) scheme,41 with the low-frequency dielectric
tensor.42 For Eq. (2), we used the correction scheme newly devel-
oped by Gake et al.43 We performed tests to verify the performance
of the latter correction scheme for the defects studied in the
present work; these tests are shown in the Appendix.

Optical transition energies and luminescence lines were esti-
mated by using the 1D CC model with parameters obtained from
the hybrid functional calculations, as described in Refs. 18–20.
These parameters include the change in configuration coordinate
ΔQ, the zero-phonon line (ZPL) energy EZPL [given by the thermo-
dynamic charge-state transition level defined in Eq. (1)], and the
effective phonon frequencies Ωg=e in the ground (g) and excited (e)
state. In the classical Franck–Condon (FC) approximation, optical
transitions are vertical [given by Eq. (2)], which means the emis-
sion and absorption energies can be defined as Eem ¼ EZPL � dFCg
and Eabs ¼ EZPL þ dFCe , respectively. Here, dFCg=e denotes FC relaxa-
tion energies. The 1D CC model is a good approximation for
defects exhibiting strong electron–phonon coupling,18,20 which is
the case for all defects studied in the present work.

III. RESULTS AND DISCUSSION

The β-Ga2O3 crystal structure contains two inequivalent Ga
sites and three inequivalent O sites, as indicated in Fig. 1(a). Ga1
and Ga2 are tetrahedrally and octahedrally coordinated, respec-
tively. Two O sites are threefold-coordinated: O1 (2�Ga2,
1�Ga1) and O2 (2�Ga1, 1�Ga2), while the O3 site is fourfold
coordinated (3�Ga2, 1�Ga1).

A. Self-trapped holes

Before addressing the impurities, we consider optical transi-
tions involving the STHs. Photogenerated holes can self-trap onto
two different O sites, namely, O1 and O2. As shown in Fig. 1, the
hole state is localized at a single O atom for STHO1 and shared
between two O atoms for STHO2. The calculated hole self-trapping
energies (defined in Ref. 13) of 0.48 and 0.49 eV for STHO1 and
STHO2 are nearly equivalent, which can be understood from their
similar, nearly planar bonding environments to three Ga neighbors.
These self-trapping energies correspond to ZPL energies of 4.38
and 4.37 eV for the capture of an electron at the conduction band
minimum (CBM) by STHO1 and STHO2. As indicated in the CC
diagrams in Fig. 1(b), these transitions result in emission energies
of 3.04 and 2.95 eV. When the full luminescence lines are calcu-
lated by including vibronic coupling,18 the corresponding peak
positions (PPs) occur at 3.11 and 3.05 eV in the spectrum, as
shown in Fig. 1(c). The CC model parameters, PP, and full-width
at half maximum (FWHM) for all luminescence lines calculated in
the present work are provided in Table I. The calculated PL bands
of STHO1 and STHO2 are broad, with FWHM values of 0.54 and
0.62 eV, respectively. This broadness is caused by the sizable polar-
onic lattice distortion that accompanies the hole localization.
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As shown in Fig. 1(a), holes can also localize on the O3 sites.
This has not been reported previously. The O3 site has four Ga
neighbors and, therefore, occupies a very different bonding envi-
ronment compared to the O1 and O2 sites. Hole trapping on the
O3 site causes significant lattice distortions and breaks the single
O3–Ga1 bond. The Ga1 atom is displaced sufficiently to form a
new bond with a nearby O2 atom, thus preserving the tetrahedral
coordination. However, STHO3 is only metastable with a negative
self-trapping energy of �0:33 eV and is thus not expected to form
relative to the other two STHs.

Experimentally, the STHs have been associated with a broad
UVL band peaking in the spectral range 3.1–3.6 eV.4,7–10,12 The
luminescence lines calculated for the STHs peak at the lower end of
this range, which may indicate that they are somewhat underesti-
mated. This would reflect the remaining inaccuracy of the hybrid
functional calculations (e.g., non-Koopmans behavior), and the

uncertainty of the experimental bandgap of β-Ga2O3.
44 The calcu-

lated difference between the PP of STHO1 and STHO2 is consistent
with the difference between the two components of the UV band
reported in Ref. 12.

