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Preface
This thesis is submitted in partial fulfillment of the requirements for the degree
of Philosophiae Doctor at the University of Oslo. The research presented here
was mainly conducted at the University of Oslo, under the supervision of Prof.
Lasse Vines, Dr. Klaus Magnus Håland Johansen and Prof. Bengt Gunnar
Svensson. Part of the research was conducted at the Center for Physical Sciences
and Technology (FTMC) under the supervision of Prof. Audrius Alkauskas, and
at Lawrence Livermore National Laboratory (LLNL) under the supervision of
Dr. Joel Basile Varley. Financial support was kindly provided by the Research
Council of Norway and University of Oslo through the frontier research project
FUNDAMeNT (No. 251131, FriPro ToppForsk-program). The computations
were performed on resources provided by UNINETT Sigma2 - the National
Infrastructure for High Performance Computing and Data Storage in Norway.

The thesis is a collection of ten papers, presented in chronological order
of writing. The papers are preceded by six introductory chapters that relate
the papers together, and provide background information and motivation for
the work. Chapter 1 introduces and motivates the research topic. Chapter
2 provides background information on the oxide semiconductors ZnO and
V-Ga2O3, including basic materials properties, potential for applications in
semiconductor devices, and a brief review of relevant previous studies of defects.
Chapter 3 presents density functional theory and hybrid functionals, while the
computational details and formalism for first-principles defect calculations are
given in Chapter 4. Chapter 5 provides an overview of the results in the papers,
followed by concluding remarks and suggestions for future work in Chapter 6.
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Chapter 1

Introduction

Point defects in semiconductors

Point defects are zero-dimensional structural imperfections in a crystal lattice,
such as a missing atom (vacancy), an atom located at a site that is not normally
occupied (intersitial), or the presence of a foreign atom (impurity)1. In the
model of the ideal crystal, every constituent atom resides at its prescribed lattice
site, and there are no defects. In real crystals, however, the incorporation of a
certain equilibrium concentration of defects is energetically favored due to the
configurational entropy [1]. Interestingly, these unavoidable imperfections do not
merely alter the local crystal structure, but can have a profound impact on the
macroscopic physical properties of the host, even to the point of determining
its functionality. An extraordinary example is the effect of defects on the
electrical conductivity of semiconductors. The introduction of shallow donors
or acceptors—defects that can easily release electrons (n) or holes (p) to the
host, respectively—can be used to tune the electrical conductivity across several
orders of magnitude. Controllably fabricated n- and p-type conductive layers
serve as building blocks for making the (opto)electronic semiconductor devices
that we rely on today. Control is a key point here, as a wide variety of defects
can form, in addition to those incorporated intentionally, and have undesired
effects. For example, some defects introduce energy levels deep within the
forbidden electronic band gap, which can act as efficient recombination centers.
Such defects can be detrimental to device performance, e.g., by annihilating
photogenerated electron-hole pairs in solar cells or by offering nonradiative
recombination routes in light-emitting diodes (LEDs). However, deep-level
defects can also be functionalized for applications, e.g., as luminescence centers
that emit or absorb light at specific wavelengths, as compensating centers to
produce semi-insulating material for use as buffer layers in devices, or as artificial
atoms to serve as qubits in future quantum information technology [2]. Defects
are also important for fundamental processes like solid-state diffusion, serving
as vehicles for atomic diffusion. Defects can indeed be both constructive and
destructive, depending on the application, and the key to utilizing defects as
enablers is control.

Motivation for the present work

Semiconducting materials have been at the core of technological advances that
have revolutionized our society, and will play an increasingly important role
as part of the green shift. When it comes to technological maturity, no other

1In the following, the word defect will refer specifically to a point defect, as extended
defects (like dislocations, grain boundaries, clusters) are outside the main scope of this thesis.
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1. Introduction

semiconductor comes close to silicon (Si). Decades of research have allowed a
superb control of defects and processing, growth of nearly flawless crystals, and
tuning of the electrical conductivity and electronic structure. However, Si is
approaching the pinnacle of its performance, and fundamental limitations on
its materials properties mean that certain applications are out of reach. For
instance, the indirect band gap energy of 1.1 eV leads to poor light absorption
and radiative recombination efficiency, making its applications in optoelectronics
limited. Of course, this has not stopped Si from playing a dominant role in the
photovoltaics industry, underlining the importance of technological maturity and
cost. More recently, compound semiconductors, especially the group III-Nitrides,
including gallum nitride (GaN), aluminium nitride (AlN) and indium nitride
(InN), have seen large-scale commercial success in energy-efficient optoelectronic
devices. This success culminated in the Nobel prize in physics in 2014, awarded
to Akasaki, Amano and Nakamura for inventing the GaN-based blue LED.

Oxide semiconductors, including the zinc oxide (ZnO) and monoclinic gallium
sesquioxide (V-Ga2O3) studied in the present thesis, are widely recognized as
prime materials for future technology to harvest, deliver, convert and store
energy in an efficient manner. While generally being abundant, environmentally
friendly, and chemically robust, they exhibit a diverse set of functional properties,
most notably a wide range of band gap energies. This makes them attractive for
applications in several different technology fields, e.g., photovoltaics, LEDs, power
electronics, photodetectors, fuel cells, batteries and photocatalysis. However, all
of those applications require control over the defect structure, which has proven
to be challenging for this materials system. Indeed, most oxide semiconductors
exhibit an asymmetry with respect to doping, e.g., ZnO and V-Ga2O3 show a
preference towards n-type conductivity, where even as-grown crystals typically
exhibit an unintentional n-type conductivity. Moreover, intentional doping can
be counteracted by compensating intrinsic defects, which limits the doping
efficiency, e.g., cation vacancies act as compensating acceptors in n-type doped
ZnO and V-Ga2O3. Thus, while this materials system exhibits attractive intrinsic
properties, its amenability for device applications is currently limited due to
insufficient control and understanding of the defect structure.

Defect control requires accurate knowledge of the identity and characteristics
of defects, how they are incorporated, and how they affect the materials properties.
A wide variety of electrical, optical and magnetic characterization techniques
have been developed to study defects in semiconductors. However, identification
and characterization of defects based on experimental techniques alone is often
very demanding and time-consuming, and conclusive answers often require
clever combinations of different techniques [3]. With the rapid advances in
computational and electronic structure methods, it is now feasible to predict
many materials properties directly from the fundamental Schrödinger equation
(within a set of approximations), i.e., from first-principles. Approaches based
on the density functional theory (DFT) are among the most popular electronic
structure methods, and are nowadays used routinely in several different fields
within chemistry and materials science. This includes defects in semiconductors,
where it has proven to be a valuable aid, both as a predictive tool to complement

2



and guide experimental studies, and by providing novel insights [4]. A well-
established thermodynamic formalism has been developed to study the physical
properties of defects from electronic structure calculations [3].

However, when applied to oxide semiconductors, first-principles modeling
of defects has until recently had only limited success. Indeed, the conventional
semilocal approximations to the exchange-correlation functional suffer from
so-called delocalization errors, which result in a general underestimation of
band gaps and a poor description of localized defect states [3]. These errors
are particularly severe for oxides, as they typically exhibit wide band gaps and
deep-level defects with a high degree of charge localization. More recently, hybrid
functionals that combine DFT and Hartree-Fock theory have provided a way to
overcome the abovementioned limitations of conventional DFT, allowing more
accurate predictions of defect properties [5–9], albeit at a higher computational
cost. Furthermore, recent methodological advances, particularly based on the
calculation of one-dimensional (1D) configuration coordinate (CC) diagrams
for defect charge-state transitions [10], have allowed increasingly detailed and
direct comparisons with experimental data [11–14]. Such comparisons can
provide valuable information to reveal the defect origin of signatures observed
in experimental defect spectroscopic techniques, as well as important feedback
with regards to the limitations of the employed electronic structure method.

In the present work, hybrid functional calculations have been applied to
investigate point defects in ZnO and V-Ga2O3. The combination of theory
and experiment described above is a major theme in the thesis. Notably, the
1D CC model has been used to predict defect properties related to charge-
state transitions involving defects, including radiative and nonradiative capture
and emission of charge carriers [4]. Papers I, II, IV and V investigate small
hole polarons, polaronic acceptors, and their complexes with shallow donor
impurities in ZnO and V-Ga2O3. The main focus of these papers is the simulation
of luminescence lines resulting from radiative transitions involving polaronic
defect states, which can be compared directly with experimental luminescence
spectroscopy. Papers VI and VII identify thermodynamic and optical charge-
state transition levels of Ga substitutional Fe and Ti impurities in V-Ga2O3,
which are technologically important impurities in this material. Finally, Papers
III, IX and X investigate the thermodynamic and electronic properties of close-
associate cation-oxygen divacancies in ZnO and V-Ga2O3 (the experimental
results in Paper VIII provided motivation for Paper IX). Interestingly, the
divacancies are shown to be highly electrically active, retaining key properties
of their monovacancy constituents, namely the polaronic nature of the cation
vacancy, and the negative-U behavior of the oxygen vacancy.
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Chapter 2

Oxide Semiconductors
Zinc oxide (ZnO) and monoclinic gallium sesquioxide (V-Ga2O3) are members
of the oxide semiconductor family. Both materials hold great promise for next-
generation optical, electrical and energy applications, but they are not new.
The lattice parameters of wurtzite ZnO were reported already in 1935 [15], and
various materials characterization was done in the 1950-1960s [16], coinciding
with early reported studies on V-Ga2O3 crystals [17–19]. However, as evidenced
by the increasing number of publications per year, shown in Fig. 2.1, both
materials have recently seen a rapid surge of interest. For both materials, this
interest has been sparked by a combination of unique materials properties, and
availability of relatively inexpensive high-quality single-crystal substrates. The
following subsections will provide information on their basic properties, potential
for applications, and a brief review of reported studies on point defects.
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Figure 2.1: Number of articles containing the words ZnO or Zinc Oxide (red)
and Ga2O3 or Gallium Oxide (green) in the title. Data from Web of Science.

2.1 Zinc oxide

Basic properties and applications

ZnO is a binary group II–VI compound semiconductor. The hexagonal wurtzite
crystal structure (space group 186, %63<2) is the thermodynamically stable
phase under typical growth conditions, but zinc blende and rocksalt structures
can be obtained through growth on cubic substrates and under high pressure,
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2. Oxide Semiconductors

respectively [16]. Only the wurtzite structure, shown in Fig. 2.2, is considered
here. The primitive unit cell contains four basis atoms, and has one basal
(0 = 3.24 Å) and one axial (2 = 5.19 Å) lattice parameter [20]. The 2/0 ratio
of 1.603 deviates from the ideal one of 1.633 for the hexagonal close-packed
structure. The lack of an inversion plane perpendicular to the c axis results
in crystallographic polarity [21]. ZnO in the (0001) orientation can have two
different surface terminations, Zn or O, which are conventionally referred to as
(0001) and (0001̄) ZnO, respectively [21]. Each Zn (O) is surrounded by four
O (Zn) with approximate tetrahedral ()3) local point group symmetry. The
Zn–O bond along the c axis is denoted as axial (ax), and is slightly longer
than the three Zn–O bonds in the basal plane, denoted as azimuthal (az) or
non-axial. This slight difference lowers the local point group symmetry from )3
to �3E . In addition to the primitive unit cell, an orthorhombic cell is shown in
Fig. 2.2, because it was used to construct the 96-atom supercell used for the
first-principles defect calculations (this is discussed in Sec. 4.1).

Figure 2.2: Ball-and-stick model of the primitive (left) and an orthorhombic
(middle) ZnO unit cell, where Zn/O atoms are represented by the grey/red balls.
The polyhedra (right) show the approximately tetrahedral local symmetry of the
Zn and O sites. Lattice parameters [20] and bond lengths are shown. The figure
was generated using the crystal structure visualization software VESTA [22].

Regarding the electronic structure, ZnO exhibits a direct band gap at the
Γ-point with an experimental value of 3.44 eV, as determined from optical
measurements at 2 K [23]; this band gap value includes the large free exciton
binding energy of about 60 meV. Theoretical electronic structure calculations
show that the upper part of the valence band (VB) of ZnO is mainly composed of
O 2p states, whereas the lowest conduction band (CB) states are mainly derived
from Zn 4s states [3, 24]. The experimentally determined values for the static
dielectric constant are Y0 = 7.77 and 8.91 in the directions perpendicular and
parallel to the c-axis, respectively; the corresponding high-frequency values are
Y∞ = 3.70 and 3.78 [25]. ZnO can be doped n-type by a wide range of elements,
including Zn substitutional (Al, Ga, In, Si, Ge and B) and O substitutional
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Zinc oxide

(Cl, F) donors [26]. Among these dopants, Al and Ga are the most commonly
used, with reported resistivities in the low 10−4 Ω cm for intentionally doped
samples [27, 28]. As already mentioned, oxide semiconductors normally exhibit
an asymmetry with respect to doping, and achieving stable, reliable and efficient
p-type conductive ZnO has so far eluded researchers. Zn substitutional Li (LiZn)
and O substitutional N (NO) acceptors have long been touted as promising
candidates, but have been unsuccessful so far. Understanding and overcoming
the p-type obstacle of ZnO remains a subject of research, but is not studied as
intensively nowadays. Interestingly, a recent theoretical study by Goyal et al.
[29] shows that the rocksalt phase of ZnO is p-type dopable by LiZn.

Achieving p-type ZnO would certainly unlock some highly attractive applica-
tions, especially as an alternative or complement to GaN-based optoelectronics.
In fact, GaN and ZnO share many relevant features, including the same crystal
structure, similar band gap energies, and possibilities for band gap engineering
by alloying with AlN/InN and CdO/MgO, respectively. Actually, efficient p-type
doping is also a challenge for GaN. There is only one moderately effective dopant
(on which the entire GaN-based optoelectronics industry hinges), namely Mg,
which reportedly exhibits a dual (shallow and deep) nature [30, 31]. However,
ZnO has some advantages, such as a greater exciton binding energy, amenability
to wet chemical etch processing, and less demanding single-crystal growth [32].
Thus, should p-type ZnO be achieved, it would likely result in optoelectronic
devices that are both cheaper and more efficient than those based on GaN.

Despite the lack of p-type material, ZnO shows high potential for unipolar
device applications. Notably, the large band gap energy, high level of n-type
conductivity, and availability of large-scale thin film deposition techniques makes
it useful as a transparent conductive oxide (TCO). TCOs are used as transparent
electrodes in, e.g., liquid crystal displays, touchscreens and solar cells. At present,
indium tin oxide (ITO) is the most commonly used TCO, but alternatives
are being explored due to concerns about the cost of In, which is especially
problematic for large area applications such as solar cells. Al or Ga doped ZnO
is considered as a viable option [33, 34], and is already used routinely in, e.g.,
thin film solar cells based on Cu(In,Ga)Se2 [35]. However, improved control of
the n-type conductivity is desired. For example, sputter deposited films show
spatial inhomogeneity in the resistivity [36]. Furthermore, it has been shown
that Al and Ga doping leads to self-compensation, imposing an upper limit on
the conductivity. Isolated Zn vacancy (+Zn) acceptors and their complexes with
donor dopants have been shown to play an important role in this compensation
[37–40], and such defects have been explored in the present work. Finally, it
should be noted that there is significant interest in ZnO beyond the solid-state
physics and electronics community. Notably, nanostructured ZnO is a highly
active research field, with many nanomorphologies available [32].

Crystal growth, impurities and defects

Focusing on single-crystal material, ZnO is primarily grown using one of three
different methods: (i) pressurized melt growth (MG), (ii) vapor phase (VP)
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growth, and (iii) hydrothermal (HT) solution growth [26]. MG ZnO is achieved
by using a modified Bridgman process, where ZnO powder in a crucible is heated
above its melting point of 1975 ◦C, under an overpressure of oxygen to prevent
decomposition, and then slowly cooled to allow crystallization [41]. MG ZnO
has the advantage of high growth rate (1–5 mm/h for ingots with diameters up
to 50 mm [41]), but spatial variation in crystal quality due to large temperature
gradients is an issue that can result in low-angle grain boundaries [26]. During
VP growth, ZnO powder is sublimed, followed by transport and deposition onto a
seed crystal. The preferred method is seeded chemical vapour transport (SCVT),
where hydrogen is used as a carrier gas to decompose ZnO at temperatures
above 1150 ◦C and transport it to a growth zone with lower temperature [26].
High crystal quality can be achieved by VP growth, but the low growth rate
(e.g., 1 mm/day [26]) is a major drawback. HT ZnO is grown at relatively
low temperatures (300–400 ◦C) and a high pressure (about 80 GPa) from a
supercritical aqueous solution, which contains mineralizers (typically a mixture
of LiOH and KOH) to increase the solubility of ZnO [26]. The HT method is
scalable, and produces crystals of excellent quality, but they usually show a high
residual content of Li, which acts as a compensating acceptor (LiZn) [26].

As-grown ZnO crystals normally show n-type conductivity. Historically, the
O vacancy (+O) was frequently assumed to be the source of this unintentional
conductivity, but presently there is broad consensus that residual shallow
donor impurities are responsible [42, 43]. Indeed, photo-EPR measurements on
electron-irradiated ZnO, e.g., by Evans et al. [44], provides strong experimental
evidence for the deep donor nature of +O, which means that it cannot cause
n-type conductivity. Meanwhile, electron-nuclear double resonance (ENDOR)
measurements have provided unambiguous proof that Zn substitutional Al (AlZn)
is a shallow single donor [45]. Furthermore, electron paramagnetic resonance
(EPR) and secondary ion mass spectrometry (SIMS) studies have established
a correlation between AlZn and the neutral-donor-bound exciton line labeled
�6, as observed by photoluminescence (PL) spectroscopy [45–47]. Similarly, the
shallow single donors GaZn and InZn have been assigned to exciton lines labeled
�8 and �9, respectively [47–49]. Hybrid functional calculations additionally show
that SiZn and GeZn act as shallow double donors. According to SIMS data [26,
50], Al and Si are common impurities for all of the growth techniques mentioned
above, with typical concentrations in the 1015 – 1017 cm−3 range.

Hydrogen is an omnipresent impurity that can also contribute to the
unintentional conductivity. Indeed, increased n-type conductivity after diffusing
H into ZnO was reported already in the 1950s [51]. A theoretical study by Van
de Walle et al. [52] later showed that H interstitials (Hi) act exclusively as
shallow donors, which is unusual because H is normally found to be amphoteric
in most semiconductors [42]. This prediction was soon after confirmed by Muon
spin rotation and magnetic resonance experiments [53, 54]. However, Hi is
highly mobile, even at room temperature [55], with reported migration barriers
of 0.85 ± 0.19 eV based on deuterium diffusion experiments [56] and 0.5 ± 0.1 eV
based on nudged elastic band calculations [57]. Hence, thermally stable H donors
are more likely to be trapped by other defects. Notably, O substitutional H
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(HO) has been theoretically predicted to act as a shallow single donor [58]. This
has been supported by experiments performed by Lavrov et al. [59], where HO
was assigned to the exciton line labeled �4. H is also known to form complexes
with and passivate compensating acceptors. For example, +Zn=H complexes
with = = 1, 2, 3 have been observed by infrared (IR) [60–64] and EPR [44, 65]
spectroscopy. The concentration of H in as-grown material is normally below the
SIMS detection limit of 5 × 1017 H cm−3, and depends on the growth method.
Despite the high growth temperatures, some H is incorporated into MG ZnO from
the precursor material as the growth system is closed [66]. This is evident from
the presence of the I4 line [47, 66]. The use of H as a carrier gas leads to a higher
H content in SCVT ZnO; based on ENDOR and Hall measurements, Hofmann
et al. [54] reported a concentration of 6 × 1016 cm−3 for the so-called D1 donor
(assigned to H) in a SCVT sample grown by Eagle-Picher. H is also present in
HT ZnO, as evidenced by the presence of a dominant O–H related IR absorption
line at 3577 cm−1, which has been attributed to the LiZnH complex [67–69].
Interestingly, the emergence of O–H related IR absorption lines upon annealing
as-grown ZnO without an external source of H has led to suggestions that there
is a H source in ZnO that is concealed from IR spectroscopy. Interstitial H2
molecules have been proposed as a candidate for this “hidden hydrogen” [70].

Li is another important impurity in ZnO, and is predominantly present in
HT grown material (from the LiOH mineralizer) with typical concentrations of
about 1017 cm−3 according to SIMS data [26]. The behavior of Li in ZnO has
long been a subject of interest, both from a scientific and technological point of
view. Li exhibits an electrically amphoteric behavior, acting as a Lii donor or a
LiZn acceptor depending on the Fermi level position. The LiZn configuration is
dominant in HT grown ZnO [71], where it acts as a compensating acceptor. For
this reason, HT grown material is often resistive [72]. Many initial attempts to
produce ?-type ZnO involved LiZn as a potential shallow donor, but there is now
broad consensus that it introduces a deep rather than a shallow acceptor level
[73–75], as was suggested by EPR experiments already in the 1960s [76]. Indeed,
the EPR results indicated that the neutral charge state of LiZn corresponds to a
hole that is highly localized at one of the O ions adjacent to Li, as also predicted
by contemporary first-principles defect calculations [73, 77].

Certain transition metal impurities are also commonly found in ZnO, most
notably Fe [50, 72]. EPR signals from Mn2+, Co2+, Fe3+ and Ni3+ have been
observed in HT ZnO [78]. Note that the oxidation state notation is normally
used in the context of magnetic resonance, e.g., Fe3+ corresponds to Fe+Zn. Fe
acts as a deep donor and has been assigned to a defect level labeled �2, which
is located about 0.19 eV below the CB, as observed by deep-level transient
spectroscopy (DLTS) [79]. This is close to the 0.24 eV deduced from the
temperature dependence of the Fe3+ EPR signal [78]. As a donor, FeZn has been
found to form a complex with LiZn, which is present in HT grown ZnO [80].

There is a plethora of first-principles studies on native defects in ZnO in
the literature (see, e.g., the review in Ref. [42] and references therein). Even
though the results scatter widely, most studies (spanning several different levels
of theory) qualitatively agree that +O is a deep negative-U (explained in Sec.
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5.3.2) donor, +Zn is a deep double acceptor, Zni is a shallow double donor, and Oi
in the octahedral site is a deep double acceptor [24, 42, 43, 81]. The interstitials
are not expected to play an important role in n-type material due to exceedingly
high formation energies and low migration barriers. The antisites (ZnO and OZn)
similarly exhibit high formation energies, and are thus not usually considered
[24, 43]. Focusing our attention on the more recent calculations based on hybrid
functionals, the formation energy of +O, and especially +Zn, is low enough
to allow high equilibrium concentrations in Zn- and O-rich growth/annealing
environments, respectively. However, relatively low concentrations of isolated
vacancies are expected under realistic single-crystal growth conditions [82], at
least when compared to the typical impurity content. This is supported by
EPR and positron annihilation spectroscopy (PAS) measurements on different
as-grown ZnO samples [39, 83, 84]. In EPR studies of +O and +Zn, the vacancies
are usually introduced by high-energy electron irradiation [44, 85, 86]. However,
as mentioned above, +Zn (and its complexes with donor impurities) play an
important role as a source of self-compensation when ZnO is doped n-type.

Despite the large body of work on defects in ZnO, there are still controversies
surrounding the defect identity of many spectroscopic signatures. For example,
the PL spectrum of ZnO normally shows a broad green luminescence (GL),
which consists of several overlapping luminescence bands. Reschikov et al. [87,
88] have compiled detailed information on the characteristics of several unique
PL bands observed in different samples. However, only a few of those bands
have been firmly identified. The orange luminescence (OL) band peaking at 1.95
eV has been attributed to LiZn [89], and the characteristic fine-structured GL
band peaking at 2.47 eV has been attributed to CuZn [90, 91]. The OL band
is observed in HT ZnO, but is overlapped by a broad GL band of unknown
origin [75], which was investigated in the present thesis. There are also several
commonly observed DLTS defect signatures that remain unidentified [92]. Most
relevant for this work is the defect level labeled �4, which is located ∼0.55 eV
below the CB, and frequently associated with a +O-related defect exhibiting
Negative-U behavior [92, 93]. The �3 level, located ∼0.3 eV below the CB, is
another prominent signature that can be found in most ZnO samples, regardless
of growth method. Recent studies on �3 indicate a H-related origin [55, 94].

2.2 Gallium sesquioxide

Basic properties and applications

At least five different polymorphs exist for crystalline Ga2O3, including corundum
U-Ga2O3 (space group 161, '32), monoclinic V-Ga2O3 (space group 12, �2/<),
defective-spinel W-Ga2O3 (space group 227, �33<), bixbyite X-Ga2O3 (space
group 227, �33<) and orthorhombic ^-Ga2O3 (space group 33, %=021) structures
[17, 95]. A sixth hexagonal Y-Ga2O3 polymorph (space group 186, %63<2) has
also been reported, but was recently identified as ^-Ga2O3 exhibiting pronounced
disorder [95]. Moreover, the orthorhombic phase is interchangeably denoted by ^
and Y in the literature [95, 96]. This thesis explores only the V-Ga2O3 structure,
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which is the thermodynamically stable phase under typical growth conditions,
and has received the bulk of recent attention. Figure 2.3 shows the conventional
unit cell of V-Ga2O3, which contains 20 atoms (the primitive unit cell contains
10), and is characterized by the lattice parameters 0 = 12.23 Å, 1 = 3.04 Å and
2 = 5.80 Å, and the angle of V = 138.8◦ between the 0 and 2 axes [97]. The
local symmetry of the five nonequivalent lattice sites is also shown in Fig. 2.3.
There is one fourfold- (Ga1) and one sixfold-coordinated (Ga2) Ga site. One of
the three O sites is fourfold-coordinated (O3), while the other two (O1 and O2)
are threefold-coordinated, where O2 is almost planar. The increased number of
lattice sites and low degree of symmetry generally means that a larger number
defect configurations have to be considered in V-Ga2O3 compared to ZnO.

Figure 2.3: Left: Ball-and-stick model of the conventional V-Ga2O3 unit cell,
where Ga/O atoms are represented by the green/red balls. Lattice parameters
and angles are shown. Right: Polyhedra showing the local symmetry of the five
different lattice sites, with bond lengths and sites indicated.

The electronic band structure of V-Ga2O3 exhibits a fundamental band gap
value of around 4.9 eV [98–104]. Because of the low symmetry of the monoclinic
structure, the optical absorption strongly depends on the polarization of the
light [100, 102, 105, 106]. Schubert et al. [107] reported experimental values for
the static and high frequency dielectric tensor, and there are several theoretical
studies on the nature of single-electron and excitonic band-to-band transitions
[101–103]. Figure 2.4 shows the electronic band structure, calculated using a
hybrid functional (in good agreement with the one reported in Ref. [108]). The
VB is mainly composed of O 2p states, while the CB is predominantly derived
from Ga 4s orbitals. As highlighted by the red and green dots, the CB minimum
(CBM) is located at the Γ-point, and the VB maximum (VBM) occurs at a
low-symmetry point that is only slightly higher in energy compared to the Γ-point
value [103, 108, 109]. Thus, V-Ga2O3 can basically be considered as a direct
band gap material. Notably, the VB shows very little dispersion compared to the

11



2. Oxide Semiconductors

CB; this is a common feature for all polymorphs, where some exhibit even flatter
VBs [108]. This results in a large hole effective-mass, high VB density of states,
and the formation of small hole polarons [110], as discussed in more detail in Sec.
5.1. This behavior, in addition to the lack of shallow acceptor dopants [111],
likely poses an insurmountable obstacle for efficient p-type doping of V-Ga2O3
[110] (and the other polymorphs [108]). However, similar to ZnO, n-type doping
of V-Ga2O3 can be easily achieved, where Ga substitutional Group-IV elements
(Si, Sn and Ge) have been demonstrated to be effective n-type dopants [112, 113].
It has also been reported that C [114], and certain transition metal elements like
Nb, Ta, Zr, and Hf can act as shallow donors on the Ga site [115, 116]. Carrier
concentrations up to 1019 cm−3 and electron mobilities close to the theoretical
limit of ∼200 cm2/V due to phonon scattering have been achieved [117].
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Figure 2.4: Band struture of V-Ga2O3, calculated using the Heyd-Scuseria-
Ernzerhof hybrid functional with the fraction of screened Hartree-Fock exchange
adjusted to 0.33, and the semicore d-electrons included as valence states. The
VB and CB is represented by blue and orange lines, respectively, and the band
edges are highlighted. The band structure path and symmetry points are based
on the SeeK-path algorithm [118], and was generated using the sumo code [119].

The availability of relatively cheap, high-quality and large-area single-crystal
substrates, as well as the high level of n-type conductivity and ultra-wide band
gap, makes V-Ga2O3 a highly attractive material for unipolar devices in power
electronics that can operate at high voltages and frequencies. The suitability
of materials for power devices is often expressed by a figure of merit (e.g.,
Baliga or Johnson), which incorporates the major requirements for efficient
power devices, including (i) low on-state resistance (ii) low off-state leakage
current, (iii) fast switching recovery time, (iv) large breakdown voltage, and
(v) operation at high temperatures [120]. The reported values for the figure
of merit of V-Ga2O3 suggest that it can outperform big players like Si, GaN
and SiC for many applications [121]. Notably, the breakdown electric field of
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V-Ga2O3 is estimated to be 5–9 MV/cm [122], which is a few times higher
than the values reported for GaN and SiC. In the renewable energy transition,
harvesting and storage technologies such as solar cells and batteries have received
much attention, but improving the conversion efficiency in power electronics can
potentially save a tremendous amount of energy, which is also very important.
Functional power devices based on V-Ga2O3, including switching transistors and
rectifying diodes, are currently being developed at an exciting pace. The first
metal-semiconductor field-effect transistor based on single-crystal V-Ga2O3 was
developed in 2011 [123]. Since then, several structures have been developed
(as reviewed in Ref. [124]), e.g., Schottky barrier diodes [125] and metal-oxide
semiconductor field-effect transistors [126]. One major weakness of V-Ga2O3
for power devices is the low thermal conductivity, with reported experimental
values in the 0.1–0.3 W/cm K range at room temperature, which is an order
of magnitude lower than for SiC and GaN. Hence, thermal management and
packaging solutions to improve heat dissipation are required.

The ultra-wide band gap also makes V-Ga2O3 attractive for deep ultraviolet
(UV) photodetectors for the 200-280 nm range [127]. Finally, alloying V-Ga2O3
with Al ([AlxGa1−x]2O3) has also attracted interest as an n-type dopable system
with band gap engineering possibilities [116]. Indeed, the thermodynamically
stable corundum U-Al2O3 phase exhibits a band gap of 8.82 eV [104, 128]. Such
alloys could enable even higher breakdown electric fields in power electrons, or
be used in modulation-doped Ga2O3/Al2O3 heterostructures [129].

In order to bring out the full potential of V-Ga2O3, improving control of
the conductivity and defects is critically important. This includes, e.g., finding
the most suitable dopants, and identifying prominent deep-level defects. The
latter can be harmful during device operation, for example by pinning the Fermi
level, increasing the on-resistance, lowering the breakdown voltage, acting as
efficient recombination centers, and influencing transport through charge carrier
scattering. Unwanted deep-level defects can be present in as-grown material, or
be introduced during fabrication or operation, for instance by diffusion between
different layers in devices. As an example, McGlone et al. [130] recently found
that the so-called �∗2 signature observed by DLTS is limiting the performance of
field-effect transistors based on V-Ga2O3. This defect signature was investigated
in Papers. VIII and IX. The defect structure of V-Ga2O3 is currently being
studied intensely, but our understanding is still in the early stages.

Crystal growth, impurities and defects

A major benefit for V-Ga2O3 is the availability of cost-effective and large area
single-crystal substrates that can be grown from melt, as previously mentioned.
A number of MG techniques are available, such as Czochralski (CZ), float zone
and edge-defined film-fed growth (EFG). Epitaxial V-Ga2O3 thin-films of high
quality can also be grown, e.g., using molecular beam epitaxy (MBE), halide
vapor-phase epitaxy (HVPE), metalorganic chemical vapor deposition (MOCVD)
and pulsed laser deposition (PLD). Similar to ZnO, as-grown V-Ga2O3 crystals
are normally unintentionally n-type conductive. This was historically attributed
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to +O, mostly based on correlation between the measured conductivity and the
oxygen partial pressure during heat treatments, but it is now widely agreed
that residual shallow donor impurities (most notably Si) are responsible [131],
whereas formation of compensating +Ga acceptors upon annealing in oxygen-rich
environments is the cause of the reduction in conductivity [132, 133].

Si is the dominant background impurity found in V-Ga2O3, both in high-
purity (6N) powders and as-grown crystals [134]. Other common impurities
include Al, Sn, H, Fe, Mg, Cr and Ir [134–137]. The latter is introduced from
the Ir crucible used in MG techniques [134]. Hybrid functional calculations
show that Ir preferentially substitutes on the Ga2 site (see Fig. 2.3), where it
acts as a deep double donor. Fe and Mg are commonly used as compensating
acceptor dopants to produce semi-insulating material, which is required, e.g.,
for field-effect transistors based on V-Ga2O3 [120]. Notably, Ingebrigtsen et
al. [138] have attributed the commonly observed DLTS signature labeled �2,
which is located ∼0.78 eV below the CB, to Fe impurities, based on a linear
correlation with the Fe concentration measured by SIMS. This assignment was
supported by hybrid functional calculations, which show that FeGa exhibits a
(0/−) charge-state transition level in good agreement with the measured �2
level [138]. In a computational survey of acceptor dopants, Lyons et al. [111]
predicted that Ga substitutional group 2 and 12 elements act as deep acceptors,
and MgGa was found to exhibit the lowest formation energy. This deep acceptor
behavior is consistent with experimental EPR data [139, 140], which shows that
the paramagnetic (( = 1/2) charge-neutral Mg0

Ga2 has the unpaired spin localized
on a single O ion adjacent to the Mg ion.

Despite the large band gap of V-Ga2O3, hybrid functional calculations show
that Hi acts exclusively as a shallow donor also in this material, preferentially
forming a bond with O1 or O2 [131, 141, 142]. However, the thermodynamic
(+/−) transition level was predicted to occur only slightly above the CBM [131].
This is consistent with the experimentally observed shallow donor nature from
muon-spin rotation and relaxation spectroscopy measurements [143]. The HO
complexes were also predicted to act as shallow donors, albeit with a relatively
low thermal stability [131]. As a highly mobile donor, H can easily form stable
complexes with acceptors in V-Ga2O3. Most notably, a dominant O–H related IR
absorption line at 3437 cm−1 has been observed after hydrogenation, and assigned
to a specific configuration of +Ga2H [144], as corroborated by hybrid functional
calculations [145]. An IR absorption line at 3492 cm−1 has also been observed
in hydrogenated Mg doped material, and attributed to a MgGa2H complex. Qin
et al. [142] observed several other IR absorption lines in hydrogenated material,
which could be converted into the dominant 3437 cm−1 line by annealing in an
inert environment at 400 ◦C. Different configurations of +Ga=H with = = 1, 2, 3
were tentatively invoked as candidates for the additional lines [142].

Considering the large number of lattice sites and configurations for defects
in V-Ga2O3, first-principles defect calculations have been particularly useful
to elucidate the properties of native defects in this material. Below, we focus
on hybrid functional calculations reported by, e.g., Varley et al. [132]. Such
calculations show that +O behaves as a deep negative-U donor for all three O
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sites, with thermodynamic (2+/0) transition levels in excess of 1 eV below the
CBM, where +O2 and +O3 are the lowest energy configurations in the 0 and 2+
charge states, respectively. Under n-type conditions, the formation energy of +O
is relatively high, suggesting a low equilibrium concentration. In compensated
material, however, e.g., during intentional acceptor doping, high equilibrium
concentrations can be expected. +Ga is found to act as an exceedingly deep
triple acceptor, with formation energies that are low enough to allow sizeable
equilibrium concentrations under n-type conditions, especially in oxygen-rich
environments [132]. Indeed, EPR signals ascribed to +Ga have been observed in
EFG V-Ga2O3 after annealing in O2 ambient at 1450 ◦C [133]. Interestingly, in
addition to the +Ga1 and +Ga2 configurations, three split-vacancy configurations
have been predicted, where a Ga3+

i interstitial is sandwiched between two regular
+Ga. These configurations were discovered by Varley at al. [141] when exploring
+Ga migration barriers from nudged elastic band calculations, and are denoted
as + ia

Ga, +
ib
Ga and + ic

Ga [145, 146]. The latter exhibits the lowest formation energy
among +Ga in n-type material, and the aforementioned +Ga2H complex adopts
the + ib

Ga2H configuration [144]. Split-vacancy configurations of +Ga were recently
observed by scanning transmission electron microscopy [147], and have been
assigned to EPR signals observed in irradiated V-Ga2O3 [133, 148, 149].

Owing to high formation energies and/or high mobilities [145], the native
interstitials have not been studied to the same extent as the vacancies. However,
Oi acts as a deep donor in the split-interstitial configuration, and a deep double
acceptor in other interstitial configurations. Gai is a shallow donor, but shows a
thermodynamic (3+/+) transition level at least 0.6 eV below the CBM [145].

Interestingly, the PL spectrum of V-Ga2O3 does not exhibit any near-band-
edge (NBE) emission, which is in stark contrast to ZnO, where a sharp and
intense NBE is observed [47]. Instead, the PL spectrum of V-Ga2O3 is usually
dominated by a broad ultraviolet luminescence (UVL) band peaking between
3.1 and 3.6 eV. This UVL band is widely attributed to self-trapped exciton
recombination, as discussed in more detail in Sec. 5.1.1. However, red, blue and
green luminescence bands have also been observed, the specific defect origins of
which is unclear [150]. Deep acceptors such as +Ga, +Ga+O, MgGa, BeGa, LiGa
and ZnGa have been suggested [19, 84, 150]. The luminescence properties of
polaronic acceptor impurities were investigated in the present work.

Using DLTS, several deep-level defects have been observed and labeled,
including �1 (0.6 eV), �2 (0.78 eV), �∗2 (0.75 eV), �3 (1.01 eV) and �4 (1.48
eV), �∗4 (1.4 eV), where the numbers in parenthesis are the deduced energy level
positions below the CBM [130, 135, 138, 145, 151–155]. For the majority of
these levels, the defect origin is not firmly established. As already mentioned,
FeGa was identified as the origin of �2 [138], but there was still questions
concerning the Ga site preference. �∗2 is widely associated with an intrinsic
defect origin, as it responds to proton irradiation [138], and an intrinsic defect
complex origin has been proposed [145]. Notably, Ingebrigtsen et al. [135]
have reported on a number of defect signatures that are introduced at elevated
temperatures under an applied reverse bias voltage, which can be annealed out
and regenerated by subsequent heat treatments. Understanding such phenomena
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is of crucial importance, as the defects could potentially be generated during
device operation and cause performance instabilities [130]. The most relevant
DLTS defect signatures for the present work are the �1, �2, �∗2 centers, which
were investigated by using a combined experimental and theoretical approach.
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Chapter 3

Density Functional Theory
In the present work, the influence of point defects and impurities on the properties
of crystalline ZnO and V-Ga2O3 were investigated based on a first-principles (also
known as ab initio) approach. This entails starting from the most fundamental
equation in solid-state physics, namely the many-body Schrödinger equation,
and solving it – without any assumptions or empirical fittings – for the electronic
structure and materials properties. In practice, a number of simplifications and
assumptions are required to make this computationally tractable. Some of the
most popular methods today are based on DFT, including the hybrid functional
approach used in the present work. The many-body Schrödinger equation, DFT
and hybrid functionals are introduced briefly below.

3.1 The many-body problem

The behavior of a system comprising #n nuclei and #e electrons (such as a defect
in a semiconductor) is entirely described by the many-body Schrödinger equation.
In the following, we consider the time-independent and non-relativistic case.
The first simplification we will use is the commonly applied Born-Oppenheimer
approximation, where the nuclei are treated as a fixed external potential, and
we limit ourselves to the electronic Hamiltonian, which is given by [156]

�̂e = )̂e + +̂ee + +̂ext.

The )̂ term is the electronic kinetic energy operator, and the two +̂ terms are
potential energy operators for electron–electron interactions and for the external
field produced by the stationary nuclei, respectively, that is, [156]

)̂e = −
ℏ2

2<e

#e∑
9=1
∇2

9 +̂ee =
42

4cn0
1
2

#e∑
9≠ 9′

1
|r 9 − r 9′ |

+̂ext = −
42

4cn0
1
2

#e∑
9=1

#n∑
U=1

/U

|r 9 −RU |
.

Here, the indices 9 and 9 ′ are used for electrons and U for nuclei, <e is the
electron mass, 4 is the elementary charge, r 9 and RU are electron and nuclear
coordinates, respectively, and /U is the atomic number. Solving the Schrödinger
equation with this Hamiltonian for the many-electron wave function Ψ(R, r)
is not computationally feasible, as it depends on the position of all electrons
in the system, and the number of terms increases rapidly with the number of
electrons. Even storing Ψ(R, r) for a few electrons, quickly becomes prohibitively
expensive [157]. There is also the conceptual issue of how Ψ(R, r) depends on the
single-electron wave functions. This problem can be tackled by (i) attempting
to describe Ψ(R, r) in terms of single-electron wave functions (Hartree and
Hartree-Fock approach), (ii) finding a direct relation between Ψ(R, r) and the
total energy (DFT), or (iii) combining approach (i) and (ii) (Kohn-Sham).
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3.2 Density functional theory and the Kohn-Sham equation

Density functional theory is a method that greatly simplifies the many-body
problem by reformulating it in terms of the electron density =(r) rather than
the wave function; the two are connected through the relation =(r) = |Ψ(R, r) |2.
Indeed, while the wave function depends on the positions of all electrons in the
system, resulting in 3#e variables, the electron density depends on only three
spatial coordinates. The rationale behind this reformulation is given by two
theorems that were put forward by Pierre Hohenberg and Walter Kohn in 1964
[158], and can be summarized with the following three statements [159]:

1. Uniqueness: The ground-state properties of a many-electron system is a
unique functional of the exact ground state electron density =0 (r).

2. Variational principle: Only the exact ground-state electron density
delivers the global minimum of the total energy functional � [=].

3. Universality: For a given external potential, the total energy functional
will have the same form for any many-electron system.

This unique total energy functional can be written as

� [=] = )e [=] +*ee [=] +*ext [=]
= )e [=] +*ee [=] + ∫ +ext (r)=(r)dr
= � [=] + ∫ +ext (r)=(r)dr,

where )e [=], *ee [=] and *ext [=] are the energy functionals for the kinetic energy,
the electron–electron interactions and the external potential +ext, respectively.
� [=] is the Hohenberg–Kohn (HK) functional, commonly referred to as the
universal functional. The global minimum of this energy functional corresponds
to the ground-state energy �0 of the system, and the density that results in this
minimum is the exact ground-state density =0 (r), i.e., �0 = � [=0]. The density,
rather than the electron wave functions, is the defining variable of the system.

Although the treatment in terms of the electron density simplifies the problem,
the HK theorems do not provide any practical information on how to obtain the
ground-state density, or tell us the actual form of � [=]. Walter Kohn and Lu
Jeu Sham elaborated on this aspect in a second paper [160]. Their approach was
to use an auxiliary system of non-interacting particles in an effective potential
chosen such that it reproduces the ground-state density. The full wave function
is expressed in terms of #e Hartree-like single-particle wave functions

Ψ(r1, r2, r3, . . . , r#e ) = k1 (r1)k2 (r2)k3 (r3) . . . k#e (r#e ),

which relate to the density through =(r) = ∑
9 |k 9 (r) |2. If the exact ground-state

density can be found with this approach, then the HK theorems guarantee that
the corresponding ground-state total energy is exact. To proceed further, the
total energy functional above is rewritten in the Kohn–Sham (KS) form as

�KS = )
B
e +*B

ee +*ext + �XC,
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where the first two terms are given by the Hartree approximation

) B
e =

#e∑
9=1

∫
k∗9
ℏ2∇2

2<e
k 9dr *ee =

1
2
42

4cn0

∬
=(r)=(r′)
|r − r′ | drdr′,

and describe the kinetic energy of the single-particle wave functions, and the
Hartree energy of a classical charge density interacting with itself, respectively.
We introduce the index B for single particle in order to differentiate them from
their full many-electron counterparts ()e and *ee). The first three terms of �KS
can be calculated relatively easily, but they do not capture all of the contributions
to the energy. One such contribution comes from the correlated motions of
electrons, which are responsible for, e.g., dispersion forces. A special kind of
correlation is called exchange, which occurs due to the Pauli exclusion principle.
There are also many-electron contributions to the kinetic energy. Moreover, *B

ee
includes an unphysical electron self-interaction. Every contribution to the energy
that is not included in the first three terms of �KS is cast into the final term,
known as the exchange–correlation (XC) energy.

To minimize the total energy, one can use the variational principle under
the constraint that the number of electrons must be conserved. This can be
accomplished by using the Lagrange multiplier method. The derivation will not
be shown here, but results in the famed KS eigenvalue equation [160][

−ℏ
2∇2

2<e
++eff (r)

]
k 9 (r) = YKS

9 k 9 (r).

Here, YKS
9

are the KS eigenvalues, and +eff (r) is the effective potential in which
the non-interacting electrons are moving, given by

+eff (r) = +H (r) ++ext (r) ++XC (r),

where +H (r) = 42

4cn0

∫
=(r)
|r−r′ |dr′ is the Hartree potential, and +XC is the exchange-

correlation potential. The KS eigenvalue equation is solved self-consistently and
will, in principle, deliver the exact ground-state density. However, the exact form
of �XC is unknown, and probably very complicated since it retains in its core all
the difficulties of the many-body problem [159]. Nevertheless, the KS eigenvalue
equation provides a useful framework to perform practical calculations.

3.3 Conventional functionals and their shortcomings

The KS approach relies on being able to approximate the XC energy functional
accurately. In their paper, Kohn and Sham also put forward the so-called local
density approximation (LDA) [160], where �XC at each point r with density
=(r) is assumed to be equal to that of a uniform electron gas with the same
density. For a uniform electron gas, the exchange energy has a known analytical
form, and the correlation has been accurately determined from Monte Carlo
calculations [156, 161]. The next rung [162] of approximations include terms
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dependent on the gradient of the density ∇=(r), and are thus called generalized
gradient approximations (GGA). A popular type of GGA is the non-empirical
Perdew–Burke–Ernzerhof (PBE) functional [163], and the related version of the
functional revised for solids (PBEsol) [164]. So-called meta-GGA functionals use
the second derivative of the electron and kinetic energy density, or attempt to
satisfy known constraints that the exact XC functional should fulfil, e.g., the
Strongly Constrained and Appropriately Normed (SCAN) functional [165].

Semilocal approximations to the XC energy functional, including those
described above, have been incredibly successful at predicting various materials
properties, especially in terms of accuracy versus cost, and have served as
the workhorse for solid-state electronic structure calculations for many years.
Nevertheless, they have several shortcomings—some of these are particularly
severe for oxide semiconductors, and will be discussed below.

First and foremost, semilocal approximations suffer from the so-called
band gap problem, where the band gaps of semiconductors and insulators
are significantly underestimated [166]. For ZnO and V-Ga2O3, the GGA-PBE
functional underestimates the band gaps by about 80% and 60%, respectively.
This leads to large errors in defect formation energies and charge-state transition
levels (these defect properties are introduced in Sec. 4.2 and 4.3, respectively),
and makes it challenging to interpret and compare the results with experimental
data [3, 82]. Sometimes, the properties can even be qualitatively wrong, e.g.,
a deep level defect is erroneously predicted to be shallow. Secondly, defect
states are typically too delocalized [3]. This error notably manifests itself in the
failure to describe polarons, which are often present in oxides [110]. Polarons
involve localization of excess charge at atomic sites. In the conventional XC
approximations, partial occupation tends to be favored over integer occupation
of electronic levels, and the charge is spread over several atomic sites. Both of
these problems are largely caused by the residual self-interaction error [3].