B. Polaronic acceptor impurities

Next, we consider Ga substitutional single acceptor impurities
exhibiting polaronic defect states, similar to the STHs, namely,
MgGa2, CaGa2, CdGa2, ZnGa1, and BeGa1. These impurities, along
with NO, were predicted to have the lowest formation energy in a
survey of acceptor impurities performed by Lyons et al.22 For each
impurity, we have considered the Ga site resulting in the lowest for-
mation energy, as reported elsewhere.22,23 For polaronic acceptors, it
is important to explore the different possible hole configurations.45,46

As shown in Fig. 2(a), the charge-neutral MgGa2 acceptor corre-
sponds to a small hole polaron localized on a single nearest-neighbor
O1 site, in line with experimental magnetic resonance data47 and
previous theoretical studies,22,28 whereas hole localization on the O2
site is 0.12 eV higher in energy. For CaGa2, CdGa2, ZnGa1, and BeGa1,
the hole will also most favorably localize on an adjacent O1 site. In
general, we find that hole polarons prefer to localize on the nearest-
neighbor O site with the lowest coordination number.

Similar to the STHs, optical transitions involving the capture
of an electron at the CBM by charge-neutral MgGa2, CaGa2, CdGa2,
ZnGa1, and BeGa1 are estimated. Note that these transitions involve
the same type of polaronic defect state as STHO1, and thus, assum-
ing that the PPs of the STHs are slightly underestimated, the error
could be systematic. The MgGa2, CaGa2, CdGa2, and ZnGa1 acceptors
give rise to broad luminescence bands with predicted peak posi-
tions in the visible range between 2.15 and 2.62 eV, as shown in
Fig. 2(b). In contrast, the calculated luminescence band for BeGa1
peaks significantly lowers at 1.71 eV. This is mainly because the
thermodynamic (0/�) transition level of BeGa1 is deeper,

22 and also
because the ground-state relaxation energy is higher. The latter dif-
ference is likely related to the relatively small size of the Be ion,
which undergoes a comparatively large displacement away from the
localized hole, as shown in Fig. 2(a). This is similar to the polaronic
LiZn acceptor in ZnO.48 In principle, optical transitions involving
metastable hole configurations can also occur. As an example, we
have included results for charge-neutral MgGa2 with the hole local-
ized on the O2 rather than the O1 site, which we label as pO2 (see
Table I). Finally, we have studied the double acceptor LiGa2. The
optical transition between the CBM and the (�/2�) level of LiGa2
results in a luminescence band with a calculated peak position of
1.56 eV. This is significantly lower than those of the single polar-
onic acceptors, except BeGa1.

Acceptor impurities present stable trapping sites for Hi

donors in β-Ga2O3. For instance, the MgGa2H complex has been
assigned to an infrared (IR) absorption line at 3492 cm�1.28 We
find that such complexes are not fully passivated, but rather
exhibit a thermodynamic (þ/0) transition level close to the VBM.
Note that a donor level is also predicted for the isolated accep-
tors.49 This incomplete passivation means that the complexes can
be optically active. We have investigated MgGa2H, CaGa2H,
BeGa1H, ZnGa1H, and CdGa2H (as shown in Table I). For these
complexes, H most favorably binds to one of the O1 ions

FIG. 1. (a) Relaxed structure of STHO1, STHO2, and STHO3. The hole (blue
isosurface) can be localized at one (STHO1 and STHO3) or shared between two
(STHO2) O atoms. STHO3 is only metastable and involves breaking the O3-Ga1
bond. (b) CC diagrams for optical transitions involving recombination between
STHO1 and STHO2 with free electrons at the CBM, and (c) the corresponding
calculated luminescence lines.
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immediately adjacent to the acceptor, as shown in Fig. 2(a). The
O–H bond points toward the largest interstitial site, similar to the
isolated Hþ

i . The stability of the complexes was assessed by calcu-
lating H removal energies, which is defined as the difference in
formation energy between the charge-neutral complex and the
sum of the two isolated constituents (negatively charged acceptor
and Hþ

i ).
19 The resulting removal energies of 0.68, 0.84, 0.78,

0.79, and 1.01 eV for MgGa2H, CaGa2H, CdGa2H, ZnGa1H, and
BeGa1H, respectively, are relatively low considering the modest
migration barrier predicted for Hþ

i .
26 Initially, these complexes

should be stable at room temperature; however, dissociation
might occur upon UV light exposure, which would lead to bleach-
ing of their PL bands. Indeed, recombination-enhanced dissocia-
tion has been observed, e.g., for the CNH complex in GaN.50

As shown in Fig. 2, optical transitions between the CBM and the

(þ/0) level of the H-complexed acceptors results in PL bands
peaking between 2.57 and 2.76 eV. Thus, complexing the polar-
onic acceptors with H will not passivate the luminescence, but
rather shift it to higher energies.

Based on our theoretical predictions, isolated and
H-complexed polaronic acceptor impurities are potential candi-
dates for luminescence bands observed in the visible part of the
spectrum. Indeed, increases in the intensity of BL and GL bands
have been reported in experimental cathodoluminescence studies
on Mg- and Zn-doped β-Ga2O3.

10,15 We also note that the calcu-
lated absorption energies of the polaronic acceptor impurities are
very close to the bandgap energy, which means that their lumines-
cence bands could be selectively excited with photon energies
slightly below the bandgap. This was observed experimentally for
the BL band in Refs. 5 and 7.

TABLE I. Peak position (PP) and full-width at half maximum (FWHM) for the calculated luminescence lines, and CC model parameters obtained from the HSE calculations,
including ZPL energy (EZPL), classical emission (Eem) and absorption (Eabs) energies, total mass-weighted distortion (ΔQ), and effective normal mode frequencies in the
ground/excited state (�hΩg=e).

Optical transition PP (eV) FWHM (eV) EZPL (eV) Eem (eV) Eabs (eV) ΔQ (amu1/2/Å) �hΩg=e (meV)

STHþ
O1 þ e�CBM 3.11 0.54 4.38 3.04 5.58 2.77 38/36

STHþ
O2 þ e�CBM 3.04 0.62 4.37 2.95 5.56 2.30 47/43

Mg0,pO1Ga2 þ e�CBM 2.32 0.59 3.69 2.21 4.86 2.67 42/37

Mg0,pO2Ga2 þ e�CBM 2.53 0.63 3.81 2.41 4.92 2.14 50/44

Ca0Ga2 þ e�CBM 2.40 0.57 3.75 2.30 4.89 2.83 39/34

Cd0Ga2 þ e�CBM 2.62 0.55 3.67 2.52 4.47 2.26 43/36

Zn0Ga1 þ e�CBM 2.15 0.57 3.48 2.04 4.64 2.70 41/36

Be0Ga1 þ e�CBM 1.71 0.64 3.25 1.54 4.63 2.61 46/41

Li�Ga2 þ e�CBM 1.56 0.62 2.96 1.37 4.00 2.65 44/35

(MgGa2H)þ þ e�CBM 2.71 0.55 4.00 2.63 5.20 2.67 40/37

(CaGa2H)þ þ e�CBM 2.76 0.53 4.03 2.68 5.17 2.90 37/34

(CdGa2H)þ þ e�CBM 2.90 0.55 3.99 2.81 4.71 2.58 39/30

(ZnGa1H)þ þ e�CBM 2.75 0.57 3.98 2.66 5.11 2.42 43/40

(BeGa1H)þ þ e�CBM 2.57 0.60 3.95 2.47 5.28 2.51 44/42

(V ib
Ga)

0 þ e�CBM 1.93 0.62 3.33 1.78 4.46 2.59 44/38

(VGa2SiGa1)� þ e�CBM 1.17 0.59 2.47 0.93 3.44 2.52 45/36

(V ib
Ga2H)0 þ e�CBM 2.12 0.64 3.57 1.97 4.71 2.59 44/38

(V ib
Ga3H)þ þ e�CBM 2.54 0.60 3.95 2.43 5.12 2.74 41/36

(V ic
Ga2H)0 þ e�CBM 1.95 0.60 3.47 1.82 4.91 2.84 41/38

(V ic
GaSii2H)þ þ e�CBM 2.55 0.63 3.90 2.43 5.12 2.31 48/44

Nþ
O1 þ e�CBM 2.28 0.58 3.69 2.17 4.99 2.80 40/37

Nþ
O2 þ e�CBM 2.92 0.59 4.25 2.83 5.22 2.77 39/32

N0
O3 þ e�CBM 1.44 0.59 2.85 1.27 4.04 2.77 41/36

Nþ
O3 þ e�CBM 1.87 0.55 3.37 1.76 4.74 3.40 34/31

(NO1H)þ þ e�CBM 2.25 0.60 3.91 2.13 5.36 3.32 37/33

(NO2H)þ þ e�CBM 2.65 0.64 4.20 2.53 5.30 3.00 39/32

(NO3H)þ þ e�CBM 2.10 0.49 3.50 2.02 4.92 3.62 31/30
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C. Ga vacancies