3.4 Hartree–Fock theory and hybrid functionals

In the present work, a hybrid functional was used to mitigate the shortcomings
described in the previous section. Hybrid functionals incorporate a certain
portion of nonlocal exchange from Hartree–Fock (HF) theory in the conventional
approximations to the XC energy. In the HF method, the many-electron wave
function is expressed as a Slater determinant consisting of antisymmetric single-
particle wavefunctions (thus satisfying the Pauli exclusion principle) [156]

Ψ(r1, r2, r3, . . . , r#e ) =
1
√
#!

�������
k1 (r1) k2 (r1) . . . k#4

(r1)
...

...
...

k1 (r#e ) k2 (r#e ) . . . k#e (r#e )

������� ,
and 〈Ψ|�̂ |Ψ〉 is minimized. This results in the HF eigenvalue equation [3][

−ℏ
2∇2

2<e
++H (r) ++ext (r) ++HF

X (r, r′)
]
k 9 (r) = YHF

9 k 9 (r),
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which is orders of magnitude more computationally expensive than standard
DFT due to the orbital dependence in the HF exchange potential, given by

+HF
X (r, r′) = − 42

4cn0

#e∑
8

Xσ 9σ8

∫
k∗
8
(r′)k 9 (r′)
|r − r′ | k8 (r)dr′,

which acts only on electrons with the same spin σ. Since the integral involves
both k8 and k 9 , +HF

X cannot be expressed in terms of the density (like +H). The
HF method benefits from being one-electron self-interaction free. An instructive
example is the H+2 molecule, for which the correlation energy vanishes and the
exchange energy should exactly cancel the Hartree energy. This is indeed the
case for HF theory, but not for conventional DFT. However, HF theory ignores
correlation effects for many-electron systems, resulting in significant underbinding
and a large overestimation of band gaps.

Hybrid functionals intermix exact HF exchange with exchange and correlation
from LDA/GGA. The concept was initially developed by Becke [167], based on
the adiabatic connection formula [168]. As an example, the XC energy can be
expressed as a linear combination of HF and LDA/GGA exchange

�XC = U�
HF
X + (1 − U)�LDA/GGA

X + �LDA/GGA
C ,

where U is the mixing parameter controlling the fraction of �HF
X . Becke also

developed the B3LYP functional, containing three such parameters which were
empirically optimized to reproduce thermochemistry data. B3LYP has been a
standard choice for quantum chemistry calculations since its introduction. For
solids, HF exchange is commonly mixed with the non-empirical PBE functional,
resulting in PBE hybrids (PBEh). However, due to high computational cost and
a lack of efficient implementations, it took longer for hybrid functionals to be
routinely applied to solid-state systems [3]. Wider-spread use came with the
Heyd–Scuseria–Ernzerhof (HSE) hybrid functional [169], used in the present
work, where the HF exchange is screened by the complementary error function
erfc(` |r − r′ |), where ` is the screening parameter. The exchange interaction is
given by HF in the short-range (SR), and PBE in the long-range (LR) part

�HSE
XC = U�

HF,SR
X (`) + (1 − U)�PBE,SR

X (`) + �PBE,LR
X (`) + �PBE

C .

Such functionals are often referred to as range-separated hybrid functionals. The
screening of the exchange interaction can be motivated by the fact that exchange
effects occur on a short-range scale [169], and it comes with the additional benefit
of reducing the computational cost. The parametrization U = 0.25 and ` = 0.2
Å−1 was suggested to be the optimal choice for band gaps and thermochemistry,
and is usually referred to as the HSE06 functional [170]. However, higher U
values are often required to describe wide-band-gap semiconductors such as ZnO
and V-Ga2O3. When performing calculations for point defects in semiconductors,
it is common practice to empirically adjust the mixing parameter to reproduce
the experimental band gap. As such, it is not a first-principles method in the
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3. Density Functional Theory

strictest sense. However, there are arguments as to why the parametrization
should not be equal for all materials. Alkauskas et al. [7] and Marques et al.
[171] noticed a connection between U and the inverse high-frequency dielectric
constant Y−1∞ , i.e., a smaller U is needed for narrow band-gap semiconductors, as
they typically show a stronger electronic screening than wide band-gap materials
[172]. Motivated by this observation, setting U = Y−1∞ results in so-called dielectric-
dependent hybrid (DDH) functionals. Recently, Chen et al. [172] developed a
non-empirical range-separated hybrid functional, parametrized by using ab-initio
dielectric-function calculations, which was found to reproduce the electronic and
structural properties of a wide range of semiconductors and insulators.

Before moving on, it is worth dwelling for a moment on why hybrid functionals
lead to an improved description of the electronic structure of semiconductors and
charge-localization at defects. We focus on the band gap and the (de)localization
error, following the discussion by Mori-Sánchez et al. [173]. Starting with a
finite system (such as a molecule), the fundamental (or integer) band gap is

� int
g = � − � = [� (#e − 1) − � (#e)] − [� (#e) − � (#e + 1)],

that is, the difference between the ionization energy (energy cost to remove
one electron) and electron affinity (energy gained upon adding one electron).
Alternatively, the band gap can be expressed as a difference of derivatives

�der
g = lim

X→0

m�

m#

����
#e+X

− lim
X→0

m�

m#

����
#e−X

.

However, the integer and derivative gap will only be equal if the total energy is
a piecewise linear function of the fractional electron number, as it should be for
exact DFT [174]. For conventional DFT, it turns out to be convex, as the present
approximations are unable to compensate for the self-interaction. For HF theory,
on the other hand, the function is concave [3, 175]. Figure 3.1 illustrates the
straight-line (exact), convex (LDA/GGA) and concave (HF) behavior.

To explain the underestimation of band gaps by conventional DFT, we move
on from the finite system to an extended one. Then, there is an apparent paradox,
because straight-line behavior is observed [173, 176]. In order to understand
this, we consider what happens when an electron is added to two separate finite
systems. Owing to the convex behavior of conventional DFT, the total energy
will be lower if the electron is divided equally between the two systems, relative
to placing it in only one of them, and the integer band gap will be lowered. As
the number of finite systems " increases, the integer band gap will approach
the derivative one, as indicated by the dotted line in Fig. 3.1. This result carries
over into extended periodic systems, as shown by Lany and Zunger for the case
of ZnO [176]. In HF theory, dividing the electron equally results in an energy
penalty due to the concave behavior. Thus, the electron will always be placed in
one system, and the concave function will persist as " increases. Conventional
DFT and HF theory show delocalization and localization errors, respectively.
This provides an idea of why hybrid functionals generally lead to an improved
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Figure 3.1: Total energy of a finite (solid lines) and extended (dashed line) #e-
electron system as a function of fractional electron number, shown for functionals
exhibiting straight-line (black), convex (blue) and concave (orange) behavior.

description of band gaps and charge-localization at defects, as the combination
will lead to a partial cancellation of the delocalization and localization errors.

The expected straight-line behavior of the exact functional has also motivated
another direction to obtain non-empirically parametrized hybrid functionals
for point defect calculations. This is done by enforcement of the generalized
Koopmans’ theorem (gKT) for defect states [31, 77, 177, 178]. The gKT is
an exact physical constraint by which the total energy is a piece-wise linear
function of fractional electron occupation of the defect state. Based on Janak’s
theorem [179], this implies that the single-particle energy level of the defect state
should not shift in energy upon electron addition or removal. Tuning the hybrid
functional to satisfy the gKT for a particular type of defect state, as well as
reproduce the experimental band gap, was explored in the present work.
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Chapter 4

Point defect calculations

The preceding chapter outlined the framework of the generalized KS theory. Here,
we shall deal with the practical and computational aspects of its implementation,
introduce the formalism for first-principles defect calculations, and explain how
the results relate to data from experimental defect spectroscopic techniques. The
methodology for first-principles defect calculations has evolved considerably over
the last two decades. Recent reviews by Freysoldt et al. [3], Dreyer et al. [180]
and Alkauskas et al. [4] are recommended for newcomers to the field.

4.1 Computational details and the supercell approach

All first-principles calculations in this thesis were performed using the Vienna
ab-initio simulation package (VASP) [181], specifically the VASP.5.X branch.
To numerically solve the KS eigenvalue equation in an efficient manner, VASP
expands the wave functions in a plane wave basis set, which is truncated by
setting a cutoff energy. An issue with this approach is that high cutoff energies
are required to describe the short-ranged oscillations typically associated with
core electron wave functions. However, since such states are largely unchanged
upon going from isolated atom to solid, they can often be replaced by a pseudo-
potential acting on the valence electrons, which reproduces the behavior of the
full all-electron potential [182]. The pseudo-potentials used here were generated
for VASP using the projector augmented wave (PAW) method [183, 184].

As implied by the use of plane waves, the calculations are performed under
periodic boundary conditions, and the KS equation is solved in reciprocal space
by sampling a number of different k-points in the first Brillouin zone. Because
the computational cost increases with the number of sampled k-points, care
must be taken to choose the optimal ones to obtain converged results at minimal
cost. These special k-points can be determined based on the symmetry of the
system, as shown by Balderecshi [185], and later by Monkhorst and Pack [186].
The latter procedure is used in VASP, and provides the optimal k-points for a
given k-grid. The symmetry can also be used to significantly lower the numerical
effort, i.e., by using the irreducible Brillouin Zone. Another important point on
convergence is the difference between absolute (e.g., total energy) and relative
(e.g., total energy difference between a pristine and defect-containing supercell)
quantities; the latter tend to converge much faster due to error cancellation.

A major advantage of the periodic boundary conditions is that bulk crystals
can be readily simulated by using a unit cell consisting of relatively few atoms.
Point defects can also be simulated in this way. However, since the defect is also
periodically repeated, care must be taken to ensure that enough bulk material
is included to prevent the defect from interacting with its periodic images. To
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this end, the primitive unit cell is expanded into a larger supercell for defect
calculations. In this work, 96- and 160-atom supercells were mostly used for
defect calculations in ZnO and V-Ga2O3, respectively. These were constructed by
stacking 3×2×2 orthorhombic ZnO unit cells and 1×4×2 conventional V-Ga2O3
unit cells (unit cells shown in Figs. 2.2 and 2.3). Avoiding finite-size errors can
be challenging, especially when using high-cost hybrid functionals, and when
dealing with charged defects. This will be discussed in more detail in Sec. 4.5.

When a defect is introduced into a crystal structure, it will usually distort
the surrounding lattice to some extent. This ionic relaxation can be included by
calculating the Hellmann-Feynman forces acting on each atom in the supercell
at the end of the self-consistent field cycle, updating their positions according to
an ionic relaxation algorithm, and repeating until the forces are below a selected
threshold value. It is important to keep in mind that the ground-state ionic
configuration of a defect may have a lower degree of symmetry than that of the
crystal. For example, to model a vacancy, it might not be sufficient to simply
remove an atom from the supercell and perform ionic relaxation, as the defect
may end up in a metastable state. Therefore, one should introduce random small
displacements, or manually move atoms to check different configurations.

4.2 Defect formation energies

The defect formation energy � f is the energy cost for creating a defect in an
otherwise perfect crystal, and is a key quantity for understanding the properties
of defects. By accounting for the configurational entropy, it can be shown that
the equilibrium concentration of a defect in the dilute regime is given by [3]

2eq = #sites6 exp
(
− � f

:B)

)
, (4.1)

where #sites is the density of available sites in the host crystal, 6 is a degeneracy
factor, and ) is the temperature. When the temperature, volume and pressure
dependence is taken into account, � f should be replaced by the Gibbs free
energy of formation �f , which includes the vibrational and electronic entropy
[3]. However, since the entropy contributions are computationally demanding to
include, and small enough not to affect the conclusions for most purposes, they
are typically omitted (and have been in the present work) [187].

The formation energy of a defect -@ in charge state @ is calculated as [3]

� f (-@) = �tot (-@) − �tot (bulk) −
∑
8

=8`8 + @(�VBM + �F), (4.2)

where �tot (-@) and �tot (bulk) are the total energies of the relaxed defect-
containing and pristine supercell, respectively. The third term accounts for the
energy cost to exchange =8 atoms of species 8 with their energy reservoir, which
is represented by a chemical potential `8. Charges added or removed from the
supercell are similarly exchanged with the electron reservoir, given by the Fermi
level �F position, taken with respect to the valence band maximum �VBM. In
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practice, a finite-size correction term �cor is also included in Eq. 4.2 (the �cor
term is explained in more detail in Sec. 4.5).

The chemical potential is a variable that depends on the conditions under
which the defect is created. However, it is not an entirely free variable, because it
is subject to bounds set by the formation of secondary phases [187]. To exemplify
this, we consider growth of V-Ga2O3. The chemical potentials are conventionally
referenced to those of the element i in their standard state, i.e.,

`i = `
0
i + Δ`i, (4.3)

where `0
i is the fixed reference and Δ`i is the value of the chemical potential

for a specific experimental condition relative to the reference. The standard
reference state is the phase of the element under standard conditions, i.e., metal
Ga and molecular O, here denoted as `0

Ga and `0
O, respectively. In first-principles

calculations, the standard states are given by the calculated total energy (per
atom) at ) = 0 K. The upper bounds on `Ga and `O are given by `0

Ga and `0
O,

corresponding to Ga- and O-rich limits, respectively. Assuming thermodynamic
equilibrium, these upper bounds impose lower bounds on the corresponding
other species, given by the thermodynamic stability condition

2Δ`Ga + 3Δ`O = Δ�f (V-Ga2O3), (4.4)

where Δ�f(V-Ga2O3) is the formation enthalpy per formula unit of V-Ga2O3
with respect to the standard states of Ga and O. This leads to a linear range of
stability, where Δ`Ga and Δ`O can vary within the following ranges

1
2Δ�f (V-Ga2O3) ≤ Δ`Ga ≤ 0 Ga-rich

O-rich 0 ≥ Δ`O ≥
1
3Δ�f (V-Ga2O3).

(4.5)

In the literature, the defect formation energy in such a case would typically
be presented for both the Ga- and O-rich limits. For ternary and higher order
compounds, determining the range of stability can be more cumbersome, as
many competing phases may need to be considered [188]. For impurities, upper
bounds on the their chemical potentials are similarly set by the formation of
their standard states or mixed secondary phases, corresponding to the solubility
limit. For example, when H is present in the growth environment, `H is limited
under O-rich conditions due to the formation of H2O. For Mg, `Mg is limited by
the spinel phase MgGa2O4 in both the Ga- and O-rich limits [109].

For charged defects, the formation energy acquires a Fermi level dependence;
it increases (decreases) with the Fermi level for a positively (negatively) charged
defect. At the same time, the Fermi level position depends on the concentration
of electrons, holes and charged defects (which must obey charge neutrality). This
means that, knowing the formation energy of the ruling defects, the Fermi level
and equilibrium defect concentrations can be determined self-consistently [189].
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Figure 4.1: a) Formation energy of a defect (exhibiting three charge-states) as a
function of Fermi level position within the band gap. The regions of stability for
the charge states, and the positions of thermodynamic charge-state transition
levels, are indicated. The black curve traces the lowest formation energy. b)
Optical ` versus thermodynamic Y charge-state transition levels. The dashed
lines are the formation energies calculated in the relaxed configuration of the
corresponding other charge state, i.e., the `(−/0) and `(0/−) transitions occur
in the equilibrium configuration for the − and 0 charge state, respectively.

4.3 Thermodynamic charge-state transition levels

In crystalline semiconductors, defects will normally introduce discrete levels in
the band gap, and can thus often assume more than one charge state depending
on their occupation. The formation energy of the defect in each of its stable
charge states can be conveniently plotted as a function of the Fermi level position
from the VBM to the conduction band minimum (CBM). Figure 4.1 a) shows the
formation energy diagram of a hypothetical defect in charge states @ = +1, 0 and
−1, where the regions of stability for the charge states have been highlighted. To
avoid clutter, the formation energy is usually only plotted for the most favorable
charge state for a given Fermi level position, as traced by the black curve in
Fig. 4.1 a). The slope of the linear segments correspond to the charge state,
and kinks in the curve occur at Fermi level positions for which the formation
energy of the defect in two different charge states is equal. The position of the
thermodynamic transition level between charge states @1 and @2 is given by [3]

Y(@1/@2) =
� f (-@1 ; �F = 0) − � f (-@2 ; �F = 0)

@2 − @1
.

These levels are of crucial importance because they govern the electronic behavior
of the defect, e.g., whether it will act as an acceptor or a donor. If a defect
exhibits a donor (acceptor) level that is close enough to the CBM (VBM) for
the defect to be thermally ionized at room temperature, it will act as a shallow
donor (acceptor), and can be used as an n-type (p-type) dopant. Otherwise, it
will act as a deep-level defect, which can potentially compensate dopants.
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Thermodynamic charge-state transition levels

Figure 4.2: Schematic of shallow versus deep defects. SiGa is a shallow donor,
where the donor electron (yellow isosurface) occupies a delocalized host-like
state close to the CBM (yellow dotted line) in the sketched band structure. NO
introduces an empty acceptor level deep within the band gap (blue line), and
the hole (blue isosurface) is localized mostly at the N impurity itself.

As sketched in Fig. 4.2, the difference between a deep and a shallow level
can also be explained based on the degree of spatial localization of the electron
or hole bound to the defect [4]. A shallow donor, such as SiGa in V-Ga2O3[116],
introduces a filled electronic state energetically located above the CBM, which
means that the electron will be donated to the CB. The electron will occupy
a perturbed host state slightly below the CBM, which can be described by
hydrogenic effective-mass theory [176]. The electron is only loosely bound to the
ionized donor, and spatially delocalized over several lattice constants. A deep
acceptor, such as NO in V-Ga2O3 [109], introduces an empty electronic state that
is deep in the band gap, i.e., energetically far away from the VBM. The empty
defect state is spatially localized mainly on the defect itself. In contrast to shallow
defects, changing the charge state of a deep defect tends to induce a strong
relaxation of the local lattice. This large difference in equilibrium configuration
leads to the definition of two distinct types of charge-state transitions: (i) A
thermodynamic charge-state transition occurs when the defect in the initial @1
and final @2 charge state is relaxed to the equilibrium configuration, i.e., they
involve the Y(@1/@2) level defined above. (ii) An optical (or vertical) charge-state
transition occurs with no change in ionic coordinates, and thus require the energy
of the final charge state in the configuration of the initial one. Optical levels
are here denoted as `(@1/@2). The position of an optical level depends on the
direction of the charge-state transition, i.e., `(@1/@2) ≠ `(@2/@1). This can be
illustrated in a formation energy diagram, as shown in Fig. 4.1 b).

Comparing charge-state transition levels with experimental data

Charge-state transition levels are not only important for the properties of defects,
but also provide the basis for many defect spectroscopic techniques. When
comparing results from such experiments with first-principles calculations, one
must consider which type of charge-state transition level that applies, i.e.,
thermodynamic or optical. For example, DLTS [190] is an electrical defect
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characterization technique that uses the capacitance of a p–n junction or a
Schottky barrier as a probe to monitor changes in the charge state of deep-level
defects in the space charge region. In the case of n-type material, the defect
levels are first filled with electrons by applying a voltage pulse. When the voltage
returns to its quiescent state, the electrons will be thermally emitted from the
defect levels to the CBM. By repeatedly measuring the resulting capacitance
transient as a function of temperature, using several different rate windows, the
activation energy for the thermally driven emission can be extracted from an
Arrhenius plot of the emission rate. In the absence of a capture barrier (see Sec.
4.4), this activation energy corresponds to the energy required to reach the final
charge state in its equilibrium configuration (adiabatic ionization energy), and
can thus, to a good approximation, be compared directly with the Fermi level
positions of calculated thermodynamic charge-state transition levels relative to
the CBM (a modification to this statement will be discussed in Sec. 4.4).

Charge-state transition levels can also be obtained from optical characteriza-
tion techniques. In photoluminescence (PL) spectroscopy, a laser is used to excite
electron-hole pairs in the semiconductor. When these carriers recombine, e.g.,
via defect levels, they emit light to conserve energy, resulting in a luminescence
spectrum. Needless to say, optical/vertical charge-state transition levels should
be used for comparison with experimental data in this case. This is because the
radiative electronic transition is instantaneous compared to the time scale of
ionic motion, i.e., the geometry is essentially frozen in the initial state [3]. This
is the classical formulation of the so-called Franck-Condon (FC) principle.

4.4 Configuration coordinate diagrams

The configuration coordinate (CC) diagram is a useful concept to describe
the coupling between the electronic and ionic structure, which, as already
touched upon, is an important aspect of defect charge-state transitions. CC
diagrams were originally used to explain processes such as light absorption,
luminescence and nonradiative capture and emission at deep-level defects, as
observed experimentally [191]. However, the emergence of more accurate
electronic structure methods has enabled CC diagrams to be derived solely
from first-principles calculations, allowing them to be used predictively. This
approach will be explained briefly in this section, with special emphasis on
optical emission involving defects. For more details, see Refs. [4, 11–14].

First, we briefly consider thermally driven emission of an electron from a deep
single donor � to the CBM, as this is relevant for DLTS. Figure 4.3 a) shows a
CC diagram for the process, where the total energy of the ground (g) and excited
(e) state is given by the blue and red curve, respectively. The horizontal axis is
a one-dimensional (1D) parametrization of the collective displacement of all ions
in the supercell. The equilibrium configurations of �0 and �+ are indicated by
labels &g and &e in the CC diagram, and differ by Δ&. The ionization energy �i
of �0 is given by the total energy difference between the excited and ground state
in their equilibrium configurations, which corresponds to the difference in Fermi
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Figure 4.3: 1D CC diagrams for the process of a) nonradiative capture and
emission of an electron between the (+/0) level of a deep donor � and the CBM.
The capture barrier and ionization energy is indicated. b) Optical absorption
and emission between the (0/−) level of a deep acceptor � and the CBM. The
absorption, emission, ZPL and FC relaxation energies are indicated. The CB
and thermodynamic charge-state transition level is shown in the background
(gray) in both cases. The excited and ground state equilibrium configuration
coordinates, and the difference between them, is indicated.

level position between the CBM and the thermodynamic (+/0) transition level.
For electron emission to occur, �0 must traverse the potential energy surface
to reach the intersection point with the �+ + 4−CBM curve in the CC diagram.
After the emission, the defect will relax to its new equilibrium configuration. In
this picture, the activation energy extracted from DLTS includes, not just the
ionization energy, but a capture barrier �b, as indicated in the CC diagram. This
barrier can be large in some cases, and should be considered when comparing
calculated thermodynamic charge-state transition levels with DLTS. The capture
barrier can also be estimated experimentally from the temperature dependence
of the rate of electron capture.

Next, we consider optical absorption and emission at a deep acceptor, as
shown in Fig. 4.3 b), where the ground state of the system corresponds to the
negatively charged acceptor (�−), and the excited state corresponds to the charge-
neutral acceptor plus an electron at the CBM (�0 + 4−CBM). Again, the curves
are offset in energy by the thermodynamic (0/−) level referenced to the CBM.
In the context of luminescence, this energy difference is called the zero-phonon
line (ZPL) energy �ZPL—the reason will become clear shortly. In the classical
FC approximation, optical transitions occur with no change in configuration
coordinate, i.e., the transitions are vertical in the CC diagram, which results
in optical absorption �abs and emission �em energies that correspond to the
vertical `(−/0) and `(0/−) levels, respectively, as defined previously. In this
example, these transition energies are very different from the ZPL energy. After
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Figure 4.4: Left: 1D CC model for optical emission, showing the vibrational
sub-levels ℏlg< and ℏle=. Right: Spectral function �(ℏl) due to vibronic
transitions from the = = 0 level to the < levels. The peak position (PP) occurs
at a photon energy corresponding to the vibronic transition to the < = 12 level.
Additional broadening result in an overall smooth line shape (green curve).

an optical charge-state transition, the defect can lower its energy by relaxing to
the equilibrium configuration of the final charge state. The amount of energy
that is lost is the FC shift 3FC, or relaxation energy, and the difference between
the absorption and emission energy is called the Stokes shift. In this model, �abs
and �em correspond to the onset of absorption and peak position of the defect
luminescence spectrum, respectively, as observed experimentally by, e.g., PL
excitation (PLE) and PL spectroscopy. However, defects showing large FC shifts
typically result in broad luminescence bands rather than distinct peaks. This is
due to vibrational broadening, which is not captured in this classical picture.

To include the effect of vibrational broadening, and describe the full defect
luminescence spectrum, we need to go beyond the classical FC approximation
[192–194]. The broadening is an effect of electron–phonon coupling, which can be
included in the 1D CC diagram by treating the ground and excited state potential
energy surfaces as quantum harmonic oscillators with effective frequencies lg and
le. Figure 4.4 shows the resulting CC diagram with the vibrational sub-levels
ℏlg< and ℏle= included. Focusing on the emission process, we must now consider
vibronic transitions between the vibrational sub-levels = and < in the excited
and ground electronic state, respectively. The rate of spontaneous emission
depends on the transition dipole matrix element between the ground and excited
states -eg, and can be described by Fermi’s Golden rule. The quantum variant
of the FC principle assumes that -eg is independent of ionic coordinates &.
Considering all vibronic transitions, the absolute luminescence intensity (number
of photons per unit time per unit energy) can then be expressed as [180, 191]

� (ℏl,)) =
=rl

3��-eg
��2

3cn0ℏ23

∑
=,<

F= ())
��〈jg<

��je=
〉��2X(�ZPL − ℏlg< + ℏle= − ℏl) (4.6)
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=
=rl

3��-eg
��2

3cn0ℏ23 �(ℏl,)), (4.7)

where =r is the index of refraction, 2 is the speed of light, je= and jg< are the
vibrational wave functions of the = and < sub-levels in the excited and ground
electronic states with energies ℏle= and ℏlg<, respectively, and

〈
jg<

��je=
〉
is

the FC overlap integral. F= ()) gives the thermal occupation of the vibrational
sub-levels in the excited electronic state, which leads to additional broadening
at elevated temperatures. However, one should keep in mind that �ZPL is also
temperature dependent. �(ℏl,)) is called the normalized spectral function.
Based on Eq. 4.6, the normalized luminescence intensity (line shape) can be
expressed as � (ℏl,)) = �l3�(ℏl,)), where � is a normalization factor [11].
Only � (ℏl,)) was considered in this thesis. Dreyer et al. [14] recently presented
a method to calculate radiative carrier capture coefficients for deep defects.

Figure 4.4 shows �(ℏl,)) for the low temperature case, i.e., vibronic
transitions from the = = 0 level to the < levels. The resulting spectral function
consists of a series of spikes at photon energies given by the delta-function, which
are weighted by the FC overlap integral. The transition from = = 0 to < = 0,
which involves zero phonons, is unlikely to occur due to the low overlap between
their vibrational wave functions. For transitions to < > 0, the defect ends up
in an excited vibrational state which subsequently decays to the lowest level by
emitting < phonons; these transitions are called phonon replicas. In Fig. 4.4,
the < = 12 transition is most likely to occur, and corresponds to a photon energy
close to the classical �em. To simulate additional broadening mechanisms, i.e.,
inhomogeneous broadening, the delta functions in the spectrum are replaced by
Gaussians, resulting in a smooth lineshape (green curve in Fig. 4.4).

Calculating the luminescence line requires the four parameters that define
the 1D CC diagram, namely �ZPL, ℏlg, ℏle and Δ&. The latter is given by

(Δ&)2 =
∑
U

<UΔR2
U, (4.8)

where, <U is the mass of atom U in the supercell, and ΔRU is the change in the
coordinates defining its position. The effective vibrational frequencies in the
ground/excited state require the corresponding FC shifts, and are given by

lg/e =

√
23g/e

FC

Δ&
(4.9)

in the harmonic approximation. Luminescence lines were obtained by using a
Fortran script written by Alkauskas et al. [11]. For anharmonic potential energy
surfaces, the luminescence lines were calculated using a Julia Language script
(adapted from the CarrierCapture.jl package by Kim et al. [195]).

The 1D CC diagram might seem overly simplistic. Indeed, in reality, there is
a large number of vibrational modes associated with a point defect in a solid,
leading to a highly multidimensional problem. However, it can be shown that the
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4. Point defect calculations

1D approximation, where a single effective mode (not necessarily corresponding
to any actual vibrational mode in the excited or ground state) is sufficient for
defects exhibiting strong electron–phonon coupling [4, 11, 180] (which is the case
for the defects studied in the present work). The strength of the electron–phonon
coupling can be quantified in terms of a so-called Huang–Rhys (HR) factor [192],
which is given by (g = 3

g
FC/ℏlg for emission, and corresponds to the average

number of phonons created during an optical transition. In the case of strong
electron–phonon coupling, i.e., (g � 1, the luminescence line will be smooth and
broad, and contributions from individual modes cannot be resolved. The 1D
CC approximation is then sufficient to describe the line shape, as demonstrated
numerically by Alkauskas et al. [4, 11].

In the opposite limit of weak electron–phonon coupling, the majority of the
luminescence spectrum will be in the ZPL. The relative weight of the ZPL in the
spectral function is approximately given by 4−(g [194]. When this weight is close
to one, the intensity of the phonon side band will be weak, and the spectrum
will be dominated by a distinct ZPL peak. For intermediate electron–phonon
coupling, i.e., when the spectrum consists of the ZPL and a phonon side band
with clear fine-structure originating from phonons of various frequencies, the 1D
CC approach is inadequate to describe the detailed lineshape [7].

A similar quantum treatment of 1D CC diagrams is possible for the process
of nonradiative carrier capture via multiphonon emission, and can yield the
capture cross section as a function of temperature [12]. Combined with the
temperature dependence of �i, this can be used to calculate the temperature
dependence of the activation energy for carrier emission, allowing a more rigorous
comparison with DLTS data [13]. Keeping this in mind, the aforementioned
classical activation energy (�i + �b) should be considered as an upper limit.

4.5 Dealing with supercell finite-size errors

A disadvantage with the supercell method for defect calculations is that
computationally affordable supercell sizes (up to few hundred atoms for hybrid
functionals) correspond to unrealistically high defect concentrations, leading
to spurious interactions of the defect with its periodic images. If the aim is
to calculate the properties of an isolated defect (single defect in an otherwise
pristine crystal), these interactions cannot be disregarded. These interactions
can be quantum mechanical, electrostatic, elastic and magnetic; the former
two are typically dominant in terms of the magnitude of finite-size error in the
formation energy and will be discussed in the following subsections [3].

4.5.1 Quantum mechanical interactions

Isolated deep-level defects introduce discrete energy levels in the band gap with
no dispersion. For small supercells, however, the defect wave function can overlap
with its periodic images, turning the defect level into a dispersive band. If this
band is occupied, the total energy will depend on the employed k-point(s). If
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ΔYd (k) is the difference between the energy of the dispersive and isolated KS
defect state, the finite-size error in the total energy is given by [3]

Δ� =
∑

k
Fk 5kΔYd (k), (4.10)

where Fk and 5k is the weight and occupation of the k-point, respectively. The
defect band dispersion is typically strongest at the Γ-point, which means that
a Γ-only k-point sampling can lead to large errors for defect calculations [187].
The error will be smaller if many k-points are sampled, since the average will
be closer to the level of the isolated defect. However, this averaging can be
achieved at lower computational cost by selecting special k-points [187]. As
an extreme case, we consider the cell-size dependence of the formation energy
of the unrelaxed +0

O2 in V-Ga2O3. The band structures in Fig. 4.5 show that
+0

O2 introduces a fully occupied KS defect state in the band gap with strong
dispersion. The magnitude of this dispersion decreases when the number of
atoms #atom in the supercell is increased from 80 to 160. As demonstrated by
the cell-size dependence of the formation energy, shown on the right side in
Fig. 4.5, convergence is reached significantly faster when the special k-point
at (0.25,0.25,0.25) is used, compared to the Γ-only k-point sampling. Indeed,
comparing the band structures, the energy sampled by the special k-point is
relatively stable, and is presumably close to the level of the isolated defect state.
In contrast, the Γ-point samples an extreme value of the band which approaches
the special k-point as #atom is increased. Thus, Γ-only sampling should generally
be avoided, even though it allows larger supercells to be employed.

As explained in Sec. 4.2, shallow defects exhibit extended states. Such states
cannot be adequately described within computationally affordable supercells [3,
176]. For example, in a tight-binding study of the shallow P donor in Si, a cubic
supercell with #atom = 125 000 was required to fit the defect state and converge
the binding energy [196]. For this reason, formation energy diagrams typically
only show the charge state(s) corresponding to full ionization of the shallow
defect, e.g., for the shallow SiGa single donor in V-Ga2O3, only the positive
charge state would be shown, even though there should be a Y(+/0) level very
close to the CBM [131]. For the same reason, excitonic effects have been ignored
when calculating optical transition energies in the present thesis.

4.5.2 Electrostatic interactions

Calculations for charged defects can be performed by simply adding or removing
electrons from the defect-containing supercell. However, because the electrostatic
energy diverges for a charged periodic supercell, a compensating background
charge (or jellium) must be included, which is accomplished by setting the
average electrostatic potential to zero [156]. As explained in Ref. [8], this can
introduce nonphysical shifts in the electrostatic potential, which effectively leads
to a shift in �VBM and an error in the defect formation energy (Eq. 4.2). The
addition or removal of atoms from the bulk supercell to create the defect can
also introduce shifts in the average electrostatic potential, which is neglected
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Figure 4.5: Left: Band structure of the 80- and 160-atom supercells, showing the
VB and the deep KS defect state of +0

O2. Dashed lines correspond to the energy
of the defect state for Γ and Special k-point sampling. The dispersion of the
defect state is reduced as the cell-size increases. Right: Cell-size dependence of
the formation energy of the unrelaxed +0

O2 in V-Ga2O3 for Γ- and special k-point
sampling. The numbers of atoms in the different supercells are indicated.

by the convention of setting the average electrostatic potential to zero [197].
These shifts result in the electrostatic potential of the bulk supercell not being
recovered far from the defect, and so a potential alignment must be performed.
Furthermore, the electrostatic interaction of the charged defect with its periodic
images and the background charge (image charge interaction) is long-ranged and
leads to a slowly converging cell-size dependence in the formation energy. For
charged defect calculations, this interaction is typically the dominant finite-size
error contribution, unless the dielectric constant of the host material is large
enough to screen it. The magnitude of the interaction can be estimated by the
Madelung energy of a periodically repeated point charge (PC) immersed in a
compensating background charge, which is given by [198, 199]

�PC
iso =

U@2

2Y! , (4.11)

for a cubic supercell, where ! is the side length of the supercell and U is the
Madelung constant for the relevant Bravais lattice. Note that this is only the
leading term of the Makov-Payne correction [200], which includes a further term
scaling as !−3, arising from the quadrupole moment of the charge distribution.
Due to the slow @2/Y! decay in Eq. 4.11, the brute force approach of increasing
the cell-size is not viable, and the error must be removed after the calculation.
Several correction schemes based on electrostatics for model systems have been
proposed [176, 197, 200–204]. In the present work, the anisotropic [204] Freysoldt–
Neugebauer–Van de Walle (FNV) correction [201] has been employed. Several
reviews have concluded that this scheme is reliable, provided that the defect
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state is well-localized within the supercell [197, 203, 204]. The correction is given
by two terms

�FNV
cor = �PC

aniso − @Δ+PC
@/bulk |far. (4.12)

The first term is similar to �PC
iso (Eq. 4.11), but has been adapted for materials

with anisotropic dielectric response (such as ZnO and V-Ga2O3). �PC
aniso is

calculated by using Ewald summation [204, 205], and is usually the dominant
�FNV

cor term. Note that the static Ȳ0 (high-frequency Ȳ∞) dielectric tensor should
be employed when the defect is relaxed (unrelaxed). The second term uses the
calculated DFT potential to align the potentials in the charged defect-containing
and bulk supercells, after subtracting the PC model potential [201, 202], i.e.,

Δ+PC
@/bulk = +

DFT
defect,@ −+

DFT
bulk −+

PC
aniso, (4.13)

in a region far away from the defect. The efficacy of the correction, and thus
the validity of the underlying assumptions, can be checked by verifying that this
potential difference reaches a plateau far away from the defect. Following the
recommendation of Kumagai and Oba, the atomic site potential was used as the
marker to determine the alignment-term in the present thesis [204].

The development of finite-size corrections for charged defects has been
instrumental to improve the accuracy of first-principles defect calculations based
on the supercell approach, and continues to be an active research topic. Indeed,
Gake et al. [206] recently proposed a method to correct the finite-size error
in optical charge-state transition energies [206]. It is not immediately obvious
why this would require a separate correction scheme, e.g., when an electron is
added to a relaxed positively charged deep-level defect, one would perhaps not
expect any spurious electrostatic interactions for the resulting charge-neutral
defect. However, this is not correct, because the interaction of the added charge
(@add = −1) with the periodic images of the initial state (@1 = +1) is screened
by Y0, whereas the interaction with its own image is screened by Y∞, and these
interactions do not cancel [206]. The Gake–Kumagai–Oba–Freysoldt (GKFO)
correction for the optical transition energy `(@1/@2) is given by [206]

�GKFO
cor =

2@add
@1

�
PC,@1
aniso (Ȳ0) + �PC,@add

aniso (Y∞)

−
(
@addΔ+

PC
@add/@1 |far + @addΔ+

PC
@1/bulk |far +

〈Y0〉
〈Y∞〉

@1Δ+
PC
@add/@1 |far

)
,

(4.14)

which is again divided into PC energy and potential alignment terms. The
first two terms are PC energies for @1 and @add screened by the static and
high-frequency dielectric tensors Y0 and Y∞, respectively, while the parenthesis
contains the potential alignment terms. 〈Y〉 is the averaged dielectric constant.

For a discussion on the elastic and magnetic interactions, the reader is referred
to Ref. [3] and references therein. The errors in formation energy resulting from
these interactions scale approximately as 1/!3, and are usually small compared
to the abovementioned errors for typical supercell-sizes. However, this is not
always the case, e.g., as discussed in paper III, +O in ZnO induces large lattice
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distortions (and thus significant elastic interactions) owing to its negative-U
behavior, and therefore requires a larger supercell to obtain converged results.
When studying a new type of defect or material, it is recommended to perform
supercell-size tests with a conventional functional (as exemplified by Fig. 4.5) to
verify that the corrections are valid and the results are converged.
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Chapter 5

Summary of Results
This thesis investigates point defects in ZnO and V-Ga2O3 from hybrid functional
calculations, with special emphasis on obtaining results that can be compared
directly with experimental data. Comparison between theory and experiment
can be a valuable aid in the identification of defect spectroscopic signatures,
and provide additional insight into the defect physics (beyond the property
that is compared), but it can also shed light on the limitations of the employed
electronic structure method. The approach of using 1D CC diagrams derived
from hybrid functional calculations, as explained in Sec. 4.4, was used in many
cases for comparison with experimental data in the present work. Prof. Audrius
Alkauskas has been involved in the development this approach over the last years
[4, 11–14], and contributed to its use in the present work, providing guidance as
well as code to calculate the luminescence lines in the harmonic approximation
(see Sec. 4.4). Some of the appended papers are entirely theoretical studies,
where the results are compared with experimental data from the literature only,
and some are combined theoretical and experimental efforts, as detailed below.

The properties of the defects explored in ZnO and V-Ga2O3 are similar in
many regards, and the results can be roughly divided into three groups:

(i) Small polarons and polaronic acceptors (Papers I, II, IV and V). Here, the
theoretical predictions were mostly compared with experimental data from
the literature. The exception is Paper IV, where the calculations were
supplemented by experimental SIMS and PL measurements.

(ii) Charge-state transition levels of Fe and Ti impurities (Papers VI and
VII). Here, the hybrid functional calculations were compared with DLTS
measurements (Paper VI), and used as input to model experimental steady-
state photo-capacitance spectra (Paper VII).

(iii) Negative-U behavior of O vacancies and divacancies (Papers III, VIII, IX
and X). Paper III is a theoretical study, where the results were compared
with experimental data from the literature. Paper VIII is an experimental
study of a DLTS signature, where the proposed defect model was separately
investigated from hybrid functional calculations in Paper IX. In Paper X,
the calculations were compared with DLTS measurements.

The results from each group above will be presented separately below, allowing
comparison of results on defects in ZnO and V-Ga2O3.

The results from the appended papers were also used in related work, not
included in the present thesis. Notably, calculated formation energy diagrams
and defect complex binding energies were used as input to model the diffusion
of In [207] and Li [208] impurities in ZnO, as measured by SIMS on sequentially
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heat treated samples. The experimental In and Li depth distribution profiles
could be well described by reaction-diffusion models. Specifically, the diffusion
of In in n-type material was described as being mediated by +2−

Zn through the
intermediate formation and dissociation of (InZn+Zn)− complexes [207]. For
the diffusion of Li in Ga-doped ZnO at 850–1050 ◦C, the model invoked the
dissociation of (GaZnLiZn)0 into (GaZn+Zn)− and highly mobile Li+i [208].

5.1 Small hole polarons and polaronic acceptors

Charge carriers associated with deep level defects are generally localized at
the defect. Interestingly, such charge localization can in some cases occur in
the absence of defects, i.e., in the perfect crystal lattice. This phenomenon is
commonly observed in polar semiconductors, e.g., metal oxides [209]. The charge
carrier becomes spatially localized and displaces the nearby ions, resulting in a
polarization cloud that acts as a potential well for the carrier [209]. The localized
charge and lattice distortion constitutes a quasiparticle called a polaron [210,
211], and they can be large or small, with respect to their spatial extent.

Small hole polarons, also commonly referred to as self-trapped holes (STHs),
are formed in V-Ga2O3 (and are predicted to form in other polymorphs [108]),
but not in ZnO [110]. However, hole polarons can be further stabilized at defects,
especially acceptors (e.g., LiZn [76]), and are thus present in both materials. The
following subsections will summarize the results on polaronic defects in ZnO
and V-Ga2O3 (Papers I, II, IV, V). The calculations for this group of defects
were mainly focused on their luminescence properties, and thus comparison with
experimental data from optical characterization will be emphasized here.

5.1.1 Self-trapped holes

The HSE hybrid functional is capable of describing small hole polaron formation
in a host of different oxide semiconductors, including V-Ga2O3 [110]. In contrast,
semilocal functionals erroneously prefer to delocalize the excess charge (due to
the residual self-interaction error). Figure 5.1 shows the relaxed structures of the
three possible STH configurations, owing to the presence of three symmetrically
inequivalent O sites in V-Ga2O3. The localized hole is accompanied by a local
lattice distortion, which mostly involves the nearest-neighbor Ga atoms. To
stabilize the localized hole onto different sites, ionic displacements must be
introduced manually before initiating the ionic relaxation, as discussed in Sec.
4.1. Moreover, if no displacements are introduced, hole localization will not
occur. In line with previous HSE calculations by Varley et al. [110] and Gake
et al. [108], the hole is localized at a single O1 atom for STHO1, and shared
between two O2 atoms for STHO2. As revealed in Paper V, hole localization
onto the O3 site is also possible, albeit metastable, and requires breaking the
Ga1–O3 bond. Notably, an EPR signal observed in irradiated V-Ga2O3 samples
was attributed to the STHO1 model by Kananen et al. [212]. However, this
assignment has later been contested by a model invoking +Ga2 as the origin [213].
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Figure 5.1: Relaxed STH structures for the three possible O sites. The hole
(blue isosurface) can be localized at a single O atom (STHO1, STHO3), or shared
between two (STHO2) O atoms. STHO3 is metastable and requires breaking the
O3-Ga1 bond, where the Ga1 displacement is indicated by an arrow.

STH formation has profound implications for the electrical and optical
properties of V-Ga2O3. Even if ?-type material could be achieved, the resulting
holes would exhibit low mobility [110]. As mentioned in Sec. 2.2, the STH
formation is also evident from the PL spectrum of V-Ga2O3, which does not
exhibit any NBE emission, but is dominated by a broad ultraviolet luminescence
(UVL) band peaking between 3.1 and 3.6 eV that is widely attributed to STHs. In
ZnO, photogenerated electron–hole pairs form free excitons at low temperatures,
which recombine and give rise to a sharp and intense NBE. In V-Ga2O3, however,
self-trapped excitons (STEs) are primarily formed, giving rise to broad UVL.
The broadness of the UVL band is indicative of strong electron-phonon coupling,
consistent with highly localized charge carriers taking part in recombination.

In Paper V, the UVL band in V-Ga2O3 was used to benchmark the accuracy
of luminescence lines calculated using 1D CC diagrams derived from hybrid
functional calculations (approach outlined in Sec. 4.4). Figure 5.2 shows the
calculated luminescence lines for STHO1 and STHO2. The broad lineshapes
are consistent with experimental observations for the UVL. The peak positions
(PPs) occur at 3.11 and 3.05 eV for STHO1 and STHO2, respectively. These are
near the lower end of the range reported in the experimental literature, which
may indicate that they are somewhat underestimated. Nevertheless, the results
are encouraging for the prospect of applying this approach to other polaronic
defects as an aid in the identification of other broad PL bands in V-Ga2O3.

5.1.2 Ga and Zn vacancies

The small hole polarons described above can be stabilized further by binding to
defects, and significantly so for negatively charged acceptors due to Coulomb
attraction. The defect can also locally increase the structural flexibility, making
the necessary polaronic lattice relaxations energetically less costly [209, 214].
Defects that trap charge-carriers in polaron-like states are termed polaronic.
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Figure 5.2: Luminescence lines calculated for optical transitions involving
recombination of STHO1 or STHO2 with a free electron at the CBM.

Cation vacancies are exceedingly deep traps for small hole polarons in V-
Ga2O3 and ZnO. We begin with +Zn in ZnO, which is the subject of Paper I.
Figure 5.3 shows the formation energy diagram of +Zn. Under n-type conditions,
the 2− charge state is energetically preferred, which means that +Zn will act
as a compensating acceptor [82, 215]. As the Fermi level is lowered, +Zn can
capture up to four holes, and thus assume charge states ranging from 2+ to 2−
within the band gap. Each hole resides in a polaronic state, which consists of
hole localization at one of the four nearest-neighbor O ions and a characteristic
polaronic distortion. This distortion mostly involves the O− ion with the localized
hole and the three adjacent Zn ions, which relax away from the vacancy. This is
consistent with experimental EPR data [44, 85, 86, 216]. Figure 5.4 shows the
relaxed structure of +2+

Zn, which corresponds to four bound hole polarons.
As discussed in Paper I, the thermodynamic charge-state transition levels

of +Zn are approximately equidistant in Fermi level position. This reflects the
approximate )3 local symmetry, and can be rationalized from a simple polaron
energetics model. When �F = 0, adding a hole polaron to +2−

Zn lowers the
formation energy by Ypolaron, which implies Y(−/2−) = Ypolaron. Because of the
local symmetry, subsequent hole capture lowers the energy by the same amount,
minus an additional hole–hole Coulomb repulsion energy *hole for each polaron
already present at +Zn. Thus, the separation between levels is approximately
given by *hole. In fact, same trend holds for +Ga in GaN [217], which similarly
exhibits polaronic defect states and the wurtzite structure.