VGa acts as a polaronic triple acceptor in β-Ga2O3 and could
be involved in donor–acceptor pair transitions, similar to the impu-
rities above.5 Moreover, the formation energy of VGa is sufficiently
low for it to be incorporated in sizeable concentrations during
growth, particularly under O-rich and n-type conditions.27,51 In
addition to the VGa1 and VGa2 configurations, there are three split-
vacancy configurations where two adjacent vacant Ga sites are
complexed with a Ga residing between them in a high-symmetry
interstitial site; these are denoted as V ia

Ga, V
ib
Ga, and V ic

Ga.
51 The ther-

modynamic (2�/3�) transition levels of the five different VGa con-
figurations have been predicted to occur between 1.7 and 2.6 eV
below the CBM.51 We find that optical transitions between the
CBM and these (2�/3�) levels result in emission energies
between 0.1 and 1.2 eV, which is much lower than the characteris-
tic luminescence bands observed in β-Ga2O3. Moreover, these
transitions are likely to have significant nonradiative components

due to crossing between the ground- and excited-state potential
energy curves in their CC diagrams.52 In principle, VGa in the 3�
charge state can radiatively capture photogenerated holes from the
VBM. However, if the lack of NBE is caused by formation of
STHs, such transitions are not likely be observed. Moreover, since
both the VB of β-Ga2O3 and the polaronic defect states exhibit
mostly 2p character, the transition dipole moment should be
weak. Nevertheless, we obtain emission energies between 1.3 and
2.3 eV for these optical transitions of the five different VGa

acceptors.
However, VGa can form stable complexes with shallow donor

impurities such as H and SiGa.
27,53 Notably, the V ib

Ga2H complex
has been assigned to an IR absorption line 3436 cm�1 by Weiser
et al.54 Complexing VGa with shallow single donors will succes-
sively passivate its acceptor levels, thereby shifting its luminescence
to higher energies, similar to the H-complexed polaronic acceptor
impurities in Fig. 2. There is a large number of possible donor-
complexed VGa acceptors to explore. As examples, we have
included results for VGa2SiGa1, V ib

Ga2H, V ib
Ga3H, V ic

Ga2H, and
V ic
GaSii2H in Table I. As shown in Fig. 3(a), the H atoms terminate

O dangling bonds at VGa1 in all cases, while the Si atom goes
off-site in the V ic

GaSii2H complex and occupies a Ga1 site immedi-
ately adjacent to VGa2 in the VGa2SiGa1 complex. Figure 3(b) shows
that the complexes with two and three donor impurities can give
rise to luminescence lines with predicted peak positions in the
visible range. Hence, such complexes are also potential candidates
for the characteristic visible luminescence bands observed in
β-Ga2O3. It should be noted that, in high-resistive material, the
isolated VGa acceptors could occur in 2� or 1� charge states.51,55

FIG. 2. (a) Ground-state configuration of Mg0Ga2, Be
0
Ga1, and (MgGa2H)þ. The

hole polaron most favorably localizes on a single nearest-neighbor O1 site in all
cases. (b) Calculated luminescence lines for optical transitions involving isolated
(top) and H-decorated (bottom) polaronic acceptors.

FIG. 3. (a) Relaxed structures of the V ib
Ga3H, V

ic
GaSii2H, and VGa2SiGa1 com-

plexes. The Ga vacancies are indicated with dashed translucent circles. (b)
Calculated luminescence lines of four VGa acceptors complexed with H and
SiGa donors.
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Under such conditions, optical transitions between the CBM and
the (�/2�) or (0/�) levels of VGa might result in luminescence
bands peaking in the visible range, similar to the donor-
complexed VGa acceptors above.