The formation energy diagram of +Ga in V-Ga2O3, shown in Fig. 5.3, was
not included in any of the appended papers, but will be discussed briefly here
for sake of comparison with ZnO. +Ga in V-Ga2O3 is a triple rather than a
double acceptor, but its properties are much the same as those of +Zn in ZnO.
Indeed, +Ga can also bind up to four hole polarons, resulting in charge-states
ranging from + to 3− within the band gap, as shown in Fig. 5.3. However,
+Ga in V-Ga2O3 can occur in five different configurations [145], including three
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Figure 5.3: Formation energy diagram for +Zn in ZnO and the five different +Ga
configurations in V-Ga2O3 under O-rich and Zn/Ga-rich conditions.

split-vacancy configurations, as depicted in Fig. 5.4. Transformation of the
simple vacancies into the ib and ic configurations lowers the formation energy
considerably, particularly under n-type conditions (see Fig. 5.3). Unlike +Zn in
ZnO, the thermodynamic charge-state transition levels of +Ga in V-Ga2O3 are
not equidistant. This is due to the low degree of symmetry of V-Ga2O3, as well as
the variation in coordination numbers between different O sites. However, there
are still some notable trends in terms of which O ions are energetically preferred
for hole localization. Generally, holes trapped at +Ga prefer to localize onto
the nearest-neighbor O ion with the lowest coordination number. Furthermore,
when more than one hole polaron is captured, the holes will prefer to maximize
their mutual distance (to minimize *hole). For example, the two holes bound
to (+ ib

Ga)
− are localized on opposite sides of the complex (at the O ions with

coordination number two in Fig. 5.4), resulting in a small separation between
Y(−/2−) and Y(2 − /3−). This happens for (+ ic

Ga)
− as well, but in this case the

O ions are three- rather than two-fold coordinated, making the Y(−/2−) and
Y(2 − /3−) levels significantly shallower than the corresponding levels of + ib

Ga.
As primary intrinsic defects exhibiting low formation energy in =-type ZnO

and V-Ga2O3, especially under O-rich conditions, cation vacancies are commonly
invoked to explain experimental results, e.g., as defect candidates for various
broad luminescence bands observed by PL spectroscopy. In ZnO, +Zn has been
suggested as the defect origin of the commonly observed GL [81, 218, 219], and
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Figure 5.4: Relaxed structures for +Zn in ZnO, and +Ga in V-Ga2O3. The
2+ charge state of +Zn is shown, which corresponds to a hole polaron (blue
isosurface) trapped at each nearest-neighbor O ion; the axial (ax) and azimuthal
(az) O-ions are indicated. The 3− charge state is shown for all +Ga configuration,
and the coordination numbers of the nearest-neighbor O ions are indicated. The
vacancies (white spheres) are highlighted with translucent dotted circles.

the high-energy electron irradiation induced red luminescence (RL) band peaking
at 1.8 eV [83, 86, 220]. In V-Ga2O3, +Ga has been suggested to be involved in
blue luminescence (BL) bands [150, 221–223]. The possibility of cation vacancies
being involved in broad visible luminescence was investigated in Papers I and V
by using CC diagrams derived from hybrid functional calculations.

In n-type ZnO and V-Ga2O3, optical transitions involving the capture of
an electron at the CBM by +−Zn and +2−

Ga could occur. However, the resulting
luminescence bands are predicted to occur in the infrared region (∼0.7 eV for
+Zn and 0.1–1.2 eV for the different +Ga configurations), as shown for +Zn in Fig.
5.5. These transitions will likely exhibit a significant nonradiative component
due to crossing between the ground- and excited-state potential energy curves
in the CC diagrams (as shown for +Zn in Paper I). Radiative capture of a
photogenerated hole by +2−

Zn and +3−
Ga is also a possibility. However, the former

results in an emission energy of ∼1.3 eV, which is also relatively low, and the
latter is improbable due to STH formation in V-Ga2O3. Furthermore, this process
would have to compete with efficient nonradiative hole capture by shallower
acceptors, like LiZn in ZnO [12, 88]. Hence, under n-type conditions, isolated
+Zn and +Ga are not expected to cause visible broad luminescence.
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Figure 5.5: A selection of luminescence lines for optical transitions involving +Zn
in ZnO and +Ga in V-Ga2O3, calculated using 1D CC diagrams derived from
hybrid functional calculations (from Papers I and V).

In high-resistive ZnO, +Zn could occur in the − and 0 charge-states, as
observed in electron-irradiated material by EPR [86], enabling transitions
involving the (0/−) and possibly the (+/0) levels. Capture of electrons at
the CBM by +0

Zn and ++Zn results in emission energies of 1.25 and 1.75 eV,
respectively. The latter is thus a good candidate for the defect origin of the high-
energy electron irradiation induced RL band at 1.8 eV, as suggested previously
in the experimental literature [83, 84, 86]. However, this is hard to reconcile with
the in-situ PL and optically detected magnetic resonance (ODMR) measurements
on high-energy electron irradiated VP ZnO at 4.2 K by Vlasenko et al. [224];
the irradiation produced a double-humped infrared band peaking at 1.38 and
1.65 eV, which disappeared after subsequent annealing at ∼65–150 K. Vlasenko
et al. [224], attributed the double-humped PL band to +Zn or close Frenkel pairs.
The RL band was not produced immediately by the irradiation, but appeared
during subsequent annealing at ∼180 K, which suggests a complex rather than a
primary intrinsic defect origin, unless the ∼180 K anneal caused a large shift in
the Fermi level position (enabling transitions involving the (+/0) level of +Zn).
Other candidates for the RL band will be discussed in Sec. 5.1.4.

In high-resistive V-Ga2O3, the emission from +Ga can similarly shift towards
higher energies, as the 1− and 2− charge states become favorable for Fermi-level
positions near mid gap. For example, the luminescence resulting from optical
transitions between the CBM and the (0/−) level of + ib

Ga (the most favorable
+−Ga configuration) is predicted to peak at 1.93 eV, as shown in Fig. 5.5.

5.1.3 Acceptor impurities

Cation substitutional acceptor impurities in ZnO and V-Ga2O3 can also trap
holes in polaronic states. Paper IV explored LiZn and NaZn acceptors in ZnO,
which are particularly common impurities in HT grown material. Both of these
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Figure 5.6: Luminescence lines for the optical transitions involving electron
capture from the CBM by charge-neutral polaronic acceptor impurities Li and
Na in ZnO (Paper IV), and Mg, Ca, Cd and Zn in V-Ga2O3 (Paper V). A fit of
the OL band from experimental PL data [75] is included for comparison.

acceptors introduce a deep Y(0/−) acceptor level, where the neutral charge state
corresponds to a small hole polaron bound to the axial or azimuthal nearest-
neighbor O ion, similar to +Zn [73, 76, 77]. As mentioned in Sec. 2.1, LiZn has
been ascribed to an OL band peaking at 1.95 eV at 10 K, which is present in
HT grown material [88]. NaZn has similarly been linked with a broad yellow
luminescence (YL) band peaking at 2.18 eV at 50 K [225]. The Y(0/−) levels
of LiZn and NaZn are predicted to occur at 0.67 and 0.68 eV above the VBM,
respectively. This translates into a ZPL energy of 2.77 eV for LiZn, consistent
with the experimental value of ∼2.8 eV for the OL band [88]. Figure 5.6 shows
the luminescence lines calculated for optical transitions between the CBM and
the (0/−) levels. The shape and position of the OL band has been characterized
experimentally; a Gaussian fit of the OL band from PL measurements at 10 K
is included in Fig. 5.6 [75]. The PP and FWHM of the calculated luminescence
lines for LiZn (1.90 and 0.43 eV) and NaZn (2.11 and 0.36 eV) are underestimated
compared to the corresponding experimental values for the OL (1.95 and 0.5 eV
[75]) and YL (2.18 and 0.4 eV [225]) band. Nevertheless, the agreement with the
experimental data is good, which is reassuring for the possibility of using the 1D
CC approach to aid in the identification of other PL bands in ZnO.
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Paper IV similarly explored the luminescence properties of acceptor impurities
in V-Ga2O3. The aforementioned UVL band ascribed to STHs (see Sec. 5.1.1) is
sometimes overlapped by other broad bands on its low energy side, in the visible
part of the emission spectrum. Experimental characterization of the visible
broad luminescence in V-Ga2O3 is still in the early stages, but single acceptor
impurities like MgGa, BeGa, LiGa and ZnGa have been suggested as candidates
responsible for GL and BL bands based on correlation with impurity content
and electrical conductivity in different samples [19, 84, 150]. Luminescence
lines calculated for MgGa2, CaGa2, CdGa2 and ZnGa1 are shown in Fig. 5.6.
The results indeed suggest that polaronic acceptor impurities can give rise to
luminescence bands peaking in the visible part of the spectrum, specifically the
1.5–2.6 eV range. For example, an increase in the BL intensity (at around 2.8
eV) was observed in a cathodoluminescence study on Mg–doped V-Ga2O3 [150].
The calculated PP for MgGa is 2.3–2.5 eV, depending on the hole location. This
is reasonably close to the experimental data, especially considering the possible
underestimation in the calculated peak positions for the STHs relative to the
UVL band.

5.1.4 Complexes with shallow donor impurities

As-grown ZnO and V-Ga2O3 crystals normally show unintentional n-type
conductivity due to residual shallow donor impurities (Sec. 2). Attractive
electrostatic interaction makes it likely for such donor impurities to form stable
complexes with acceptors. Paper II explored the thermodynamic and optical
properties of complexes between +Zn and shallow donor impurities Al, Ga, Si and
H in ZnO. The low formation energy of +Zn under n-type conditions means that
such complexes are likely to form, especially for intentionally n-doped material,
making it important to understand their properties [39, 82, 215, 226]. Figure
5.7 shows the formation energy diagram for +Zn and several +Zn–donor impurity
complexes. Complexing +Zn with shallow donors successively removes its charge-
state transition levels. For the remaining levels, the close proximity of the donor
leads only to modest shifts in their Fermi level position, as highlighted by the grey
bars in Fig. 5.7. Upon closer inspection, the levels of complexes involving H (Zn
substitutional donors) shift down (up) in Fermi level position, relative to those
of the isolated +Zn. This can be understood from the aforementioned polaron
energetics model, taking into account the magnitude of the hole–donor repulsion.
For example, the Al+Zn donor in the (+ZnAlZn)0 complex is located far away
from the hole polaron, compared to the hole–hole separation in +0

Zn, resulting in
*Al+ < *hole and a deeper Y(0/−) level for the complex. This trend holds for the
other complexes shown in Fig. 5.7, as discussed in Paper II, and thus the polaron
energetics model can be conveniently used to qualitatively predict the Fermi
level positions of charge-state transition levels for complexes relative to those of
+Zn. The same trend is found for +Ga–donor impurity complexes in V-Ga2O3.
For example, Fig. 5.7 shows the formation energy of + ib

Ga and the aforementioned
+ ib

Ga2H complex, where the thermodynamic charge-state transition levels of the
complex are close to those of the corresponding isolated + ib

Ga.
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Figure 5.7: Formation energy of a selection of +Zn– and +Ga–donor impurity
complexes in ZnO and V-Ga2O3 under O-rich conditions. The grey vertical bars
show the Fermi level range of the different charge-state transition levels.

+Zn–donor impurity complexes can take part in optical transitions, just like
the isolated +Zn. As shown in Fig. 5.8, the successive passivation of the +Zn
defects states by the shallow donors has the effect of shifting its luminescence away
from the IR region and towards the visible part of the spectrum. Notably, the
luminescence lines predicted for complexes with two single donors (or one double)
peak close to the aforementioned high-energy electron irradiation induced RL
band, which has been associated with a +Zn related origin. Figure. 5.8 includes
experimental PL data from Ref. [83], which shows the RL band that appears
after 1.2 MeV electron irradiation. The calculated +Zn2H luminescence line, in
particular, is an excellent fit for the RL band, both in shape and position. An
assignment to such a complex could also explain why the RL band emerges
only after annealing at ∼180 K, as found by Vlasenko et al. [220, 224], e.g., by
migration of H8 and trapping at +Zn formed by the electron irradiation. Indeed,
the appearance of EPR signals from +Zn–donor complexes after high-energy
electron irradiation has been reported by several groups [39, 44, 65, 86].

Complexes between polaronic acceptor and shallow donor impurities are also
known to form in ZnO. For example, the LiZnH complex has been assigned to
an IR absorption line at 3577 cm−1, which is the dominant O–H-related line
in HT grown ZnO [67]. Complexing LiZn with a single shallow donor impurity
results in an overall charge-neutral pair. However, in Paper IV, it was shown
that such complexes are not necessarily fully passivated, as the LiZnAlZn, LiZnH
and LiZnHO complexes (and the corresponding complexes with NaZn) exhibit
thermodynamic (+/0) transition levels occurring 80-370 meV above the VBM.
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Figure 5.8: Luminescence lines for optical transitions involving +Zn–donor
complexes in ZnO, calculated using 1D CC diagrams (Paper II). PL data from
Ref. [83] is also included, showing the RL band in a ZnO sample under 325 nm
excitation at 10 K after irradiation by 1.2 MeV electrons.

The positive charge state corresponds to a small hole polaron at one of the O
ions adjacent to the Li ion, similar to the isolated acceptors.

The emergence of the (+/0) transition levels for the complexes has important
consequences for the optical properties of Li and Na in ZnO. As shown in Fig.
5.9, electron capture from the CBM by the positively charged complexes results
in luminescence bands peaking at the high-energy side of those originating from
the corresponding isolated acceptors. The OL band in HT grown ZnO is usually
overlapped by a broad GL at its high energy side (peaking at around ∼2.4 eV)
[75, 87, 88]. The complexes are potential candidates for the origin of this GL.
The overlap in shape and position for the luminescence originating from the
isolated and donor-complexed acceptors could make experimental identification
challenging. However, as discussed in Paper IV, the isolated and donor-complexed
acceptors are expected to show differences in other band characteristics, e.g.,
carrier capture coefficients, lifetime, and temperature dependence, which could
be revealed by performing temperature- and time-resolved PL measurements.
This is discussed in detail in Paper IV. The overall picture is remarkably similar
to the CN acceptor and CNH complex in GaN, which have been assigned to the
well-studied YL and BL bands in C doped GaN [88, 227].

The possibility of the GL in HT ZnO being related to Li was also explored
by experimental PL and SIMS data in Paper IV. The Li concentration in a HT
ZnO sample was lowered from 2 × 1017 to 2 × 1014 cm−3 by annealing at 900 ◦C
at 1 h in a sealed quartz ampoule containing a piece of Zn foil. The change in Li
concentration was accompanied by a strong reduction in intensity of the entire
broad luminescence band, which may suggest that Li is involved not only in the
OL band, but also in the broad GL at its high-energy side.

The luminescence properties of polaronic acceptors complexed with H donors
in V-Ga2O3 were also studied in this thesis (see Paper V). For example, the
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Figure 5.9: Luminescence lines for optical transitions involving complexes
between LiZn and NaZn acceptors, and donor impurities in ZnO, calculated
using 1D CC diagrams derived from hybrid functional calculations (Paper IV).

luminescence line predicted for the MgGa2H complex peaks at 2.71 eV, i.e., shifted
up in energy relative to the isolated MgGa2. Together with the isolated acceptor
impurities, such complexes are potential candidates for the visible luminescence
bands observed at the low energy side of the UVL band in V-Ga2O3.

5.2 Charge-state transition levels of Fe and Ti impurities

An important objective in the work presented in this thesis is to bridge the
gap between theoretical modeling and experimental studies. To this end, it is
important to be able to assess the accuracy of the predictions by comparing
them with experimental data. However, valid comparison requires a defect
signature that has been firmly identified experimentally. There is now strong
experimental evidence that the �2 and �3 centers, which are commonly observed
by DLTS in V-Ga2O3, originate from FeGa and TiGa, respectively, as explained
in Sec. 5.2.1 below. Moreover, the optical absorption of FeGa has recently been
studied experimentally by photo-EPR [228]. Hence, FeGa and TiGa can serve as
a model system to benchmark the accuracy of the hybrid functional and 1D CC
approach. In Papers VI and VII, the thermodynamic and optical charge-state
transition levels of FeGa and TiGa were compared with experimental DLTS and
steady-state photo-capacitance spectroscopy measurements, respectively.

5.2.1 Thermodynamic charge-state transition levels

Paper VI investigated the �2 and �3 centers in as-received bulk V-Ga2O3
crystals grown by the EFG-, CZ-method, and thin-films grown by HVPE. DLTS
spectrum simulations indicated that the �2 signature, observed as a single peak in
previous studies, actually consists of two centers, labeled �2a and �2b, exhibiting
activation energies of 0.66 and 0.73 eV, respectively. The �3 signature, on the
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other hand, could be modeled as a single center with an activation energy of
0.95 eV. The presence of two distinct overlapping peaks in the �2 signature was
confirmed by performing Laplace DLTS measurements, which allow superior
resolution compared to that of conventional DLTS [229]. The trap concentrations
associated with �2a and �2b were found to exhibit a ratio of 1:5. A similar
ratio has been reported between the EPR signals of Fe3+ on the tetrahedral
and octahedral Ga sites [230], and so �2a and �2b were assigned to FeGa1 and
FeGa2, respectively. The concentrations of �2a, �2b and �3 varied over a wide
range in the bulk material. The concentrations of impurities in the samples (Ti,
Fe, Mg, Al and Si), as measured by SIMS, confirmed the previously reported
correlation between Fe and �2 [138], while the concentration of �3 was revealed
to be correlated solely with the Ti concentration, which strongly suggests a
TiGa2 origin, considering the reported EPR signal from TiGa2 in V-Ga2O3 [231].

To gain insight into the formation of defects involving Ti and Fe impurities
in V-Ga2O3, hybrid functional calculations were performed. In n-type material,
both Fe and Ti impurities prefer to substitute on the Ga site. Figure 5.10 shows
the formation energy of the two different configurations of FeGa and TiGa. Both
configurations exhibit thermodynamic charge-state transition levels in the band
gap close to the CBM, i.e., an exceedingly deep (0/−) acceptor level for FeGa,
and a (+/0) donor level for TiGa. The 1− and 0 charge states of FeGa and TiGa,
respectively, correspond to an electron trapped in a defect state located mainly
at the impurity itself and showing 3d orbital character; Fe−Ga1 is shown as an
example in Fig. 5.10. The FeGa configurations also exhibit a (+/0) donor level
close to the VBM, but the positive charge state is actually associated with a
polaronic defect state. Indeed, as shown in Fig. 5.10, Fe+Ga1 can be viewed as a
STHO1 located next to a Fe0

Ga1. The 1:5 ratio between the concentrations of
�2a and �2b suggests a formation energy difference of ∼0.3 eV at the melting
point temperature [232], which is reasonably close to the calculated formation
energy difference of 0.39 eV between Fe−Ga1 and Fe−Ga2. For TiGa, however, the
corresponding difference is 0.87 eV, which indicates that TiGa2 should be the
dominant configuration, consistent with previously reported EPR data [233].

The positions of the thermodynamic charge-state transition levels near the
CBM for FeGa1, FeGa2 and TiGa2 are close to the measured activation energies
of the �2a, �2b and �3 centers, respectively. As discussed in Sec. 4.4, the
capture barrier (shown in Fig. 4.3 a)) should be considered when comparing
calculated charge-state transition levels with DLTS data. Table 5.1 compares the
activation energies measured by DLTS for �2, �2a, �2b and �3 with the hybrid
functional calculations (ionization energies and capture barriers) for FeGa1, FeGa2
and TiGa2. Previously reported numbers from the literature are also included.
Overall, the agreement between theory and experiment is good, strengthening
the assignments of the �2 and �3 centers to FeGa and TiGa, respectively.

5.2.2 Optical charge-state transition levels

Paper VI considered the thermodynamic (0/−) and (+/0) charge-state transition
levels of FeGa and TiGa, respectively. These levels can also be probed optically,
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Figure 5.10: Left: Relaxed structure of FeGa1, showing the deep defect state
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energy of FeGa and TiGa in V-Ga2O3 under intermediate conditions.

Table 5.1: Measured activation energies �A (from Papers VI, VII and previous
reports [138, 145, 151]) for the DLTS centers �2, �2a, �2b and �3 in V-Ga2O3,
proposed origin (defect and charge-state transition level), theoretically predicted
ionization energy �i, and capture barrier �b obtained from the 1D CC diagram.

Signature �A (eV) Proposed origin �i (�b) (eV)

�2
0.78 [138] Fe0/−

Ga

0.74 [151] - -
�2a 0.66 [VI,VII] Fe0/−

Ga1 0.62 (0.05)
�2b 0.73 [VI], 0.79 [VII] Fe0/−

Ga2 0.72 (0.02)

�3

0.95 [VI], 1.03 [VII] Ti+/0Ga2 1.13 (0.00)
1.01 [145] - -
1.04 [151] - -

e.g., by photoionization. Recently, Bhandari et al. [228] performed photo-EPR
experiments to determine the optical charge-state transition level associated
with the Fe2+ to Fe3+ transition, i.e., the transition of an electron from Fe−Ga to
the CBM. An absorption spectrum was recorded by measuring the intensity of
the Fe3+ EPR signal as a function of photon energy. Illumination with light of
photon energy between 1.2 and 2.0 eV increased the amount of Fe3+.

Within the CC model, the optical and thermal ionization energies differ by
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the FC shift, as explained in Sec. 4.4. Figure 5.11 shows CC diagrams derived
from hybrid functional calculations for transitions between the (0/−) transition
levels of FeGa1 and FeGa2, and the CBM. The predicted FC shift is 1.10 and
1.05 eV for FeGa1 and FeGa2, respectively, resulting in corresponding absorption
energies of 1.76 and 1.78 eV. Due to vibrational broadening, the onset of the
absorption spectrum can differ significantly from the classical absorption energy
in the CC model. The shape of the absorption onset can be simulated, with and
without including the effect of temperature-dependent vibrational broadening,
by using the expression derived by Kopylov and Pikhtin [234], using calculated
CC parameters as input, as explained in Ref. [4]. Figure 2 in Paper VII shows
the resulting absorption profiles for FeGa1, FeGa2 and TiGa2. For FeGa, the
profiles have an onset at about 1.0 eV, and peak position at about 2.1 eV, which
is consistent with the photo-EPR results reported by Bhandari et al. [228].
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Figure 5.11: 1D configuration coordinate diagrams for electronic transitions
between the CBM, and the (0/−) levels of FeGa1 and FeGa2.

In Paper VII, steady-state photo-capacitance spectroscopy (SSPC) measure-
ments were performed on samples with known concentrations of FeGa1, FeGa2
and TiGa2 (from DLTS measurements of the �2a, �2b and �3 centers). SSPC
measures the optically-induced emission of charge carriers from defect states by
recording the change in the capacitance of a Schottky junction, after illuminat-
ing the juntion for a certain time, as a function of photon energy. An SSPC
signature labelled )EFG

1 was observed with a photon energy position and trap
concentration close to the expected absorption energy of FeGa1, FeGa2 and TiGa2,
and concentrations of �2a, �2b and �3 from DLTS. The calculated CC diagrams
for FeGa1, FeGa2 and TiGa2 were used as input (together with the recorded
photon flux for the optical excitation used for the SSPC measurements, and
the �2a, �2b and �3 trap concentrations measured by DLTS) to simulate their
SSPC spectra. Based on these simulations, the )EFG

1 signature was ascribed to
overlapping defect signatures from FeGa1, FeGa2 and TiGa2.
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5.3 Negative-U behavior of O vacancies and divacancies

As donors and acceptors, +Zn/Ga and +O, respectively, are likely to form stable
+Zn/Ga+O complexes, hereby referred to as divacancies. There are several reports
on divacancies (and larger vacancy clusters) in ZnO in the experimental literature
[235], especially based on positron annihilation spectroscopy (PAS) measurements
[236, 237]. Furthermore, Paper VIII studied the formation of the �∗2 center in
V-Ga2O3 samples implanted with H and/or He, followed by heat treatments
under an applied reverse-bias voltage. Based on the results, divacancies were
proposed as a potential candidate for the defect origin of �∗2. On the theoretical
side, hybrid functional calculations on divacancies are scarcely available in the
literature [145, 238]. This provided motivation for Papers III and IX, where
the divacancies in ZnO and V-Ga2O3 were investigated using hybrid functional
calculations. The results are summarized in the following subsections. In both
materials, the divacancies were found to be highly electrically active, retaining
the polaronic nature of the cation vacancy and the Negative-U behavior of
the O vacancy. The thermodynamic charge-state transition levels associated
with the Negative-U behavior occur at Fermi level positions close to the CBM.
This indicates that the divacancies can be observed by DLTS, which will be
emphasized here when comparing the results with experimental data.

5.3.1 Isolated O vacancies

Figure 5.12 shows the formation energy of +O in ZnO and the three different
configurations of +O in V-Ga2O3 (+O1, +O2 and +O3). In both materials, +O
acts as a deep double donor, and the thermodynamic charge-state transition
goes directly from 2+ to 0, i.e., the 1+ charge state is not stable for any Fermi
level position [81]. This behavior is referred to as negative-U, where U is the
effective correlation energy, which, in the case of +O, is given by [10, 239]

* (+O) = Y(+/0) − Y(2 + /+) = � f (+2+
O ) + �

f (+0
O) − 2� f (++O). (5.1)

The calculated U value is −0.49 eV for +O in ZnO, and −0.45, −0.58 and −0.63
eV for +O1, +O2 and +O3 in V-Ga2O3, respectively. For all defects considered in
the two preceding sections, a positive-U behavior was found for all charge-state
transitions. This is normally the case, as the filling of deep defect states leads
to strong repulsive electrostatic interactions between the electrons [3]. It is the
lattice relaxation upon changing the charge state that makes negative-U behavior
possible [239]. The charge-neutral +O induces a fully occupied KS defect state
inside the band gap, and the Negative-U behavior indeed occurs due to the
large difference in local lattice relaxation for the three possible occupations of
this defect state, as shown for +O2 in V-Ga2O3 in Fig. 5.13. When the defect
state is fully occupied, +O undergoes an inward relaxation, and the electrons are
shared between the cations associated with the vacancy. For +0

O2, shown in Fig.
5.13, the electrons are mainly shared between the two Ga1 atoms, which form a
Ga1–Ga1 dimer. Conversely, when the defect state is empty (i.e., for +2+

O2), the
Ga atoms undergo a large relaxation away from the vacancy.
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Figure 5.12: Formation energy diagram for +O in ZnO and the three different
+O configurations in V-Ga2O3 under O-rich and Zn/Ga-rich conditions.

Figure 5.13: Relaxed structures for +O2 in V-Ga2O3. The negative-U behavior
is a result of the strong lattice relaxation associated with electron pairing at the
O vacancy, i.e., when going from the 2+ to the 0 charge state. The O vacancies
are highlighted by translucent circles with dashed outlines.

5.3.2 Ga/Zn–O divacancies

When a Zn–O divacancy (+Zn+O) is formed in ZnO, it can potentially occur
in two symmetrically inequivalent configurations, namely the axial (aligned
along the c axis) or azimuthal (lying in the basal plane) configuration. Only
the lowest energy azimuthal configuration was presented in Paper III, as the
electronic properties of the two configurations were found to be very similar.
For +Ga+O in V-Ga2O3, however, a multitude of different configurations can
occur, as there are five +Ga and three +O configurations. Considering only close-
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associate vacancy pairs, 19 different +Ga+O were explored in Paper IX. Figure
5.14 shows the formation energy of +Zn+O in ZnO and a selection of the lowest
energy +Ga+O configurations in V-Ga2O3, respectively. Having already seen
that shallow donor impurities passivate the acceptor levels of cation vacancies
(Sec. 5.1.4), one might expect +O to passivate two acceptor levels, resulting in a
charge-neutral +Zn+O in ZnO and singly negatively charged +Ga+O in V-Ga2O3
under n-type conditions. However, +O is a deep rather than a shallow donor,
and, in both materials, the hybrid functional calculations show that +O in the
divacancy can still accommodate two electrons in a deep defect state. The
resulting thermodynamic charge-state transition levels retain the negative-U
behavior of +O (i.e., the (0/2−) level of +Zn+O in ZnO and (−/3−) levels of
+Ga+O in V-Ga2O3), but occur closer to the CBM relative to the negative-U
level of the corresponding isolated +O. Furthermore, the magnitude of the U
value for the divacancies is lowered relative to the value of the corresponding
isolated +O, e.g., from −0.49 to −0.40 eV for +Zn+O in ZnO.
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Figure 5.14: Formation energy diagrams for the azimuthal configuration of
+Zn+O in ZnO and a selection of the lowest energy +Ga+O configurations in
V-Ga2O3 under O-rich conditions. The vertical grey bars highlight the (−/3−)
transition levels of divacancies exhibiting Ga1–Ga1 and Ga1–Ga2 dimers in
V-Ga2O3. Under O-poor conditions, the formation energy of +Ga+O in V-Ga2O3
increases by 1.71 eV. +Zn+O maintains the stoichiometry of ZnO, which means
the formation energy is independent of the host chemical potential.

In V-Ga2O3, the Fermi level positions of the thermodynamic (−/3−) transition
levels divide the divacancies into three groups, as highlighted in Fig. 5.14. On
closer inspection, the common feature for the divacancies in each group is that
they form the same type of Ga–Ga dimer in the 3− charge state and exhibit no
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such level. The divacancies with a Ga1–Ga1 or Ga1–Ga2 dimer exhibit (−/3−)
levels at about 1.4 or 0.5 eV below the CBM, whereas those with a Ga2–Ga2
dimer can not be stabilized in the 3− charge state. The defect states involving
Ga1 tend to be deeper, which is likely due to the lower coordination number of
the Ga1 site compared to the Ga2 site. This is also consistent with the results
for the isolated +O, where the deepest +O2 configuration has two Ga1 atoms
(as shown in Fig. 5.13), while the shallower +O1 and +O3 configurations have
one Ga1 atom. In ZnO, however, there is little difference between the local
environment of the axial and azimuthal Zn ions associated with the +O, and the
electrons occupying the defect state are shared more equally between the Zn
ions.

5.3.3 Complexes with hydrogen

As shown in Sec. 5.1.4, H can form complexes with cation vacancy acceptors
by terminating O dangling bonds at the vacancy. However, H can also form
complexes with O vacancies in ZnO and V-Ga2O3. In this case, the H resides at
the vacant O site and exhibits anionic (acceptor) character, and bonds to the
surrounding cations [58]. Fig. 5.15 shows the formation energy of HO complexes
in ZnO and V-Ga2O3. In ZnO, previously reported theoretical and experimental
studies have shown that the HO complex acts as a single shallow donor [58,
59]. In V-Ga2O3, all three configurations of the complex (HO1, HO2 and HO3)
were similarly predicted to act as shallow donors based on hybrid functional
calculations [131]. However, Paper X revealed a DX -like [240] behavior for the
HO2 complex, where two electrons can be trapped in a deep state under n-type
conditions, as shown in Fig. 5.15. The resulting negative charge state of HO2 was
likely missed previously because a large lattice relaxation is required to stabilize
it, as shown in Fig. 5.16. When going from H+O2 to H−O2, the H moves off-site,
forming a bond with the Ga2 ion associated with +O2, allowing two electrons
to be captured in a deep state involving a Ga1–Ga1 dimer (similar to +0

O2 in
Fig. 5.13) and the Ga2–H bond. Notably, the transition exhibits negative-U
behavior, i.e., charge-neutral HO2 is not stable for any Fermi level position.

Papers III and IX explored the interaction between divacancies and H. Seeing
as both the cation and O vacancy presents a potential trapping site for H, several
different configurations were explored. Fig. 5.15 shows the formation energy of
the lowest energy hydrogenated divacancy configurations in ZnO and V-Ga2O3.
When H occupies +O, the deep donor state (and the negative-U level of the
divacancy) is lost. However, when H forms an O–H bond at the cation vacancy,
it acts as a shallow donor, passivating one of the cation vacancy acceptor states,
and the negative-U behavior of the divacancy persists. For +Zn+O in ZnO,
the first two H atoms prefer to form an O–H bond at +Zn, and, under n-type
conditions, a third H can be trapped in the HO configuration. For +Ga+O in
V-Ga2O3, the energy differences between different H configurations depend on the
divacancy orientation. However, for the first H, the O–H configuration is lowest
in energy for all divacancy configurations. For certain divacancy configurations,
the second H prefers the HO configuration under n-type conditions, but the
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Figure 5.15: Formation energy of HO and the lowest energy hydrogenated
divacancy configurations in ZnO and V-Ga2O3 under Zn/Ga-rich conditions.

Figure 5.16: Relaxed structures of H@

O2 for @ = − and + in V-Ga2O3. In the
negative charge-state, the H forms a bond with the Ga2 atom associated with the
O vacancy, and two electrons are trapped in a deep defect state (blue isosurface).

O–H configuration becomes preferred for all configurations when the Fermi
level position is lowered. For example, the lowest energy doubly hydrogenated
divacancy under n-type conditions is + ib

GaH-HO, but when the Fermi level is
lowered the + ib

Ga2H-+O configuration becomes more favorable (Fig. 5.15).

5.3.4 Comparison with experimental DLTS data

The formation energy diagrams (Figs. 5.14 and 5.15) show that divacancies
exhibit thermodynamic charge-state transition levels in the band gap that are
close to the CBM, which indicates that they should be measurable by DLTS.
However, the corresponding transition levels exhibit negative-U behavior, which
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must be considered when comparing with experimental DLTS data. During
conventional DLTS measurements, the activation energy obtained for a negative-
U center will correspond to the thermal emission of the first electron [13, 241].
The second electron is bound less strongly, and will be emitted immediately after
the first electron. Thus, two electrons will be emitted, and a single DLTS peak
will be observed. However, in some cases it is possible to use DLTS to measure
the activation energy associated with one-electron emission from a negative-U
center. If a sufficiently short filling pulse duration is employed, and all centers
are photoionized before each pulse, most centers will be unable to capture more
than one electron, allowing the DLTS peak associated with one-electron to be
observed at a lower temperature than for the two-electron emission. This method
was used to reveal the negative-U system of the C vacancy in 4H-SiC [65, 241].
In Papers III, IX and X, divacancy-related defects were discussed as potential
origins of three different DLTS centers reported in the literature, namely the �4
center in ZnO and the �∗2 and �1 centers in V-Ga2O3. The measured activation
energies for these centers, and results from hybrid functional calculations for
their proposed origins are summarized in Table 5.2. A brief discussion on the
DLTS centers and suggested defect candidates is given below.

Table 5.2: Measured activation energies �A (from Papers X, VIII and previous
reports [92, 93, 138, 145, 151, 155]) for �4 in ZnO, and �∗2 and �1 in V-Ga2O3,
proposed origin (defect and charge-state transition level), theoretically predicted
ionization energy �i, and capture barrier �b obtained from the 1D CC diagram.

DLTS center �A (eV) Proposed origin �i (�b) (eV)
�4 (two-electron) 0.55 [92] (+Zn+O)−/2− 0.42 (0.10)
�4 (one-electron) 0.14 [93] (+Zn+O)0/− 0.02 (0.20)

�∗2 0.71 [VII] (+Ga2+O1)2−/3− 0.63 (0.16)
(+ ib

Ga2H-+O1)0/− 0.70 (0.08)
0.75 [145] -

�1 0.50-0.63 [X] H0/−
O2 0.68 (0.10)

(+ ib
GaH-+O1)−/2− 0.52 (0.19)

0.56 [138, 145] -
0.55 [151] -
0.6 [155] -

The �4 center in ZnO exhibits an activation energy of about 0.55 eV [92,
242], and shows negative-U behavior [93, 243, 244], where an activation energy
of about 0.14 eV has been reported for the one-electron emission [93, 243]. The
�4 center is not usually present in as-grown material, but can be introduced by
high-energy electron irradiation [93], H+/He+ irradiation or implantation [242,
245–247], or high-temperature annealing [79, 93, 243]. For the latter, the �4

59



5. Summary of Results

concentration tends to be higher for Zn-rich annealing ambients. As such, �4 is
commonly assigned to a +O-related defect. However, an isolated +O origin for �4
is difficult to reconcile with the photo-EPR experiments by Evans et al. [44] and
Wang et al. [84], where the absorption spectrum related to the optically induced
EPR signal of ++O (due to photoionization of +0

O) was measured to peak at ∼2.6 eV,
with an onset at ∼2.1 eV. This suggests that the thermodynamic (+/0) transition
level is significantly deeper than the ∼0.55 eV activation energy measured for �4,
unless the Franck–Condon shift is extremely large. Furthermore, first-principles
defect calculations predict deeper thermodynamic (+/0) transition levels [42, 43,
81], and the CC diagram derived from hybrid functional calculations by Lyons
et al. [43] are in good agreement with the photo-EPR data [44, 84].

In Paper III, +Zn+O was proposed as an alternative defect model, as it fulfils
many of the experimental findings on �4: (i) The thermodynamic (−/2−) and
(0/−) transition levels of +Zn+O are predicted to occur at 0.42 (0.52) and 0.02
(0.24) eV below the CBM, respectively, where the numbers in parenthesis include
the capture barrier obtained from the 1D CC model (Fig. 3 in Paper III). These
energies are close to the measured activation energies for two- and one-electron
emission from �4. (ii) Hupfer et al. [247] obtained an experimental capture
barrier of about 0.15 eV for �4, which is close to the 0.22 eV barrier obtained
from the CC diagram of +Zn+O. (iii) Based on the low generation rate for �4
after proton irradiation, Auret et al. [242] suggested a high-order intrinsic defect
(such as the divacancy) rather than a primary intrinsic defect origin. (iv) After
proton implantation at room temperature, Hupfer et al. reported that the �4
center anneals out at a rate that fits well with a model invoking migration of Hi
and reaction with �4. +Zn+O can form stable complexes with H. An argument
against the divacancy model would be that the concentration of �4 produced by
high-temperature anneals tends to be higher for Zn-rich ambients.

The �∗2 center in V-Ga2O3 exhibits an activation energy of about 0.75 eV [145],
and has been observed in V-Ga2O3 layers grown by plasma-assisted molecular
beam epitaxy [130, 248]. The center can be generated by proton irradiation with
a close to linear dose dependence after subsequent heat treatments at around
650 K, suggesting an activated intrinsic-related defect origin [138, 145]. In Paper
VIII, it was shown that the introduction of �∗2 in samples subjected to H and/or
He implantation, is promoted when performing a subsequent annealing at 650
K under an applied reverse-bias voltage (reverse-bias annealing). Conversely,
heat treatments without an applied reverse-bias voltage (zero-bias annealing)
leads to a decrease in the �∗2 concentration, which is more pronounced for H
implantation. Moreover, simulations of the DLTS spectra suggested that the �∗2
signature consists of several overlapping peaks. Based on these experimental
results, it was proposed that the most likely origin of �∗2 is a defect complex
involving intrinsic defects, which can interact with H donors, and exist in several
different configurations, where the configuration giving rise to �∗2 is more likely
to form when the Fermi level is shifted away from the conduction band minimum
(CBM). Based on previously reported theoretical calculations on intrinsic defects
[145], divacancy complexes were put forward as a potential origin for �∗2.

Paper IX discussed the divacancy model as a potential origin of the �∗2
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center in V-Ga2O3. The divancies with Ga1–Ga2 dimers in Fig. 5.14 exhibit
thermodynamic charge-state transitions that are close to the measured activation
energy for �∗2. For example, the +Ga2+O1 configuration exhibits a thermodynamic
(2−/3−) transition level at 0.63 eV below the CBM, which increases to 0.79 eV
when the capture barrier is included. For this model, the formation and removal
of �∗2 under reverse- and zero-bias annealing can be explained by considering
the Fermi level dependence of the kinetics of transformation between different
divacancy configurations, as explored by nudged elastic band calculations (not
shown here). The removal of �∗2 by zero-bias annealing is strongly promoted in the
presence of H. This suggests that �∗2 is passivated by H under n-type conditions,
and that the resulting complex becomes unstable under reverse-bias conditions,
resulting in reorientation of the hydrogenated center, and reappearance of �∗2. As
shown in Fig. 5.15, the most energetically favorable configuration of the doubly
hydrogenated divacancy is + ib

GaH-HO1, for which the deep negative-U transition
level is passivated. However, under reverse-bias annealing conditions, the closely
related + ib

Ga2H-+O1 configuration is lower in formation energy, and exhibits an
�∗2 compatible thermodynamic (0/−) transition level at 0.70 eV below the CBM
(0.78 eV with the capture barrier).

Finally, the �1 center in V-Ga2O3 exhibits an activation energy of about 0.6
eV, and has been observed in as-received EFG- and CZ-grown bulk crystals [138,
145, 151]. Polyakov et al. [155] observed an increase in the �1 concentration after
subjecting EFG-grown crystals with a surface orientation of (010) to a H-plasma.
In Paper X, the concentration of �1 in EFG- and HVPE-grown samples was
observed to increase after heat treatments at 900 ◦C in closed ampoules filled
with approximately 0.5 bar of H2 gas. The introduction of H was confirmed by a
linear correlation between the annealing duration and the integrated absorbance
of the 3437 cm−1 line (associated with + ib

Ga2H [144]) as measured by FTIR. This
suggests a H-related defect origin for �1, and hybrid functional calculations were
performed to explore potential candidates. The + ib

GaH-+O1 and HO2 complexes in
Fig. 5.15 exhibit thermodynamic charge-state transition levels close to the 0.6 eV
activation energy measured for the �1 center. Specifically, the thermodynamic
Y(−/2−) level of + ib

GaH-+O1 occurs at 0.52 eV (0.71 eV) below the CBM, and
the (0/−) level of HO2 is located 0.68 eV (0.78 eV) below the CBM, where the
numbers in parenthesis include the capture barrier from their CC diagrams.

61





Chapter 6

Conclusions and outlook

The aim of this PhD project was to investigate defects in the metal oxide semi-
conductors ZnO and V-Ga2O3 by performing first-principles defect calculations
based on DFT. Hybrid functionals were employed to overcome the major limita-
tions of the conventional XC functionals for describing defects in this materials
system, namely the general underestimation of band gaps and delocalization
error. Furthermore, recent methodological advances, particularly based on 1D
CC diagrams derived from the hybrid functional calculations, were employed to
provide more direct comparisons between theoretically predicted defect prop-
erties and experimental data from defect spectroscopic techniques. Here, the
main focus was on properties related to charge-state transitions involving defects,
including defect luminescence, optical absorption and nonradiative capture and
emission of charge carriers. Thermodynamic quantities such as defect formation
energies and binding energies were also calculated in order to assess the likelihood
of defect incorporation and the relative stability of defects and complexes. The
defects investigated in this thesis can be divided into three groups, where the
main results for each group is briefly summarized below.

(i) Small hole polarons and polaronic acceptors: This includes the cation
vacancies (+Zn and +Ga), cation substitutional acceptor impurities (LiZn and
NaZn, BeGa, MgGa, CaGa, ZnGa and CdGa), and their complexes with shallow
donor impurities (Hi, HO, AlZn, GaZn, SiGa). Here, the main results involved
the prediction of defect luminescence lines resulting from optical transitions
of charge carriers between the band edges and polaronic defect states. The
STHs in V-Ga2O3 and the LiZn and NaZn acceptors in ZnO have previously
been attributed to experimentally observed luminescence bands, respectively,
and were thus used to benchmark the accuracy of the calculated luminescence
lines. Generally, the results were found to be consistent with experimental
data. The same approach was applied to explore possible defect origins of yet
unidentified luminescence bands observed in ZnO and V-Ga2O3. Isolated cation
vacancies were found to most likely act as nonradiative recombination centers
under n-type conditions. However, complexing of polaronic acceptors with
shallow donor impurities (commonly present in both materials) was found to
shift the luminescence to higher energies compared to the corresponding isolated
polaronic acceptor. This is because the shallow donors successively remove the
polaronic acceptor charge-state transition levels in the band gap, starting from
the most negative one. The relative positions of the charge-state transition
levels of the isolated and donor-complexed polaronic acceptors was interpreted
from a polaron energetics model. The results highlight the importance of donor
complexed polaronic defects, which should be considered when interpreting
experimental data. Specifically, the +Zn2H complex was proposed as a potential
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candidate for the defect origin of the high-energy electron irradiation induced
RL band observed in ZnO, while donor complexed LiZn and NaZn acceptors were
suggested as candidates for the GL observed in HT ZnO.

(ii) Ti and Fe impurities in gallium sesquioxide: Motivated by experimental
DLTS and SIMS results pointing to a Fe and Ti impurity origin for the �2a/2b
and �3 centers, respectively, hybrid functional calculations were performed to
explore Fe- and Ti-related defects in V-Ga2O3. Under n-type conditions, the Ga
substitutional configurations were found to be the lowest energy configurations for
Fe and Ti impurities. Both FeGa and TiGa were found to exhibit thermodynamic
charge-state transition levels in the band gap close to the CBM. 1D CC diagrams
were obtained to compare these levels with the measured activation energies of
the �2a, �2b and �3 centers, and the estimated activation energies for FeGa1,
FeGa2 and TiGa2 were found to be in excellent agreement with the experimental
data. Moreover, the difference in formation energy between Ga1 and Ga2
substitutional Fe and Ti was consistent with the observed 1:5 ratio for the
trap concentrations of �2a and �2b, as well as the �3 signature being related
to a single trap. Thus, the hybrid functional calculations lend support to the
assignment, and suggest specific defect origins for the �2a (FeGa1), �2b (FeGa2)
and �3 (TiGa2) centers. Photoionization of the same defects was explored by
performing SSPC measurements on EFG V-Ga2O3 samples with known Fe and
Ti content based on DLTS and SIMS data. The SSPC spectrum resulting from
photoionization of Fe−Ga1, Fe

−
Ga2 and Ti0Ga2 was simulated based on input from

hybrid functional calculations (CC diagrams) and the experimental conditions
(trap concentrations from DLTS and recorded photon flux). The SSPC signature
)EFG

1 was attributed to overlapping defect signatures related to FeGa1, FeGa2
and TiGa2 based in comparison between measured and simulated SSPC spectra

(iii) Negative-U behavior of O vacancies and divacancies: Close-associate
divacancies in ZnO (+Zn+O) and V-Ga2O3 (+Ga+O) were explored using hybrid
functional calculations. In both materials, the divacancy was predicted to retain
the polaronic nature of the cation vacancy and the negative-U behavior of +O.
The latter result was of particular interest, as it shows that the isolated +O is not
the only intrinsic defect exhibiting negative-U behavior in ZnO and V-Ga2O3.
For +Ga+O in V-Ga2O3, 19 symmetrically inequivalent divacancy configurations
were explored, and trends in their electronic properties and stability were revealed.
in both materials, the thermodynamic charge-state transition levels associated
with the negative-U behavior of certain isolated and hydrogenated divacancy
configurations were predicted to occur in the band gap close to the CBM,
which means they should be observable by DLTS. Based on comparison with
experimental data, divacancy-related defect origins were proposed for the DLTS
centers �4 (+Zn+O) in ZnO, �∗2 (+Ga2+O1 and + ib

Ga2H−+O1) in V-Ga2O3, and �1
(+ ib

GaH−+O1) in V-Ga2O3. For the �1 center, the �O2 complex was also proposed
as a candidate, because this defect was found to exhibit a DX -center-like behavior.

Overall, the results presented here show that hybrid functionals are capable
of providing a significantly improved description of defect properties such as
the degree of charge localization and thermodynamic or optical charge-state
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transition energies, relative to conventional DFT. The comparison between
first-principles calculations and experimental data has proven to be a fruitful
approach in the study of defects in oxide semiconductors [4].

Suggestions for further work

• The approach of combining of hybrid functional calculations and experi-
mental techniques (e.g., DLTS, SSPC, PL) can be applied to study other
defects. For example, hybrid functional calculations suggest that FeGaH
complexes can form in V-Ga2O3 [132], which would passivate the �2a/2b
centers. Investigating such complexes, e.g., by performing DLTS and FTIR
measurements on different samples with known Fe and H content, could
provide further evidence that �2a/2b is indeed related to FeGa, and improve
the understanding of the behavior of Fe impurities in V-Ga2O3.

• New methodological developments within the approach of using 1D CC
diagrams derived from hybrid functional calculations can be employed. In
particular, methodologies for the calculation of nonradiative carrier capture
coefficients and radiative capture rates at defects have been developed [12,
14]. Indeed, Wickramaratne et al. [13] have recently shown that the former
method can be leveraged to calculate the temperature dependence of the
activation energy for carrier emission from a defect, allowing an even more
detailed comparison with DLTS data.