D. Nitrogen acceptor impurities

Turning to N impurities substituting on O sites, the most
favorable configuration depends on the Fermi level position.23 In
typical unintentionally n-type doped material, NO will act as a
compensating acceptor. Under such conditions, the NO3

configuration exhibits the lowest formation energy. However, a
high concentration of NO will drive the Fermi level toward the
(0/�) transition level, where the charge-neutral NO1 and NO2 may
become relevant.23 All three NO configurations also exhibit a ther-
modynamic (þ/0) transition level located in the lower part of the
bandgap. For the NO acceptors, the neutral and positive charge
states correspond to hole states that are localized at the N impurity
itself, rather than a neighboring O site, as shown in Fig. 4(a).

We have focused on optical transitions between the CBM and
the thermodynamic (þ/0) charge-state transition level of NO1 and
NO2, and both the (þ/0) and (0/�) levels for NO3. As shown in
Fig. 4(b), the luminescence lines involving NO depend strongly on
the configuration, and thus the Fermi level position. In n-type
material, electron capture from the CBM by charge-neutral NO3

results in a broad luminescence band peaking at 1.44 eV. For high-
resistive material, where NO preferably adopts the neutral
charge-state, optical transitions between the CBM and the (þ/0)
level of NO3, NO2, and NO1 result in bands peaking at 1.87, 2.94,
and 2.28 eV, respectively.

As shown in Fig. 4(a), hydrogen can passivate the (0/�)
acceptor levels of NO by forming a bond with the N impurity. The
resulting NO1H, NO2H, and NO3H complexes exhibit H removal
energies of 2.18, 1.95, and 0.27 eV, respectively. The latter removal
energy is so low that the NO3H complex could be unstable at room
temperature. Most likely, this is because NO3 is fourfold- and not
threefold-coordinated like NO1 and NO2 [see Fig. 4(a)]. In contrast,
the NO1H and NO2H complexes are predicted to be highly stable.
The NO1H complex exhibits the lowest formation energy, but it is
only 0.13 eV lower than that for NO2H. Optical transitions between
the CBM and the (þ/0) transition levels of the NO1H, NO2H, and
NO3H complexes result in broad luminescence bands with calcu-
lated PPs of 2.25, 2.65, and 2.10 eV, respectively.

As already mentioned, the emission from NO-related defects
will depend strongly on the configuration, which is important to
consider when comparing the predictions with experimental
data. Song et al.56 observed an intense red luminescence (RL)
band peaking at 1.67 eV in N-doped β-Ga2O3 nanowires. This is
close to the luminescence bands calculated for NO3. RL has also
been observed in N-doped β-Ga2O3 nanoflakes.57 In contrast,
Harwig and Kellendonk5 observed no RL, but a slight increase in
the BL band intensity when β-Ga2O3 powders were fired in N2

vs air. In a cathodoluminescence study by Onuma et al.,11

however, the BL band was suppressed in heavily N-doped epitax-
ial β-Ga2O3 films.

IV. CONCLUSION

By using 1D CC diagrams derived from hybrid functional
calculations, we have estimated optical transition energies and
luminescence lines for acceptor impurities MgGa2, BeGa1, CaGa2,
CdGa2, ZnGa1, LiGa2, and NO, their complexes with H donors, as
well as VGa acceptors complexed with hydrogen and SiGa donor
impurities in β-Ga2O3. The results point to these acceptors as
possible candidates for the origin of broad PL bands in the infra-
red to visible part of the emission spectrum. Specifically, the cal-
culated luminescence lines of MgGa2, CaGa2, CdGa2, and ZnGa1
peak in the 2.15–2.62 eV range (green/blue), while those of BeGa1

FIG. 4. (a) Relaxed structures of N0
O1, N0

O2, N0
O3, (NO1H)0, (NO2H)0, and

(NO3H)0. For NO acceptors, the hole state (blue isosurface) is localized at the N
impurity itself, rather than an adjacent O site. (b) Calculated luminescence lines
for optical transitions involving NO and NOH complexes.
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and LiGa2 peak at lower energies of 1.71 and 1.56 eV (infrared/
red), respectively. VGa acceptors complexed with shallow donor
impurities such as H and SiGa can similarly give rise to lumines-
cence in the visible range. For NO acceptors, the luminescence
depends strongly on the configuration and Fermi level position.
The NO3 configuration, which has the lowest formation energy in
n-type material, can give rise to luminescence bands with pre-
dicted peak positions at 1.44 and 1.87 eV (infrared/red), whereas
the luminescence lines of NO1 and NO2 peak at higher energies of
2.28 and 2.92 eV (green and blue), respectively. When the accep-
tor impurities are complexed with a single H donor, we find that
the luminescence band is not passivated, but rather shifted in
peak position. These results could be useful for future optical
studies seeking to identify the origin of the broad luminescence
bands in β-Ga2O3.
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APPENDIX: PBE0 calculations and test of finite-size
corrections