• Hybrid functionals lack long-range electron correlation, e.g., van der Waals
interactions, which could potentially have an impact on defect properties,
especially in layered materials. For example, Gao et al. [249] reported
that the inclusion of screened van der Waals interactions in the HSE
functional significantly improved the description of defect migration barriers
in Si. Another method to capture such interactions is the random-phase
approximation (RPA) [3]. The application of RPA to study defects has
been hindered by high computational cost, but might be explored more in
the coming years; VASP.6 features a low-scaling RPA functional.

65





References
[1] Kittel, C., Introduction to solid state physics, 8th ed. (Wiley, 2004).
[2] Bassett, L. C., Alkauskas, A., Exarhos, A. L., and Fu, K.-M. C.,

Nanophotonics vol. 8, no. 11, 1867 (2019).
[3] Freysoldt, C., Grabowski, B., Hickel, T., Neugebauer, J., Kresse, G.,

Janotti, A., and Van de Walle, C. G., Rev. Mod. Phys. vol. 86, 253
(2014).

[4] Alkauskas, A., McCluskey, M. D., and Van de Walle, C. G., J. Appl. Phys.
vol. 119, no. 18, 181101 (2016).

[5] Oba, F., Togo, A., Tanaka, I., Paier, J., and Kresse, G., Phys. Rev. B
vol. 77, 245202 (2008).

[6] Deák, P., Aradi, B., Frauenheim, T., Janzén, E., and Gali, A., Phys. Rev.
B vol. 81, 153203 (2010).

[7] Alkauskas, A., Broqvist, P., and Pasquarello, A., Phys. Status Solidi B
vol. 248, no. 4, 775 (2011).

[8] Komsa, H.-P. and Pasquarello, A., Phys. Rev. B vol. 84, 075207 (2011).
[9] Chen, W. and Pasquarello, A., Phys. Rev. B vol. 96, 020101 (2017).

[10] Stoneham, A. M. and Sangster, M. J. L., Radiat. Eff. vol. 73, no. 1-4, 267
(1983).

[11] Alkauskas, A., Lyons, J. L., Steiauf, D., and Van de Walle, C. G., Phys.
Rev. Lett. vol. 109, 267401 (2012).

[12] Alkauskas, A., Yan, Q., and Van de Walle, C. G., Phys. Rev. B vol. 90,
075202 (2014).

[13] Wickramaratne, D., Dreyer, C. E., Monserrat, B., Shen, J.-X., Lyons,
J. L., Alkauskas, A., and Van de Walle, C. G., Appl. Phys. Lett. vol. 113,
no. 19, 192106 (2018).

[14] Dreyer, C. E., Alkauskas, A., Lyons, J. L., and Van de Walle, C. G., Phys.
Rev. B vol. 102, 085305 (2020).

[15] Bunn, C. W., Proc. Phys. Soc. vol. 47, no. 5, 835 (1935).
[16] Özgür, Ü., Alivov, Y. I., Liu, C., Teke, A., Reshchikov, M. A., Doğan, S.,

Avrutin, V., Cho, S.-J., and Morkoç, H., J. Appl. Phys. vol. 98, no. 4,
041301 (2005).

[17] Roy, R., Hill, V. G., and Osborn, E. F., Journal of the American Chemical
Society vol. 74, no. 3, 719 (1952).

[18] Tippins, H. H., Phys. Rev. vol. 140, A316 (1965).

67

http://dx.doi.org/10.1515/nanoph-2019-0211
http://dx.doi.org/10.1515/nanoph-2019-0211
https://doi.org/10.1515/nanoph-2019-0211
http://dx.doi.org/10.1103/RevModPhys.86.253
http://dx.doi.org/10.1103/RevModPhys.86.253
https://doi.org/10.1103/RevModPhys.86.253
http://dx.doi.org/10.1103/RevModPhys.86.253
https://doi.org/10.1103/RevModPhys.86.253
http://dx.doi.org/10.1063/1.4948245
https://doi.org/10.1063/1.4948245
http://dx.doi.org/10.1063/1.4948245
https://doi.org/10.1063/1.4948245
http://dx.doi.org/10.1103/PhysRevB.77.245202
https://doi.org/10.1103/PhysRevB.77.245202
http://dx.doi.org/10.1103/PhysRevB.77.245202
https://doi.org/10.1103/PhysRevB.77.245202
http://dx.doi.org/10.1103/PhysRevB.81.153203
https://doi.org/10.1103/PhysRevB.81.153203
http://dx.doi.org/10.1103/PhysRevB.81.153203
https://doi.org/10.1103/PhysRevB.81.153203
http://dx.doi.org/10.1002/pssb.201046195
https://doi.org/10.1002/pssb.201046195
http://dx.doi.org/10.1002/pssb.201046195
https://doi.org/10.1002/pssb.201046195
http://dx.doi.org/10.1103/PhysRevB.84.075207
https://doi.org/10.1103/PhysRevB.84.075207
http://dx.doi.org/10.1103/PhysRevB.96.020101
https://doi.org/10.1103/PhysRevB.96.020101
http://dx.doi.org/10.1080/00337578308220683
https://doi.org/10.1080/00337578308220683
http://dx.doi.org/10.1080/00337578308220683
https://doi.org/10.1080/00337578308220683
http://dx.doi.org/10.1103/PhysRevLett.109.267401
https://doi.org/10.1103/PhysRevLett.109.267401
http://dx.doi.org/10.1103/PhysRevLett.109.267401
https://doi.org/10.1103/PhysRevLett.109.267401
http://dx.doi.org/10.1103/PhysRevB.90.075202
https://doi.org/10.1103/PhysRevB.90.075202
http://dx.doi.org/10.1103/PhysRevB.90.075202
https://doi.org/10.1103/PhysRevB.90.075202
http://dx.doi.org/10.1063/1.5047808
http://dx.doi.org/10.1063/1.5047808
https://doi.org/10.1063/1.5047808
http://dx.doi.org/10.1063/1.5047808
https://doi.org/10.1063/1.5047808
http://dx.doi.org/10.1103/PhysRevB.102.085305
https://doi.org/10.1103/PhysRevB.102.085305
http://dx.doi.org/10.1103/PhysRevB.102.085305
https://doi.org/10.1103/PhysRevB.102.085305
http://dx.doi.org/10.1088/0959-5309/47/5/307
https://doi.org/10.1088/0959-5309/47/5/307
http://dx.doi.org/10.1063/1.1992666
http://dx.doi.org/10.1063/1.1992666
https://doi.org/10.1063/1.1992666
http://dx.doi.org/10.1063/1.1992666
https://doi.org/10.1063/1.1992666
http://dx.doi.org/10.1021/ja01123a039
https://doi.org/10.1021/ja01123a039
http://dx.doi.org/10.1021/ja01123a039
https://doi.org/10.1021/ja01123a039
http://dx.doi.org/10.1103/PhysRev.140.A316
https://doi.org/10.1103/PhysRev.140.A316


References

[19] Blasse, G. and Bril, A., J. Phys. Chem. Solids vol. 31, no. 4, 707 (1970).
[20] Albertsson, J., Abrahams, S. C., and Kvick, Å., Acta Crystallogr. Sect.

B vol. 45, no. 1, 34 (1989).
[21] Morkoç, H. and Özgür, U., Zinc oxide : fundamentals, materials and

device technology (Wiley-VCH, Weinheim, 2009).
[22] Momma, K. and Izumi, F., Journal of Applied Crystallography vol. 44,

no. 6, 1272 (2011).
[23] Reynolds, D. C., Look, D. C., Jogai, B., Litton, C. W., Cantwell, G., and

Harsch, W. C., Phys. Rev. B vol. 60, 2340 (1999).
[24] Oba, F., Choi, M., Togo, A., and Tanaka, I., Sci. Technol. Adv. Mater.

vol. 12, no. 3, 034302 (2011).
[25] Ashkenov, N., Mbenkum, B. N., Bundesmann, C., Riede, V., Lorenz, M.,

Spemann, D., Kaidashev, E. M., Kasic, A., Schubert, M., Grundmann, M.,
Wagner, G., Neumann, H., Darakchieva, V., Arwin, H., and Monemar, B.,
J. Appl. Phys. vol. 93, no. 1, 126 (2003).

[26] Vines, L. and Kuznetsov, A., in Oxide semiconductors, Vol. 88, edited by
Svensson, B. G., Pearton, S. J., and Jagadish, C., Semiconductors and
Semimetals (Elsevier, 2013), pp. 67 –104.

[27] Minami, T., Sato, H., Nanto, H., and Takata, S., Jpn. J. Appl. Phys
vol. 24, no. Part 2, No. 10, L781 (1985).

[28] Gabás, M., Landa-Cánovas, A., Luis Costa-Krämer, J., Agulló-Rueda, F.,
González-Elipe, A. R., Díaz-Carrasco, P., Hernández-Moro, J., Lorite, I.,
Herrero, P., Castillero, P., Barranco, A., and Ramón Ramos-Barrado, J.,
J. Appl. Phys. vol. 113, no. 16, 163709 (2013).

[29] Goyal, A. and Stevanović, V., Phys. Rev. Mater. vol. 2, 084603 (2018).
[30] Lany, S. and Zunger, A., Appl. Phys. Lett. vol. 96, no. 14, 142114 (2010).
[31] Demchenko, D. O., Diallo, I. C., and Reshchikov, M. A., Phys. Rev. B

vol. 97, 205205 (2018).
[32] Borysiewicz, M. A., Crystals vol. 9, no. 10 (2019).
[33] Yamamoto, N., Makino, H., Osone, S., Ujihara, A., Ito, T., Hokari, H.,

Maruyama, T., and Yamamoto, T., Thin Solid Films vol. 520, no. 12,
8th International Conference on Coatings on Glass and Plastics” ICCG8,
4131 (2012).

[34] Meyer, J., Görrn, P., Hamwi, S., Johannes, H.-H., Riedl, T., and Kowalsky,
W., Appl. Phys. Lett. vol. 93, no. 7, 073308 (2008).

[35] Jackson, P., Hariskos, D., Wuerz, R., Kiowski, O., Bauer, A., Friedlmeier,
T. M., and Powalla, M., Phys. Status Solidi RRL vol. 9, no. 1, 28 (2015).

[36] Crovetto, A., Ottsen, T. S., Stamate, E., Kjær, D., Schou, J., and Hansen,
O., J. Phys. D: Appl. Phys vol. 49, no. 29, 295101 (2016).

68

http://dx.doi.org/https://doi.org/10.1016/0022-3697(70)90204-0
https://doi.org/https://doi.org/10.1016/0022-3697(70)90204-0
https://doi.org/10.1107/S0108768188010109
https://doi.org/10.1107/S0108768188010109
https://doi.org/10.1107/S0108768188010109
https://doi.org/10.1107/S0108768188010109
http://dx.doi.org/10.1002/9783527623945
http://dx.doi.org/10.1002/9783527623945
http://dx.doi.org/10.1107/S0021889811038970
https://doi.org/10.1107/S0021889811038970
http://dx.doi.org/10.1107/S0021889811038970
https://doi.org/10.1107/S0021889811038970
http://dx.doi.org/10.1103/PhysRevB.60.2340
http://dx.doi.org/10.1103/PhysRevB.60.2340
https://doi.org/10.1103/PhysRevB.60.2340
http://stacks.iop.org/1468-6996/12/i=3/a=034302
http://stacks.iop.org/1468-6996/12/i=3/a=034302
http://stacks.iop.org/1468-6996/12/i=3/a=034302
http://stacks.iop.org/1468-6996/12/i=3/a=034302
http://dx.doi.org/http://dx.doi.org/10.1063/1.1526935
http://dx.doi.org/http://dx.doi.org/10.1063/1.1526935
http://dx.doi.org/http://dx.doi.org/10.1063/1.1526935
http://dx.doi.org/http://dx.doi.org/10.1063/1.1526935
https://doi.org/http://dx.doi.org/10.1063/1.1526935
http://dx.doi.org/https://doi.org/10.1016/B978-0-12-396489-2.00003-5
https://doi.org/https://doi.org/10.1016/B978-0-12-396489-2.00003-5
http://dx.doi.org/https://doi.org/10.1016/B978-0-12-396489-2.00003-5
http://dx.doi.org/https://doi.org/10.1016/B978-0-12-396489-2.00003-5
http://dx.doi.org/10.1143/jjap.24.l781
https://doi.org/10.1143/jjap.24.l781
http://dx.doi.org/10.1143/jjap.24.l781
https://doi.org/10.1143/jjap.24.l781
http://dx.doi.org/10.1063/1.4803063
http://dx.doi.org/10.1063/1.4803063
http://dx.doi.org/10.1063/1.4803063
http://dx.doi.org/10.1063/1.4803063
https://doi.org/10.1063/1.4803063
http://dx.doi.org/10.1103/PhysRevMaterials.2.084603
https://doi.org/10.1103/PhysRevMaterials.2.084603
http://dx.doi.org/10.1063/1.3383236
https://doi.org/10.1063/1.3383236
http://dx.doi.org/10.1103/PhysRevB.97.205205
https://doi.org/10.1103/PhysRevB.97.205205
http://dx.doi.org/10.1103/PhysRevB.97.205205
https://doi.org/10.1103/PhysRevB.97.205205
http://dx.doi.org/10.3390/cryst9100505
https://doi.org/10.3390/cryst9100505
http://dx.doi.org/https://doi.org/10.1016/j.tsf.2011.04.067
http://dx.doi.org/https://doi.org/10.1016/j.tsf.2011.04.067
https://doi.org/https://doi.org/10.1016/j.tsf.2011.04.067
http://dx.doi.org/https://doi.org/10.1016/j.tsf.2011.04.067
https://doi.org/https://doi.org/10.1016/j.tsf.2011.04.067
http://dx.doi.org/https://doi.org/10.1016/j.tsf.2011.04.067
https://doi.org/https://doi.org/10.1016/j.tsf.2011.04.067
http://dx.doi.org/10.1063/1.2975176
http://dx.doi.org/10.1063/1.2975176
https://doi.org/10.1063/1.2975176
http://dx.doi.org/10.1002/pssr.201409520
http://dx.doi.org/10.1002/pssr.201409520
https://doi.org/10.1002/pssr.201409520
http://dx.doi.org/10.1088/0022-3727/49/29/295101
http://dx.doi.org/10.1088/0022-3727/49/29/295101
https://doi.org/10.1088/0022-3727/49/29/295101


References

[37] Look, D. C., Leedy, K. D., Vines, L., Svensson, B. G., Zubiaga, A.,
Tuomisto, F., Doutt, D. R., and Brillson, L. J., Phys. Rev. B vol. 84,
115202 (2011).

[38] Tuomisto, F., Ranki, V., Saarinen, K., and Look, D. C., Phys. Rev. Lett.
vol. 91, 205502 (2003).

[39] Stehr, J. E., Johansen, K. M., Bjørheim, T. S., Vines, L., Svensson, B. G.,
Chen, W. M., and Buyanova, I. A., Phys. Rev. Appl. vol. 2, 021001 (2014).

[40] Stehr, J. E., Chen, W. M., Svensson, B. G., and Buyanova, I. A., J. Appl.
Phys. vol. 119, no. 10, 105702 (2016).

[41] Nause, J and Nemeth, B, Semicond. Sci. Technol vol. 20, no. 4, S45
(2005).

[42] Janotti, A. and Van de Walle, C. G., Rep. Prog. Phys. vol. 72, no. 12,
126501 (2009).

[43] Lyons, J. L., Varley, J. B., Steiauf, D., Janotti, A., and Van de Walle,
C. G., J. Appl. Phys. vol. 122, no. 3, 035704 (2017).

[44] Evans, S. M., Giles, N. C., Halliburton, L. E., and Kappers, L. A., J.
Appl. Phys. vol. 103, no. 4, 043710 (2008).

[45] Herklotz, F., Lavrov, E. V., Weber, J., Mamin, G. V., Kutin, Y. S.,
Volodin, M. A., and Orlinskii, S. B., Phys. Status Solidi B vol. 248, no. 6,
1532 (2011).

[46] Schilling, M., Helbig, R., and Pensl, G., J. Lumin. vol. 33, no. 2, 201
(1985).

[47] Meyer, B. K., Alves, H., Hofmann, D. M., Kriegseis, W., Forster, D.,
Bertram, F., Christen, J., Hoffmann, A., Straßburg, M., Dworzak, M.,
Haboeck, U., and Rodina, A. V., Phys. Status Solidi B vol. 241, no. 2,
231 (2004).

[48] Block, D., Hervé, A., and Cox, R. T., Phys. Rev. B vol. 25, 6049 (1982).
[49] Gonzalez, C., Block, D., Cox, R., and Hervé, A., J. Cryst. Growth vol. 59,

no. 1, 357 (1982).
[50] McCluskey, M. and Jokela, S., Phys. B Condens. Matter vol. 401, 355

(2007).
[51] Thomas, D. G. and Lander, J. J., J. Chem. Phys. vol. 25, no. 6, 1136

(1956).
[52] Van de Walle, C. G., Phys. Rev. Lett. vol. 85, 1012 (2000).
[53] Cox, S. F. J., Davis, E. A., Cottrell, S. P., King, P. J. C., Lord, J. S.,

Gil, J. M., Alberto, H. V., Vilão, R. C., Piroto Duarte, J., Campos, N.
Ayres de, Weidinger, A., Lichti, R. L., and Irvine, S. J. C., Phys. Rev.
Lett. vol. 86, 2601 (2001).

[54] Hofmann, D. M., Hofstaetter, A., Leiter, F., Zhou, H., Henecker, F.,
Meyer, B. K., Orlinskii, S. B., Schmidt, J., and Baranov, P. G., Phys.
Rev. Lett. vol. 88, 045504 (2002).

69

http://dx.doi.org/10.1103/PhysRevB.84.115202
http://dx.doi.org/10.1103/PhysRevB.84.115202
https://doi.org/10.1103/PhysRevB.84.115202
http://dx.doi.org/10.1103/PhysRevB.84.115202
https://doi.org/10.1103/PhysRevB.84.115202
http://dx.doi.org/10.1103/PhysRevLett.91.205502
https://doi.org/10.1103/PhysRevLett.91.205502
http://dx.doi.org/10.1103/PhysRevLett.91.205502
https://doi.org/10.1103/PhysRevLett.91.205502
http://dx.doi.org/10.1103/PhysRevApplied.2.021001
http://dx.doi.org/10.1103/PhysRevApplied.2.021001
https://doi.org/10.1103/PhysRevApplied.2.021001
http://dx.doi.org/10.1063/1.4943263
http://dx.doi.org/10.1063/1.4943263
http://dx.doi.org/10.1063/1.4943263
http://dx.doi.org/10.1063/1.4943263
http://dx.doi.org/10.1088/0268-1242/20/4/005
https://doi.org/10.1088/0268-1242/20/4/005
http://dx.doi.org/10.1088/0268-1242/20/4/005
https://doi.org/10.1088/0268-1242/20/4/005
http://dx.doi.org/10.1088/0034-4885/72/12/126501
https://doi.org/10.1088/0034-4885/72/12/126501
http://dx.doi.org/10.1088/0034-4885/72/12/126501
https://doi.org/10.1088/0034-4885/72/12/126501
http://dx.doi.org/10.1063/1.4992128
http://dx.doi.org/10.1063/1.4992128
https://doi.org/10.1063/1.4992128
http://dx.doi.org/10.1063/1.2833432
https://doi.org/10.1063/1.2833432
http://dx.doi.org/10.1063/1.2833432
https://doi.org/10.1063/1.2833432
http://dx.doi.org/10.1002/pssb.201046504
http://dx.doi.org/10.1002/pssb.201046504
https://doi.org/10.1002/pssb.201046504
http://dx.doi.org/10.1002/pssb.201046504
https://doi.org/10.1002/pssb.201046504
http://dx.doi.org/https://doi.org/10.1016/0022-2313(85)90018-3
https://doi.org/https://doi.org/10.1016/0022-2313(85)90018-3
http://dx.doi.org/https://doi.org/10.1016/0022-2313(85)90018-3
https://doi.org/https://doi.org/10.1016/0022-2313(85)90018-3
http://dx.doi.org/10.1002/pssb.200301962
http://dx.doi.org/10.1002/pssb.200301962
http://dx.doi.org/10.1002/pssb.200301962
https://doi.org/10.1002/pssb.200301962
http://dx.doi.org/10.1002/pssb.200301962
https://doi.org/10.1002/pssb.200301962
http://dx.doi.org/10.1103/PhysRevB.25.6049
https://doi.org/10.1103/PhysRevB.25.6049
http://dx.doi.org/https://doi.org/10.1016/0022-0248(82)90351-7
https://doi.org/https://doi.org/10.1016/0022-0248(82)90351-7
http://dx.doi.org/https://doi.org/10.1016/0022-0248(82)90351-7
https://doi.org/https://doi.org/10.1016/0022-0248(82)90351-7
http://dx.doi.org/http://dx.doi.org/10.1016/j.physb.2007.08.186
https://doi.org/http://dx.doi.org/10.1016/j.physb.2007.08.186
http://dx.doi.org/http://dx.doi.org/10.1016/j.physb.2007.08.186
https://doi.org/http://dx.doi.org/10.1016/j.physb.2007.08.186
http://dx.doi.org/10.1063/1.1743165
https://doi.org/10.1063/1.1743165
http://dx.doi.org/10.1063/1.1743165
https://doi.org/10.1063/1.1743165
http://dx.doi.org/10.1103/PhysRevLett.85.1012
https://doi.org/10.1103/PhysRevLett.85.1012
http://dx.doi.org/10.1103/PhysRevLett.86.2601
http://dx.doi.org/10.1103/PhysRevLett.86.2601
http://dx.doi.org/10.1103/PhysRevLett.86.2601
https://doi.org/10.1103/PhysRevLett.86.2601
http://dx.doi.org/10.1103/PhysRevLett.86.2601
https://doi.org/10.1103/PhysRevLett.86.2601
http://dx.doi.org/10.1103/PhysRevLett.88.045504
http://dx.doi.org/10.1103/PhysRevLett.88.045504
https://doi.org/10.1103/PhysRevLett.88.045504
http://dx.doi.org/10.1103/PhysRevLett.88.045504
https://doi.org/10.1103/PhysRevLett.88.045504


References

[55] Hupfer, A., Bhoodoo, C., Vines, L., and Svensson, B. G., Mat. Sci.
Semicon. Proc. vol. 69, 13 (2017).

[56] Johansen, K. M., Christensen, J. S., Monakhov, E. V., Kuznetsov, A. Y.,
and Svensson, B. G., Appl. Phys. Lett. vol. 93, no. 15, 152109 (2008).

[57] Wardle, M. G., Goss, J. P., and Briddon, P. R., Phys. Rev. Lett. vol. 96,
205504 (2006).

[58] Van de Walle, C. G. and Janotti, A., Nat. Mater. vol. 6, no. 1, 44 (2007).
[59] Lavrov, E. V., Herklotz, F., and Weber, J., Phys. Rev. B vol. 79, 165210

(2009).
[60] Lavrov, E. V., Weber, J., Börrnert, F., Van de Walle, C. G., and Helbig,

R., Phys. Rev. B vol. 66, 165205 (2002).
[61] Lavrov, E., Börrnert, F., and Weber, J., Physica B vol. 401-402, 366

(2007).
[62] Bastin, D., Lavrov, E. V., and Weber, J., Phys. Rev. B vol. 83, 195210

(2011).
[63] Herklotz, F., Lavrov, E. V., Kolkovsky, V., Weber, J., and Stavola, M.,

Phys. Rev. B vol. 82, 115206 (2010).
[64] Herklotz, F., Hupfer, A., Johansen, K. M., Svensson, B. G., Koch, S. G.,

and Lavrov, E. V., Phys. Rev. B vol. 92, 155203 (2015).
[65] Son, N. T., Isoya, J., Ivanov, I. G., Ohshima, T., and Janzén, E., AIP

Conf. Proc. vol. 1583, no. 1, 341 (2014).
[66] Heinhold, R., Neiman, A., Kennedy, J. V., Markwitz, A., Reeves, R. J.,

and Allen, M. W., Phys. Rev. B vol. 95, 054120 (2017).
[67] Halliburton, L. E., Wang, L., Bai, L., Garces, N. Y., Giles, N. C., Callahan,

M. J., and Wang, B., J. Appl. Phys. vol. 96, no. 12, 7168 (2004).
[68] Lavrov, E. V., Börrnert, F., and Weber, J., Phys. Rev. B vol. 71, 035205

(2005).
[69] Shi, G. A., Stavola, M., and Fowler, W. B., Phys. Rev. B vol. 73, 081201

(2006).
[70] Shi, G. A., Saboktakin, M., Stavola, M., and Pearton, S. J., Appl. Phys.

Lett. vol. 85, no. 23, 5601 (2004).
[71] Johansen, K. M., Zubiaga, A., Makkonen, I., Tuomisto, F., Neuvonen,

P. T., Knutsen, K. E., Monakhov, E. V., Kuznetsov, A. Y., and Svensson,
B. G., Phys. Rev. B vol. 83, 245208 (2011).

[72] Vines, L., Monakhov, E. V., Schifano, R., Mtangi, W., Auret, F. D., and
Svensson, B. G., J. Appl. Phys. vol. 107, no. 10, 103707 (2010).

[73] Carvalho, A., Alkauskas, A., Pasquarello, A., Tagantsev, A. K., and
Setter, N., Phys. Rev. B vol. 80, 195205 (2009).

70

http://dx.doi.org/10.1016/j.mssp.2017.02.022
https://doi.org/10.1016/j.mssp.2017.02.022
http://dx.doi.org/10.1016/j.mssp.2017.02.022
https://doi.org/10.1016/j.mssp.2017.02.022
http://dx.doi.org/10.1063/1.3001605
http://dx.doi.org/10.1063/1.3001605
http://dx.doi.org/10.1063/1.3001605
http://dx.doi.org/10.1103/PhysRevLett.96.205504
https://doi.org/10.1103/PhysRevLett.96.205504
http://dx.doi.org/10.1103/PhysRevLett.96.205504
https://doi.org/10.1103/PhysRevLett.96.205504
https://www.nature.com/articles/nmat1795
https://www.nature.com/articles/nmat1795
http://dx.doi.org/10.1103/PhysRevB.79.165210
https://doi.org/10.1103/PhysRevB.79.165210
http://dx.doi.org/10.1103/PhysRevB.79.165210
https://doi.org/10.1103/PhysRevB.79.165210
http://dx.doi.org/10.1103/PhysRevB.66.165205
http://dx.doi.org/10.1103/PhysRevB.66.165205
https://doi.org/10.1103/PhysRevB.66.165205
http://dx.doi.org/https://doi.org/10.1016/j.physb.2007.08.189
https://doi.org/https://doi.org/10.1016/j.physb.2007.08.189
http://dx.doi.org/https://doi.org/10.1016/j.physb.2007.08.189
https://doi.org/https://doi.org/10.1016/j.physb.2007.08.189
http://dx.doi.org/10.1103/PhysRevB.83.195210
https://doi.org/10.1103/PhysRevB.83.195210
http://dx.doi.org/10.1103/PhysRevB.83.195210
https://doi.org/10.1103/PhysRevB.83.195210
http://dx.doi.org/10.1103/PhysRevB.82.115206
http://dx.doi.org/10.1103/PhysRevB.82.115206
https://doi.org/10.1103/PhysRevB.82.115206
http://dx.doi.org/10.1103/PhysRevB.92.155203
http://dx.doi.org/10.1103/PhysRevB.92.155203
https://doi.org/10.1103/PhysRevB.92.155203
http://dx.doi.org/10.1063/1.4865666
https://doi.org/10.1063/1.4865666
http://dx.doi.org/10.1063/1.4865666
https://doi.org/10.1063/1.4865666
http://dx.doi.org/10.1103/PhysRevB.95.054120
http://dx.doi.org/10.1103/PhysRevB.95.054120
https://doi.org/10.1103/PhysRevB.95.054120
http://dx.doi.org/10.1063/1.1806531
http://dx.doi.org/10.1063/1.1806531
https://doi.org/10.1063/1.1806531
http://dx.doi.org/10.1103/PhysRevB.71.035205
https://doi.org/10.1103/PhysRevB.71.035205
http://dx.doi.org/10.1103/PhysRevB.71.035205
https://doi.org/10.1103/PhysRevB.71.035205
http://dx.doi.org/10.1103/PhysRevB.73.081201
https://doi.org/10.1103/PhysRevB.73.081201
http://dx.doi.org/10.1103/PhysRevB.73.081201
https://doi.org/10.1103/PhysRevB.73.081201
http://dx.doi.org/10.1063/1.1832736
https://doi.org/10.1063/1.1832736
http://dx.doi.org/10.1063/1.1832736
https://doi.org/10.1063/1.1832736
http://dx.doi.org/10.1103/PhysRevB.83.245208
http://dx.doi.org/10.1103/PhysRevB.83.245208
http://dx.doi.org/10.1103/PhysRevB.83.245208
https://doi.org/10.1103/PhysRevB.83.245208
http://dx.doi.org/10.1063/1.3415551
http://dx.doi.org/10.1063/1.3415551
https://doi.org/10.1063/1.3415551
http://dx.doi.org/10.1103/PhysRevB.80.195205
http://dx.doi.org/10.1103/PhysRevB.80.195205
https://doi.org/10.1103/PhysRevB.80.195205


References

[74] McCluskey, M. D., Corolewski, C. D., Lv, J., Tarun, M. C., Teklemichael,
S. T., Walter, E. D., Norton, M. G., Harrison, K. W., and Ha, S., J. Appl.
Phys. vol. 117, no. 11, 112802 (2015).

[75] McNamara, J., Albarakati, N., and Reshchikov, M., J. Lumin. vol. 178,
301 (2016).

[76] Schirmer, O., J. Phys. Chem. Solids vol. 29, no. 8, 1407 (1968).
[77] Lany, S. and Zunger, A., Phys. Rev. B vol. 80, 085202 (2009).
[78] Jiang, Y., Giles, N. C., and Halliburton, L. E., J. Appl. Phys. vol. 101,

no. 9, 093706 (2007).
[79] Quemener, V., Vines, L., Monakhov, E. V., and Svensson, B. G., Appl.

Phys. Lett. vol. 102, no. 23, 232102 (2013).
[80] Kutin, Y., Mamin, G., and Orlinskii, S., J. Magn. Reson vol. 237, 110

(2013).
[81] Janotti, A. and Van de Walle, C. G., Phys. Rev. B vol. 76, 165202 (2007).
[82] Lyons, J. L. and Van de Walle, C. G., npj Comput. Mater. vol. 3 (2017).
[83] Knutsen, K. E., Galeckas, A., Zubiaga, A., Tuomisto, F., Farlow, G. C.,

Svensson, B. G., and Kuznetsov, A. Y., Phys. Rev. B vol. 86, 121203
(2012).

[84] Wang, X., Zhang, F., Saito, K., Tanaka, T., Nishio, M., and Guo, Q., J.
Phys. Chem. Solids vol. 75, no. 11, 1201 (2014).

[85] Galland, D. and Herve, A., Phys. Lett. A vol. 33, no. 1, 1 (1970).
[86] Kappers, L., Gilliam, O., Evans, S., Halliburton, L., and Giles, N., Nucl.

Instrum. Methods Phys. Res. B vol. 266, no. 12, Radiat. Eff. in Insulators,
2953 (2008).

[87] Reshchikov, M., Morkoç, H., Nemeth, B., Nause, J., Xie, J., Hertog, B.,
and Osinsky, A., Physica B vol. 401-402, 358 (2007).

[88] Reshchikov, M. A., AIP Conf. Proc. vol. 1583, no. 1, 127 (2014).
[89] Zwingel, D., J. Lumin. vol. 5, no. 6, 385 (1972).
[90] Byrne, D, Herklotz, F, Henry, M. O., and McGlynn, E, J. Phys. Condens.

Matter vol. 24, no. 21, 215802 (2012).
[91] Lyons, J. L., Alkauskas, A., Janotti, A., and Van de Walle, C. G., Appl.

Phys. Lett. vol. 111, no. 4, 042101 (2017).
[92] Monakhov, E. V., Kuznetsov, A. Y., and Svensson, B. G., J. Phys. D:

Appl. Phys vol. 42, no. 15, 153001 (2009).
[93] Frank, T., Pensl, G., Tena-Zaera, R., Zúñiga-Pérez, J., Martínez-Tomás,

C., Muñoz-Sanjosé, V., Ohshima, T., Itoh, H., Hofmann, D., Pfisterer, D.,
Sann, J., and Meyer, B., Appl. Phys. A vol. 88, no. 1, 141 (2007).

[94] Hupfer, A., Bhoodoo, C., Vines, L., and Svensson, B. G., Appl. Phys.
Lett. vol. 104, no. 9, 092111 (2014).

71

http://dx.doi.org/10.1063/1.4913827
http://dx.doi.org/10.1063/1.4913827
https://doi.org/10.1063/1.4913827
http://dx.doi.org/10.1063/1.4913827
https://doi.org/10.1063/1.4913827
http://dx.doi.org/https://doi.org/10.1016/j.jlumin.2016.06.013
https://doi.org/https://doi.org/10.1016/j.jlumin.2016.06.013
http://dx.doi.org/https://doi.org/10.1016/j.jlumin.2016.06.013
https://doi.org/https://doi.org/10.1016/j.jlumin.2016.06.013
http://dx.doi.org/https://doi.org/10.1016/0022-3697(68)90193-5
https://doi.org/https://doi.org/10.1016/0022-3697(68)90193-5
http://dx.doi.org/10.1103/PhysRevB.80.085202
https://doi.org/10.1103/PhysRevB.80.085202
http://dx.doi.org/10.1063/1.2723872
https://doi.org/10.1063/1.2723872
http://dx.doi.org/10.1063/1.2723872
https://doi.org/10.1063/1.2723872
http://dx.doi.org/10.1063/1.4809941
https://doi.org/10.1063/1.4809941
http://dx.doi.org/10.1063/1.4809941
https://doi.org/10.1063/1.4809941
http://dx.doi.org/https://doi.org/10.1016/j.jmr.2013.09.014
https://doi.org/https://doi.org/10.1016/j.jmr.2013.09.014
http://dx.doi.org/https://doi.org/10.1016/j.jmr.2013.09.014
https://doi.org/https://doi.org/10.1016/j.jmr.2013.09.014
http://dx.doi.org/10.1103/PhysRevB.76.165202
https://doi.org/10.1103/PhysRevB.76.165202
http://dx.doi.org/10.1038/s41524-017-0014-2
https://doi.org/10.1038/s41524-017-0014-2
http://dx.doi.org/10.1103/PhysRevB.86.121203
http://dx.doi.org/10.1103/PhysRevB.86.121203
https://doi.org/10.1103/PhysRevB.86.121203
http://dx.doi.org/10.1103/PhysRevB.86.121203
https://doi.org/10.1103/PhysRevB.86.121203
http://dx.doi.org/https://doi.org/10.1016/j.jpcs.2014.06.005
https://doi.org/https://doi.org/10.1016/j.jpcs.2014.06.005
http://dx.doi.org/https://doi.org/10.1016/j.jpcs.2014.06.005
https://doi.org/https://doi.org/10.1016/j.jpcs.2014.06.005
http://dx.doi.org/https://doi.org/10.1016/0375-9601(70)90614-6
https://doi.org/https://doi.org/10.1016/0375-9601(70)90614-6
http://dx.doi.org/https://doi.org/10.1016/j.nimb.2008.03.146
https://doi.org/https://doi.org/10.1016/j.nimb.2008.03.146
http://dx.doi.org/https://doi.org/10.1016/j.nimb.2008.03.146
https://doi.org/https://doi.org/10.1016/j.nimb.2008.03.146
http://dx.doi.org/https://doi.org/10.1016/j.nimb.2008.03.146
https://doi.org/https://doi.org/10.1016/j.nimb.2008.03.146
http://dx.doi.org/https://doi.org/10.1016/j.physb.2007.08.187
http://dx.doi.org/https://doi.org/10.1016/j.physb.2007.08.187
https://doi.org/https://doi.org/10.1016/j.physb.2007.08.187
http://dx.doi.org/10.1063/1.4865619
https://doi.org/10.1063/1.4865619
http://dx.doi.org/https://doi.org/10.1016/0022-2313(72)90001-4
https://doi.org/https://doi.org/10.1016/0022-2313(72)90001-4
http://dx.doi.org/10.1088/0953-8984/24/21/215802
https://doi.org/10.1088/0953-8984/24/21/215802
http://dx.doi.org/10.1088/0953-8984/24/21/215802
https://doi.org/10.1088/0953-8984/24/21/215802
http://dx.doi.org/10.1063/1.4995404
https://doi.org/10.1063/1.4995404
http://dx.doi.org/10.1063/1.4995404
https://doi.org/10.1063/1.4995404
http://dx.doi.org/10.1088/0022-3727/42/15/153001
https://doi.org/10.1088/0022-3727/42/15/153001
http://dx.doi.org/10.1088/0022-3727/42/15/153001
https://doi.org/10.1088/0022-3727/42/15/153001
http://dx.doi.org/10.1007/s00339-007-3963-3
http://dx.doi.org/10.1007/s00339-007-3963-3
http://dx.doi.org/10.1007/s00339-007-3963-3
https://doi.org/10.1007/s00339-007-3963-3
http://dx.doi.org/10.1063/1.4867908
https://doi.org/10.1063/1.4867908
http://dx.doi.org/10.1063/1.4867908
https://doi.org/10.1063/1.4867908


References

[95] Cora, I., Mezzadri, F., Boschi, F., Bosi, M., Čaplovičová, M., Calestani,
G., Dódony, I., Pécz, B., and Fornari, R., CrystEngComm vol. 19, no. 11,
1509 (2017).

[96] Swallow, J. E. N., Vorwerk, C., Mazzolini, P., Vogt, P., Bierwagen, O.,
Karg, A., Eickhoff, M., Schörmann, J., Wagner, M. R., Roberts, J. W.,
Chalker, P. R., Smiles, M. J., Murgatroyd, P., Mohamed, S., Lebens-
Higgins, Z. W., Piper, L. F. J., Jones, L. A. H., Thakur, P. K., Lee, T.-L.,
Varley, J. B., Furthmüller, J., Draxl, C., Veal, T. D., and Regoutz, A.,
Chem. Mater. (2020).

[97] Geller, S., J. Chem. Phys. vol. 33, no. 3, 676 (1960).
[98] Janowitz, C., Scherer, V., Mohamed, M., Krapf, A., Dwelk, H., Manzke,

R., Galazka, Z., Uecker, R., Irmscher, K., Fornari, R., Michling, M.,
Schmeißer, D., Weber, J. R., Varley, J. B., and Van de Walle, C. G., New
J. Phys. vol. 13, no. 8, 085014 (2011).

[99] Peelaers, H. and Van de Walle, C. G., Phys. Status Solidi B vol. 252,
no. 4, 828 (2015).

[100] Peelaers, H. and Van de Walle, C. G., Appl. Phys. Lett. vol. 111, no. 18,
182104 (2017).

[101] Furthmüller, J. and Bechstedt, F., Phys. Rev. B vol. 93, 115204 (2016).
[102] Ratnaparkhe, A. and Lambrecht, W. R. L., Appl. Phys. Lett. vol. 110,

no. 13, 132103 (2017).
[103] Mock, A., Korlacki, R., Briley, C., Darakchieva, V., Monemar, B.,

Kumagai, Y., Goto, K., Higashiwaki, M., and Schubert, M., Phys. Rev.
B vol. 96, 245205 (2017).

[104] Wang, Y., Dickens, P. T., Varley, J. B., Ni, X., Lotubai, E., Sprawls, S.,
Liu, F., Lordi, V., Krishnamoorthy, S., Blair, S., Lynn, K. G., Scarpulla,
M., and Sensale-Rodriguez, B., Sci. Rep. vol. 8, no. 1, 182104 (2018).

[105] Orita, M., Ohta, H., Hirano, M., and Hosono, H., Appl. Phys. Lett. vol. 77,
no. 25, 4166 (2000).

[106] Shimamura, K., Víllora, E. G., Ujiie, T., and Aoki, K., Appl. Phys. Lett.
vol. 92, no. 20, 201914 (2008).

[107] Schubert, M., Korlacki, R., Knight, S., Hofmann, T., Schöche, S.,
Darakchieva, V., Janzén, E., Monemar, B., Gogova, D., Thieu, Q.-T.,
Togashi, R., Murakami, H., Kumagai, Y., Goto, K., Kuramata, A.,
Yamakoshi, S., and Higashiwaki, M., Phys. Rev. B vol. 93, 125209 (2016).

[108] Gake, T., Kumagai, Y., and Oba, F., Phys. Rev. Mater. vol. 3, 044603
(2019).

[109] Peelaers, H., Lyons, J. L., Varley, J. B., and Van de Walle, C. G., APL
Mater. vol. 7, no. 2, 022519 (2019).

[110] Varley, J. B., Janotti, A., Franchini, C., and Van de Walle, C. G., Phys.
Rev. B vol. 85, 081109 (2012).

72

http://dx.doi.org/10.1039/c7ce00123a
http://dx.doi.org/10.1039/c7ce00123a
https://doi.org/10.1039/c7ce00123a
http://dx.doi.org/10.1039/c7ce00123a
https://doi.org/10.1039/c7ce00123a
http://dx.doi.org/10.1021/acs.chemmater.0c02465
http://dx.doi.org/10.1021/acs.chemmater.0c02465
http://dx.doi.org/10.1021/acs.chemmater.0c02465
http://dx.doi.org/10.1021/acs.chemmater.0c02465
http://dx.doi.org/10.1021/acs.chemmater.0c02465
http://dx.doi.org/10.1021/acs.chemmater.0c02465
https://doi.org/10.1021/acs.chemmater.0c02465
http://dx.doi.org/10.1063/1.1731237
https://doi.org/10.1063/1.1731237
http://dx.doi.org/10.1088/1367-2630/13/8/085014
http://dx.doi.org/10.1088/1367-2630/13/8/085014
http://dx.doi.org/10.1088/1367-2630/13/8/085014
https://doi.org/10.1088/1367-2630/13/8/085014
http://dx.doi.org/10.1088/1367-2630/13/8/085014
https://doi.org/10.1088/1367-2630/13/8/085014
http://dx.doi.org/10.1002/pssb.201451551
https://doi.org/10.1002/pssb.201451551
http://dx.doi.org/10.1002/pssb.201451551
https://doi.org/10.1002/pssb.201451551
http://dx.doi.org/10.1063/1.5001323
https://doi.org/10.1063/1.5001323
http://dx.doi.org/10.1063/1.5001323
https://doi.org/10.1063/1.5001323
http://dx.doi.org/10.1103/PhysRevB.93.115204
https://doi.org/10.1103/PhysRevB.93.115204
http://dx.doi.org/10.1063/1.4978668
https://doi.org/10.1063/1.4978668
http://dx.doi.org/10.1063/1.4978668
https://doi.org/10.1063/1.4978668
http://dx.doi.org/10.1103/PhysRevB.96.245205
http://dx.doi.org/10.1103/PhysRevB.96.245205
https://doi.org/10.1103/PhysRevB.96.245205
http://dx.doi.org/10.1103/PhysRevB.96.245205
https://doi.org/10.1103/PhysRevB.96.245205
http://dx.doi.org/10.1038/s41598-018-36676-7
http://dx.doi.org/10.1038/s41598-018-36676-7
http://dx.doi.org/10.1038/s41598-018-36676-7
https://doi.org/10.1038/s41598-018-36676-7
http://dx.doi.org/10.1063/1.1330559
https://doi.org/10.1063/1.1330559
http://dx.doi.org/10.1063/1.1330559
https://doi.org/10.1063/1.1330559
http://dx.doi.org/10.1063/1.2910768
https://doi.org/10.1063/1.2910768
http://dx.doi.org/10.1063/1.2910768
https://doi.org/10.1063/1.2910768
http://dx.doi.org/10.1103/PhysRevB.93.125209
http://dx.doi.org/10.1103/PhysRevB.93.125209
http://dx.doi.org/10.1103/PhysRevB.93.125209
http://dx.doi.org/10.1103/PhysRevB.93.125209
https://doi.org/10.1103/PhysRevB.93.125209
http://dx.doi.org/10.1103/PhysRevMaterials.3.044603
https://doi.org/10.1103/PhysRevMaterials.3.044603
http://dx.doi.org/10.1103/PhysRevMaterials.3.044603
https://doi.org/10.1103/PhysRevMaterials.3.044603
http://dx.doi.org/10.1063/1.5063807
https://doi.org/10.1063/1.5063807
http://dx.doi.org/10.1063/1.5063807
https://doi.org/10.1063/1.5063807
http://dx.doi.org/10.1103/PhysRevB.85.081109
https://doi.org/10.1103/PhysRevB.85.081109
http://dx.doi.org/10.1103/PhysRevB.85.081109
https://doi.org/10.1103/PhysRevB.85.081109


References

[111] Lyons, J. L., Semicond. Sci. Tech. vol. 33, no. 5, 05LT02 (2018).
[112] Baldini, M., Albrecht, M., Fiedler, A., Irmscher, K., Schewski, R., and

Wagner, G., ECS J. Solid State Sci. Technol vol. 6, no. 2, Q3040 (2016).
[113] Farzana, E., Ahmadi, E., Speck, J. S., Arehart, A. R., and Ringel, S. A.,

J. Appl. Phys. vol. 123, no. 16, 161410 (2018).
[114] Lyons, J. L., Steiauf, D., Janotti, A., and Van de Walle, C. G., Phys. Rev.

Appl. vol. 2, 064005 (2014).
[115] Saleh, M., Varley, J. B., Jesenovec, J., Bhattacharyya, A., Krishnamoorthy,

S., Swain, S., and Lynn, K., Semicond. Sci. Technol vol. 35, no. 4, 04LT01
(2020).

[116] Varley, J. B., Perron, A., Lordi, V., Wickramaratne, D., and Lyons, J. L.,
Appl. Phys. Lett. vol. 116, no. 17, 172104 (2020).

[117] Ma, N., Tanen, N., Verma, A., Guo, Z., Luo, T., Xing, H. G., and Jena,
D., Appl. Phys. Lett. vol. 109, no. 21, 212101 (2016).

[118] Hinuma, Y., Pizzi, G., Kumagai, Y., Oba, F., and Tanaka, I., Comput.
Mater. Sci.e vol. 128, 140 (2017).

[119] Ganose, A. M., Jackson, A. J., and Scanlon, D. O., J. Open Source Softw.
vol. 3, no. 28, 717 (2018).

[120] Higashiwaki, M., “Introduction”, in Gallium oxide: materials properties,
crystal growth, and devices, edited by Higashiwaki, M. and Fujita, S.
(Springer International Publishing, Cham, 2020), pp. 1–12.

[121] Pearton, S. J., Yang, J., Cary, P. H., Ren, F., Kim, J., Tadjer, M. J., and
Mastro, M. A., Appl. Phys. Rev. vol. 5, no. 1, 011301 (2018).

[122] Higashiwaki, M. and Jessen, G. H., Appl. Phys. Lett. vol. 112, no. 6,
060401 (2018).

[123] Higashiwaki, M., Sasaki, K., Kuramata, A., Masui, T., and Yamakoshi, S.,
Appl. Phys. Lett. vol. 100, no. 1, 013504 (2012).

[124] Higashiwaki, M. and Fujita, S., eds., Gallium oxide: materials properties,
crystal growth, and devices (Springer International Publishing, Cham,
2020).

[125] Konishi, K., Goto, K., Murakami, H., Kumagai, Y., Kuramata, A.,
Yamakoshi, S., and Higashiwaki, M., Appl. Phys. Lett. vol. 110, no. 10,
103506 (2017).

[126] Wong, M. H., Sasaki, K., Kuramata, A., Yamakoshi, S., and Higashiwaki,
M., IEEE Electron Device Lett. vol. 37, no. 2, 212 (2016).

[127] Nakagomi, S., Momo, T., Takahashi, S., and Kokubun, Y., Appl. Phys.
Lett. vol. 103, no. 7, 072105 (2013).

[128] Peelaers, H., Varley, J. B., Speck, J. S., and Van de Walle, C. G., Appl.
Phys. Lett. vol. 112, no. 24, 242101 (2018).

73

http://dx.doi.org/10.1088/1361-6641/aaba98
https://doi.org/10.1088/1361-6641/aaba98
http://dx.doi.org/10.1149/2.0081702jss
http://dx.doi.org/10.1149/2.0081702jss
https://doi.org/10.1149/2.0081702jss
http://dx.doi.org/10.1063/1.5010608
http://dx.doi.org/10.1063/1.5010608
https://doi.org/10.1063/1.5010608
http://dx.doi.org/10.1103/PhysRevApplied.2.064005
https://doi.org/10.1103/PhysRevApplied.2.064005
http://dx.doi.org/10.1103/PhysRevApplied.2.064005
https://doi.org/10.1103/PhysRevApplied.2.064005
http://dx.doi.org/10.1088/1361-6641/ab75a6
http://dx.doi.org/10.1088/1361-6641/ab75a6
https://doi.org/10.1088/1361-6641/ab75a6
http://dx.doi.org/10.1088/1361-6641/ab75a6
https://doi.org/10.1088/1361-6641/ab75a6
http://dx.doi.org/10.1063/5.0006224
http://dx.doi.org/10.1063/5.0006224
https://doi.org/10.1063/5.0006224
http://dx.doi.org/10.1063/1.4968550
http://dx.doi.org/10.1063/1.4968550
https://doi.org/10.1063/1.4968550
http://dx.doi.org/https://doi.org/10.1016/j.commatsci.2016.10.015
https://doi.org/https://doi.org/10.1016/j.commatsci.2016.10.015
http://dx.doi.org/https://doi.org/10.1016/j.commatsci.2016.10.015
https://doi.org/https://doi.org/10.1016/j.commatsci.2016.10.015
http://dx.doi.org/10.21105/joss.00717
https://doi.org/10.21105/joss.00717
http://dx.doi.org/10.21105/joss.00717
https://doi.org/10.21105/joss.00717
http://dx.doi.org/10.1007/978-3-030-37153-1_1
https://doi.org/10.1007/978-3-030-37153-1_1
http://dx.doi.org/10.1007/978-3-030-37153-1_1
https://doi.org/10.1007/978-3-030-37153-1_1
http://dx.doi.org/10.1007/978-3-030-37153-1_1
http://dx.doi.org/10.1063/1.5006941
http://dx.doi.org/10.1063/1.5006941
https://doi.org/10.1063/1.5006941
http://dx.doi.org/10.1063/1.5017845
https://doi.org/10.1063/1.5017845
http://dx.doi.org/10.1063/1.5017845
https://doi.org/10.1063/1.5017845
http://dx.doi.org/10.1063/1.3674287
http://dx.doi.org/10.1063/1.3674287
https://doi.org/10.1063/1.3674287
http://dx.doi.org/10.1007/978-3-030-37153-1
http://dx.doi.org/10.1007/978-3-030-37153-1
http://dx.doi.org/10.1007/978-3-030-37153-1
http://dx.doi.org/10.1063/1.4977857
http://dx.doi.org/10.1063/1.4977857
https://doi.org/10.1063/1.4977857
http://dx.doi.org/10.1063/1.4977857
https://doi.org/10.1063/1.4977857
http://dx.doi.org/10.1063/1.4818620
https://doi.org/10.1063/1.4818620
http://dx.doi.org/10.1063/1.4818620
https://doi.org/10.1063/1.4818620
http://dx.doi.org/10.1063/1.5036991
https://doi.org/10.1063/1.5036991
http://dx.doi.org/10.1063/1.5036991
https://doi.org/10.1063/1.5036991


References

[129] Zhang, Y., Neal, A., Xia, Z., Joishi, C., Johnson, J. M., Zheng, Y., Bajaj,
S., Brenner, M., Dorsey, D., Chabak, K., Jessen, G., Hwang, J., Mou, S.,
Heremans, J. P., and Rajan, S., Appl. Phys. Lett. vol. 112, no. 17, 173502
(2018).

[130] McGlone, J. F., Xia, Z., Joishi, C., Lodha, S., Rajan, S., Ringel, S., and
Arehart, A. R., Appl. Phys. Lett. vol. 115, no. 15, 153501 (2019).

[131] Varley, J. B., Weber, J. R., Janotti, A., and Van de Walle, C. G., Appl.
Phys. Lett. vol. 97, no. 14, 142106 (2010).

[132] Varley, J. B., “First-principles calculations 2”, in Gallium oxide: materials
properties, crystal growth, and devices, edited by Higashiwaki, M. and
Fujita, S. (Springer International Publishing, Cham, 2020), pp. 329–348.

[133] Son, N. T., Ho, Q. D., Goto, K., Abe, H., Ohshima, T., Monemar, B.,
Kumagai, Y., Frauenheim, T., and Deák, P., Appl. Phys. Lett. vol. 117,
no. 3, 032101 (2020).

[134] Kuramata, A., Koshi, K., Watanabe, S., Yamaoka, Y., Masui, T., and
Yamakoshi, S., Jpn. J. Appl. Phys. vol. 55, no. 12, 1202A2 (2016).

[135] Ingebrigtsen, M. E., Kuznetsov, A. Y., Svensson, B. G., Alfieri, G., Mihaila,
A., and Vines, L., J. Appl. Phys. vol. 125, no. 18, 185706 (2019).

[136] Ritter, J. R., Huso, J., Dickens, P. T., Varley, J. B., Lynn, K. G., and
McCluskey, M. D., Appl. Phys. Lett. vol. 113, no. 5, 052101 (2018).

[137] Ritter, J. R., Lynn, K. G., and McCluskey, M. D., J. Appl. Phys. vol. 126,
no. 22, 225705 (2019).

[138] Ingebrigtsen, M. E., Varley, J. B., Kuznetsov, A. Y., Svensson, B. G.,
Alfieri, G., Mihaila, A., Badstübner, U., and Vines, L., Appl. Phys. Lett.
vol. 112, no. 4, 042104 (2018).

[139] Kananen, B. E., Halliburton, L. E., Scherrer, E. M., Stevens, K. T.,
Foundos, G. K., Chang, K. B., and Giles, N. C., Appl. Phys. Lett. vol. 111,
no. 7, 072102 (2017).

[140] Lenyk, C. A., Gustafson, T. D., Basun, S. A., Halliburton, L. E., and
Giles, N. C., Appl. Phys. Lett. vol. 116, no. 14, 142101 (2020).

[141] Varley, J. B., Peelaers, H, Janotti, A, and Van de Walle, C. G., J. Phys.
Condens. Matter vol. 23, no. 33, 334212 (2011).

[142] Qin, Y., Stavola, M., Fowler, W. B., Weiser, P., and Pearton, S. J., ECS
J. Solid State Sci. Technol vol. 8, no. 7, Q3103 (2019).

[143] King, P. D. C., McKenzie, I., and Veal, T. D., Appl. Phys. Lett. vol. 96,
no. 6, 062110 (2010).

[144] Weiser, P., Stavola, M., Fowler, W. B., Qin, Y., and Pearton, S., Appl.
Phys. Lett. vol. 112, no. 23, 232104 (2018).

[145] Ingebrigtsen, M. E., Kuznetsov, A. Y., Svensson, B. G., Alfieri, G., Mihaila,
A., BadstÃ¼bner, U., Perron, A., Vines, L., and Varley, J. B., APL Mater.
vol. 7, no. 2, 022510 (2019).

74

http://dx.doi.org/10.1063/1.5025704
http://dx.doi.org/10.1063/1.5025704
http://dx.doi.org/10.1063/1.5025704
https://doi.org/10.1063/1.5025704
http://dx.doi.org/10.1063/1.5025704
https://doi.org/10.1063/1.5025704
http://dx.doi.org/10.1063/1.5118250
http://dx.doi.org/10.1063/1.5118250
https://doi.org/10.1063/1.5118250
http://dx.doi.org/10.1063/1.3499306
https://doi.org/10.1063/1.3499306
http://dx.doi.org/10.1063/1.3499306
https://doi.org/10.1063/1.3499306
http://dx.doi.org/10.1007/978-3-030-37153-1_18
https://doi.org/10.1007/978-3-030-37153-1_18
http://dx.doi.org/10.1007/978-3-030-37153-1_18
https://doi.org/10.1007/978-3-030-37153-1_18
http://dx.doi.org/10.1007/978-3-030-37153-1_18
http://dx.doi.org/10.1063/5.0012579
http://dx.doi.org/10.1063/5.0012579
https://doi.org/10.1063/5.0012579
http://dx.doi.org/10.1063/5.0012579
https://doi.org/10.1063/5.0012579
http://dx.doi.org/10.7567/jjap.55.1202a2
http://dx.doi.org/10.7567/jjap.55.1202a2
https://doi.org/10.7567/jjap.55.1202a2
http://dx.doi.org/10.1063/1.5088655
http://dx.doi.org/10.1063/1.5088655
https://doi.org/10.1063/1.5088655
http://dx.doi.org/10.1063/1.5044627
http://dx.doi.org/10.1063/1.5044627
https://doi.org/10.1063/1.5044627
http://dx.doi.org/10.1063/1.5129781
https://doi.org/10.1063/1.5129781
http://dx.doi.org/10.1063/1.5129781
https://doi.org/10.1063/1.5129781
http://dx.doi.org/10.1063/1.5020134
http://dx.doi.org/10.1063/1.5020134
https://doi.org/10.1063/1.5020134
http://dx.doi.org/10.1063/1.5020134
https://doi.org/10.1063/1.5020134
http://dx.doi.org/10.1063/1.4990454
http://dx.doi.org/10.1063/1.4990454
https://doi.org/10.1063/1.4990454
http://dx.doi.org/10.1063/1.4990454
https://doi.org/10.1063/1.4990454
http://dx.doi.org/10.1063/5.0002763
http://dx.doi.org/10.1063/5.0002763
https://doi.org/10.1063/5.0002763
http://dx.doi.org/10.1088/0953-8984/23/33/334212
https://doi.org/10.1088/0953-8984/23/33/334212
http://dx.doi.org/10.1088/0953-8984/23/33/334212
https://doi.org/10.1088/0953-8984/23/33/334212
http://dx.doi.org/10.1149/2.0221907jss
https://doi.org/10.1149/2.0221907jss
http://dx.doi.org/10.1149/2.0221907jss
https://doi.org/10.1149/2.0221907jss
http://dx.doi.org/10.1063/1.3309694
https://doi.org/10.1063/1.3309694
http://dx.doi.org/10.1063/1.3309694
https://doi.org/10.1063/1.3309694
http://dx.doi.org/10.1063/1.5029921
https://doi.org/10.1063/1.5029921
http://dx.doi.org/10.1063/1.5029921
https://doi.org/10.1063/1.5029921
http://dx.doi.org/10.1063/1.5054826
http://dx.doi.org/10.1063/1.5054826
https://doi.org/10.1063/1.5054826
http://dx.doi.org/10.1063/1.5054826
https://doi.org/10.1063/1.5054826


References

[146] Kyrtsos, A., Matsubara, M., and Bellotti, E., Phys. Rev. B vol. 95, 245202
(2017).

[147] Johnson, J. M., Chen, Z., Varley, J. B., Jackson, C. M., Farzana, E.,
Zhang, Z., Arehart, A. R., Huang, H.-L., Genc, A., Ringel, S. A., Van de
Walle, C. G., Muller, D. A., and Hwang, J., Phys. Rev. X vol. 9, 041027
(2019).

[148] Kananen, B. E., Halliburton, L. E., Stevens, K. T., Foundos, G. K., and
Giles, N. C., Appl. Phys. Lett. vol. 110, no. 20, 202104 (2017).

[149] Bardeleben, H. J. von, Zhou, S., Gerstmann, U., Skachkov, D., Lambrecht,
W. R. L., Ho, Q. D., and Deák, P., APL Mater. vol. 7, no. 2, 022521
(2019).

[150] Onuma, T., Fujioka, S., Yamaguchi, T., Higashiwaki, M., Sasaki, K.,
Masui, T., and Honda, T., Appl. Phys. Lett. vol. 103, no. 4, 041910
(2013).

[151] Irmscher, K., Galazka, Z., Pietsch, M., Uecker, R., and Fornari, R., J.
Appl. Phys. vol. 110, no. 6, 063720 (2011).

[152] Polyakov, A. Y., Smirnov, N. B., Shchemerov, I. V., Yakimov, E. B.,
Pearton, S. J., Fares, C., Yang, J., Ren, F., Kim, J., Lagov, P. B.,
Stolbunov, V. S., and Kochkova, A., Appl. Phys. Lett. vol. 113, no. 9,
092102 (2018).

[153] Polyakov, A. Y., Smirnov, N. B., Shchemerov, I. V., Yakimov, E. B.,
Yang, J., Ren, F., Yang, G., Kim, J., Kuramata, A., and Pearton, S. J.,
Appl. Phys. Lett. vol. 112, no. 3, 032107 (2018).

[154] Wang, B., Look, D., and Leedy, K., J. Appl. Phys. vol. 125, no. 10, 105103
(2019).

[155] Polyakov, A. Y., Lee, I.-H., Miakonkikh, A., Chernykh, A. V., Smirnov,
N. B., Shchemerov, I. V., Kochkova, A. I., Vasilev, A. A., and Pearton,
S. J., J. Appl. Phys. vol. 127, no. 17, 175702 (2020).

[156] Martin, R. M., Electronic structure: basic theory and practical methods
(Cambridge University Press, 2004).

[157] Capelle, K., en, Braz. J. Phys. vol. 36, 1318 (2006).
[158] Hohenberg, P. and Kohn, W., Phys. Rev. vol. 136, B864 (1964).
[159] Wills, J. M., Alouani, M., Andersson, P., Delin, A., Eriksson, O., and

Grechnyev, O., “Density functional theory and the kohn–sham equation”,
in Full-potential electronic structure method: energy and force calculations
with density functional and dynamical mean field theory (Springer Berlin
Heidelberg, Berlin, Heidelberg, 2010), pp. 7–19.

[160] Kohn, W. and Sham, L. J., Phys. Rev. vol. 140, A1133 (1965).
[161] Ceperley, D. M. and Alder, B. J., Phys. Rev. Lett. vol. 45, 566 (1980).
[162] Perdew, J. P., MRS Bull. vol. 38, no. 9, 743–750 (2013).

75

http://dx.doi.org/10.1103/PhysRevB.95.245202
https://doi.org/10.1103/PhysRevB.95.245202
http://dx.doi.org/10.1103/PhysRevB.95.245202
https://doi.org/10.1103/PhysRevB.95.245202
http://dx.doi.org/10.1103/PhysRevX.9.041027
http://dx.doi.org/10.1103/PhysRevX.9.041027
http://dx.doi.org/10.1103/PhysRevX.9.041027
https://doi.org/10.1103/PhysRevX.9.041027
http://dx.doi.org/10.1103/PhysRevX.9.041027
https://doi.org/10.1103/PhysRevX.9.041027
http://dx.doi.org/10.1063/1.4983814
http://dx.doi.org/10.1063/1.4983814
https://doi.org/10.1063/1.4983814
http://dx.doi.org/10.1063/1.5053158
http://dx.doi.org/10.1063/1.5053158
https://doi.org/10.1063/1.5053158
http://dx.doi.org/10.1063/1.5053158
https://doi.org/10.1063/1.5053158
http://dx.doi.org/10.1063/1.4816759
http://dx.doi.org/10.1063/1.4816759
https://doi.org/10.1063/1.4816759
http://dx.doi.org/10.1063/1.4816759
https://doi.org/10.1063/1.4816759
http://dx.doi.org/10.1063/1.3642962
https://doi.org/10.1063/1.3642962
http://dx.doi.org/10.1063/1.3642962
https://doi.org/10.1063/1.3642962
http://dx.doi.org/10.1063/1.5049130
http://dx.doi.org/10.1063/1.5049130
http://dx.doi.org/10.1063/1.5049130
https://doi.org/10.1063/1.5049130
http://dx.doi.org/10.1063/1.5049130
https://doi.org/10.1063/1.5049130
http://dx.doi.org/10.1063/1.5012993
http://dx.doi.org/10.1063/1.5012993
http://dx.doi.org/10.1063/1.5012993
https://doi.org/10.1063/1.5012993
http://dx.doi.org/10.1063/1.5049820
https://doi.org/10.1063/1.5049820
http://dx.doi.org/10.1063/1.5049820
https://doi.org/10.1063/1.5049820
http://dx.doi.org/10.1063/1.5145277
http://dx.doi.org/10.1063/1.5145277
http://dx.doi.org/10.1063/1.5145277
https://doi.org/10.1063/1.5145277
http://dx.doi.org/10.1017/CBO9780511805769
http://dx.doi.org/10.1017/CBO9780511805769
http://www.scielo.br/scielo.php?script=sci_arttext&pid=S0103-97332006000700035&nrm=iso
http://www.scielo.br/scielo.php?script=sci_arttext&pid=S0103-97332006000700035&nrm=iso
http://dx.doi.org/10.1103/PhysRev.136.B864
https://doi.org/10.1103/PhysRev.136.B864
http://dx.doi.org/10.1007/978-3-642-15144-6_2
http://dx.doi.org/10.1007/978-3-642-15144-6_2
http://dx.doi.org/10.1007/978-3-642-15144-6_2
https://doi.org/10.1007/978-3-642-15144-6_2
http://dx.doi.org/10.1007/978-3-642-15144-6_2
https://doi.org/10.1007/978-3-642-15144-6_2
http://dx.doi.org/10.1007/978-3-642-15144-6_2
http://dx.doi.org/10.1103/PhysRev.140.A1133
https://doi.org/10.1103/PhysRev.140.A1133
http://dx.doi.org/10.1103/PhysRevLett.45.566
https://doi.org/10.1103/PhysRevLett.45.566
http://dx.doi.org/10.1557/mrs.2013.178
https://doi.org/10.1557/mrs.2013.178


References

[163] Perdew, J. P., Burke, K., and Ernzerhof, M., Phys. Rev. Lett. vol. 77,
3865 (1996).

[164] Perdew, J. P., Ruzsinszky, A., Csonka, G. I., Vydrov, O. A., Scuseria,
G. E., Constantin, L. A., Zhou, X., and Burke, K., Phys. Rev. Lett.
vol. 100, 136406 (2008).

[165] Sun, J., Ruzsinszky, A., and Perdew, J. P., Phys. Rev. Lett. vol. 115,
036402 (2015).

[166] Perdew, J. P. and Levy, M., Phys. Rev. Lett. vol. 51, 1884 (1983).
[167] Becke, A. D., J. Chem. Phys. vol. 98, no. 2, 1372 (1993).
[168] Harris, J., Phys. Rev. A vol. 29, 1648 (1984).
[169] Heyd, J., Scuseria, G. E., and Ernzerhof, M., J. Chem. Phys. vol. 118,

no. 18, 8207 (2003).
[170] Krukau, A. V., Vydrov, O. A., Izmaylov, A. F., and Scuseria, G. E., J.

Chem. Phys. vol. 125, no. 22, 224106 (2006).
[171] Marques, M. A. L., Vidal, J., Oliveira, M. J. T., Reining, L., and Botti, S.,

Phys. Rev. B vol. 83, 035119 (2011).
[172] Chen, W., Miceli, G., Rignanese, G.-M., and Pasquarello, A., Phys. Rev.

Mater. vol. 2, 073803 (2018).
[173] Mori-Sánchez, P., Cohen, A. J., and Yang, W., Phys. Rev. Lett. vol. 100,

146401 (2008).
[174] Perdew, J. P., Parr, R. G., Levy, M., and Balduz, J. L., Phys. Rev. Lett.

vol. 49, 1691 (1982).
[175] Perdew, J. P., Ruzsinszky, A., Csonka, G. I., Vydrov, O. A., Scuseria,

G. E., Staroverov, V. N., and Tao, J., Phys. Rev. A vol. 76, 040501 (2007).
[176] Lany, S. and Zunger, A., Phys. Rev. B vol. 78, 235104 (2008).
[177] Deák, P., Duy Ho, Q., Seemann, F., Aradi, B., Lorke, M., and Frauenheim,

T., Phys. Rev. B vol. 95, 075208 (2017).
[178] Miceli, G., Chen, W., Reshetnyak, I., and Pasquarello, A., Phys. Rev. B

vol. 97, 121112 (2018).
[179] Janak, J. F., Phys. Rev. B vol. 18, 7165 (1978).
[180] Dreyer, C. E., Alkauskas, A., Lyons, J. L., Janotti, A., and Van de Walle,

C. G., Annu. Rev. Mater. Res. vol. 48, no. 1, 1 (2018).
[181] Kresse, G. and Furthmüller, J., Phys. Rev. B vol. 54, 11169 (1996).
[182] Sholl, D. S. and Steckel, J. A., Density functional theory – a practical

introduction (Wiley, Hoboken, N.J, 2009).
[183] Blöchl, P. E., Phys. Rev. B vol. 50, 17953 (1994).
[184] Kresse, G. and Joubert, D., Phys. Rev. B vol. 59, 1758 (1999).
[185] Baldereschi, A., Phys. Rev. B vol. 7, 5212 (1973).

76

http://dx.doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1103/PhysRevLett.100.136406
http://dx.doi.org/10.1103/PhysRevLett.100.136406
https://doi.org/10.1103/PhysRevLett.100.136406
http://dx.doi.org/10.1103/PhysRevLett.100.136406
https://doi.org/10.1103/PhysRevLett.100.136406
http://dx.doi.org/10.1103/PhysRevLett.115.036402
https://doi.org/10.1103/PhysRevLett.115.036402
http://dx.doi.org/10.1103/PhysRevLett.115.036402
https://doi.org/10.1103/PhysRevLett.115.036402
http://dx.doi.org/10.1103/PhysRevLett.51.1884
https://doi.org/10.1103/PhysRevLett.51.1884
http://dx.doi.org/10.1063/1.464304
https://doi.org/10.1063/1.464304
http://dx.doi.org/10.1103/PhysRevA.29.1648
https://doi.org/10.1103/PhysRevA.29.1648
http://dx.doi.org/10.1063/1.1564060
https://doi.org/10.1063/1.1564060
http://dx.doi.org/10.1063/1.1564060
https://doi.org/10.1063/1.1564060
http://dx.doi.org/10.1063/1.2404663
https://doi.org/10.1063/1.2404663
http://dx.doi.org/10.1063/1.2404663
https://doi.org/10.1063/1.2404663
http://dx.doi.org/10.1103/PhysRevB.83.035119
http://dx.doi.org/10.1103/PhysRevB.83.035119
https://doi.org/10.1103/PhysRevB.83.035119
http://dx.doi.org/10.1103/PhysRevMaterials.2.073803
https://doi.org/10.1103/PhysRevMaterials.2.073803
http://dx.doi.org/10.1103/PhysRevMaterials.2.073803
https://doi.org/10.1103/PhysRevMaterials.2.073803
http://dx.doi.org/10.1103/PhysRevLett.100.146401
https://doi.org/10.1103/PhysRevLett.100.146401
http://dx.doi.org/10.1103/PhysRevLett.100.146401
https://doi.org/10.1103/PhysRevLett.100.146401
http://dx.doi.org/10.1103/PhysRevLett.49.1691
https://doi.org/10.1103/PhysRevLett.49.1691
http://dx.doi.org/10.1103/PhysRevLett.49.1691
https://doi.org/10.1103/PhysRevLett.49.1691
http://dx.doi.org/10.1103/PhysRevA.76.040501
http://dx.doi.org/10.1103/PhysRevA.76.040501
https://doi.org/10.1103/PhysRevA.76.040501
http://dx.doi.org/10.1103/PhysRevB.78.235104
https://doi.org/10.1103/PhysRevB.78.235104
http://dx.doi.org/10.1103/PhysRevB.95.075208
http://dx.doi.org/10.1103/PhysRevB.95.075208
https://doi.org/10.1103/PhysRevB.95.075208
http://dx.doi.org/10.1103/PhysRevB.97.121112
https://doi.org/10.1103/PhysRevB.97.121112
http://dx.doi.org/10.1103/PhysRevB.97.121112
https://doi.org/10.1103/PhysRevB.97.121112
http://dx.doi.org/10.1103/PhysRevB.18.7165
https://doi.org/10.1103/PhysRevB.18.7165
http://dx.doi.org/10.1146/annurev-matsci-070317-124453
http://dx.doi.org/10.1146/annurev-matsci-070317-124453
https://doi.org/10.1146/annurev-matsci-070317-124453
http://dx.doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.54.11169
http://dx.doi.org/10.1002/9780470447710
http://dx.doi.org/10.1002/9780470447710
http://dx.doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevB.50.17953
http://dx.doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.59.1758
http://dx.doi.org/10.1103/PhysRevB.7.5212
https://doi.org/10.1103/PhysRevB.7.5212


References

[186] Monkhorst, H. J. and Pack, J. D., Phys. Rev. B vol. 13, 5188 (1976).
[187] Van de Walle, C. G. and Neugebauer, J., J. Appl. Phys. vol. 95, no. 8,

3851 (2004).
[188] Buckeridge, J., Scanlon, D., Walsh, A., and Catlow, C., Comput. Phys.

Commun. vol. 185, no. 1, 330 (2014).
[189] Buckeridge, J., Comput. Phys. Commun. vol. 244, 329 (2019).
[190] Lang, D. V., J. Appl. Phys. vol. 45, no. 7, 3023 (1974).
[191] Stoneham, A., Theory of defects in solids: electronic structure of defects

in insulators and semiconductors, Oxford classic texts in the physical
sciences (Clarendon Press, 2001).

[192] Huang, K., Rhys, A., and Mott, N. F., Proc. R. Soc. A vol. 204, no. 1078,
406 (1950).

[193] Lax, M., J. Chem. Phys. vol. 20, no. 11, 1752 (1952).
[194] Markham, J. J., Rev. Mod. Phys. vol. 31, 956 (1959).
[195] Kim, S., Hood, S. N., Gerwen, P. van, Whalley, L. D., and Walsh, A.,

Carriercapture.jl: anharmonic carrier capture, version v0.3, Mar. 2020.
[196] Martins, A. S., Boykin, T. B., Klimeck, G., and Koiller, B., Phys. Rev. B

vol. 72, 193204 (2005).
[197] Durrant, T. R., Murphy, S. T., Watkins, M. B., and Shluger, A. L., J.

Chem. Phys. vol. 149, no. 2, 024103 (2018).
[198] Fuchs, K. and Fowler, R. H., Proc. R. Soc. A vol. 151, no. 874, 585 (1935).
[199] Leslie, M and Gillan, N. J., J. Phys. C: Solid State Phys. vol. 18, no. 5,

973 (1985).
[200] Makov, G. and Payne, M. C., Phys. Rev. B vol. 51, 4014 (1995).
[201] Freysoldt, C., Neugebauer, J., and Van de Walle, C. G., Phys. Rev. Lett.

vol. 102, 016402 (2009).
[202] Freysoldt, C., Neugebauer, J., and Van de Walle, C. G., Phys. Status

Solidi B vol. 248, no. 5, 1067 (2011).
[203] Komsa, H.-P., Rantala, T. T., and Pasquarello, A., Phys. Rev. B vol. 86,

045112 (2012).
[204] Kumagai, Y. and Oba, F., Phys. Rev. B vol. 89, 195205 (2014).
[205] Rurali, R. and Cartoixà, X., Nano Lett. vol. 9, no. 3, PMID: 19206213,

975 (2009).
[206] Gake, T., Kumagai, Y., Freysoldt, C., and Oba, F., Phys. Rev. B vol. 101,

020102 (2020).
[207] Sky, T. N., Johansen, K. M., Frodason, Y. K., Svensson, B. G., and Vines,

L., J. Appl. Phys. vol. 124, no. 24, 245702 (2018).

77

http://dx.doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1103/PhysRevB.13.5188
http://dx.doi.org/10.1063/1.1682673
https://doi.org/10.1063/1.1682673
http://dx.doi.org/10.1063/1.1682673
https://doi.org/10.1063/1.1682673
http://dx.doi.org/https://doi.org/10.1016/j.cpc.2013.08.026
https://doi.org/https://doi.org/10.1016/j.cpc.2013.08.026
http://dx.doi.org/https://doi.org/10.1016/j.cpc.2013.08.026
https://doi.org/https://doi.org/10.1016/j.cpc.2013.08.026
http://dx.doi.org/https://doi.org/10.1016/j.cpc.2019.06.017
https://doi.org/https://doi.org/10.1016/j.cpc.2019.06.017
http://dx.doi.org/10.1063/1.1663719
https://doi.org/10.1063/1.1663719
https://books.google.no/books?id=jUdrlVC9F0oC
https://books.google.no/books?id=jUdrlVC9F0oC
https://books.google.no/books?id=jUdrlVC9F0oC
http://dx.doi.org/10.1098/rspa.1950.0184
https://doi.org/10.1098/rspa.1950.0184
http://dx.doi.org/10.1098/rspa.1950.0184
https://doi.org/10.1098/rspa.1950.0184
http://dx.doi.org/10.1063/1.1700283
https://doi.org/10.1063/1.1700283
http://dx.doi.org/10.1103/RevModPhys.31.956
https://doi.org/10.1103/RevModPhys.31.956
http://dx.doi.org/10.5281/zenodo.3707592
http://dx.doi.org/10.5281/zenodo.3707592
http://dx.doi.org/10.1103/PhysRevB.72.193204
https://doi.org/10.1103/PhysRevB.72.193204
http://dx.doi.org/10.1103/PhysRevB.72.193204
https://doi.org/10.1103/PhysRevB.72.193204
http://dx.doi.org/10.1063/1.5029818
https://doi.org/10.1063/1.5029818
http://dx.doi.org/10.1063/1.5029818
https://doi.org/10.1063/1.5029818
http://dx.doi.org/10.1098/rspa.1935.0167
https://doi.org/10.1098/rspa.1935.0167
http://dx.doi.org/10.1088/0022-3719/18/5/005
https://doi.org/10.1088/0022-3719/18/5/005
http://dx.doi.org/10.1088/0022-3719/18/5/005
https://doi.org/10.1088/0022-3719/18/5/005
http://dx.doi.org/10.1103/PhysRevB.51.4014
https://doi.org/10.1103/PhysRevB.51.4014
http://dx.doi.org/10.1103/PhysRevLett.102.016402
https://doi.org/10.1103/PhysRevLett.102.016402
http://dx.doi.org/10.1103/PhysRevLett.102.016402
https://doi.org/10.1103/PhysRevLett.102.016402
http://dx.doi.org/10.1002/pssb.201046289
https://doi.org/10.1002/pssb.201046289
http://dx.doi.org/10.1002/pssb.201046289
https://doi.org/10.1002/pssb.201046289
http://dx.doi.org/10.1103/PhysRevB.86.045112
https://doi.org/10.1103/PhysRevB.86.045112
http://dx.doi.org/10.1103/PhysRevB.86.045112
https://doi.org/10.1103/PhysRevB.86.045112
http://dx.doi.org/10.1103/PhysRevB.89.195205
https://doi.org/10.1103/PhysRevB.89.195205
http://dx.doi.org/10.1021/nl802847p
https://doi.org/10.1021/nl802847p
http://dx.doi.org/10.1021/nl802847p
https://doi.org/10.1021/nl802847p
http://dx.doi.org/10.1103/PhysRevB.101.020102
https://doi.org/10.1103/PhysRevB.101.020102
http://dx.doi.org/10.1103/PhysRevB.101.020102
https://doi.org/10.1103/PhysRevB.101.020102
http://dx.doi.org/10.1063/1.5063326
http://dx.doi.org/10.1063/1.5063326
https://doi.org/10.1063/1.5063326


References

[208] Sky, T. N., Johansen, K. M., Frodason, Y. K., Aarholt, T, Riise, H. N.,
Prytz, Ø, Svensson, B. G., and Vines, L, Semicond. Sci. Technol. vol. 34,
no. 2, 025011 (2019).

[209] Reticcioli, M., Diebold, U., Kresse, G., and Franchini, C., “Small
polarons in transition metal oxides”, in Handbook of materials modeling:
applications: current and emerging materials, edited by Andreoni, W. and
Yip, S. (Springer International Publishing, Cham, 2019), pp. 1–39.

[210] Pekar, S. I., Zh. Eksp. Teor. Fiz vol. 16, 335 (1946).
[211] Landau, L. D., Phys. Z Sowjetunion vol. 3, 644 (1933).
[212] Kananen, B. E., Giles, N. C., Halliburton, L. E., Foundos, G. K., Chang,

K. B., and Stevens, K. T., J. Appl. Phys. vol. 122, no. 21, 215703 (2017).
[213] Skachkov, D., Lambrecht, W. R. L., Bardeleben, H. J. von, Gerstmann,

U., Ho, Q. D., and Deák, P., J. Appl. Phys. vol. 125, no. 18, 185701
(2019).

[214] Setvin, M., Franchini, C., Hao, X., Schmid, M., Janotti, A., Kaltak, M.,
Van de Walle, C. G., Kresse, G., and Diebold, U., Phys. Rev. Lett. vol. 113,
086402 (2014).

[215] Look, D. C., Leedy, K. D., Vines, L., Svensson, B. G., Zubiaga, A.,
Tuomisto, F., Doutt, D. R., and Brillson, L. J., Phys. Rev. B vol. 84,
115202 (2011).

[216] Galland, D. and Herve, A., Solid State Commun. vol. 14, no. 10, 953
(1974).

[217] Lyons, J. L., Alkauskas, A., Janotti, A., and Van de Walle, C. G., Phys.
Status Solidi B vol. 252, no. 5, 900 (2015).

[218] Børseth, T. M., Svensson, B. G., Kuznetsov, A. Y., Klason, P., Zhao,
Q. X., and Willander, M., Appl. Phys. Lett. vol. 89, no. 26, 262112 (2006).

[219] Reynolds, D., Look, D., Jogai, B., Van Nostrand, J., Jones, R., and Jenny,
J., Solid State Commun. vol. 106, no. 10, 701 (1998).

[220] Vlasenko, L. S. and Watkins, G. D., Phys. Rev. B vol. 71, 125210 (2005).
[221] Harwig, T. and Kellendonk, F., J. Solid State Chem vol. 24, no. 3, 255

(1978).
[222] Shimamura, K., VÃllora, E. G., Ujiie, T., and Aoki, K., Appl. Phys. Lett.

vol. 92, no. 20, 201914 (2008).
[223] Gao Hantian an Muralidharan, S., Pronin, N., Karim, M. R., White,

S. M., Asel, T., Foster, G., Krishnamoorthy, S., Rajan, S., Cao, L. R.,
Higashiwaki, M., Wenckstern, H. von, Grundmann, M., Zhao, H., Look,
D. C., and Brillson, L. J., Appl. Phys. Lett. vol. 112, no. 24, 242102
(2018).

[224] Vlasenko, L. S. and Watkins, G. D., Phys. Rev. B vol. 71, 125210 (2005).
[225] Zwingel, D. and Gärtner, F., Solid State Commun. vol. 14, no. 1, 45

(1974).

78

http://dx.doi.org/10.1088/1361-6641/aafa4c
http://dx.doi.org/10.1088/1361-6641/aafa4c
https://doi.org/10.1088/1361-6641/aafa4c
http://dx.doi.org/10.1088/1361-6641/aafa4c
https://doi.org/10.1088/1361-6641/aafa4c
http://dx.doi.org/10.1007/978-3-319-50257-1_52-1
http://dx.doi.org/10.1007/978-3-319-50257-1_52-1
https://doi.org/10.1007/978-3-319-50257-1_52-1
http://dx.doi.org/10.1007/978-3-319-50257-1_52-1
https://doi.org/10.1007/978-3-319-50257-1_52-1
http://dx.doi.org/10.1007/978-3-319-50257-1_52-1
http://dx.doi.org/10.1063/1.5007095
http://dx.doi.org/10.1063/1.5007095
https://doi.org/10.1063/1.5007095
http://dx.doi.org/10.1063/1.5092626
http://dx.doi.org/10.1063/1.5092626
https://doi.org/10.1063/1.5092626
http://dx.doi.org/10.1063/1.5092626
https://doi.org/10.1063/1.5092626
http://dx.doi.org/10.1103/PhysRevLett.113.086402
http://dx.doi.org/10.1103/PhysRevLett.113.086402
https://doi.org/10.1103/PhysRevLett.113.086402
http://dx.doi.org/10.1103/PhysRevLett.113.086402
https://doi.org/10.1103/PhysRevLett.113.086402
http://dx.doi.org/10.1103/PhysRevB.84.115202
http://dx.doi.org/10.1103/PhysRevB.84.115202
https://doi.org/10.1103/PhysRevB.84.115202
http://dx.doi.org/10.1103/PhysRevB.84.115202
https://doi.org/10.1103/PhysRevB.84.115202
http://dx.doi.org/https://doi.org/10.1016/0038-1098(74)90401-3
https://doi.org/https://doi.org/10.1016/0038-1098(74)90401-3
http://dx.doi.org/https://doi.org/10.1016/0038-1098(74)90401-3
https://doi.org/https://doi.org/10.1016/0038-1098(74)90401-3
http://dx.doi.org/10.1002/pssb.201552062
https://doi.org/10.1002/pssb.201552062
http://dx.doi.org/10.1002/pssb.201552062
https://doi.org/10.1002/pssb.201552062
http://dx.doi.org/10.1063/1.2424641
http://dx.doi.org/10.1063/1.2424641
https://doi.org/10.1063/1.2424641
http://dx.doi.org/https://doi.org/10.1016/S0038-1098(98)00048-9
http://dx.doi.org/https://doi.org/10.1016/S0038-1098(98)00048-9
https://doi.org/https://doi.org/10.1016/S0038-1098(98)00048-9
http://dx.doi.org/10.1103/PhysRevB.71.125210
https://doi.org/10.1103/PhysRevB.71.125210
http://dx.doi.org/https://doi.org/10.1016/0022-4596(78)90017-8
https://doi.org/https://doi.org/10.1016/0022-4596(78)90017-8
http://dx.doi.org/https://doi.org/10.1016/0022-4596(78)90017-8
https://doi.org/https://doi.org/10.1016/0022-4596(78)90017-8
http://dx.doi.org/10.1063/1.2910768
https://doi.org/10.1063/1.2910768
http://dx.doi.org/10.1063/1.2910768
https://doi.org/10.1063/1.2910768
http://dx.doi.org/10.1063/1.5026770
http://dx.doi.org/10.1063/1.5026770
http://dx.doi.org/10.1063/1.5026770
http://dx.doi.org/10.1063/1.5026770
https://doi.org/10.1063/1.5026770
http://dx.doi.org/10.1063/1.5026770
https://doi.org/10.1063/1.5026770
http://dx.doi.org/10.1103/PhysRevB.71.125210
https://doi.org/10.1103/PhysRevB.71.125210
http://dx.doi.org/https://doi.org/10.1016/0038-1098(74)90229-4
https://doi.org/https://doi.org/10.1016/0038-1098(74)90229-4
http://dx.doi.org/https://doi.org/10.1016/0038-1098(74)90229-4
https://doi.org/https://doi.org/10.1016/0038-1098(74)90229-4


References

[226] Demchenko, D. O., Earles, B., Liu, H. Y., Avrutin, V., Izyumskaya, N.,
Özgür, U., familyi=c., given=H., giveni=H., „ and, Phys. Rev. B vol. 84,
075201 (2011).

[227] Demchenko, D. O., Diallo, I. C., and Reshchikov, M. A., J. Appl. Phys.
vol. 119, no. 3, 035702 (2016).

[228] Bhandari, S., Zvanut, M. E., and Varley, J. B., J. Appl. Phys. vol. 126,
no. 16, 165703 (2019).

[229] Dobaczewski, L., Kaczor, P., Hawkins, I. D., and Peaker, A. R., J. Appl.
Phys. vol. 76, no. 1, 194 (1994).

[230] Büscher, R. and Lehmann, G., Z. Naturforsch. vol. 42, no. 1, 67 (1987).
[231] Mentink-Vigier, F., Binet, L., Vignoles, G., Gourier, D., and Vezin, H.,

Phys. Rev. B vol. 82, 184414 (2010).
[232] Hoshikawa, K., Ohba, E., Kobayashi, T., Yanagisawa, J., Miyagawa, C.,

and Nakamura, Y., J. Cryst. Growth vol. 447, 36 (2016).
[233] Binet, L., Gourier, D., and Minot, C., J. Solid State Chem. vol. 113, no. 2,

420 (1994).
[234] Kopylov, A. A. and Pikhtin, A. N., Sov. Phys. Solid State vol. 16, no. 7,

1200 (1975).
[235] Holston, M. S., Golden, E. M., Kananen, B. E., McClory, J. W., Giles,

N. C., and Halliburton, L. E., J. Appl. Phys. vol. 119, no. 14, 145701
(2016).

[236] Makkonen, I., Korhonen, E., Prozheeva, V., and Tuomisto, F., J. Phys.
Condens. Matter vol. 28, no. 22, 224002 (2016).

[237] Johansen, K., Tuomisto, F., Makkonen, I., and Vines, L., Mater Sci
Semicond Process vol. 69, 23 (2017).

[238] Bang, J., Kim, Y.-S., Park, C. H., Gao, F., and Zhang, S. B., Appl. Phys.
Lett. vol. 104, no. 25, 252101 (2014).

[239] Anderson, P. W., Phys. Rev. Lett. vol. 34, 953 (1975).
[240] Chadi, D. J. and Chang, K. J., Phys. Rev. Lett. vol. 61, 873 (1988).
[241] Hemmingsson, C. G., Son, N. T., Ellison, A., Zhang, J., and Janzén, E.,

Phys. Rev. B vol. 58, R10119 (1998).
[242] Auret, F. D., Goodman, S. A., Hayes, M., Legodi, M. J., Laarhoven, H. A.

van, and Look, D. C., Appl. Phys. Lett. vol. 79, no. 19, 3074 (2001).
[243] Hofmann, D., Pfisterer, D., Sann, J., Meyer, B., Tena-Zaera, R., Munoz-

Sanjose, V., Frank, T., and Pensl, G., Appl. Phys. A vol. 88, no. 1, 147
(2007).

[244] Ellguth, M., Schmidt, M., Pickenhain, R., Wenckstern, H. V., and
Grundmann, M., Phys. Status Solidi B vol. 248, no. 4, 941 (2010).

79

http://dx.doi.org/10.1103/PhysRevB.84.075201
http://dx.doi.org/10.1103/PhysRevB.84.075201
https://doi.org/10.1103/PhysRevB.84.075201
http://dx.doi.org/10.1103/PhysRevB.84.075201
https://doi.org/10.1103/PhysRevB.84.075201
http://dx.doi.org/10.1063/1.4939865
https://doi.org/10.1063/1.4939865
http://dx.doi.org/10.1063/1.4939865
https://doi.org/10.1063/1.4939865
http://dx.doi.org/10.1063/1.5124825
https://doi.org/10.1063/1.5124825
http://dx.doi.org/10.1063/1.5124825
https://doi.org/10.1063/1.5124825
http://dx.doi.org/10.1063/1.357126
https://doi.org/10.1063/1.357126
http://dx.doi.org/10.1063/1.357126
https://doi.org/10.1063/1.357126
http://dx.doi.org/10.1515/zna-1987-0111
https://doi.org/10.1515/zna-1987-0111
http://dx.doi.org/10.1103/PhysRevB.82.184414
http://dx.doi.org/10.1103/PhysRevB.82.184414
https://doi.org/10.1103/PhysRevB.82.184414
http://dx.doi.org/10.1016/j.jcrysgro.2016.04.022
http://dx.doi.org/10.1016/j.jcrysgro.2016.04.022
https://doi.org/10.1016/j.jcrysgro.2016.04.022
http://dx.doi.org/10.1006/jssc.1994.1390
https://doi.org/10.1006/jssc.1994.1390
http://dx.doi.org/10.1006/jssc.1994.1390
https://doi.org/10.1006/jssc.1994.1390
https://scholar.google.com/scholar_lookup?hl=en&publication_year=1975&pages=1200&author=A.+A.+Kopylov
https://scholar.google.com/scholar_lookup?hl=en&publication_year=1975&pages=1200&author=A.+A.+Kopylov
https://scholar.google.com/scholar_lookup?hl=en&publication_year=1975&pages=1200&author=A.+A.+Kopylov
https://scholar.google.com/scholar_lookup?hl=en&publication_year=1975&pages=1200&author=A.+A.+Kopylov
http://dx.doi.org/10.1063/1.4945703
http://dx.doi.org/10.1063/1.4945703
https://doi.org/10.1063/1.4945703
http://dx.doi.org/10.1063/1.4945703
https://doi.org/10.1063/1.4945703
http://dx.doi.org/10.1088/0953-8984/28/22/224002
https://doi.org/10.1088/0953-8984/28/22/224002
http://dx.doi.org/10.1088/0953-8984/28/22/224002
https://doi.org/10.1088/0953-8984/28/22/224002
http://dx.doi.org/10.1016/j.mssp.2016.11.030
https://doi.org/10.1016/j.mssp.2016.11.030
http://dx.doi.org/10.1016/j.mssp.2016.11.030
https://doi.org/10.1016/j.mssp.2016.11.030
http://dx.doi.org/10.1063/1.4884653
https://doi.org/10.1063/1.4884653
http://dx.doi.org/10.1063/1.4884653
https://doi.org/10.1063/1.4884653
http://dx.doi.org/10.1103/PhysRevLett.34.953
https://doi.org/10.1103/PhysRevLett.34.953
http://dx.doi.org/10.1103/PhysRevLett.61.873
https://doi.org/10.1103/PhysRevLett.61.873
http://dx.doi.org/10.1103/PhysRevB.58.R10119
http://dx.doi.org/10.1103/PhysRevB.58.R10119
https://doi.org/10.1103/PhysRevB.58.R10119
http://dx.doi.org/10.1063/1.1415050
http://dx.doi.org/10.1063/1.1415050
https://doi.org/10.1063/1.1415050
http://dx.doi.org/10.1007/s00339-007-3956-2
http://dx.doi.org/10.1007/s00339-007-3956-2
https://doi.org/10.1007/s00339-007-3956-2
http://dx.doi.org/10.1007/s00339-007-3956-2
https://doi.org/10.1007/s00339-007-3956-2
http://dx.doi.org/10.1002/pssb.201046244
http://dx.doi.org/10.1002/pssb.201046244
https://doi.org/10.1002/pssb.201046244


References

[245] Hayes, M., Auret, F., Rensburg, P. J. van, Nel, J., Wesch, W., and
Wendler, E., Nucl. Instrum. Methods Phys. Res. B vol. 257, no. 1-2, 311
(2007).

[246] Hayes, M., Auret, F. D., Rensburg, P. J. J. van, Nel, J. M., Wesch, W.,
and Wendler, E., Phys. Status Solidi B vol. 244, no. 5, 1544 (2007).

[247] Hupfer, A., Bhoodoo, C., Vines, L., and Svensson, B. G., J. Appl. Phys.
vol. 119, no. 18, 181506 (2016).

[248] Mcglone, J. F., Xia, Z., Zhang, Y., Joishi, C., Lodha, S., Rajan, S., Ringel,
S. A., and Arehart, A. R., IEEE Electron Device Lett. vol. 39, no. 7, 1042
(2018).

[249] Gao, W. and Tkatchenko, A., Phys. Rev. Lett. vol. 111, 045501 (2013).