In order to (i) assess how sensitive our theoretical predictions
are to the parameterization of the hybrid functional, i.e., choice of
α and μ parameters, and (ii) elaborate on possible non-Koopmans
behavior, we have performed calculations using the PBE0 func-
tional, which yields the same direct bandgap value of 4.9 eV.
Calculations were performed for a representative subset of the
defects studied in the present work, namely, the STHs, two polar-
onic acceptors (MgGa2 and MgGa2H) and one O substitutional N

acceptor (NO3). The results are listed in Table II. The calculated
PPs shift up in energy when the PBE0 functional is used, but the
magnitude is only 0.1 eV at most. Based on this, we conclude that
the qualitative results do not hinge on the specific HSE parameteri-
zation. Regarding the generalized Koopmans condition, our results
are similar to those reported by Gake et al.,39 i.e., we find that the
acceptor impurities exhibit slightly convex behavior when using the
HSE functional. If the parameterization is tuned to satisfy the general-
ized Koopmans condition, the resulting bandgap is overestimated.39

When PBE0 is used, the convexity is only slightly reduced, e.g., for
the (0/�) transition of MgGa2 we obtain a non-Koopmans energy
(see Ref. 34) of 0.24 eV for HSE and 0.20 eV for PBE0.

Gake et al.43 recently proposed a scheme to remedy the
spurious supercell-size dependence of vertical transition energies
involving defect states. These corrections translate into different
effective Franck–Condon relaxation energies that can differ
from those evaluated using either no finite-size corrections or
those corrected with only the low-frequency dielectric screen-
ing.58 As shown in Fig. 5, we have evaluated the performance
of this finite-size correction by performing supercell-size tests

TABLE II. PP and FWHM for the calculated luminescence lines, and CC model parameters obtained from the PBE0 calculations. The change in PP compared to the value
calculated using HSE is given in parenthesis.

Optical transition PP (eV) FWHM (eV) EZPL (eV) Eem (eV) Eabs (eV) ΔQ (amu1/2/Å) �hΩg=e (meV)

STHþ
O1 þ e�CBM 3.18 (+0.07) 0.54 4.38 3.13 5.35 2.69 38/34

STHþ
O2 þ e�CBM 3.07 (+0.03) 0.59 4.28 2.98 5.30 2.26 46/41

Mg0Ga2 þ e�CBM 2.42 (+0.10) 0.56 3.72 2.30 4.67 2.63 41/34
(MgGa2H)þ þ e�CBM 2.80 (+0.09) 0.60 4.02 2.70 5.00 2.65 40/34
N0

O3 þ e�CBM 1.54 (+0.10) 0.58 2.88 1.38 3.95 2.75 41/34

FIG. 5. Dependence of the corrected and uncorrected vertical transition ener-
gies of defects on the supercell size. Calculations were performed using the
PBE+U functional. The vertical transition energies are given relative to the cor-
rected one in the largest 960 atom supercell.
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of the vertical transitions for a representative set of the defects
studied in the present work. We employed the PBE+U func-
tional with an effective U value of 10 eV applied to the O 2p
orbitals in order to increase the bandgap and ensure well local-
ized defect states, similar in character to those obtained using
the hybrid functional, in both the initial and final charge state.
Furthermore, the use of the PBE+U functional makes it compu-
tationally feasible to employ large supercells. Specifically, we
have used supercells with 120, 160, 300, and 960 atoms. Note
that, since the cell dimension is not isotropically expanded, we
have not performed any extrapolation of the uncorrected ener-
gies to the dilute limit. We have used the point charge correc-
tion with the alignment term, as explained in Ref. 43. Figure 5
shows that the vertical transition energies are well corrected.
The difference between the corrected energy in the 160 and
960 atom supercell is less than 0.03 eV for the transitions
involving charge-neutral and singly charged defects, and 0.05 eV
for the μ(�/2�) transition of LiGa2. We have also confirmed
that the formation energies of the defects shown in the
supercell-size tests were well corrected.
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