80

http://dx.doi.org/10.1016/j.nimb.2007.01.033
http://dx.doi.org/10.1016/j.nimb.2007.01.033
https://doi.org/10.1016/j.nimb.2007.01.033
http://dx.doi.org/10.1016/j.nimb.2007.01.033
https://doi.org/10.1016/j.nimb.2007.01.033
http://dx.doi.org/10.1002/pssb.200675135
http://dx.doi.org/10.1002/pssb.200675135
https://doi.org/10.1002/pssb.200675135
http://dx.doi.org/10.1063/1.4948241
https://doi.org/10.1063/1.4948241
http://dx.doi.org/10.1063/1.4948241
https://doi.org/10.1063/1.4948241
http://dx.doi.org/10.1103/PhysRevLett.111.045501
https://doi.org/10.1103/PhysRevLett.111.045501


Papers





Paper I

Zn vacancy as a polaronic hole
trap in ZnO

Ymir Kalmann Frodason, Klaus Magnus Johansen, Tor
Svendsen Bjørheim, Bengt Gunnar Svensson, Audrius Alka-
uskas
Published in Physical Review B, March 2017 volume 95, issue 9, pp. 094–105.
DOI: 10.1103/PhysRevB.95.094105.

I

83

https://doi.org/10.1103/PhysRevB.95.094105




PHYSICAL REVIEW B 95, 094105 (2017)

Zn vacancy as a polaronic hole trap in ZnO

Y. K. Frodason,* K. M. Johansen, T. S. Bjørheim, and B. G. Svensson
Centre for Materials Science and Nanotechnology, University of Oslo, N-0318 Oslo, Norway

A. Alkauskas
Center for Physical Sciences and Technology, LT-10257 Vilnius, Lithuania

(Received 16 December 2016; revised manuscript received 15 February 2017; published 10 March 2017)

This work explores the Zn vacancy in ZnO using hybrid density functional theory calculations. The Zn
vacancy is predicted to be an exceedingly deep polaronic acceptor that can bind a localized hole on each of
the four nearest-neighbor O ions. The hole localization is accompanied by a distinct outward relaxation of the
O ions, which leads to lower symmetry and reduced formation energy. Notably, we find that initial symmetry
breaking is required to capture this effect. We present a simple model to rationalize our findings with regard
to the approximately equidistant thermodynamic charge-state transition levels. Furthermore, by employing a
one-dimensional configuration coordinate model with parameters obtained from the hybrid density functional
theory calculations, luminescence line shapes were calculated. The results show that the isolated Zn vacancy is
unlikely to be the origin of the commonly observed luminescence in the visible part of the emission spectrum
from n-type material, but rather the luminescence in the infrared region.

DOI: 10.1103/PhysRevB.95.094105

I. INTRODUCTION

Although there is a plethora of density functional theory
(DFT) studies addressing various aspects of intrinsic defects
in ZnO, precise determination of properties like the formation
energy and thermodynamic charge-state transition levels has
been difficult, and the results scatter widely in the literature.
This is especially evident for the Zn vacancy VZn, where the
reported thermodynamic charge-state transition levels spread
over more than 2 eV [1–13]. The main reason for this large
variation can be divided into two categories [3,14]: (i) the
choice of exchange-correlation functional and (ii) the choice
(or omission) of finite-size corrections. Despite this spread
in results, DFT calculations have provided valuable insights
into the properties of many defects in ZnO. The majority of
studies conclude that VZn is a deep acceptor, the dominant
“native” acceptor-type defect, acting as a compensating center
in n-type material [1,2]. However, theoretical studies that
relied on semilocal and local density functionals, while
providing valuable information, could not properly describe
the localization of holes at VZn as observed experimentally in,
e.g., electron paramagnetic resonance (EPR) studies [15–18].

By employing the Heyd-Scuseria-Ernzerhof (HSE) hybrid
functional [19,20], which intermixes a portion of screened
Hartree-Fock (HF) exchange with the standard general-
ized gradient approximation (GGA) Perdew-Burke-Ernzerhof
(PBE) exchange-correlation functional, we are able to capture
the hole localization at VZn, which drastically modifies its prop-
erties. Furthermore, by using a one-dimensional configuration
coordinate model [21], defect luminescence line shapes and
positions for all optical transitions involving VZn and the band
edges are calculated. The results show that the isolated VZn is
unlikely to be the origin of the luminescence in the visible part
of the emission spectrum from n-type material.

*ymirkf@fys.uio.no

This paper is organized as follows. In Sec. II, we present
computational details, outline how the various quantities are
calculated, and elaborate on the accuracy of the calculations.
In Sec. III, the results are presented and discussed, including
thermodynamics, electronic structure, a simple model for the
energetics of VZn, and optical properties. Section IV concludes
the paper.

II. THEORETICAL FRAMEWORK

A. Computational details

All calculations were performed using the projector
augmented-wave (PAW) method [22–24], as implemented in
the Vienna Ab initio Simulation Package (VASP) [25,26],
using a plane-wave energy cutoff of 500 eV. The Zn 3d,
4s, 4p and O 2s, 2p electrons were considered as valence
electrons. The α-tuned HSE hybrid functional was used with
a screening parameter [19,20] of 0.2 Å−1, and the amount of
exact exchange was set to α = 37.5% [2]. The resulting lattice
parameters for wurtzite ZnO (a = 3.244 Å and c = 5.194 Å)
and band gap (3.42 eV) are in excellent agreement with
experimental data. Defect calculations were performed with
a 96-atom supercell by relaxing all ionic positions but keeping
its shape and volume fixed to those of the pristine supercell.
Ionic optimization was performed until all forces were smaller
than 5 meV/Å, and the break condition for the electronic
self-consistent loop was set to 10−6 eV. Due to the periodic
boundary conditions, defect wave functions may overlap,
causing an artificial dispersion of defect states. This may
lead to an error in the defect formation energy for small
supercells, particularly if a �-only k-point sampling is used
[14,27]. In this work, a special off-� k point at k = ( 1

4 , 1
4 , 1

4 )
was employed in order to minimize this error within the bounds
of computational cost. This setup was checked for several
defects in ZnO against a 72-atom supercell with a 2 × 2 × 2
�-centered k mesh, yielding an average energy difference of
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merely 0.02 eV. Spin-polarized calculations were performed
for all charge states.

B. Defect thermodynamics

The formation energy of a defect in charge state q is given
by [14,28]

Ef(q) = Etot
defect(q) − Etot

bulk −
∑

i

�niμi

+ q(εVBM + εF) + EFNV, (1)

where Etot are the electronic total energies, �ni is the change
in the number of atoms i (Zn, O) with chemical potential μi ,
εF is the Fermi level relative to the bulk valence-band (VB)
maximum εVBM, and EFNV is an electrostatics-based finite-size
correction term used to obtain the formation energy of the
isolated defect from the finite-sized supercell calculation. We
have employed the extended Freysoldt, Neugebauer, and Van
de Walle (FNV) correction scheme [29–31]

EFNV = EPC + q�V PC
q/bulk|far, (2)

where EPC is the anisotropic Madelung energy for a periodic
array of point charges immersed in a neutralizing background
charge. The potential alignment term �V PC

q/bulk|far is the differ-
ence between the defect-induced potential and point-charge
potential in a region far away from the defect,

�V PC
q/bulk|far = (Vdefect,q − Vbulk) − V PC

q . (3)

Since the atomic structure is allowed to relax when defects
are introduced, the atomic site electrostatic potential is used
as a potential marker, as discussed in detail by Kumagai
and Oba [30]. A small uncertainty in the alignmentlike term
arises due to the limited supercell size (less than 0.1 eV). The
Madelung energy is estimated by an Ewald summation, and
the macroscopic dielectric constant, valid for cubic systems,
is replaced by a dielectric tensor. Both ion-clamped and ionic
contributions to the dielectric tensor of the bulk system were
calculated from the self-consistent response of the system to a
finite electric field [32], resulting in the static dielectric tensor
ε⊥ = 7.19 and ε‖ = 8.23. These values are lower than the
experimental ones [33] but closer than those obtained from
density functional perturbation theory with the GGA-PBE
functional [30].

By varying the chemical potential, different experimental
conditions can be explored. Upper and lower bounds are given
by the stability of the phases that constitute the reservoir,
which is expressed by the thermodynamic stability condition
�H f(ZnO) = μZn + μO. The upper bound of μO (and thus
the lower bound of μZn) is given by half the total energy of an
O2 molecule and corresponds to O-rich conditions. Likewise,
the lower limit of μO (and the upper limit of μZn) is given by
the reduction of ZnO to metallic Zn, corresponding to Zn-rich
conditions [1]. The hybrid functional yields a ZnO heat of
formation of �H f(ZnO) = −3.49 eV, which is close to the
experimental value of −3.61 eV [34].

From the calculated defect formation energies, thermody-
namic charge-state transition levels are given by the Fermi

FIG. 1. Configuration coordinate diagram illustrating vibronic
transitions between the neutral and singly positive charge state of
a defect. EZPL gives the thermodynamic charge-state transition level
relative to the conduction-band (CB) minimum (shown in the band
diagram on the right). The horizontal lines in each normal mode are
vibrational energy levels, and the probability of any given vibronic
transition is proportional to the vibrational wave function overlap
between the initial level and final level.

level position for which the formation energy of the defect in
two charge states q1 and q2 is equal, i.e. [14],

ε(q1/q2) = Ef(q1; εF = 0) − Ef(q2; εF = 0)

q2 − q1
. (4)

C. Defect luminescence

Defect luminescence line shapes were calculated by using
the methodology described in Ref. [21], wherein the multidi-
mensional vibrational problem is mapped onto an effective
one-dimensional configuration coordinate diagram [21,35]
(Fig. 1).

The parameters that enter the model are the effective phonon
frequencies �g/e, the zero-phonon line EZPL, and the change
in configuration coordinate �Q, which is defined as

(�Q)2 = M�R2 =
∑

iα

mα(Re,iα − Rg,iα)2. (5)

Here, M is the effective modal mass in atomic units and
�R is the magnitude of the displacement in angstroms
for all atoms α in the supercell (i = {x,y,z}) between the
excited (e) and ground (g) states. Thus, the configuration
coordinate represents the collective motion of all atoms in
the supercell between the different charge states, meaning that
the various individual vibrational modes are replaced by a
single effective mode. All parameters are obtained from the
hybrid DFT calculations by using finite differences. Within
the Franck-Condon approximation, classical absorption and
emission energies may then be defined as Eabs = EZPL − �Eg

and Eem = EZPL + �Ee, respectively. Here, �Eg and �Ee

are relaxation energies, often referred to as Franck-Condon
shifts. Huang-Rhys (HR) factors [35,36] describe the av-
erage number of phonons that are involved in a transition
and can be expressed as Sg = �Eg/h̄�g for emission. The
effective one-dimensional configuration coordinate model is
a good approximation for broad luminescence bands with
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strong electron-phonon coupling (S � 1), as demonstrated in
Refs. [21,37].

D. The self-interaction error

While the value of the fraction of HF exchange used
(37.5%) reproduces the lattice parameters and bulk band gap of
ZnO, this does not necessarily mean that the defect states of VZn

are described correctly [38]. In order to elaborate on possible
overlocalization, all charge states were also calculated using
the original HSE06 functional (25% HF exchange). However,
the results remained qualitatively unaffected regarding the
localization of holes. The VB shifted upward by 0.6 eV, but
the charge-state transition levels remained almost unchanged
when aligned to the average electrostatic potential [39,40].
Moreover, we found the so-called non-Koopmans energy for
V 0

Zn, defined in Refs. [38,41] as

ENK = ε(N ) − EA = ε(N ) − [E(N + 1) − E(N )], (6)

to be small (0.12 eV). Here, ε(N ) is the single-particle energy
of the polaronic state, and EA is the electron addition energy
of the system, i.e., the difference in total energy between
the (N + 1)- and N -electron systems, keeping the ions fixed
to their N -electron ground-state positions. The electrostatic
finite-size correction was applied only to E(N + 1), using the
ion-clamped dielectric tensor, since the two remaining terms
are for the neutral defect. ENK may still contain a small finite-
size error. We conclude, however, that the self-interaction error
is small in the calculations, and importantly, the qualitative
results do not hinge on the specific value used for the exchange
parameter.

III. RESULTS AND DISCUSSION

In wurtzite ZnO, four O ions form a tetrahedron around
every Zn ion and vice versa. In these tetrahedra, we shall refer
to the ions in the three corners of the basal plane as azimuthal
(az) ions, while the ion in the fourth corner will be referred to as
the axial (ax) ion (Fig. 2). When a Zn vacancy is formed, four
Zn-O bonds are broken. The dangling O 2p bonds that remain
are partially filled by six electrons and can accommodate two
more. This simple chemical picture dictates that VZn acts as a
double acceptor. However, it can also trap holes in polaronic
states, as will be shown in Secs. III A and III B.

A. Thermodynamics of the Zn vacancy

Figure 3 shows the formation energy of VZn as a function
of the Fermi level position under O-rich conditions. The
formation energy approaches ∼0.06 eV near the CB minimum,
which indicates that VZn should be the dominating intrinsic
acceptor in n-type ZnO, acting as a compensating center.
This is in agreement with positron annihilation spectroscopy
(PAS) measurements [42] and previous DFT studies [1,2].
However, the majority of previous DFT studies have included
only acceptor charge states of VZn (two examples are shown
in Fig. 3). As shown previously [41,43], VZn can display
positive charge states as well. Indeed, we find both the +
and 2+ states, with thermodynamic transitions located at 0.25
(2+/+), 0.89 (+/0), 1.40 (0/−), and 1.96 eV (−/2−) above
the VB maximum (note that the transitions are approximately

FIG. 2. Probability density for holes occupying polaronic KS
eigenstates in VZn (blue). When the HSE functional is used, holes
lock onto separate O ions (red). When a semilocal functional is used,
the holes delocalize over several O ions due to the self-interaction
error. The wave functions have a distinct O 2p orbital character. The
probability density isosurface was set to 0.02r−3

Bohr. The azimuthal (az)
and axial (ax) O ions are indicated with arrows for V −

Zn.

equidistant). The emergence of both positive and negative
charge states means that VZn is an amphoteric defect. Although
the formation energy is rather high in p-type material, VZn

is predicted to act as a compensating donor in a frozen-in,
out-of-equilibrium scenario.

One might question why the previous hybrid calculations by
Oba et al. [2] deviate so much from our results. The reason for
this is mainly due to the fact that spin polarization was taken
into account only for V −

Zn in Ref. [2] (due to computational
constraints), but minor differences may also arise because a

FIG. 3. The formation energy of VZn (red line) as a function
of the Fermi level position (from the VB maximum to the CB
minimum) under O-rich conditions. Thermodynamic charge-state
transition levels are labeled. Results from two previous DFT studies
are included for comparison (black lines), and the formation energy
of VO (blue line) is included as a benchmark (see text).
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FIG. 4. Configuration coordinate diagrams and luminescence lines for optical transitions involving the Zn vacancy. The respective transitions
are color matched and labeled from (a) to (f) in the configuration coordinate diagrams and luminescence spectrum. From left to right, the peak
positions of the luminescence bands are at 0.71, 0.85, 1.26, 1.40, 1.73, and 2.39 eV.

plane-wave energy cutoff of 300 eV and a �-only k-point
sampling were used in Ref. [2]. We elaborate on this in
Sec. III B.

The calculated position of the (0/−) transition agrees well
with photo-EPR data; Evans et al. [18] inferred that the
threshold energy to excite an electron from V −

Zn to the CB
(to observe the EPR signal of V 0

Zn) is ∼2.5 eV. We obtain an
absorption energy of 2.67 eV for V −

Zn, as shown in Fig. 4(b).
This is somewhat higher than the photo-EPR data, but the
onset shifts down due to vibrational broadening. This can be
shown by simulating the absorption profile, as demonstrated
in Ref. [37].

The O vacancy VO is also included in Fig. 3 for comparison
since the (2+/0) transition level of this defect has become a

benchmark case for defects in ZnO [44]. In fact, the defect
state of VO is fairly well described by a wide range of
different functionals. While there is a large spread in the
reported thermodynamic charge-state transition levels relative
to the VB maximum, the agreement becomes decent when
they are aligned to a common reference level, such as the
average electrostatic potential [44]. We obtain 2.1 eV above
the VB maximum for the (2+/0) transition, which is in
good agreement with previous calculations based on hybrid
functionals [2,3,44]. The defect wave function of VZn, on
the other hand, is poorly described at the (semi)local level,
implying that the energy positions of the thermodynamic
charge-state transition levels depend strongly on the choice
of functional.
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B. Polaronic charge localization

The emergence of the positive charge states of VZn can be
understood by taking a closer look at its electronic and atomic
structure. First, V 2−

Zn is considered, where the O 2p dangling
bond states are completely filled with electrons. By examining
the spd- and site-projected wave-function character of each
KS state, one can deduce that the dangling bonds introduce
three states in the band gap close to the VB maximum and
one resonant with the VB. When one electron is removed,
the spin degeneracy of the resulting half-filled defect state is
broken, and the empty state moves deep into the band gap. As
more electrons are removed, additional empty states exhibiting
polaronic nature appear deep in the band gap until all four
dangling bond states are half filled (V 2+

Zn ). The probability
density of the empty defect states, shown in Fig. 2, illustrates
that each hole localizes onto a single nearest-neighbor O2−
ion in the form of a small hole polaron. This spontaneous
localization of holes is accompanied by a distinct outward
relaxation of the O− ion, which further moves the polaronic
state into the band gap, lowering the total defect energy. The
azimuthal O− ions with trapped holes move away from the
vacancy by approximately 14% of the bulk Zn-O bond length,
which is about twice as far as the azimuthal O2− ions without
trapped holes. This behavior (hole localization with local
lattice distortion) is common for many oxide semiconductors
[45,46].

As pointed out by Janotti et al. [1], the (semi)local
functionals are unable to describe the Zn vacancy (and
thus fail to stabilize V +

Zn and V 2+
Zn ). This is because of

the self-interaction error; a lower total energy occurs by
dividing the hole between multiple O ions. Lany and Zunger
[41] removed this delocalization bias by using a hole-state
potential to enforce fulfillment of the generalized Koopmans
condition, ensuring a linear behavior of the total energy and
a constant behavior of the highest-occupied single-particle
level with respect to fractional occupation [38,41]. This
correction stabilized V +

Zn and V 2+
Zn , but it does not remedy the

severe band gap underestimation of GGA (Eg = 0.73 eV),
leading to an ambiguity in the energy position of the
thermodynamic charge-state transition levels with respect to
the band edges. It must be noted, however, that the overall
result of Lany and Zunger is in good agreement with our
result.

Incorporating a fraction of exact exchange, hybrid func-
tionals cancel (at least in part) the self-interaction error and
provide accurate band gaps. However, previous hybrid DFT
studies employing the HSE, PBE0, and screened-exchange
(sX) functionals did not reveal the positive charge states of VZn

[2,3]. Here, we demonstrate that initial symmetry-breaking
operations, like moving the O ions slightly or specifying
their initial magnetic moment, are a prerequisite to obtain
localization of the holes onto single O ions. Indeed, symmetry
breaking is often necessary to capture polaronic effects [47–
49]. It is also crucial that the ions are relaxed with the hybrid
functional and that spin-polarized calculations are performed
for all charge states. Otherwise, the ground state will not be
obtained; the holes may instead delocalize over more than one
O ion, with no polaronic effects. By breaking the symmetry,
all metastable localized hole configurations were investigated.

The azimuthal configuration of holes, shown in Fig. 2, was
found to be the most stable one, in agreement with EPR data
[15–18]. In addition, a separation of 3.69 Å between the two
O− ions with trapped holes in V 0

Zn was obtained, which is
close to the 3.75 Å inferred from EPR measurements [16,18].
Finally, we find that the high-spin configuration of VZn is
energetically preferred, which means that S = 1/2 for V −

Zn,
S = 1 for V 0

Zn, S = 3/2 for V +
Zn, and S = 2 for V 2+

Zn .
Polaronic hole localization is not unique for VZn in

ZnO. While lattice deformation alone is not sufficient to
induce hole localization [45], polarons can form when an
acceptorlike defect exists at a neighboring Zn site [46].
Indeed, substitutional group-I impurities (LiZn, NaZn) exhibit
the same tendency to stabilize anion-trapped hole polarons
[43,50,51]. Moreover, anion-site substitutional impurities can
lead to deep atomiclike localized states [46]. These effects, in
combination with the very low position of the ZnO VB on an
absolute energy scale and the heavy-hole effective masses,
render p-type doping of ZnO challenging at equilibrium
conditions.

C. A simple model for the Zn vacancy energetics

As mentioned in Sec. III A, the charge-state transition
levels of the Zn vacancy are almost equidistant from
each other, i.e., ε(−/2−) − ε(0/−) ≈ ε(0/−) − ε(+/0) ≈
ε(+/0) − ε(2 + /+). Analysis of the results in Ref. [52] shows
that the same holds for the Ga vacancy and Ga vacancy
complexes with O and H in GaN that similarly exhibit pola-
ronic properties. Therefore, this indicates a more fundamental
reason for such behavior beyond mere coincidence. In this
section we describe a simple model that helps us understand
why charge-state transition levels for VZn in ZnO (as well as
gallium vacancy and its complexes in GaN) are approximately
equidistant.

First, assume the Fermi level position at the VB maximum
(εF = 0 eV in Fig. 3), and as a starting point consider
V 2−

Zn . Adding a hole to the defect lowers the formation
energy by ε0, which includes the polaron formation energy.
Subsequently,

Ef(V −
Zn) = Ef

(
V 2−

Zn

) − ε0.

According to Eq. (4), this translates into the ε(−/2−) charge-
state transition level being located at

ε(−/2−) = ε0

above the VB maximum. Adding another hole lowers the
formation energy of V −

Zn by ε0 − U , where U is the hole-hole
repulsion energy, that is,

ε(0/−) = ε0 − U.

Adding a third hole lowers the energy even less, as now the
hole is repelled by two other holes:

ε(+/0) = ε0 − 2U.

Similarly, for the fourth hole

ε(2 + /+) = ε0 − 3U.
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TABLE I. Effective parameters for the calculated Zn vacancy luminescence transitions in ZnO: total mass-weighted distortion �Q, effective
ground- and excited-state normal-mode frequencies h̄�g/e, zero-phonon-line energy EZPL, peak position (PP), full width at half maximum of
the luminescence band (FWHM), and ground- and excited-state Huang-Rhys factors Sg/e.

Transition �Q (amu1/2Å) h̄�g (meV) h̄�e (meV) EZPL (eV) PP (eV) FWHM (eV) Sg Se

(a) V −
Zn + e− = V 2−

Zn 2.60 34 27 1.48 0.71 0.39 23.4 23.1
(b) V0

Zn + e− = V −
Zn 2.77 31 25 2.04 1.26 0.40 25.2 24.7

(c) V +
Zn + e− = V 0

Zn 2.90 30 25 2.55 1.73 0.40 26.8 26.4
(d) V 2+

Zn + e− = V +
Zn 3.00 28 24 3.19 2.39 0.39 27.2 27.5

(e) V2−
Zn + h+ = V−

Zn 2.60 27 34 1.96 1.40 0.27 23.2 23.5
(f) V−

Zn + h+ = V0
Zn 2.77 25 31 1.40 0.85 0.25 24.7 25.2

This simple model explains why the VZn charge-state transition
levels are approximately equidistant since

ε(−/2−) − ε(0/−) ∼= U, (7)

ε(0/−) − ε(+/0) ∼= U, (8)

ε(+/0) − ε(2 + /+) ∼= U. (9)

Of course, this is only approximately true. The hole-hole
repulsion U corresponds to the so-called Hubbard correlation
energy [53]. By taking the average of Eqs. (7)– (9), the
value can be derived as U � 0.57 eV. Additionally, the
fact that the in-plane configuration of holes is energetically
preferred explains why the separation between the (2+/+)
and (+/0) levels is somewhat larger than the other two;
the fourth hole must localize on the remaining axial O ion
(lower hole addition energy). Taking this into account, i.e.,
considering only Eqs. (7) and (8), the hole-hole repulsion
energy becomes U � 0.53 eV. These considerations help
rationalize our findings with reference to the energetics of
VZn.

D. Optical properties of the Zn vacancy

Optical transitions involving VZn and the band edges have
been investigated. The configuration coordinate diagrams and
calculated line shapes and positions are shown in Fig. 4, and
all the effective parameters for the various transitions are
given in Table I. We find effective normal-mode frequencies
h̄�g/e between 24 and 34 meV, total mass-weighted distortions
between 2.6 and 3.0 amu1/2 Å, and large HR factors between 23
and 28, resulting in broad luminescence lines. This is expected
for optical transitions involving polaronic acceptors like VZn

because of the sizable changes in the atomic geometry between
different charge states [21,46]. Indeed, the main contribution
to �Q comes from the four Zn ions nearest the O− ions with
trapped holes.

Considering ZnO as primarily an n-type material, optical
transitions involving V +

Zn and V 2+
Zn require V 2−

Zn to rapidly trap
three and four holes, respectively. This is perhaps an unlikely
scenario (unless the concentration of photogenerated holes
is extremely high). Accordingly, we restrict the following
discussion primarily to transitions involving V 2−

Zn , V −
Zn, and

V 0
Zn.

The capture of an electron located at the CB minimum
by V −

Zn results in a broad luminescence line shape peaking at

an energy of 0.71 eV. Note, however, that the excited- and
ground-state normal modes overlap close to the minimum
of the excited state [illustrated in Fig. 4(a)]. The energy
barrier from the minimum of the excited state up to the
point of intersection is only 90 meV, implying that the
transition is likely to be nonradiative. Hole capture by V 0

Zn
and V +

Zn is expected to be nonradiative for the same reason
and has been omitted from Fig. 4. In fact, in the latter
case, the effective normal modes intersect at Q < �Q, i.e.,
before the minimum of the excited state is reached. In
contrast, electron capture by V 0

Zn will have both radiative
and nonradiative components since the energy barrier is
0.46 eV. The resulting luminescence line shape peaks at
1.26 eV.

The capture of a hole located at the VB maximum by V 2−
Zn

results in a somewhat narrower luminescence band peaking at
1.40 eV [Fig. 4(e)]. Strictly speaking, since the VB in ZnO
and the defect states of VZn both have O 2p character, this
transition should be forbidden. However, just like for hole
capture by V 3−

Ga in GaN [52], the transition may be allowed
because of the strong polaronic relaxation. Nevertheless, this
transition has to compete with shallower negatively charged
acceptors like Li−Zn, which captures holes nonradiatively in an
efficient manner [54]. Following this logic, the luminescence
might be weak in reality, depending on the purity of the sample
and the concentration of VZn.

Finally, it should be pointed out that the simulation results
in Fig. 4, revealing prevalent VZn-related luminescence at low
energies close to the infrared region in n-type material, are
consistent with recent experimental data by Dong et al. [55]
and Knutsen et al. [56]. Through a combination of cathodolu-
minescence and PAS measurements, it was found in Ref. [55]
that the emission from large VZn clusters peaks at ∼1.9 eV and
shifts to lower energies with decreasing cluster size. Similarly,
using samples irradiated with electrons with energies below
and above the threshold for displacement of Zn atoms, as
well as samples annealed in Zn-rich and O-rich ambients,
Knutsen et al. [56] demonstrated that the luminescence in the
near-infrared region arises from VZn or defects containing VZn.
Especially in the case where VZn forms a complex with a donor,
e.g., VO [57], the most negative thermodynamic charge-state
transition levels would be passivated by the donor electrons.
Hence, one could speculate that a transition similar to (c)
in Fig. 4, peaking in the 1.6–1.9 eV range, would prevail
for such a complex, consistent with the experimental data
[55,56].
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IV. CONCLUSION

Based on the present calculations, we conclude that VZn

in ZnO is a deep polaronic acceptor that can bind a localized
hole on each of its four nearest-neighbor O ions. The distinct
outward relaxation of these O ions is a key feature of the
polaronic nature of VZn, in agreement with experimental EPR
data [15–18].

By employing a one-dimensional configuration coordinate
model [21], luminescence positions and line shapes from
VZn were simulated. In contrast to what has been previously
suggested [1,9,58–60], the present results show that the
isolated VZn is unlikely to be a major source of luminescence in
the visible range for n-type material. All transitions involving
V 2−

Zn , V −
Zn, and V 0

Zn are nonradiative and/or lead to luminescence
line shapes that are very low in energy (near-infrared region).
Electron capture by V +

Zn and V 2+
Zn leads to red and green

luminescence, respectively, but these transitions are unlikely
to occur in n-type material unless the concentration of
photogenerated holes is extremely high. These results are
consistent with recent experimental data [55,56].

The luminescence lines arising from VZn are broad. This is
because of the large relaxation associated with hole capture by

one of the nearest-neighbor O ions, i.e., the strong electron-
phonon coupling. This highlights the important role of hybrid
functionals, which, unlike (semi)local functionals, are able
to predict charge localization associated with local lattice
distortions around defects [14].
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[32] I. Souza, J. Íñiguez, and D. Vanderbilt, Phys. Rev. Lett. 89,

117602 (2002).
[33] N. Ashkenov, B. N. Mbenkum, C. Bundesmann, V. Riede, M.

Lorenz, D. Spemann, E. M. Kaidashev, A. Kasic, M. Schubert,
M. Grundmann, G. Wagner, H. Neumann, V. Darakchieva, H.
Arwin, and B. Monemar, J. Appl. Phys. 93, 126 (2003).

[34] G. S. Parks, C. E. Hablutzel, and L. E. Webster, J. Am. Chem.
Soc. 49, 2792 (1927).

094105-7
91



Y. K. FRODASON et al. PHYSICAL REVIEW B 95, 094105 (2017)

[35] A. M. Stoneham, Theory of Defects in Solids (Oxford University
Press, Oxford, 1975).

[36] K. Huang and A. Rhys, Proc. R. Soc. London, Ser. A 204, 406
(1950).

[37] A. Alkauskas, M. D. McCluskey, and C. G. Van de Walle, J.
Appl. Phys. 119, 181101 (2016).
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Results from hybrid density functional theory calculations on the thermodynamic stability and optical properties
of the Zn vacancy (VZn) complexed with common donor impurities in ZnO are reported. Complexing VZn with
donors successively removes its charge-state transition levels in the band gap, starting from the most negative one.
Interestingly, the presence of a donor leads only to modest shifts in the positions of the VZn charge-state transition
levels, the sign and magnitude of which can be interpreted from a polaron energetics model by taking hole-donor
repulsion into account. By employing a one-dimensional configuration coordinate model, luminescence lineshapes
and positions were calculated. Due to the aforementioned effects, the isolated VZn gradually changes from a mainly
nonradiative defect with transitions in the infrared region in n-type material, to a radiative one with broad emission
in the visible range when complexed with shallow donors.

DOI: 10.1103/PhysRevB.97.104109

I. INTRODUCTION

Zinc oxide—a II-VI compound semiconductor with a wide
direct band gap of 3.44 eV [1]—has been studied quite
extensively over the past decade. Its unique optical and elec-
trical properties, including an exceptionally large free exciton
binding energy of 60 meV, make it attractive for optoelectronic
devices. An ongoing issue holding back this development,
however, is the lack of stable and reproducible p-type ZnO
material. A prerequisite for a successful application of any
semiconductor is a good understanding of native defects, com-
mon impurities, dopants, and their interplay. To this end, unam-
biguous spectroscopic identification of key defects is essential.

Using photoluminescence (PL) spectroscopy, several broad
luminescence bands peaking in the visible part of the emission
spectrum have been observed, both in as-grown and processed
ZnO samples. These bands are known to originate from deep
level centers, but very few have been unambiguously identified.
One example is the characteristic red luminescence band,
hereby referred to as the RL [2], peaking at about 1.8 eV and
exhibiting a low activation energy of thermal quenching of
10–20 meV [3–9]. The RL has been the subject of numerous
experimental studies as its intensity can be raised significantly
via high-energy electron irradiation at room temperature (RT)
[3–6]. While a number of native defects have been invoked as
candidates, a large body of evidence has accumulated towards
a donor-acceptor pair (DAP) transition involving the VZn ac-
ceptor and a residual shallow donor [4–7]. However, the exact
configuration and nature of the defect responsible for the RL
remains elusive.

VZn is the dominant native acceptor-type defect in ZnO
[10], acting as a compensating center in n-type material.

*ymirkf@fys.uio.no

Moreover, VZn can trap a localized hole polaron on each of
its four nearest-neighbor O ions [11,12]. Previously, we have
shown that subsequent electron capture by VZn can give rise
to broad luminescence bands in the infrared (IR) part of the
emission spectrum in n-type material, although the transi-
tions are predominantly most likely nonradiative [12]. In the
present paper, we investigate the thermodynamic and optical
properties of VZn complexed with shallow donor impurities
that are commonly present in as-grown ZnO crystals, namely
H, Al, Ga, and Si. Specifically, we have studied (VZnAlZn),
(VZnGaZn), (VZnSiZn), and (VZnnH) with n = 1,2,3, as well
as three complexes with a combination of different donors,
namely (VZnAlZnH), (VZnAlZn2H), and (VZnSiZnH). Many of
these VZn-donor complexes have already been identified in
processed ZnO samples by electron paramagnetic resonance
(EPR) [4,5,13–15] and infrared (IR) spectroscopy [16–20].
Our theoretical predictions are consistent with such exper-
imental data, and, importantly, provide a guide for future
studies of the broad luminescence bands observed in ZnO and
identification of VZn-donor complexes.

II. METHODOLOGY

A comprehensive description of the employed first-
principles methodology and computational details can be
found in Ref. [12]. A brief summary is given here.

Unless specified, all calculations were based on the gener-
alized Kohn-Sham theory with the Heyd-Scuseria-Ernzerhof
(HSE) [21] hybrid functional and the projector augmented
wave method [22–24], as implemented in the VASP code
[25,26]. The amount of screened Hartree-Fock exchange was
set to α = 37.5%, giving band gap (3.42 eV) and lattice
parameters (a = 3.244 Å and c = 5.194 Å) in excellent agree-
ment with experimental data [1,27]. Defect calculations were
performed using a 96-atom-sized supercell, a plane-wave

2469-9950/2018/97(10)/104109(8) 104109-1 ©2018 American Physical Society
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FIG. 1. A configuration coordinate diagram is shown on the left
side, illustrating vibronic transitions between the ground (neutral) and
excited (singly positive) charge state of a defect. Free electrons (e)
and holes (h) are located at the conduction band (CB) minimum and
valence band (VB) maximum, respectively. EZPL gives the thermody-
namic charge-state transition level relative to the CB minimum (shown
in the band diagram on the right). Eb is the barrier for capture of a free
hole by the neutral defect, EA1 gives the thermodynamic charge-state
transition level relative to the VB maximum, i.e., the energy required
for thermal emission of a hole from the defect to the VB, and
EA2 is the barrier for nonradiative capture of an electron at the CB
minimum [38].

energy cutoff of 500 eV, and a special off-� k point at
k = ( 1

4 , 1
4 , 1

4 ) [28]. Ionic relaxation was carried out consistently
with the hybrid functional, and spin polarization was explicitly
included.

Defect formation energies and thermodynamic charge-state
transition levels were determined by following the standard
formalism [29,30]. The chemical potential of Ga, Al, Si,
and H were referenced to Ga2O3(s), Al2O3(s), SiO2(s), and
H2O(g)/H2(g), respectively. Corrections for the spurious long-
range Coulomb interactions between charged defects, their
periodic images, and the neutralizing jellium were included
by employing the extended [31] Freysoldt-Neugebauer-Van de
Walle scheme [32,33].

As in Ref. [12], defect luminescence lineshapes and posi-
tions were calculated by utilizing the effective one-dimensional
configuration coordinate (CC) model [34,35], shown in Fig. 1,
where the configuration coordinate Q connects the initial
and final states. The parameters that enter the model are the
effective phonon frequencies �g/e, the zero phonon line (ZPL)
energy EZPL, and the change in configuration coordinate �Q,
all of which are obtained from the hybrid density functional
theory calculations. Within the classical Franck Condon ap-
proximation, emission (em) and absorption (abs) energies may
be defined as Eem = EZPL − �Eg and Eabs = EZPL + �Ee,
respectively. Here, �Eg and �Ee are the ground (g) and
excited (e) state relaxation energies, often referred to as Franck-
Condon shifts. Finally, Huang-Rhys (HR) factors [35,36]

describe the average number of phonons that are involved
in a transition and can be expressed as Sg/e = �Eg/e/h̄�g/e

for emission/absorption. The effective one-dimensional CC
model is a good approximation for defects with strong electron-
phonon coupling (large HR factors), as numerically shown in
Refs. [34,37], and this is indeed the case for VZn in ZnO [12,34].

III. RESULTS AND DISCUSSION

A. Defect complex configuration

VZn is tetrahedrally surrounded with a dangling O 2p bond
at each corner. In the neutral charge state, V 0

Zn has two holes,
which occupy polaronic states on the nearest-neighbor O ions
and can be filled by electrons. By forming a complex withVZn, a
donor may directly supply one or both of these electrons. Thus,
e.g., (VZn2H)0 will be neutral with all defect levels filled. As
shown in Fig. 2, such complexes can still trap holes in polaronic
states.

Donors can bind to VZn in several different configurations.
Al, Ga, and Si substitute on a neighboring Zn site and can
either share the same Zn (001) plane as VZn or reside in
one of the two nearest neighbor Zn (001) planes. As shown
for (VZnAlZn) and (VZnSiZn) in Fig. 2, we have explored the
shared Zn-plane configuration, since this is the lowest energy
configuration determined by the generalized gradient approx-
imation in the Perdew-Burke-Ernzerhof [39] parametrization.
Our calculations indicate that hole localization occurs on the
O ion furthest away from the positively charged donor, as also
found experimentally for (VZnAlZn)0 using EPR [14].

H can bind to VZn by terminating one of the four dangling
O 2p bonds [16]. Both axial and azimuthal O-H bond con-
figurations of (VZnnH) complexes with n = 1,2,3 have been
assigned to IR local vibrational modes [16–20]. We obtain very
small differences in total energy between these configurations
for the (VZnH), (VZn2H), and (VZn3H) complexes. Hence, both
configurations are expected to occur, in agreement with IR
spectroscopy data [19,20]. In principle, (VZn3H) can capture
a fourth H, but we find (VZn4H)2+ to be unstable with respect
to (VZn3H)+ and H+

i . Moreover, its formation will likely be
suppressed by Coulomb repulsion as both constituents are
positively charged in the entire range of Fermi level positions
in the band gap [40,41]. This logic holds for other singly
positively charged complexes as well, i.e, (VZnAlZn2H)+ and
(VZnSiZnH)+ are unlikely to accept one more donor. These
complexes are considered as saturated with donors.

B. Defect complex charge-state transition levels

Figure 3 shows the formation energy of the isolated VZn

and the VZn-donor complexes as a function of the Fermi level
position in the O-rich limit. Before addressing the complexes,
we note that the results for the isolated VZn scatter widely in
the literature with regard to the position and number of ther-
modynamic charge-state transition levels. The main reasons
for these variations were discussed previously in Ref. [12].
Furthermore, the (VZnGaZn) complex is omitted from further
discussion, as its charge-state transition levels are identical to
those of the (VZnAlZn) complex (albeit with a 0.2 eV lower
formation energy). Regarding the positions of the charge-state
transition levels in Fig. 3, there are two clear trends:

104109-2
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FIG. 2. Four representative VZn-donor complexes are shown with a single hole trapped in a polaronic O 2p-like state (blue isosurface at
0.01 r−3

Bohr). Subsequent capture of an electron at the CB can potentially give rise to broad luminescence.

(i) Complexing VZn with donors successively removes its
charge-state transition levels in the band gap, starting from the
most negative one. AlZn, GaZn, and H are single donors and
remove one transition level, while SiZn is a double donor and
removes two transition levels. If the number of donor electrons
exceeds two, the complex becomes a donor with characteristics
similar to those of the isolated donor. For instance, (VZn3H) be-
comes a shallow single donor where the third donor electron oc-
cupies a hydrogenic effective mass state just below the CB [41].

(ii) Similar to VGa-donor complexes in GaN [42], the
thermodynamic charge-state transition levels of the isolated
VZn are not overly affected by the presence of donors; the
respective levels shift within narrow ranges in the band gap,
as indicated in Fig. 3. Interestingly, the transition levels of
complexes containing H shift down, while those containing
other donors shift up, relative to the isolated VZn levels. This
behavior can be interpreted through the polaron energetics

FIG. 3. Formation energy ofVZn-donor complexes as a function of
the Fermi level position from the VB maximum to the CB minimum,
under O-rich conditions. The shaded vertical bars in the left panel
indicate the Fermi level range of the charge-state transition levels of
VZn and the complexes.

model introduced in Ref. [12], by also considering the elec-
trostatic repulsion between hole polarons and donors. For
example, consider the (0/−) transition levels. Adding a hole
polaron to V −

Zn lowers its energy by the hole polaron addition
energy ε0 minus the hole-hole repulsion Uhole. When adding
a hole polaron to the (VZnAlZn)− complex, however, Uhole is
replaced by the hole-Al+Zn repulsion UAl. Since Al+Zn is located
outside the vacancy, UAl < Uhole, and thus the (0/−) transition
level of (VZnAlZn) shifts up in energy, relative to the isolated
VZn. Similar arguments apply to the (VZnH) complex; since
H+ resides within the vacancy, it causes the O2− tetrahedron
surrounding the vacancy to contract. As a result, the hole-H+
distance in (VZnH)0 is significantly shorter than the hole-hole
distance in V 0

Zn, and so UH > Uhole, and the (0/−) level shifts
down in energy. Estimating the hole-donor repulsion, the
polaron energetics model can be used to qualitatively predict
the energy position of the charge-state transition levels of any
VZn-donor complex, relative to those of VZn.

For (VZn3H), we find that the hole-donor repulsion is too
strong for a hole polaron to become trapped, i.e., (VZn3H)2+
is unstable. However, based on the polaron energetics model,
the hole-donor repulsion is anticipated to be smaller if one
or two H+ ions in (VZn3H) are replaced by Al+Zn, Ga+

Zn, or
Si2+

Zn . For this reason, we have investigated the (VZnAlZn2H)
and (VZnSiZnH) complexes. Interestingly, we find that a hole
polaron can be stabilized for (VZnAlZn2H), with the (2+/+)
level occurring 0.13 eV above the VB maximum. Similarly,
when replacing two H+ ions in (VZn3H) with Si2+

Zn , the (2+/+)
level of the resulting (VZnSiZnH) complex is located even
deeper in the gap, at 0.43 eV above the VB maximum. To
complete the picture, (VZnAlZnH) was also investigated. The
(+/0) level of this complex occurs 0.90 eV above the VB
maximum, approximately halfway between the (+/0) level of
(VZnAlZn) and (VZnH) as expected.

The calculated (0/−) transition level of (VZnAlZn) exhibits
close agreement with recent photo-EPR data; Stehr et al.
[14] detected the EPR signal of (VZnAlZn)0 only when the
photon energy exceeded ∼2.4 eV. Based on the CC model, we
obtain a classical absorption energy of 2.54 eV. However, the
absorption onset will be lower due to vibrational broadening
[37]. To enable a more valid comparison, we have simulated
the absorption profile, including vibrational broadening, by
following the scheme outlined in Ref. [43]. As shown by the
relative comparison in Fig. 4, the resulting absorption profile
is in good agreement with the photo-EPR data [14]. Moreover,
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FIG. 4. Simulated absorption cross section for (VZnAlZn)− and
EPR signal of (VZnAlZn)0 as a function of the photon energy of light
illumination [14]. The peak of the calculated profile is normalized to
the maximum EPR data point.

Stehr et al. [14,44] detected a signal from the isolated V −
Zn

under illumination with photon energies exceeding ∼2.1 eV.
If one assumes that the vibrational broadening for (VZnAlZn)
and VZn is similar, the experimental data suggest a difference
of ∼0.3 eV between the (0/−) level of (VZnAlZn) and (−/2−)
level of VZn, which is in good agreement with our calculations
(0.40 eV) and consistent with the polaron energetics model
(UAl < Uhole). The calculated (0/−) transition level of (VZnH)
similarly exhibits close agreement with photo-EPR data by
Evans et al. [5].

C. Defect complex thermodynamics

An important question is whether VZn-donor complexes are
likely to be present in as-grown ZnO samples and not just
in post-growth processed ones, and if they are stable at RT.
A stable complex implies that the defect reaction to form
the complex lowers the total energy, i.e., the defect complex
must have a positive “removal” energy. The removal energy
is defined as the difference in formation energy between the
defect complex and the isolated constituents (in their most
stable configuration) when one donor is removed from the
complex. For instance, the removal energy of (VZn2H) is given
by

Er[(VZn2H)0] = Ef[(VZnH)−] + Ef(H+
i ) − Ef [(VZn2H)0],

which is well defined, as all terms in the equation pertain to
the lowest-energy charge configuration for n-type conditions.
The removal and formation energy of the VZn-donor complexes
and their constituents, for n-type conditions (εF at CBM), are
provided in Table I. In the case of VZn-donor complexes with a
combination of different donors, the energy for removal of
H is given. The removal energies of (VZnAlZn), (VZnGaZn),
(VZnH), and (VZn2H) are in good agreement with previous HSE
calculations by Steiauf et al. [45] and Lyons et al. [46].

All the removal energies are positive and large, meaning
that the complexes are expected to be stable at RT. However,
assuming thermodynamic equilibrium at the growth tempera-
ture, a positive removal energy does not necessarily mean that
a sizable fraction of constituents will form complexes during
materials growth [47]. This is because complex formation

TABLE I. Formation and removal energy of VZn-donor complexes
and their constituents under n-type conditions. Formation energies
are provided for O-rich, O-poor, and intermediate (halfway between
O-rich and O-poor) conditions.

Ef (εF at CBM) (eV)
Defect O-rich intermediate O-poor Er (eV)

H+
i 2.79 2.05 1.31

Al+Zn 1.99 1.12 0.25
Ga+

Zn 1.76 0.89 0.02
Si2+

Zn 4.90 3.16 1.41
V 2−

Zn 0.02 1.77 3.51

(VZnH)− −0.23 1.01 1.78 3.04
(VZn2H)0 0.39 0.67 0.92 2.17
(VZn3H)+ 1.80 1.33 0.85 1.38
(VZnAlZn)− 0.77 1.65 2.52 1.24
(VZnAlZnH)0 1.05 1.19 1.32 2.51
(VZnAlZn2H)+ 2.07 1.47 0.86 1.77
(VZnGaZn)− 0.57 1.45 2.32 1.21
(VZnSiZn)0 2.46 2.46 2.46 2.46
(VZnSiZnH)+ 3.02 2.28 1.54 2.23

generally lowers the configurational entropy. In order for the
equilibrium concentration of a defect complex to be larger than
that of either constituent, its formation energy should generally
be lower than that of both constituents [30,47]. Considering
the intermediate formation energies given in Table I (the
O-rich/poor limits are not usually accessed during materials
growth), most of the VZn-donor complexes have a formation
energy that is lower than or at least comparable to that of their
constituents. Consequently, such VZn-donor complexes, and
especially the (VZnnH) ones, are likely to form even during
materials growth. Note that the complexes may also form under
nonequilibrium conditions. For instance, if the individual
constituents are incorporated during growth, complexes can
form during cooldown [47]. In this scenario, formation of
complexes involving H is anticipated to take place rapidly,
because of the high mobility of Hi even at RT [40,48–50].

The absolute and relative concentration of different VZn-
donor complexes will depend on the synthesis method used,
governed by the presence of VZn and impurities during the
growth. Indeed, according to secondary ion mass spectrometry
(SIMS) data [51], the concentration of Al and Si in as-grown
ZnO single crystals typically varies between 1015 and 1017

cm−3 for different growth techniques (Ga is less abundant
[52]), while the concentration of H is below the typical SIMS
detection limit of 5 × 1017 cm−3. In addition, several kinds
of different traps compete with VZn for Hi , such as LiZn

[20,53,54], a common impurity in hydrothermally grown (HT)
ZnO. Moreover, despite VZn being the most likely intrinsic
defect to form under realistic growth conditions [46], a large
equilibrium concentration of VZn is not expected. Assuming
the intermediate formation energy value of 1.77 eV in Table I
(n-type material), an equilibrium concentration of 2 × 1014 to
4 × 1016 cm−3 is obtained at 800−1200 ◦C. Note that even
small changes in the Fermi level position or the chemical
potential will change the formation energy of VZn, and thus
the equilibrium concentration, by a significant amount. For
instance, intentional n-type doping promotes the formation of
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TABLE II. Effective parameters for the calculated luminescence transitions; total mass-weighted distortion (�Q), ground- and excited-state
normal mode frequencies (h̄�g/e), classical absorption and emission energies (Eabs/em), ZPL energy (EZPL), peak position (PP), full width at
half maximum of the luminescence band (FWHM), ground- and excited-state Huang-Rhys factors (Sg/e), and classical barrier for nonradiative
capture of photogenerated holes (Eb). The minor discrepancy between Eem and PP is caused by the additional energy term 1

2 h̄(ωe − ωg) in the
quantum treatment within the harmonic approximation, as well as the slight anharmonicity of the normal modes obtained from the hybrid DFT
calculations.

Transition �Q (amu1/2 Å) h̄�g/e (meV) Eabs/em (eV) EZPL (eV) PP (eV) FWHM (eV) Sg/e Eb (meV)

(VZnAlZn)0/− 2.70 33/27 2.54/1.07 1.88 1.07 0.41 25/24 620
(VZnAlZn)+/0 2.66 33/27 3.14/1.69 2.48 1.65 0.43 24/24 50
(VZnAlZn)2+/+ 3.00 28/24 3.70/2.23 3.03 2.21 0.39 28/27 310
(VZnAlZnH)+/0 3.09 28/25 3.23/1.69 2.54 1.69 0.39 30/28 20
(VZnAlZnH)2+/+ 3.59 25/23 3.91/2.25 3.14 2.22 0.38 35/34 90
(VZnAlZn2H)2+/+ 3.83 25/23 4.15/2.37 3.31 2.28 0.39 38/37 170
(VZnSiZn)+/0 2.70 33/27 3.14/1.43 2.24 1.39 0.43 25/25 180
(VZnSiZn)2+/+ 2.67 33/27 3.56/2.10 2.89 2.05 0.43 25/24 10
(VZnSiZnH)2+/+ 2.98 30/26 3.70/2.16 3.01 2.16 0.40 29/27 20
(VZnH)0/− 2.95 30/25 2.79/1.30 2.12 1.30 0.39 27/27 240
(VZnH)+/0 3.14 28/25 3.40/1.83 2.66 1.81 0.39 31/29 10
(VZnH)2+/+ 3.63 25/22 4.09/2.53 3.37 2.46 0.37 34/35 170
(VZn2H)+/0 3.42 26/24 3.54/1.85 2.73 1.84 0.37 34/34 10

VZn and VZn-donor complexes in ZnO [55–57]. For melt grown
(MG) ZnO from Cermet inc., and vapor phase (VP) grown ZnO
from EaglePicher, positron annihilation spectroscopy (PAS)
measurements show a concentration of open-volume defects
related to VZn below the PAS detection limit of 1 × 1015 cm−3

[6,58]. In addition, EPR measurements show that the concen-
tration of isolatedVZn in MG ZnO from Cermet inc. is below the
detection limit of 1 × 1013 cm−3 [14]. This indicates that: (i)
very few VZn’s are formed during materials growth for these
techniques, and/or (ii) most VZn’s are saturated with donors,
e.g., (VZn3H), and thus not detected using PAS and EPR. The
latter interpretation is strongly favored by the data in Table I.

D. Defect complex luminescence

Optical transitions involving electron capture from the CB
by (VZnAlZn), (VZnSiZn), (VZnH), (VZn2H), (VZnAlZn2H), and
(VZnSiZnH) have been explored. The effective parameters for
all transitions are provided in Table II. We find effective
normal-mode frequencies h̄�g/e between 22 and 33 meV, total
mass-weighted distortions between 2.6 and 3.9 amu1/2 Å, and
Huang-Rhys factors between 24 and 37 for these VZn-donor
complexes. Moreover, we obtain quite consistent relaxation
energies for VZn and the VZn-donor complexes, which is
reasonable because the atomic movement is roughly the same
in every case, i.e., hole capture is always accompanied by a
distinct outward relaxation of the O− ion [12].

We focus on PL experiments carried out at low excitation in-
tensities and thus restrict the following discussion to transitions
involving electron capture by complexes with a single trapped
hole polaron. The resulting luminescence lines are shown in
Fig. 5. As indicated in the figure, complexing VZn with donors
effectively shifts its emission from the infrared region towards
the visible range of the spectrum. The main origin of this shift is
the electrostatic repulsion between the hole polaron and donor,
and its magnitude depends on the nature, configuration, and
number of donors in the complex. For instance, the emission

from (VZnH) shifts to a higher energy than (VZnAlZn), mainly
because UAl < UH (see Sec. III B). Notably, the calculated
luminescence lines for (VZn2H), (VZnAlZn2H), and (VZnSiZnH)
are predicted to peak in the visible part of the spectrum.
However, the two latter complexes have not been identified
experimentally. Moreover, they are positively charged in the
ground state, which is likely to have a significant impact on
their ability to capture photogenerated holes.

During PL experiments carried out at low excitation inten-
sities, photogenerated holes are more likely to be captured by
defects with large nonradiative hole capture coefficients like
LiZn [59]. For this reason, the classical barrier for nonradiative
hole capture from the VB (Eb) is included in Table II. As shown
in Fig. 1, this barrier corresponds to the energy required to reach
the crossing point between the two potential energy surfaces,
i.e., the point where their vibronic coupling is most efficient.
Based on the calculated Eb values, one can expect the intensity
of the luminescence from, e.g., (VZn2H) to be higher than that
of (VZnAlZn), since hole capture is anticipated to take place
rapidly for (VZn2H). Furthermore, it should be pointed out
that the transitions involving electron capture from the CB by
V −

Zn, (VZnAlZn)0, (VZnH)0, and (VZnSiZn)+ may have significant
nonradiative components; the classical barrier for nonradiative
electron capture EA2 (as shown in Fig. 1) is only 0.09 [12],
0.31, 0.42, and 0.60 eV, respectively. These will be lower in
the quantum treatment [59], and so the luminescence from an
isolated VZn [12,60] and VZn complexed with a single donor
might be weak in reality. Indeed, nonradiative recombination is
usually stronger than radiative recombination at low emission
energies [37,60–62]. Note that nonradiative processes do not
interfere with absorption.

E. The red luminescence band

Finally our theoretical predictions are discussed in light of
experimental data by Kappers et al. [4], Knutsen et al. [6], and
Vlasenko et al. [3], where the aforementioned RL emerges
after high-energy electron irradiation:

104109-5
99



Y. K. FRODASON et al. PHYSICAL REVIEW B 97, 104109 (2018)

FIG. 5. PL spectra showing calculated positions and lineshapes for VZn-donor complexes. Experimental data from Ref. [6] are included,
showing optical emission from MG Cermet inc. samples under 325 nm excitation at 10 K before and after irradiation by 1.2 MeV electrons.
The peak intensity of the RL from Ref. [6] is normalized to the calculated (VZn2H) peak intensity.

(i) Kappers et al. [4] carried out a PL and EPR study of VP
grown EaglePicher ZnO samples before and after irradiation
with 2.0 MeV electrons at RT. After irradiation, the carrier
concentration was reduced by three orders of magnitude, and
an intense RL band peaking at about 1.8 eV was observed;
the donor-bound exciton lines commonly attributed to H (I4),
Al (I6), Ga (I8), and In (I9) were strongly suppressed, and
the EPR signals of Fe3+ and V −

Zn were detected in darkness.
Photo-EPR data unveiled additional signals from V 0

Zn, V +
O ,

and VZn complexed with H, Al, and Ga [4,5]. Based on
these observations, the RL was assigned to a DAP transition
involving the VZn acceptor and shallow donors [4].

(ii) Knutsen et al. [6] employed PL, PAS, and Hall ef-
fect measurements to study MG Cermet inc. ZnO samples
irradiated with electrons with energies below and above the
threshold for displacement of Zn atoms, as well as samples
annealed in Zn-rich and O-rich ambients. The RL band was
assigned to a DAP transition involving VZn-related acceptors
and shallow donors. Two PL spectra from Ref. [6], before and
after irradiation by 1.2 MeV electrons, are shown in Fig. 5.
Our calculated luminescence line for the (VZn2H) complex is
in excellent agreement with the experimental data. This is also
the case for (VZnH)+/0 (Table II), but would require (VZnH)−
to capture two photogenerated holes in n-type material, which
is perhaps unlikely for low excitation intensities.

(iii) Vlasenko and Watkins [3,63] performed a PL and
optically detected magnetic resonance (ODMR) study of VP
grown EaglePicher ZnO samples before and after irradiation
with 2.5 MeV electrons, in situ at 4.2 K, followed by sequential
isochronal annealing. The irradiation at 4.2 K produced a
broad “double-humped” IR band peaking at about 1.38 and
1.65 eV and suppressed the donor-bound exciton lines. The
annealing stages were characterized by the disappearance of
the double-humped IR band (∼65−150 K), emergence of the
RL band (∼180−230 K), and partial annealing of the RL at
RT. This strong evolution below RT suggests migration or

rearrangement of point defects, where Zni [64], Oi [65], and Hi

[40,48,49] are the most likely candidates. Indeed, Vlasenko and
Watkins [3] attributed the first annealing stage (∼65−150 K)
to Zni migration, owing to the disappearance of ODMR signals
associated with Zn2+

i and Zn2+
i −V 2−

Zn Frenkel pairs. No ODMR
signal from Oi was observed, but the emergence of the RL band
after the second annealing stage was tentatively associated with
Oi migration [3].

High-energy electron irradiation at cryogenic temperatures
generates predominantly elementary point defects V 2−

Zn , Zn2+
i ,

V 0
O, and O2−

i,oct or O0
i,split [46,66] (n-type material). ZnO is known

to exhibit very strong dynamic annealing at RT. Hence, as
suggested by Vlasenko and Watkins [3], it seems likely that
the double-humped IR band originates from close Zni−VZn

Frenkel pairs, which annihilate after the first annealing stage.
The second annealing stage, characterized by the emergence of
the RL, presumably involves migration or rearrangement of Oi

[3] or Hi . However, the RL is only observed to increase when
the irradiation energy is above the threshold for displacement
of Zn atoms [6,67], which strongly suggests that it is related to
VZn. EPR signals from VZn complexed with H have been de-
tected by several groups after high-energy electron irradiation
at RT [4,5,13]. Migration of Hi and trapping at VZn, leading
to growth of the RL, is consistent with this picture. Moreover,
capture of a third H would account for the partial anneal of
the RL at RT, which also depends on the electron dose and
type of ZnO sample, as observed by Vlasenko and Watkins
[3,63]. We underline that further work is required to unravel
the microscopic mechanism governing the formation of these
complexes [14]. Indeed, while H is an omnipresent impurity
in ZnO, most of it is expected to occur in a bound state [48], or
as “hidden” H2 molecules [68]. One could speculate that the
Oi generated by the electron irradiation releases free Hi via a
reaction with HO [66].

The proposed defect model should also provide an explana-
tion for the unusual thermal quenching of the RL band, starting
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at about 30 K with a low activation energy of 10–20 meV.
Thermal quenching of PL bands caused by DAP transitions in
ZnO usually occur through thermal emission of bound holes
to the VB, followed by a redistribution of these holes to other
recombination channels [38]. However, the activation energy
for thermal quenching within this model, corresponding to
EA2 in Fig. 1, is 0.71 eV for (VZn2H), which is too high.
Alternatively, the quenching could occur through a gradual
conversion from radiative to nonradiative electron capture,
but the activation energy within this model, corresponding
to EA1 in Fig. 1, is 1.35 eV for (VZn2H). Knutsen et al. [6]
suggested that the quenching of the RL might occur via thermal
delocalization of excitons bound to shallow donors that take
part in the transition. By applying Haynes rule, the ionization
energy of the shallow donor was estimated to be very close to
the H-related I4 line. However, as pointed out by Reshchikov
et al. [8], the efficiency of a DAP recombination is normally
limited by the rate of hole capture, meaning that ionization
of shallow donors is unlikely to cause the PL quenching,
even though we expect hole capture by (VZn2H) to be very
efficient (Eb is only 10 meV). Knutsen et al. [6] also suggested
thermal activation of a dominant nonradiative channel, but
this model failed to explain why other bands quenched with
different activation energies. A detailed study of the RL may
be required to understand its thermal quenching behavior. For
instance, PL measurements at temperatures above 300 K could
be pursued in order to investigate whether a second activation
energy, related to thermal emission of bound holes (EA2), can
be observed. If (VZn2H) is responsible, the activation energy
should be approximately 0.7 eV according to our calculations.

IV. CONCLUSION

Employing hybrid density functional theory calculations,
we have shown that VZn can form highly stable complexes
with the residual shallow donors H, Al, Ga, and Si in ZnO.
Most of the studied VZn-donor complexes, and particularly the

(VZnnH) ones, have a formation energy that is lower than or at
least comparable to their individual constituents, meaning that
they are likely to form not only during post-growth processing
but even during materials growth. However, the absolute and
relative concentration of different complexes is expected to
depend strongly on the synthesis method used. Importantly,
the results evidence that VZn-donor complexes can have a
crucial impact on the electrical and optical properties of ZnO
and should be considered when interpreting corresponding
experimental data.

Furthermore, by using an effective one-dimensional CC
model, defect complex luminescence positions and lineshapes
were calculated. The results show that complexing VZn with
donors effectively shifts the VZn emission from the IR towards
the visible range of the spectrum. The magnitude of the
shift depends on the nature, configuration, and number of
donors in the complex and can be interpreted from a polaron
energetics model. Based on comparison with a compilation of
experimental data in the literature [3–7], the (VZn2H) complex
is proposed as a potential origin of the high-energy electron
irradiation induced RL peaking at about 1.8 eV, which is
commonly believed to be VZn related [4,6,7]. Above all, our
theoretical predictions provide useful input for future optical
studies of ZnO and VZn-donor complex defect assignment.
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Hybrid functional calculations reveal the Zn-O divacancy in ZnO, consisting of adjacent Zn and O vacancies,
as an electrically active defect exhibiting charge states ranging from 2+ to 2− within the band gap. Notably,
the divacancy retains key features of the monovacancies, namely, the negative-U behavior of the O vacancy and
the polaronic nature of the Zn vacancy. The thermodynamic charge-state transition levels associated with the
negative-U behavior ε(0/2−), ε(−/2−), and ε(0/−) are predicted to occur at 0.22, 0.42, and 0.02 eV below the
conduction band minimum, respectively, resulting in U = −0.40 eV. These transition levels are moved closer
to the conduction band, and the magnitude of U is lowered compared to the values for the O vacancy. Further,
the interaction with hydrogen is explored, and it is shown that the divacancy can accommodate up to three H
atoms. The first two H atoms prefer to terminate O dangling bonds at the Zn vacancy, while the geometrical
location of the third depends on the Fermi level position. The calculated electrical properties of the divacancy
are in excellent agreement with those reported for the E4 center observed by deep-level transient spectroscopy,
challenging the O vacancy as a candidate for this level.

DOI: 10.1103/PhysRevB.99.174106

I. INTRODUCTION

The Zn and O vacancies (VZn and VO) are among the
most widely studied point defects in ZnO and are frequently
invoked to explain experimental results. First-principles de-
fect calculations based on semilocal density functional theory,
as well as purposely designed extrapolation techniques to
alleviate the band-gap problem of this theory, have been in-
dispensable in elucidating various properties of these defects
in the past [1,2]. More recently, defect calculations based on
optimized hybrid functionals have emerged as a viable, albeit
computationally demanding, approach to obtain defect energy
levels that generally agree well with experimental data [3,4].
For instance, it is now widely accepted that VO is a deep
donor with negative-U character [5–8], i.e., that the energy
gain associated with electron pairing at VO coupled with a
large lattice relaxation overcomes the Coulomb repulsion of
the two electrons resulting in a net attractive interaction [9].
VZn, on the other hand, is predicted to act as a deep acceptor
that can trap up to four holes in polaronic states [10–14].
However, experimental verification related to, e.g., the energy
level position and optical signature of VO and VZn remains
controversial.

Several recent experimental studies highlight the close-
associate VZnVO pair, hereby referred to as the divacancy, as
another important defect in ZnO, especially in processed sam-
ples, e.g., after irradiation, annealing, or polishing [15–17]. In
contrast to its isolated constituents, however, first-principles
calculations on the divacancy are scarcely available in the lit-
erature [16,18–22] and are predominantly based on semilocal
functionals. In the present work, we apply hybrid functional

*ymirkf@fys.uio.no

calculations to investigate the properties of the divacancy.
Since the divacancy combines a donor with an acceptor, one
might intuitively expect a passive and overall neutral pair.
Interestingly, our calculations unveil the divacancy as a highly
electrically active defect. Moreover, we find that the divacancy
retains characteristics of both isolated constituents, namely,
the negative-U property of VO and the ability of VZn to trap
holes in polaronic states. Furthermore, we investigate the in-
teraction between divacancies and hydrogen—an omnipresent
impurity that is known to occupy VO and VZn in ZnO—and
find that the divacancy can accommodate up to three H atoms.
Our results are compared with experimental electron para-
magnetic resonance (EPR) spectroscopy, deep-level transient
spectroscopy (DLTS), and photoluminescence data.

II. METHODOLOGY

Unless specified otherwise, all first-principles calculations
were based on the generalized Kohn-Sham (KS) theory with
the Heyd-Scuseria-Ernzerhof (HSE) [23] hybrid functional
and the projector augmented-wave method [24–26], as imple-
mented in the VASP code [27,28]. The screening parameter was

fixed to the standard value ω = 0.2 Å
−1

[23], and the amount
of screened Hartree-Fock exchange was set to α = 37.5% [5].
This parametrization of HSE yields a band gap of 3.42 eV
and an accurate description of the structural and electronic
properties of wurtzite ZnO [29], which is an indispensable
requirement for obtaining reliable defect energy levels [30].

Defect formation energies and thermodynamic charge-
state transition levels were calculated by following a well-
established method [30,31]. For instance, the formation
energy of the divacancy in charge state q is given by

Eq
f (VZnVO) = Eq

tot(VZnVO) − Ebulk
tot + μZn + μO + qεF, (1)
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where Eq
tot(VZnVO) and Ebulk

tot denote the total energy of the
defect-containing and pristine supercells, μZn and μO are the
chemical potentials of the removed Zn and O atom, and εF is
the Fermi level position relative to the bulk valence band max-
imum (VBM). The chemical potential depends on the experi-
mental conditions, but upper and lower bounds are placed by
the thermodynamic stability condition �H f(ZnO) = μZn +
μO, where �H f(ZnO) is the formation enthalpy of ZnO.
The upper limit of μO (O-rich conditions) and μZn (O-poor
conditions) is given by the total energy per atom of an O2

molecule and metallic Zn, respectively [2]. Note that the
formation energy of the divacancy is independent of the
specific conditions, as μZn and μO are connected through
the stability condition. The chemical potential of H was refer-
enced to H2, including H2O as a limiting phase under O-rich
conditions. For charged defects, we applied the anisotropic
[32] Freysoldt–Neugebauer–Van de Walle correction to the
formation energy [33,34].

Thermodynamic charge-state transition levels ε(q1/q2) are
given by the Fermi level position for which the formation
energy of a defect in two charge states q1 and q2 is equal
[30]. The effective correlation energy U for a defect d
exhibiting three successive charge states q1, q2, and q3 is
given by the difference between the corresponding thermo-
dynamic charge-state transition levels, i.e., U = ε(q2/q3) −
ε(q1/q2) = Eq1

f (d ) + Eq3

f (d ) − 2Eq2

f (d ) [9,35]. Optical emis-
sion and absorption energies and activation energies for
carrier emission are estimated by using the effective one-
dimensional configuration coordinate (CC) model, as de-
scribed in Refs. [30,36,37].

Lyons et al. [14] recently pointed out that a 192-atom
supercell is required to ensure converged defect energy levels
for VO in ZnO. After carrying out supercell size tests for
VO and VZnVO, we arrive at the same conclusion. The slow
convergence for VO is mainly caused by (i) the rather extended
defect wave function, which can overlap between neighboring
supercells and cause a spurious defect-state dispersion [30],
and (ii) the large local lattice relaxation associated with its
negative-U behavior. The former issue can be alleviated by
sampling special k points [38], but the latter requires an
increase in supercell size. For these reasons, we employ the
192-atom supercell with a plane-wave energy cutoff of 500 eV
and a special k point at ( 1

4 , 1
4 , 1

4 ) for defect calculations. Due
to defect-state dispersion, the formation energy of defects
involving VO is found to converge slowly as a function of
supercell size if a �-only k-point sampling is used.

III. RESULTS

A. Monovacancies

Before addressing the divacancy, we briefly revisit the elec-
tronic properties of the isolated monovacancies. As already
mentioned, VO is a deep double donor exhibiting negative-U
behavior. The charge-neutral O vacancy induces one fully
occupied symmetric KS defect state (a1) inside the band gap
and three empty ones resonant with the conduction band [2,8].
The negative-U behavior is caused by the large difference in
local lattice relaxation for the three possible occupations of
the a1 state [1]. When a1 is fully occupied (a2

1), the vacancy

undergoes an inward relaxation in the breathing mode corre-
sponding to −10% of the bulk Zn-O bond length, whereas
when a1 is half filled (a1

1) and empty (a0
1), the relaxation

is outward by 6% and 24%. The thermodynamic ε(2 + /0),
ε(+/0), and ε(+/2+) transition levels are predicted to oc-
cur at 1.33, 1.57, and 1.08 eV below the conduction band
minimum (CBM), respectively, resulting in U = −0.49 eV.
These results are in good agreement with the aforementioned
calculations by Lyons et al. [14] and consistent with photo-
EPR data on VO [14,39,40].

The doubly negatively charged Zn vacancy introduces four
KS defect states in the band gap, all of which are completely
filled with electrons [41]. Upon removal of an electron, the
resulting hole is localized at a single nearest-neighbor O ion
in the form of a polaron [42]. Up to four hole polarons can
be stabilized at VZn, resulting in charge states ranging from
2+ to 2− in the band gap [10–14]. The calculated ε(2 + /+),
ε(+/0), ε(0/−), and ε(−/2−) transition levels are positioned
at 0.25, 0.89, 1.40, and 1.96 eV above the VBM, respectively
[13].

B. Divacancy

The divacancy can nominally exist in two different con-
figurations, axial (aligned along the [0001] direction) and az-
imuthal (lying in the basal plane). Holston et al. [17] assigned
an EPR signal to the azimuthal configuration of the divacancy
only, and our calculations indicate that this configuration is
stabler, although the difference in energy is small. For this rea-
son, we present results for only the azimuthal configuration.

1. Electronic and structural properties and stability

Figure 1 shows the formation energy of VZn, VO, VZnVO,
and hydrogenated divacancies with up to three hydrogen
atoms as a function of the Fermi level position. Evidently,
the divacancy is highly electrically active, displaying charge
states ranging from 2+ to 2− in the band gap. Interestingly,
it seems to retain certain characteristics of its constituents;
the thermodynamic charge-state transition levels in the lower
part of the band gap are positioned close to the respective
levels of the isolated VZn, while those in the upper part exhibit
negative-U characteristics similar to VO. These results can be
understood by inspecting the electronic and atomic structure
of the divacancy, as shown in Fig. 2. As a double donor, VO

will transfer two electrons to VZn, thus completely filling its
defect states, so the charge-neutral divacancy can be viewed as
a V 2−

Zn and V 2+
O pair. Starting from the neutral charge state, our

calculations show that the divacancy can trap a hole polaron
at one or two of the three O ions immediately adjacent to VZn.
The resulting ε(2 + /+) and ε(+/0) transition levels occur at
0.43 and 0.96 eV above the VBM. The +3 charge state (with
a hole polaron at each O ion) could not be stabilized.

We also find that the charge-neutral divacancy can capture
two electrons in a deep a1 KS defect state (blue isosurfaces
in Fig. 2) at VO. Notably, the thermodynamic charge-state
transition occurs directly from 0 to 2− [20]. This is an
important result because it demonstrates that the isolated VO is
not the only intrinsic defect exhibiting negative U in ZnO; that
is, spectroscopic signatures indicating negative U need not
necessarily arise from only the isolated VO. The position of the
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FIG. 1. Formation energies as a function of the Fermi level
position under the most favorable condition for each defect, i.e., O
rich for VZn and O poor for VO and VZnVOnH. Formation energies for
the opposite limit can be acquired by adding 3.49 eV for VZn and VO

and n × 1.48 eV for VZnVOnH.

ε(0/2−) transition level of the divacancy is shifted strongly
up towards the CB, relative to the ε(2 + /0) level of VO. This
shift is mainly caused by the Coulomb repulsion between V 2−

Zn
and the electrons occupying the a1 state. Again, the negative-
U behavior results from the large difference in local lattice
relaxation around VO depending on the occupation of a1. The
breathing-mode relaxation is inward by −15% for a2

1, whereas
it is outward by 1% and 21% for a1

1 and a0
1, respectively. Note

FIG. 2. Relaxed divacancy structures. The hole (yellow isosur-
face) is trapped in a polaronic state at one of the three O ions
associated with VZn. The a1 defect state (blue isosurface) of VO can
accommodate two electrons, with a large difference in relaxation for
each occupation.

that the relaxation is more inward for the divacancy compared
to VO (Sec. III A). Inward relaxation lowers the energy of the
a1 state but increases the strain energy [2]. For the divacancy,
this energy balance is altered because the number of Zn ions
immediately adjacent to VO is lowered from four to three. The
calculated ε(0/2−), ε(−/2−), and ε(0/−) transition levels
occur at 0.22, 0.42, and 0.02 eV below the CBM, respectively,
resulting in U = −0.40 eV, which means the magnitude of U
is lowered relative to the value for VO.

Holston et al. [17] recently assigned a photo-EPR sig-
nal [43] to the paramagnetic (V −

ZnV
2+

O )+ state (S = 1/2) in
neutron-irradiated ZnO, with the unpaired spin (hole polaron)
residing primarily on one of the three O ions immediately
adjacent to VZn. Our prediction is in line with this result;
that is, we find that removing an electron from the neutral
divacancy indeed produces a hole polaron at one of the three
O ions associated with VZn (the hole state corresponds to the
yellow isosurface in Fig. 2). The same photo-EPR signal has
also been observed in ZnO after 1.7, 2.5, and 3.0 MeV electron
irradiation [44,45], i.e., for energies above the displacement
threshold of both O (310 keV) and Zn (900 keV) in ZnO [46].

Although (VZnVO)− is thermodynamically unstable, it
might be possible to create it in a metastable manner, e.g.,
by optical excitation. In fact, the analogous paramagnetic
isolated V +

O state is detectable at low temperatures by photo-
EPR [39,40]. Holston et al. [17] initially envisioned the
paramagnetic (V 2−

Zn V +
O )− state as being responsible for the

aforementioned divacancy photo-EPR signal. However, this
model was discarded as its EPR spectrum would have negative
g shifts and well-resolved hyperfine interactions with the ad-
jacent 67Zn nuclei, similar to the isolated V +

O [17]. Moreover,
because the Fermi level was lowered by the neutron irradiation
[17], the divacancies were most likely charge neutral before
illumination.

A pertinent question is whether divacancies are likely to
form and if they are stable at room temperature. Since VZn

and VO favor opposite conditions, the formation energy of
VZnVO is high, indicating a low equilibrium concentration.
Indeed, experimentally, divacancies are typically observed in
ZnO after postgrowth processing, e.g., after irradiation, ion
implantation, annealing, or polishing [15–17]. Regarding sta-
bility, we find that the defect reaction V 2−

Zn + V 0
O → (VZnVO)2−

lowers the total energy by 0.83 eV under n-type conditions,
which means that the divacancy will be stable at room tem-
perature. Using the climbing nudged elastic band method [47]
and the Perdew-Burke-Ernzerhof [48] functional, we have
also investigated migration of the divacancy, i.e., nearest-
neighbor Zn and O atoms hopping into the vacant Zn and
O sites, respectively. The resulting migration barrier is about
1.2 eV, which is lower than those predicted previously for
monovacancies in ZnO [2]. Thus, divacancies may diffuse at
relatively low temperatures and form larger vacancy clusters
[19] or other complexes [17]. Indeed, formation of vacancy
clusters in ZnO has been reported in several experimental
studies [15,16,49].

2. Dynamics of electron emission and capture

In order to allow comparison of our results with experi-
mental data, e.g., energy level positions obtained by DLTS, we
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FIG. 3. CC diagram describing the dynamics of electron emis-
sion and capture between the divacancy and the CBM. Optical
absorption (Eabs), ionization (Ei), and activation (Ea) energies for
electron emission are provided (all in eV). The magnitude of Q is
given at the minima of the potential energy curves and the crossing
points between them.

have constructed a CC diagram (shown in Fig. 3) describing
the two-step process of electron emission from the doubly
negatively charged divacancy to the CBM. The generalized
coordinate Q along the horizontal axis corresponds to the
mass-weighted atomic displacement between the equilibrium
structure of VZnVO for the three different charge states, namely,
2−, −, and 0 [36], and can be loosely viewed as the magnitude
of outward-breathing relaxation around VO. The total energy
as a function of Q results in a potential energy curve for each
charge state, and the energy is minimized at the equilibrium
structure for each curve. The potential energy curves are
displaced in energy along the vertical axis by the Fermi level
position of the thermodynamic charge-state transition levels
relative to the CBM, i.e., the difference in energy between
the states in their equilibrium configurations. We will refer
to these differences in energy as defect ionization energies Ei

[37].
As shown in Fig. 3, we obtain an activation energy Ea

of 0.52 eV for electron emission from (VZnVO)2− to the
CBM. This activation energy corresponds to the sum of Ei

and the capture barrier of 0.10 eV, which is taken as the
energy required to reach the crossing point between the
curves for (VZnVO)− + e−

CBM and (VZnVO)2−. Keep in mind that
this barrier should be viewed as an upper estimate [37,50].
Moreover, the temperature effects described in Ref. [37] are
also neglected here. For emission from (VZnVO)−, we obtain a
lower activation energy of 0.24 eV for emission and a capture
barrier of 0.22 eV.

3. Optical transitions

Several broad luminescence bands have been observed in
the visible part of the emission spectrum of ZnO, and there is
a plethora of studies linking these to various point defects,
including VZn and VO. However, consensus is lacking, and
the defect origin of most bands remains unknown. Previous

FIG. 4. CC diagram for optical transitions involving the capture
of a hole at the VBM by (VZnVO)2− and (VZnVO)−. Zero phonon
line (EZPL), emission (Eem), absorption (Eabs), and ground-state re-
laxation (dFC

g ) energies (all in eV) and total mass-weighted distortion

(in amu1/2Å) are provided.

hybrid functional calculations suggest that the isolated vacan-
cies are unlikely to give rise to luminescence in the visible
range under n-type conditions [13,14]. However, the optical
properties of the divacancy could be very different from those
of VZn and VO [14,51].

We have considered three different optical transitions
for the divacancy, namely, hole capture from the VBM by
(VZnVO)2− and (VZnVO)− and electron capture from the CBM
by (VZnVO)+. Figure 4 shows the calculated CC diagrams for
the two former transitions. Again, the potential energy curves
in the CC diagrams are vertically displaced in energy by the
Fermi level position of the respective thermodynamic charge-
state transition levels relative to the VBM. In the context of
luminescence, this is usually referred to as the zero-phonon-
line energy EZPL. In the Franck-Condon approximation, opti-
cal transitions take place without atomic motion, i.e., emission
(Eem) and absorption (Eabs) energies are given by the vertical
arrows in Fig. 4. After an optical transition, the defect will
relax to its equilibrium configuration by emitting phonons,
losing the Franck-Condon relaxation energy (denoted dFC

g for
the ground state).

Interestingly, the difference in EZPL for the transitions in
Fig. 4 is offset by a difference in dFC

g , resulting in close
emission energies of 2.07 and 2.11 eV. The capture of an
electron at the CBM by the positively charged divacancy
results in a lower emission energy of 1.66 eV; the CC diagram
is not shown here but is similar to what has been found
previously for other VZn related defects [13,14,51]. Overall,
our results show that the divacancy can give rise to broad
luminescence peaking in the 1.6–2.1 eV range. We also note
that both considered transitions should be dipole allowed. In
the case of radiative electron capture the CB electrons have
mostly Zn 4s character, while the final states have mostly O
2p [30] character. For radiative hole capture the initial state
is a perturbed VB state which is composed mainly of O 2p
states, while the defect state has mostly Zn 4s character. A
different parity ensures a strong transition dipole moment and
thus dipole-allowed transitions. Experimental studies on the
optical properties of divacancies are scarce in the literature,
but our calculations are consistent with the results reported
by Dong et al. [52]. Based on cathodoluminescence and
positron annihilation spectroscopy (PAS) data, Dong et al.

174106-4108



NEGATIVE-U AND POLARONIC BEHAVIOR OF THE … PHYSICAL REVIEW B 99, 174106 (2019)

FIG. 5. Relaxed structures for the divacancy containing up to
three H atoms. The first two H atoms terminate O dangling bonds,
at either the bond-centered axial or azimuthal site. Depending on the
Fermi level position, the third H atom will occupy VO or terminate
the final O dangling bond.

[52] suggested that the emission from large vacancy clusters
peaks at up to 2.1 eV, which shifts to lower energies with
decreasing cluster size.

C. Hydrogen-decorated divacancy

Besides being a ubiquitous impurity, hydrogen strongly
influences the electrical and optical properties of ZnO, notably
as a source of unintentional n-type conductivity [53–55].
Interstitial hydrogen (Hi) acts exclusively as a donor by form-
ing a strong O-H bond, preferably at the axial bond-centered
site [55–57]. However, Hi is mobile at room temperature
[58–60] and is thus likely to become trapped at defects. Im-
portantly, the Coulomb attraction between H+

i and V 2−
Zn results

in highly stable VZnnH complexes with n = 1, 2, 3, wherein H
remains a donor by terminating O dangling bonds; the first
two H atoms successively passivate the acceptor levels of
VZn, whereas the third transforms the complex into a shallow
single donor. H can also be trapped at VO, but in this case the
hydrogen behaves as an acceptor (H−) substituting for oxygen
(fourfold coordinated). The resulting complex acts as a single
shallow donor (H+

O) [57,61].
Because both VZn and VO present potential trapping sites

for H in the divacancy, different configurations were explored.
Furthermore, to assess the divacancy as a hydrogen trap,
removal energies were calculated as the difference in for-
mation energy between the hydrogenated divacancy and the
two remaining defects (calculated within separate supercells)
when one H is removed and placed in its stablest isolated
configuration (H+

i ).
As shown in Fig. 5, the first two H atoms prefer to

terminate O dangling bonds at VZn, resulting in VZnH-VO

and VZn2H-VO complexes. The formation of these complexes
lowers the total energy substantially, as evidenced by the
large respective H removal energies of 2.84 and 2.02 eV.
These are only slightly lower than for the VZnH and VZn2H
complexes [14]. For comparison, removal energies of 2.08
and 1.26 eV are obtained for the VZn-HO and VZnH-HO

configurations. As indicated in Fig. 1, the location of the third
H atom depends on the position of the Fermi level. When εF >

1.63 eV, the H atom will preferentially occupy VO, resulting
in the (VZn2H-HO)+ complex with a calculated H removal
energy of 1.26 eV. When εF < 1.63 eV, the H atom will
instead terminate the final dangling bond at VZn, resulting in
(VZn3H-VO)3+. However, this latter configuration is unstable,
as the H removal energy is −0.48 eV.

As can be seen in Fig. 1, the negative-U behavior persists
for both VZnH-VO and VZn2H-VO. However, the corresponding
transition levels are shifted down in Fermi level position.
Indeed, as the acceptor levels of VZn are passivated by H, the
Coulomb repulsion experienced by the electrons occupying
the a1 defect state is successively lowered, and the transition
levels shift down towards the VB by ∼0.4 eV per H atom.
Specifically, the ε(−/+) and ε(2 + /0) transition levels of
VZnH-VO and VZn2H-VO are predicted to occur at 0.57 and
0.98 eV below the CBM. The magnitude of U is unchanged
with respect to the isolated divacancy (U = −0.40 eV), which
again indicates that it is mainly determined by the number of
Zn atoms immediately adjacent to VO. Note that these trends
hold for the ε(3 + /+) transition of the unstable VZn3H-VO

complex as well. Last, the VZn2H-HO complex behaves like
an effective-mass donor and should be viewed as a (VZn2H)0

and H+
O pair. At this point, the divacancy is fully saturated with

H atoms.

D. Comparison with DLTS and the E4 center

As previously discussed, the divacancy is not expected
to be present in a substantial amount in as-grown samples
but may be formed during processing. Several electrically
active defect centers having energy levels in the upper part
of the band gap have been reported in n-type ZnO [62]. In
this section, we compare our results for the divacancy with
experimental DLTS data. We start by envisioning the elec-
tron emission from (VZnVO)2− during a conventional DLTS
measurement for n-type material. After a zero-bias filling
pulse at low temperature, all divacancies will be filled with
electrons. Subsequently, at some elevated temperature and
under reverse bias, the first electron will be thermally emitted
from (VZnVO)2− with Ea = 0.52 eV. Since the electron at
(VZnVO)− is bound less strongly (Ea = 0.24 eV), emission of
the second electron will proceed immediately after the first
electron, leaving the defect in the (VZnVO)0 state. For this
reason, the divacancy will emit always two electrons during
a conventional DLTS measurement, resulting in a single peak
with Ea = 0.52 eV. Indeed, such two-electron emission is
common for centers where the electron binding energy shows
an inverted order [63,64].

It is sometimes possible to obtain the activation energy as-
sociated with one-electron emission from a negative-U center
by using DLTS with a short filling pulse and illumination.
If the filling pulse is sufficiently short, most charge-neutral
divacancies will be prevented from capturing more than
one electron. A new DLTS peak, corresponding to the one-
electron emission with Ea = 0.24 eV, may then be observed
at a lower temperature than for the two-electron emission.
However, even with a short filling pulse, some divacancies
may still capture a second electron, which means that they will
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be frozen out in the temperature range where the one-electron
emission peak can be observed, and the peak will decrease
to zero over time due to the repetitive pulses required by
DLTS [63]. This can be avoided by optically “emptying” any
divacancies having captured two electrons in the preceding
pulse before each filling pulse. This technique has been used,
e.g., to observe one-electron emission from the negative-U
center Z1/2 in 4H-SiC [63].

Interestingly, the calculated Ea = 0.52 eV for VZnVO is
close to the experimental activation energy of ∼0.55 eV for
the E4 center in ZnO, which has been observed by several
groups and is commonly assigned to a VO-related defect ex-
hibiting negative U [62,65]. However, theoretical predictions
and experimental photo-EPR data [14,39,40] suggest that the
isolated VO is substantially deeper than the E4 center, and this
discrepancy has been a source of a long-standing debate in the
community.

Our theoretical predictions for the divacancy conform
to many of the experimental findings on the E4 center:
(i) Negative-U behavior has been reported for E4 [66,67]. In
particular, by using a short filling pulse and illumination as de-
scribed above, an apparent energy level of ∼0.14 eV has been
obtained for the one-electron emission from E4 [66,68], which
is close to our calculated value of 0.24 eV. (ii) Based on the
temperature dependence of the rate of electron capture by E4
during the zero-bias filling pulse, Hupfer et al. [69] obtained
an experimental capture barrier of ∼0.15 eV, in good agree-
ment with our calculated value of 0.22 eV for the divacancy.
(iii) E4 exhibits a low concentration in as-grown material but
is prominent after He+ and H+ irradiation [65,69–71]. Its con-
centration hinges linearly on the ion dose but amounts to only
∼0.23% of the total vacancy generation obtained from Monte
Carlo simulations using the SRIM code [62,72]. Such a low
generation rate is uncommon for a primary intrinsic defect,
even if strong dynamic annealing is taken into account, and
favors E4 as a high-order intrinsic defect such as the divacancy
[62]. For comparison, the generation rate is about 1%–2% for
the divacancy in Si after high-energy ion irradiation [62]. E4
has also been observed after 2 MeV electron irradiation [66],
i.e., above the displacement threshold of both O and Zn in

ZnO. (iv) After H+ implantation at room temperature, the E4
center anneals out at a rate that fits well with a model invoking
migration of Hi and subsequent reaction with E4 [69]; our
results show that the divacancy has a strong affinity for H,
similar to that of VZn. Furthermore, E4 is accompanied by a
second trap labeled Ep2 after H+ irradiation, which similarly
exhibits a low introduction rate [65]. Indeed, Auret et al. [65]
suggested that Ep1 (E4) and Ep2 might be high-order rather
than primary intrinsic defects. Finally, Ep2 has an apparent
energy level at ∼0.78 eV, which incidentally fits well with our
calculated ionization energy of 0.77 eV for VZnH-VO.

IV. CONCLUSION

Using hybrid functional calculations, we have investigated
the divacancy in ZnO. The divacancy is predicted to be
a highly electrically active defect, exhibiting charge states
ranging from 2+ to 2− in the band gap. Interestingly, it
retains both the negative-U behavior of VO and the polaronic
nature of VZn. The former result is of particular interest, as
it demonstrates that the isolated VO is not the only intrinsic
defect exhibiting negative U in ZnO. We have also studied the
interaction between divacancies and H and have found that
the divacancy can accommodate up to three H atoms, the first
two of which prefer to terminate O dangling bonds at VZn.
Based on a comparison of our results with experimental DLTS
data in the literature [62,65–67,70,71], VZnVO is proposed
as a potential origin of the E4 center, which is commonly
associated with a VO-related defect with negative U .
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Zn substitutional lithium (LiZn) and sodium (NaZn) acceptors and their complexes with common donor
impurities (AlZn, Hi, and HO) in ZnO have been studied using hybrid functional calculations. The results show
that the complexes are not exclusively charge neutral, but rather exhibit a thermodynamic (+/0) transition level
close to the valence band maximum. The positive charge states are associated with a polaronic defect state,
similar to those of the well-studied charge-neutral isolated acceptors. This incomplete passivation has profound
consequences for the optical properties of the complexes. Indeed, electron transitions from the conduction band
minimum to the (+/0) transition level of the complexes result in broad luminescence bands that are blueshifted
with respect to those originating from the isolated acceptors. Such complexes are proposed as a potential defect
origin of the green luminescence observed at the high-energy side of the orange luminescence band (caused
by LiZn) in hydrothermally grown ZnO. This prediction is supported by experimental photoluminescence and
secondary ion mass spectrometry data on a hydrothermally grown ZnO sample. We have also explored how the
parameters controlling the fraction and screening of exchange in the Heyd-Scuseria-Ernzerhof (HSE) hybrid
functional influence the results by comparing two parametrization approaches: (i) the conventional one where
the exchange fraction is adjusted to reproduce the experimental band gap, and (ii) tuning both parameters in
order to also comply with the generalized Koopmans theorem (gKT). Interestingly, these approaches were found
to yield similar results.

DOI: 10.1103/PhysRevB.100.184102

I. INTRODUCTION

The behavior of Li in ZnO has long been the subject of
considerable scientific interest. Early experimental work on
Li in ZnO by Lander [1] indicated an electrically amphoteric
behavior. Subsequent investigations have confirmed that Li
can act as an interstitial donor (Lii) or a Zn substitutional
acceptor (LiZn) [2–8]. Many initial attempts to achieve p-
type conductivity in ZnO involved the LiZn acceptor as a
potential shallow dopant, with the amphoteric behavior of Li
and consequent Fermi level pinning as the main hindrance.
However, it is now widely agreed that LiZn introduces a
deep acceptor level [9,10]. Indeed, the paramagnetic Li0

Zn
state can be observed by electron paramagnetic resonance
(EPR) spectroscopy, and corresponds to a small hole polaron
localized at one of the four O2− ions immediately adjacent to
LiZn [2,11,12].

The optical properties of Li in ZnO have also been studied
extensively. EPR [13,14] and optically detected magnetic
resonance studies [9,15,16] have established a correlation
between the Li0

Zn magnetic resonance line and a broad orange
luminescence (OL) band with a maximum at 1.95 eV at 10 K
[17–19]. The OL band is normally present in the photolumi-
nescence (PL) spectrum of hydrothermally (HT) grown ZnO
[18] crystals, which contain Li impurities with concentrations
in the (1–5) × 1017 cm−3 range [20]. McNamara et al. [19]
recently performed a detailed experimental analysis of the
thermal quenching of the OL band in HT grown ZnO, and

*ymirkf@fys.uio.no

obtained an ionization energy of 0.65 ± 0.10 eV for LiZn. The
paramagnetic Na0

Zn state has similarly been observed by EPR
and linked to a broad yellow luminescence (YL) band peaking
at 2.18 eV at 50 K [21], but the concentration of Na impurities
in HT grown ZnO is typically at least one order of magnitude
lower than that of Li.

Holistic understanding of an extrinsic defect in a host semi-
conductor not only includes its behavior as an isolated defect,
but its interplay with other important defects and impurities
in the material. For instance, LiZn is known to form defect
complexes with donor impurities in ZnO. Notable examples
include: (i) LiZnH, which has been assigned to an infrared
(IR) absorption line at 3577 cm−1, the dominant OH-related
IR absorption line in HT grown ZnO [22], and (ii) LiZnFeZn,
which has been identified by means of high-frequency EPR
and electron-nuclear double resonance spectroscopy [23].
Importantly, since Li and donor dopants, primarily Al and
H, are the main impurities in HT grown ZnO, such defect
complexes may influence, and even dominate, its electrical
and optical properties. The behavior of such complexes is
not fully understood and reports are scarce in the literature,
but they are often assumed to be fully passivated with no
charge-state transition levels within the band gap.

Concurrently, despite the large body of work on Li in ZnO,
pertinent questions remain. For instance, a structured blue
luminescence (BL) band with a zero phonon line (ZPL) at
3.05 eV has been observed in Li-doped ZnO under certain
conditions, and attributed to a transition between a shallow
donor and a Li-related shallow acceptor with an ionization
energy of 300 meV [24–26]. The specific defect origin is
unclear, but a transient shallow LiZn state [27,28], or a

2469-9950/2019/100(18)/184102(11) 184102-1 ©2019 American Physical Society115
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LiZn-H-LiZn complex [24,25] has been suggested. Further-
more, the OL band in HT grown ZnO is normally overlapped
by a broad green luminescence (GL) at its high energy side
[19]. Broad GL is almost ubiquitous in the PL spectrum
of ZnO. However, Reshchikov et al. [18,29] have reported
specific bands labeled GL1 and GL2 which were observed
exclusively in HT grown ZnO. Their defect origins have not
been established, but, since a high Li content is the primary
difference between HT grown and other forms of ZnO crys-
tals, Li-related defects are reasonable suspects.

In this work we present results from hybrid functional
calculations on the thermodynamic, electrical, and optical
properties of the LiZn and NaZn acceptors, and their complexes
with the common donor impurities AlZn and H in ZnO. The
results for LiZn and NaZn are found to be in good agreement
with experimental data on the OL and YL bands. Interestingly,
we find that also the complexes are electrically (and optically)
active. This result is further supported by PL and secondary
ion mass spectrometry (SIMS) data on a HT grown ZnO
sample, before and after annealing in Zn ambient in order to
lower the concentration of Li impurities in the sample.

II. METHODOLOGY

A. Computational details

First-principles calculations were performed using the
projector augmented wave method [30,31] with the Heyd-
Scuseria-Ernzerhof (HSE) [32] range-separated hybrid func-
tional, as implemented in the VASP code [33].

Hybrid functionals satisfying the generalized Koopmans
theorem (gKT) have generally been found to describe pola-
ronic localization well [34–37]. For this reason, the HSE(α,
ω) functional was parametrized by using two different ap-
proaches: (i) conventionally by adjusting the fraction of
screened Hartree-Fock exchange α to 0.375 [38] in order to
reproduce the experimental band gap of 3.44 eV [39], while
keeping the screening parameter ω fixed to the standard value
of 0.2 Å−1, and (ii) tuning α and ω to both satisfy the gKT
and reproduce the experimental band gap [37]. We employed
the (0/−) transition of polaronic acceptors (VZn, LiZn, and
NaZn) to test the gKT. When testing the gKT, it is crucial that
finite-size errors are minimized; detailed information on our
testing procedure, finite-size corrections, and the supercell-
size dependence of the gKT related quantities can be found
in the Appendix. We find that the HSE(0.30, 0.05) functional
complies with the gKT and reproduces the experimental band
gap, whereas the HSE(0.375, 0.20) functional results in a
non-Koopmans energy of about 0.1 eV. This energy is small,
and may still contain a small finite-size error, which we
have estimated based on supercell-size tests in the Appendix.
Nevertheless, the difference in results obtained with the two
approaches can, at the very least, serve as a proxy for the
sensitivity of the results with respect to the choice of α and
ω parameters.

Bulk lattice constants were optimized for each functional
until the forces were smaller than 1 meV/Å; the resulting
lattice parameters differ by merely 0.01 Å. Defect calculations
were then performed using 96-atom supercells, a plane-wave
basis set with an energy cutoff of 500 eV, and a special k

point at ( 1
4 , 1

4 , 1
4 ) for integrations over the Brillouin zone [40].

Ionic relaxation of defects was performed until the forces
were reduced to less than 5 meV/Å, and spin polarization
was included. Defect formation energies and thermodynamic
charge-state transition levels were calculated by following the
well-established formalism described in Refs. [41,42]. For
example, the formation energy of LiZn is given by

Eq
f (LiZn) = Eq

tot(LiZn) − Ebulk
tot + μZn − μLi + qεF, (1)

where Eq
tot(LiZn) and Ebulk

tot denote the total energy of the
defect-containing and bulk supercells, q is the charge state
of the defect, μZn and μLi are the chemical potentials of the
removed Zn and added Li atom, and εF is the Fermi level
position referenced to the bulk VBM. The chemical potential
can vary between O-rich and Zn-rich conditions, where the
upper limit of μO and μZn is given by the total energy per
atom of an O2 molecule and metallic Zn, respectively, and
the lower limit is governed by the thermodynamic stability
condition �H f(ZnO) = μZn + μO [43], where H f(ZnO) is
the formation enthalpy of ZnO [44]. The chemical potential
of impurities is similarly bound by the solubility-limiting
phases, i.e., Al2O3, Li2O, Na2O, and H2O/H2. We present
calculated formation energies under intermediate conditions,
i.e., halfway between O-rich and Zn-rich conditions, as the
extreme limits are not usually reached under realistic growth
conditions [45]. For charged defects we adopt the anisotropic
[46] Freysoldt, Neugebauer, and Van de Walle (FNV) correc-
tion scheme [47].

Optical transition energies were calculated by using the
effective one-dimensional (1D) configuration coordinate (CC)
model described in Refs. [42,48–50]. Full luminescence lines
were also calculated, including vibronic coupling, by using
the methodology outlined in Ref. [48]. The effective 1D CC
model is a good approximation for defects exhibiting strong
electron-phonon coupling (large Huang-Rhys factor) [48,49],
which is the case for all defects studied in the present work.
The potential energy surfaces (PESs) in the CC diagrams
were calculated by linearly interpolating the ground-state
structures of the defect in the initial and final charge state,
and computing the energy in the range −1.5 to 1.5 × �Q
with steps of 0.1 × �Q, where �Q is the difference in CC
of the structures. We have calculated the vibrational wave
functions χ and overlap integrals 〈χem|χgn〉, where m and n are
the vibrational levels of the excited (e) and ground (g) state,
from solutions of the Schrödinger equation for the calculated
PESs by using a finite-difference method, as implemented in
CarrierCapture.jl [51].

B. Experimental details

Two 5 × 5 × 0.5 mm3 sized samples were cut from a
wafer of HT grown ZnO purchased from the MTI Corporation
(Richmond, CA). One sample was sealed in a quartz ampoule
containing a piece of ∼99.9% pure Zn foil, and annealed in a
tube furnace at 900 ◦C for 1 h.

A Cameca IMS7f secondary ion mass spectrometer
equipped with a 10 keV O+

2 primary ion beam source was used
to measure concentration versus depth profiles of Li, Na, Al,
Fe, and Cu impurities in the as-grown and thermally processed
samples. Depth calibration was performed by measuring the
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sputtered crater depths with a Dektak 8 stylus profilometer and
assuming a constant erosion rate. Implanted reference samples
were used to calibrate the impurity concentration, resulting in
an uncertainty of less than 10% in concentration values.

Steady-state PL was excited using a cw He-Cd laser with
a photon energy of 3.81 eV. The emission was collected
by a microscope and directed to a fiberoptic spectrometer
(HR4000 and USB4000 Ocean Optics). The sample was kept
at a temperature of 10 K using a closed-cycle He refrigerator.
The PL spectra were corrected for the spectral response of
the measurement system. Because the annealing resulted in
a build up of impurities at the sample surface (for depths
<3 μm), PL was excited inside the sputtered crater formed
during the SIMS measurement. All presented impurity con-
centration values are for the bulk region (for depths >3 μm).

III. RESULTS AND DISCUSSION

A. Formation energies, thermodynamic charge-state
transition levels, and structures

Figure 1 shows the calculated formation energy of the
acceptors (LiZn and NaZn), donors (AlZn, Hi, and HO), and
their complexes (LiZnAlZn LiZnH, LiZnHO, NaZnAlZn, NaZnH,
and NaZnHO) as a function of the Fermi level position under
intermediate conditions. Interestingly, the results obtained
using HSE(0.375, 0.20) and HSE(0.30, 0.05) are very sim-
ilar; thermodynamic charge-state transition levels differ by
50 meV at most, as shown in Table I.

The isolated donor impurities are shallow, contributing to
the commonly observed unintentional n-type conductivity in
ZnO [52–55]. For the isolated LiZn and NaZn acceptors, we
find that both exhibit a dual behavior, as first reported by Lany
and Zunger [27,28] using a Koopmans corrected semilocal
functional, and later by Sun et al. [56] using the HSE(0.375,

FIG. 1. Formation energy of the donors, acceptors, and their
complexes as a function of the Fermi level position relative to the
VBM under intermediate conditions, calculated using the HSE(0.30,
0.05) and HSE(0.375, 0.20) functionals.

TABLE I. Fermi level position in eV of the thermodynamic
charge-state transition levels with respect to the VBM for the isolated
and donor-complexed acceptors, calculated using the HSE(0.30,
0.05) and HSE(0.375, 0.20) functionals.

Defect Transition HSE(0.375, 0.20) HSE(0.30, 0.05)

LiZn (0/−) 0.72 0.67
(+/0) 0.04 0.02

LiZnAlZn (+/0) 0.36 0.31
LiZnH (+/0) 0.12 0.09
LiZnHO (+/0) 0.11 0.08
NaZn (0/−) 0.71 0.68
NaZnAlZn (+/0) 0.37 0.34
NaZnH (+/0) 0.31 0.27
NaZnHO (+/0) 0.29 0.26

0.20) functional. In the negative charge state, the Li and Na
atoms reside near the ideal Zn site with approximate tetra-
hedral local symmetry, and no localized defect states in the
band gap [28]. In the neutral charge state, two distinct acceptor
states can occur [27,28]: (i) a metastable shallow state, where
the hole is bound in an anisotropically delocalized hostlike
state [56], and (ii) a deep ground state, which can be reached
through a sizable symmetry-breaking lattice distortion. As
shown in Fig. 2, the hole is trapped in a polaronic state
localized at one of the four O ions immediately adjacent to
the Li+ or Na+ ion, in agreement with EPR spectroscopy data
[2,12,21,57]. Note that, in the deep state, the Li+ ion moves far
away from the hole polaron, towards the tetrahedral interstitial
site, whereas the larger Na+ ion stays near the ideal Zn site.
We shall focus on the deep polaronic state, as the shallow state
is only metastable [27]. However, our results for the shallow
state are in line with the previous reports [27,56].

As shown in Table I, the thermodynamic (0/−) transition
levels of LiZn and NaZn occur between 0.67–0.72 eV above
the VBM. This is consistent with previous calculations for
the deep polaronic state [7,8,27,34,56,58,59], and the exper-
imental ionization energy of 0.65 ± 0.10 eV for the OL band
[19]. For LiZn, a second hole polaron can be stabilized at a
separate adjacent O ion [34]. However, the resulting thermo-
dynamic (+/0) level occurs merely 0.02–0.04 eV above the
VBM, which is within the expected error bar of the finite-size
correction [46].

Complexing LiZn or NaZn with a single donor results in
a charge-compensated neutral pair. Contrary to common as-
sumption, however, our calculations show that the complexes
are not fully passivated, as they can be stabilized in the
positive charge state for Fermi level positions close to the
VBM, making them exceedingly deep donors. Figure 2 shows
the relaxed structure of four representative complexes; the
positive charge state corresponds to a hole polaron localized
at an adjacent O ion, similar to the charge-neutral isolated ac-
ceptors. The resulting thermodynamic (+/0) transition levels
are provided in Table I and occur between 0.08–0.37 eV above
the VBM.

Interestingly, the complexes involving AlZn and Hi have
very low formation energies (regardless of the chemical
potential), which indicates that a sizable equilibrium
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(LiZnH)LiZn (LiZnAlZn)NaZn (NaZnH) (LiZnHO)0 0 + + + +

FIG. 2. Relaxed structure of Li0
Zn with the hole (blue isosurface, set at 6 × 10−3r−3

Bohr) trapped in a polaronic state at the axial O ion, Na0
Zn

with the hole trapped at one of the three azimuthal O ions, and four complexes with H and AlZn donors.

concentration can be expected when these impurities are
incorporated during growth. They are particularly likely to
form under compensated growth conditions, i.e., when the
Fermi level is pinned close to the crossing point between the
formation energy of LiZn or NaZn and a donor impurity, as
the calculated formation energy of the defect complex is then
lower than that of both constituents [60]. HT grown ZnO sam-
ples are typically compensated, and so a large fraction of the
LiZn and NaZn acceptors can be expected to be complexed with
donor impurities [22]. The complexes involving HO exhibit
rather high formation energies under intermediate conditions.
Under Zn-rich conditions, however, their formation energies
(∼0.6 eV) are comparable to the other complexes.

In order to assess the stability of the defect complexes, we
have also calculated removal energies by taking the difference
in formation energy between the defect complex and the two
remaining entities (in their most stable configuration) when
the donor impurity is removed (calculated using separate
supercells for each defect). The sign is chosen such that a
positive removal energy corresponds to a stable complex.
All of the studied complexes are found to be stable, with
removal energies of 0.52, 1.17, 1.01, 0.60, 1.08, and 1.09 eV
for LiZnAlZn, LiZnH, LiZnHO, NaZnAlZn, NaZnH, and NaZnHO,
respectively.

For LiZnH and NaZnH, we find that H prefers the bond-
centered axial and antibonding azimuthal site, respectively, as
shown in Fig. 2. This is consistent with IR absorption data [22]
and previous local density functional calculations by Wardle
et al. [6]. Investigations on the thermal stability of the LiZnH
complex via the IR absorption line at 3577 cm−1 has led to
conflicting results in the literature [61–63]. In some samples,
it starts to disappear at temperatures exceeding about 500 ◦C,
while in others it can withstand heat treatments up to around
1200 ◦C [61–63]. The dissociation temperature for the LiZnH
complex can be estimated based on an activated process with
a jump rate given by � = �0 exp(−Ea/kBT ) [43,64]. Here the
activation energy (Ea) is taken as the sum of the calculated
removal energy of LiZnH (1.17 eV) and the experimental
migration barrier of Hi (0.85 ± 0.19 eV [65]). The attempt
frequency (�0) is set to a typical phonon frequency of 10 THz,
and the jump rate at which dissociation starts to occur is
assumed to be 1 Hz [64]. The resulting dissociation temper-
ature is 510 ± 75 ◦C, consistent with the lower experimental
temperature of 500 ◦C. It has been suggested that an apparent
stability up to 1200 ◦C is due to retrapping of H+

i by Li−Zn
[61–63].

For LiZnAlZn and NaZnAlZn, there are three symmetrically
inequivalent configurations for the donor. Kutin et al. [23]

observed all three configurations of the analogous LiZnFeZn

complex. We have explored configurations with the donor
located on the opposite side from the hole polaron (Fig. 2).
We have also explored the analogous complexes with FeZn

or GaZn [66] replacing AlZn, but these were found to be
almost identical in terms of removal energy and position of
the (+/0) transition level. Al is also the most common of these
impurities; the concentration of Al in as-grown ZnO usually
varies between 1015 and 1017 cm−3 for different growth tech-
niques [55]. For these reasons, we have presented results only
for AlZn.

For LiZnHO and NaZnHO, we find that the differences in
energy between the axial and azimuthal HO configurations are
negligible. Hence, we present results for only the azimuthal
configuration of HO, as shown in Fig. 2.

B. Optical transitions and luminescence lines

We begin by examining the optical properties of the iso-
lated LiZn and NaZn acceptors, and comparing the results
with experimental data on the OL and YL bands. Figure 3
shows calculated CC diagrams for optical electron transitions
between the CBM and the (0/−) transition levels of LiZn and
NaZn. The vertical axis in the CC diagrams corresponds to the
transition energy, and the horizontal axis corresponds to the
configuration coordinate (Q) which is a 1D parametrization
of the collective motion of all atoms in the supercell between
the two different charge states [42,67]. The ground state PES
represents the negatively charged acceptor, and the excited
state PES represents the neutral acceptor plus an electron at
the CBM. The two PESs are vertically displaced by the energy
difference between the thermodynamic (0/−) transition level
and the CBM, which is commonly referred to as the zero
phonon line energy (EZPL). In the Franck-Condon approxi-
mation, optical transitions take place without atomic motion
and are thus vertical in the CC diagrams, and the transition
energies Eem and Eabs correspond approximately to the peak
of the emission and absorption spectrum [42]. After emission,
the defect will relax to its equilibrium atomic configuration,
losing the Franck-Condon relaxation energy (dFC

g ).
The LiZn and NaZn acceptors exhibit similar polaronic

defect states, and the positions of their thermodynamic (0/−)
levels are close, but there are clear differences in their CC
diagrams. Strikingly, the ground-state PES of LiZn is strongly
anharmonic compared to NaZn [59], and the value of dFC

g is
about 0.2 eV larger for LiZn, while the CC diagram for NaZn

calculated using HSE(0.375, 0.20) is similar to those calcu-
lated previously for VZn-related defects in ZnO [44,45,50].
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FIG. 3. Top panels: CC diagrams for optical electron transitions
between the CBM and the (0/−) levels of LiZn and NaZn, calculated
using HSE(0.375, 0.20) and HSE(0.30, 0.05). Bottom panel: Lumi-
nescence lines of LiZn and NaZn calculated for the HSE(0.30, 0.05)
CC diagram using both the computed PES and harmonic approx-
imation (the parabolas shown in the CC diagrams). Experimental
data for the OL band from Refs. [14,19] is included for comparison.
Experimental OL and YL band labels are positioned at their peak
positions.

This difference is caused by the aforementioned large dis-
placement of the Li+ ion upon hole capture by the acceptor.
The resulting difference in Eem for LiZn and NaZn (about
0.2 eV) is consistent with the difference in peak position
of the experimental OL and YL bands (0.23 eV) [18,21].
Comparing the two different functionals, both the magnitude
of the total mass-weighted distortion (�Q) and dFC

g is lowered
when using HSE(0.30, 0.05) compared to HSE(0.375, 0.20).
Moreover, the differences in Eem are larger than those in EZPL.

The calculated Eabs values for LiZn (3.38–3.49 eV) are
consistent with photo-EPR experiments by Nikitenko [68],
where the absorption spectrum related to the optically induced
EPR signal of LiZn was measured to peak at about 3.25 eV.
When using the HSE(0.375, 0.20) functional, the calculated
emission energies of LiZn (1.68 eV) and NaZn (1.89 eV) are

underestimated by about 0.3 eV relative to the peak positions
of the experimentally observed OL (1.95 eV at 10 K [18])
and YL (2.18 eV at 50 K [21]) bands. When HSE(0.30, 0.05)
is used, the calculated emission energies for LiZn (1.85 eV)
and NaZn (2.06 eV) are both shifted up in energy by 0.17 eV.
Thus, assuming that the OL and YL bands are indeed caused
by electron transitions between the CBM and the (0/−) levels
of LiZn and NaZn, the HSE(0.30, 0.05) functional appears
to provide the most accurate description of LiZn and NaZn.
However, both approaches yield results that agree reasonably
well with the experimental data.

Figure 3 also shows the luminescence lines calculated for
the CC diagrams obtained using the HSE(0.30, 0.05) func-
tional. When using HSE(0.375, 0.20), the line shapes are sim-
ilar, but the peak positions are lower in energy. Experimental
data is also included in Fig. 3; specifically, the thermolumines-
cence (TL) band reported by Zwingel [14], the Gaussian curve
fit to the OL band in HT grown ZnO reported by McNamara
et al. [19], and the Gaussian curve fit to the OL band observed
in the annealed sample in the present work. In order to assess
the impact of the anharmonic PES of LiZn on the line shape,
the line shapes were calculated both for the computed PES
and a parabola intersecting the relaxation energy (harmonic
approximation). The calculated LiZn luminescence line peaks
at 1.90 eV and has a full-width at half-maximum (FWHM)
of 0.39 eV (0.43 eV for the harmonic line shape), which is
lower than the experimental FWHM of about 0.5 eV for the
OL band [14,18,19]. Optical transitions involving both axial
and azimuthal hole configurations are likely to occur, since
both are observed by EPR, which could broaden the overall
line shape. However, we find that the azimuthal peak position
is only 20 meV higher in energy than the axial one, and
the line shapes are almost identical. The NaZn luminescence
line associated with the azimuthal hole configuration peaks
at 2.11 eV and has a FWHM of 0.36 eV (0.38 eV for the
harmonic line shape), whereas the axial one peaks 40 meV
higher in energy with a similar line shape. This is in better
agreement with experimental data; Zwingel and Gärtner [21]
reported a FWHM of 0.4 eV for the YL band at 50 K (TL),
but no spectrum was shown.

The emergence of (+/0) transition levels for the defect
complexes has important consequences for their optical prop-
erties, as they can potentially give rise to broad luminescence
bands. In fact, similar predictions have been made to ex-
plain the luminescence bands related to isolated and donor-
complexed CN acceptors in GaN [69–72].

Calculated CC diagrams for optical transitions involving
the CBM and the (+/0) transition level of the complexes are
shown in Fig. 4. The emission energies of the complexes are
blueshifted with respect to those of the isolated acceptors,
which makes the complexes candidates for the defect origin
of the broad GL in HT grown ZnO. Interestingly, LiZnAlZn

and LiZnHO retain the anharmonicity exhibited by LiZn for
the ground-state PES, while LiZnH does not. This can be
understood from the structure of the LiZnH complex. The H
atom pins the Li+ ion near the tetrahedral interstitial site (see
Fig. 2), and thus Li+ does not undergo the large displacement
along the direction of the axial Li-O bond upon hole capture.
Figure 4 shows the calculated luminescence lines for the com-
plexes. Their FWHM values are about 0.37 eV (except for the
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FIG. 4. Top panels: CC diagrams for optical electron transitions
between the CBM and the (+/0) transition level of donor-complexed
LiZn and NaZn acceptors, calculated using HSE(0.30, 0.05). The
corresponding values of Eabs, EZPL, Eem, and �Q calculated using
HSE(0.375, 0.20) are given in parentheses. Bottom panel: Corre-
sponding luminescence lines of LiZnAlZn, LiZnH, LiZnHO NaZnAlZn,
NaZnH, and LiZnHO.

LiZnHO line which has a FWHM of 0.42 eV). These values are
similar to those obtained for the isolated acceptors, which is
reasonable because the charge-state transitions occur through
the same type of polaronic state with similar magnitudes
of �Q.

Since all the calculated luminescence lines have similar
shapes and peak positions, distinguishing them experimen-

tally could be challenging, especially for the different com-
plexes. It might be possible to discern between isolated and
donor-complexed acceptors based on other band characteris-
tics, e.g., carrier capture coefficients, lifetime, and tempera-
ture dependence. However, it should be noted that, since the
broad luminescence band observed in HT grown ZnO consists
of several overlapping bands, obtaining accurate and reliable
data for these other band characteristics is also challenging.
Thus, a detailed comparison between PL measurements and
theory for these properties is beyond the scope of the present
work. Qualitatively, however, some differences could be ex-
pected between the isolated and donor-complexed acceptors.
Indeed, the (+/0) levels of the complexes are positioned very
close to the VBM, which means that luminescence bands
related to the complexes should exhibit lower activation en-
ergies of thermal quenching. This is consistent with the GL2
band in HT ZnO reported by Reshchikov et al. [18], where
GL2 starts to quench at 40 K with a low activation energy of
35 meV.

Furthermore, the OL band in ZnO is characterized by a
large hole capture coefficient [72,73]; in the limit of low
excitation intensity, the OL band dominates the PL spectrum
from HT grown ZnO [29,74]. This is due to the low bar-
rier for nonradiative hole capture by Li−Zn, and its attractive
Coulomb interaction with photogenerated holes [59,72]. The
subsequent radiative electron capture, however, is slow be-
cause Li0

Zn is charge neutral in the excited state [18,29,72].
For transitions involving the (+/0) levels of the complexes,
however, an opposite behavior can be anticipated [72]. Since
the defect complexes are initially charge neutral, they will
capture photogenerated holes slowly compared to isolated
acceptors [59,72]. The subsequent radiative electron capture,
however, will take place rapidly as now the complexes are
positively charged. The positively charged complexes will
also have a hydrogenic effective-mass state very close to
the CBM, which could behave as a so-called giant trap for
nonradiative electron capture [71,72,75]. This is consistent
with the GL2 band, which exhibits fast and exponential decay
after pulse excitation [18], while the OL band exhibits slow
and nonexponential decay [29,75].

Finally, Demchenko et al. [71,72] have suggested that the
CNH complex in GaN gives rise to a broad BL band, which,
upon ultraviolet light exposure, gradually dissociates and
leaves behind a broad YL band (CN) [71,72]. The calculated
removal energy for CNH in Ref. [71] is similar to the ones
we obtain for the LiZnH and NaZnH complexes, and the H
configuration is the same as the one we obtain for NaZnH.
Hence, the luminescence bands originating from LiZnH and
NaZnH complexes might also bleach under prolonged ultravi-
olet light exposure. Indeed, a similar GL band has been ob-
served in melt-grown ZnO, which bleached and gave way to a
YL band [76].

C. Experimental PL and SIMS results

Figure 5 shows PL spectra of the as-grown and annealed
HT grown ZnO samples. Here we will focus mainly on the
broad luminescence band that extends from about 1.5 to
2.9 eV. We find that the temperature and excitation power
dependence of this band in the as-grown sample is similar
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(a) (b)

(c)

FIG. 5. Normalized PL spectrum (divided by excitation power)
of (a) the as-grown and annealed ZnO samples, and (b) deep level
emission of the annealed sample with high and low excitation power
density. The dashed line is a Gaussian curve fit peaking at 1.89 eV
with a FWHM of 0.47 eV. (c) Near band edge emission of the as-
grown and annealed samples. Free and donor-bound exciton lines are
indicated (labels and energy positions are taken from Refs. [9,77]),
and those that are discussed in the text have been highlighted.

to what has been described in detail previously for several
HT grown ZnO samples by Reshchikov et al. [18,29,73] and
McNamara et al. [19]. As already mentioned, the OL band
(LiZn) dominates in the limit of low excitation power (see,
e.g., Fig. 3 in Ref. [74]). As the excitation power is increased,
the band maximum gradually shifts up in energy, i.e., the OL
saturates and the GL grows [29]. In Fig. 5 the overall band
maximum is at about 2.3 eV for the as-grown sample.

The concentration of LiZn-related defects can be lowered
significantly via thermal processing in reducing (Zn-vapor)
atmosphere, as in-diffusing Zni can convert immobile LiZn

acceptors into highly mobile Lii donors [3,7,78–80]. Thus,
if donor-complexed LiZn acceptors are responsible for the
broad GL at the high energy side of the OL band, then the
entire broad luminescence band should be strongly suppressed
following such thermal treatment.

Table II lists the bulk concentration of Li, Na, and Al
impurities in the as-grown and annealed ZnO samples. An-
nealing in Zn ambient causes the Li concentration to drop
from 2 × 1017 to 2 × 1014 cm−3, while the concentration of

TABLE II. Bulk concentration of impurities in the as-grown and
annealed samples determined using SIMS. The concentration of Fe,
Si, and Cu is below the detection limit.

Element As-grown (cm−3) Annealed (cm−3)

Li 2 × 1017 2 × 1014

Na 2 × 1015 2 × 1015

Al 8 × 1016 8 × 1016

Na and Al remains unchanged. Al is the dominant donor
impurity, whereas the concentration of Fe and Si is below
the respective SIMS detection limits for these elements. H is
likely present as well, albeit with a concentration below the
SIMS detection limit of ∼5 × 1017 cm−3. The concentration
of Cu is below the SIMS detection limit in both samples,
which is important because the CuZn acceptor in ZnO has
been assigned to a structured GL band peaking at 2.45 eV
[74,81,82] that can interfere with the analysis of overlapping
bands. We did not observe this structured GL band in the PL
spectrum of the as-grown or annealed samples.

As shown in Fig. 5(a), annealing the sample in Zn ambient
causes a dramatic decrease in the intensity of the entire broad
luminescence band. This suggests that Li is involved not
only in the OL band, but also in the GL at its high energy
side. Indeed, the SIMS results show a strong depletion of
Li, while the concentration of other impurities is unaffected.
The remaining broad luminescence appears to consist of two
main bands. As shown in Fig. 5(b), the lower energy band
dominates when the excitation power is lowered, similar to
the as-grown sample, which may indicate that this is the OL
band. The low energy band can be fitted to a Gaussian with
a peak position of 1.89 eV and FWHM of 0.47 eV, which is
close to the values for the OL band [19].

It should be noted that the SIMS data does not provide any
information about the configuration of the impurities, e.g., the
fraction of isolated to complexed LiZn and NaZn acceptors.
Furthermore, the present experimental results cannot rule out
intrinsic defects. As an example, the GL could be caused
by VZn-donor complexes [50], the concentration of which
would also drop following heat treatment in Zn ambient.
However, the concentration of Li is expected to be higher
than that of VZn-related defects in as-grown HT ZnO [83].
In addition, previous hybrid functional calculations show that
the only VZn-donor complexes that can give rise to GL bands
are positively charged in the ground state [50], which means
that capture of photogenerated holes will be very inefficient
compared to the LiZn-related defects studied here. Finally,
the GL1 and GL2 bands were observed exclusively in HT
grown ZnO [18,29], which favors extrinsic Li- over intrinsic
VZn-related defects.

Removal of Li from LiZn-donor complexes upon annealing
is also evidenced by changes in the intensity of neutral donor-
bound exciton (D0X ) lines in the PL spectrum. Figure 5(c)
shows the near band edge emission in the as-grown and
annealed samples, with exciton lines indicated. The labels and
energies of the exciton lines were taken from Refs. [9,77].
The D0X line associated with HO (I4) is commonly observed
in ZnO [84], but is absent in the as-grown sample. This
is consistent with the recent study by Heinhold et al. [77],
where the I4 line was replaced by two closely lying D0X lines
labeled I4b,c in HT grown ZnO. These lines were observed
exclusively in HT grown ZnO, and were therefore assigned
to donors involving the LiZnHO complex plus an additional
donor (possibly LiZnH-HO). We also observe the I4b,c lines in
the as-grown sample (albeit as a single peak due to a lower
resolution). After lowering the Li concentration via annealing,
the I4b,c line disappears while I4 appears, supporting the as-
signment by Heinhold et al. [77], i.e., indiffusing Zni converts
LiZnHO into HO. Similarly, the I10 line is present only in
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the as-grown sample. Isotope substitution experiments have
demonstrated that I10 is related to Sn, and a SnZnLiZn complex
has been suggested [85]. This assignment is supported by the
present results, as the I10 line disappears after annealing.

Finally, a line labeled I∗ appears at 3.3545 eV after anneal-
ing the sample. To our knowledge, there is no defect assign-
ment for this line in the literature. If the responsible defect is
a donor, its donor binding energy (ED) can be estimated from
the localization energy (Eloc) with reference to the transverse
free-exciton (AT = 3.3754 eV) by using Haynes rule [86] with
coefficients from Ref. [77], i.e., Eloc = 0.34ED − 2.71 meV.
The resulting donor binding energy is 69.4 meV. If I∗ is
of D0X nature, one would expect to observe a two-electron
satellite signature in the spectral range 3.3024–3.3036 eV [9],
but no such signature was observed in this region. However,
this does not necessarily disprove a D0X origin. A neutral
acceptor-bound exciton (A0X ) origin has also been suggested
for lines observed in this region [9,25,87]. Using Haynes rule
for acceptors [88–90], the estimated acceptor binding energy
would then be in the range 140–210 meV.

IV. CONCLUSION

Using hybrid functional calculations, we have investigated
LiZn and NaZn acceptors, and their complexes with common
shallow donor impurities AlZn and Hi in ZnO. The complexes
have low formation energies, regardless of the chemical po-
tential, which means that a sizable equilibrium concentration
can be expected when these impurities are incorporated dur-
ing materials growth, especially under highly compensated
growth conditions.

Interestingly, our calculations show that the LiZnAlZn,
LiZnH, NaZnAlZn, and NaZnH complexes can be stabilized in
the positive charge state, resulting in thermodynamic (+/0)
transition levels located between 90–370 meV above the
VBM. By employing an effective 1D CC model, we predict
that these complexes can give rise to broad luminescence
bands peaking at the high energy side of the OL (LiZn) [18]
and YL (NaZn) [21] bands. Since the luminescence bands are
similar in shape and position, careful analysis of PL data will
be crucial in order to pinpoint specific defects. The overall
picture is similar to what has been found previously for the
CN acceptor and its complexes with donors in GaN [69–72].

Following heat treatment in Zn ambient, the concentration
of Li in HT grown ZnO is lowered by about three orders of
magnitude, while the concentration of Na and Al remains ba-
sically unchanged. The change in Li concentration is accom-
panied by a strong reduction in intensity of the entire broad
luminescence band, which may suggest that Li is involved
not only in the OL band, but also in the broad GL at its
high energy side, with donor-complexed LiZn and NaZn as a
potential origin. However, further work is required in order to
verify this hypothesis.
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TABLE III. Calculated non-Koopmans energies in eV for the
(0/−) transition of polaronic acceptors VZn, LiZn, and NaZn, and the
(+/0) transition of Hi at the octahedral site.

ENK (eV)
Defect Transition HSE(0.375, 0.20) HSE(0.30, 0.05)

VZn (0/−) 0.08 −0.01
LiZn (0/−) 0.06 0.01
NaZn (0/−) 0.07 0.00
Hi (+/0) 0.27 0.07
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APPENDIX

Here we discuss the gKT fitting procedure and the
supercell-size dependence of gKT related quantities. The gKT
is an exact physical constraint by which the total energy shows
a piecewise linear dependence upon addition of electrons, and
implies that the single-particle energy level does not shift
upon occupation [34,35,91]. To determine whether the gKT
is fulfilled, we have used the (0/−) transition of the unrelaxed
VZn and calculated the so-called non-Koopmans energy, which
is given by [34]

ENK = Eadd − ε(N ). (A1)

Here ε(N ) is the KS eigenvalue of the defect state in the
neutral charge state (N-electron system), and Eadd = E (N +
1) − E (N ) is the electron addition energy, i.e., the total en-

FIG. 6. Dependence of corrected and uncorrected gKT quantities
on supercell size for the (0/−) transition of the unrelaxed VZn in
ZnO using the GGA-PBE+U functional, where an effective U value
of 5 eV was applied to the Zn 3d orbitals, and 8 eV to the O 2p
orbitals of the four O atoms associated with VZn. A �-only k-point
sampling was used for all supercells. Natom is the number of atoms
in the supercell. The energy is given relative to the ε(N ) value of the
largest supercell. The dashed lines are fits of the uncorrected values
to a function of the form aN−1

atom + bN−1/3
atom + c, and the solid lines

correspond to the value obtained for the largest supercell.
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FIG. 7. Dependence of corrected and uncorrected gKT quantities
on supercell size for the (0/−) transition of the unrelaxed VZn in ZnO
using HSE(0.30, 0.05) and HSE(0.375, 0.20).

ergy difference between the N- and (N + 1)-electron systems,
keeping the atoms fixed. The finite-size correction [46,47] for
charged defects was applied to the terms pertaining to the
negatively charged supercell, namely E (N + 1) and ε(N + 1),
using the ion-clamped dielectric tensor. For KS eigenvalues,
the correction is given by the relation εc = −2Ec/q [92],
where q is the charge state and Ec is the total energy cor-
rection. When ENK = 0, the gKT is fulfilled as eN = Eadd =
eN+1, i.e., the KS eigenvalue does not shift upon occupation.

The test was carried out by using a 300-atom supercell and
a �-only k-point sampling, which is the largest supercell we
could afford. For each set of α and μ parameters tested, the
bulk lattice parameters were optimized, and the ion-clamped
dielectric tensor calculated from the self-consistent response
of the system to a finite electric field [93]. As shown in
Table III, we obtain ENK = 0.08 eV for the (0/−) transition
of VZn when using the HSE(0.375, 0.20) functional, which
means that the defect KS eigenvalue shifts upward in energy
upon electron addition. By systematically changing the μ and
α parameters and calculating ENK, we find that the HSE(0.30,

0.05) functional both satisfies the gKT for VZn and reproduces
the experimental band gap.

We have calculated ENK also for the (0/−) transitions
of LiZn and NaZn, and the (+/0) transition of Hi with the
H atom at the octahedral interstitial site [35]. For LiZn and
NaZn, however, there is a caveat, because the acceptor state
is delocalized when the Li/Na atom is placed at the ideal Zn
site, making it unsuitable for gKT testing [35,36]. Instead, we
have shifted the Li/Na atom to the O basal plane. This results
in a well-localized defect state for both charge states, similar
to the defect states shown in Fig. 2. The resulting ENK values
for LiZn and NaZn are consistent with those obtained for VZn in
Table III, and the HSE(0.30, 0.05) functional satisfies the gKT
approximately. For Hi, the calculated ENK is larger and seems
to be more sensitive to the α and μ parameters. This result is in
line with the trend observed by Miceli et al. [35]. The reason
for the discrepancy could be due to the different character of
the Hi defect state, or a larger remaining finite-size error. The
latter can be expected due the more extended nature of the
Hi defect state. In any case, the HSE(0.30, 0.05) functional
is found to satisfy the gKT for polaronic O 2p-like states,
which is the type of defect state investigated in the present
work.

Although we have not explored the entire α and ω parame-
ter space, we find that other sets of parameters that comply
with the gKT tend to produce similar band gap values, in
line with results reported by Miceli et al. [35]. For instance,
HSE(0.40, 0.20) results in ENK = −0.01 eV for VZn and a
band gap of 3.58 eV.

Finally, to investigate the supercell-size dependence of the
calculated gKT quantities for VZn, we have performed a test
using the PBE-GGA+U functional. As shown in Fig. 6, the
KS defect state shifts up after electron addition, and Eadd

is located at an average between ε(N ) and ε(N + 1) [36].
ENK in the 300-atom supercell is within 13 meV of the value
calculated for the largest 980-atom supercell, and, as indicated
by the solid and dashed lines in Fig. 6, the terms pertaining
to the singly negatively charged supercell are well corrected
by the FNV scheme. The supercell-size dependence was also
investigated up to the 300-atom supercell using the HSE(0.30,
0.05) and HSE(0.375, 0.20) functionals, as shown in Fig. 7.
When using the HSE functionals, ENK converges even faster.
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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.

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 127, 075701 (2020); doi: 10.1063/1.5140742 127, 075701-3

Published under license by AIP Publishing.

131



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 Hþi . 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 Hþi ).

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 Hþi .

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)

STHþO1 þ e�CBM 3.11 0.54 4.38 3.04 5.58 2.77 38/36

STHþO2 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

NþO1 þ e�CBM 2.28 0.58 3.69 2.17 4.99 2.80 40/37

NþO2 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

NþO3 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)

STHþO1 þ e�CBM 3.18 (+0.07) 0.54 4.38 3.13 5.35 2.69 38/34
STHþO2 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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ABSTRACT

Deep-level transient spectroscopy measurements on b-Ga2O3 crystals reveal the presence of three defect signatures labeled E2a; E2b, and E3
with activation energies at around 0.66 eV, 0.73 eV, and 0.95 eV below the conduction band edge. Using secondary ion mass spectrometry, a
correlation between the defect concentration associated with E3 and the Ti concentration present in the samples was found. Particularly, it is
found that E3 is the dominant Ti-related defect in b-Ga2O3 and is associated with a single Ti atom. This finding is further corroborated by
hybrid functional calculations that predict Ti substituting on an octahedral Ga site, denoted as TiGaII, to be a good candidate for E3.
Moreover, the deep level transient spectroscopy results show that the level previously labeled E2 and attributed to Fe substituting on a gallium
site (FeGa) consists of two overlapping signatures labeled E2a and E2b. We tentatively assign E2a and E2b to Fe substituting for Ga on a tetrahe-
dral or an octahedral site, respectively.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5139402

Monoclinic gallium sesquioxide (b-Ga2O3) has attracted con-
siderable attention in recent years due to its wide bandgap and
exceptionally high break-down electrical fields,1 rendering it a
potential candidate for applications in UV sensors and power elec-
tronics.1–6 Defects, however, influence the optical and electrical
properties of the material and need to be understood for b-Ga2O3

to live up to its potential. For example, defects can pin the Fermi-
level in semiconductor–metal or semiconductor–insulator–metal
junctions and hence influence the performance of devices for
power electronics.4,7–9

Intentional and unintentional impurities are particularly relevant
defects in b-Ga2O3. For example, iron (Fe) is commonly used to
achieve semi-insulating b-Ga2O3 needed for obtaining field effect
transistors based on b-Ga2O3,

1,6 while titanium (Ti) is often used as
Ohmic contact on b-Ga2O3.

1,4,6,10–12 Furthermore, Ti in b-Ga2O3 was
also proposed as a promising defect for quantum information

processing.13,14 Fe and Ti are believed to give rise to deep electronic
states in b-Ga2O3.

15–19 Indeed, several defect-related electronic levels
have been observed by deep level transient spectroscopy (DLTS). In
particular, the defect levels commonly labeled as E1; E2, and E3, with
energy level positions at 0.56 eV, 0.78 eV, and 1.01 eV below the con-
duction band edge, respectively, have all been proposed to be related
to impurities due to their lack of response to irradiation.20 Indeed, E2
has been identified as being related to FeGa using DLTS in combina-
tion with secondary ion mass spectrometry (SIMS) and hybrid func-
tional calculations.

In this study, we report on a combined DLTS and SIMS study.
Using both techniques, we were able to tentatively identify a defect
level with an activation energy of 0.95 eV below the conduction band
edge to be associated with Ti substituting on an octahedral gallium
(Ga) site and denoted as TiGaII. The corresponding level is commonly
observed in commercially available b-Ga2O3 and is often labeled
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as E3. Our identification is corroborated by hybrid functional calcula-
tions. Furthermore, we were able to show that the defect signature
labeled as E2, which is commonly seen in DLTS measurements and
associated with FeGa, indeed consists of at least two defect signatures.

b-Ga2O3 bulk crystals grown by edge-defined film-fed growth
(EFG)21,22 and the Czochralski method (CZ)23,24 were used for this
study. The EFG crystals were purchased from Tamura Corporation,
and the CZ crystals were obtained from the Leibniz-Institut f€ur
Kristallz€uchtung (Berlin). Furthermore, b-Ga2O3 thin-films grown by
halide vapor-phase epitaxy (HVPE)4 on conductive b-Ga2O3 sub-
strates and obtained from Novel Crystal Technology Inc. were used as
reference materials with a low impurity content. All samples were pre-
pared for DLTS measurements, and hence, Ohmic contacts (Ti/Al or
InGa eutectic alloy) and Schottky contacts (Ni or Pt) were deposited
on the back and front sides, respectively. The resulting junctions
exhibit a rectification of at least two orders of magnitude and a series
resistance never exceeding 1 kX. The samples displayed donor concen-
trations ranging from 5� 1015 cm�3 to 7� 1018 cm�3. Further details
regarding the fabrication of Schottky diodes can be found in Ref. 25
for the CZ crystals and in Refs. 12, 15, and 20 for the EFG and HVPE
samples.

DLTS measurements were performed on two different setups
described in detail elsewhere,20,26 with one setup covering the tempera-
ture range from 20K to 400K and one high-temperature setup
enabling measurements between 150K and 700K. In short, a reverse
bias of �10V and a filling pulse of 10V were deployed for conven-
tional DLTS measurements, while Laplace DLTS was performed at a
reverse bias of �2V and a filling pulse of 1.8V. Laplace DLTS mea-
surements were analyzed with a software written by Dobaczewski
et al.27,28 A GS4 filter was utilized to construct the conventional DLTS
spectra in order to better resolve the defect signatures E2 and E3,

29 and
the spectra were simulated with a python-based script. Parameters
such as the trap concentration Nt, the activation energy EA, and the
apparent capture cross section rna of the individual traps were
obtained from Laplace DLTS measurements by constructing an
Arrhenius plot,27,30 while these parameters were extracted from con-
ventional DLTS measurements from the afore-mentioned simulations.
In both cases, the extracted value for rna can be expected to exhibit a
large uncertainty. For calculating Nt, the k-correction was
included.25,30

SIMS measurements were performed using a Cameca IMS 7f
instrument with a primary beam of 10 ke V Oþ2 ions. For Ti, the abso-
lute concentration was determined using an implanted reference sam-
ple. Crater depths were measured using a Dektak Stylus Profilometer
to convert sputtering time to depth.

First-principles calculations were performed using the projector
augmented wave method31,32 and the Heyd–Scuseria–Ernzerhof
(HSE)33 screened hybrid functional, as implemented in the VASP
code.34 The fraction of screened Hartree–Fock exchange was adjusted
to a ¼ 0:33, resulting in a direct bandgap of 4.9 eV.35 The experimen-
tally determined bandgap value can be expected to exhibit an uncer-
tainty of around6 0.1 eV.35 The Ga-3d and Ti-3p, -3d, and -4s
electrons were included as valence states. For defect calculations, we
used 160-atom supercells, a plane wave energy cutoff of 500 eV, and a
single special k-point at (1/4, 1/4, 1/4). Defect formation energies and
thermodynamic charge-state transition levels were calculated by fol-
lowing the well-established formalism.36 For charged defects, we
adopted the anisotropic37 Freysoldt, Neugebauer, and Van de Walle
scheme to correct formation energies38 and the method recently pro-
posed by Gake et al. to correct vertical transition energies.39

Nonradiative carrier capture barriers were estimated by using the one-
dimensional configuration coordinate (CC) model.40 The CC dia-
grams were derived from the calculated one-dimensional CC model
parameters by using a harmonic approximation.41

Figure 1(a) shows DLTS spectra recorded on an EFG-grown
b-Ga2O3 crystal. Three defect signatures are observed labeled as E2a
(EA¼ 0.66 eV, rna ¼ 4� 10�16 cm2Þ;E2b (EA¼ 0.73 eV, rna ¼ 1
�10�15 cm2), and E3 (EA ¼ 0.95 eV, rna ¼ 4� 10�14 cm2). Defect
signatures similar to E2a and E2b were found in EFG- and CZ-grown
b-Ga2O3 crystals and HVPE-grown b-Ga2O3 thin-films, while E3 was
only found in EFG- and CZ-grown b-Ga2O3 crystals. Notably, on
similar samples, the EA values of around 1.04 eV (Ref. 25) and 1.01 eV
(Ref. 20) have been reported previously for E3. Hence, an uncertainty
of around 0.1 eV can be assumed for the values of EA stated here.
Considering the previously reported values for rna of E2 and E3,

20,25

an uncertainty of aroundþ/� an order of magnitude can be expected.
Figure 1(b) displays the results obtained performing Laplace

DLTS on an EFG-grown b-Ga2O3 crystal. The corresponding results
corroborate the findings presented above and in Fig. 1(a). Three defect
signatures were revealed: E2a (EA ¼ 0.56 eV, rna ¼ 1� 10�17 cm2),
E2b (EA ¼ 0.70 eV, rna ¼ 4� 10�16 cm2), and E3 (EA ¼ 0.98 eV, rna

¼ 4� 10�14 cm2). These parameters match well with the results
obtained from simulations of conventional DLTS spectra. The defect
parameters extracted from conventional and Laplace DLTS measure-
ments are summarized in Table I.

In previous studies, the signatures E2a and E2b were observed as a
single defect signature labeled E2,

9,15,25,42,43 which was attributed to
FeGa.

15 E2 and E3 are present in a variety of commercially available b-
Ga2O3 crystals and thin-films.9,15,25,42–46 Notably, neither E2 nor E3
has been found to be affected by irradiation with protons,15,20

FIG. 1. (a) DLTS spectra recorded on an EFG-grown b-Ga2O3 crystal. The data were modeled with a simulation, and three defect signatures labeled as E2a; E2b, and E3
were unveiled. (b) Results from Laplace DLTS performed on an EFG-grown b-Ga2O3 crystal. The Arrhenius plot for the three defect signatures, which are also detected in (a),
is shown. The inset shows the emission rate spectrum obtained from the capacitance transient recorded at 400 K.
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suggesting the involvement of an impurity. After irradiation with pro-
tons or a-particles, another level commonly labeled as E�2 with a charge
transition level of around 0.75 eV below the conduction band edge is
present in the same temperature region in DLTS measure-
ments.15,20,43,47 E�2 , however, displays a significantly different activation
energy and an apparent capture cross section compared to, for exam-
ple, E2a, suggesting a different origin. Moreover, the trap concentra-
tions associated with E2a and E2b exhibit a ratio of approximately 1:5
(not shown). Notably, a similar ratio is expected for the two configura-
tions of FeGa, assuming a difference in the formation energy of 0.3 eV
(Ref. 15) at the melting point temperature.48,49 Notably, an electron
paramagnetic resonance (EPR) study also found a ratio of 1:5 for the
two different crystallographic configurations of FeGa in b-Ga2O3.

50

Hence, we suggest that E2a and E2b arise from the tetrahedral and octa-
hedral configuration of FeGa, respectively.

Figure 2(a) shows an overview over DLTS spectra recorded on a
variety of Schottky junctions including CZ-, EFG- and HVPE-grown
b-Ga2O3. The trap concentration in HVPE-grown b-Ga2O3 is gener-
ally significantly lower than in CZ- or EFG-grown b-Ga2O3 as
reported earlier.20 For some CZ-grown b-Ga2O3 crystals [see CZ A in
Fig. 2(a)], it was not possible to model the region where E2a and E2b
are present with only two defect signatures, indicating the presence of
additional defect signatures in this temperature region in DLTS mea-
surements. The modeling of conventional DLTS spectra described the
signature related to E3, suggesting that, indeed, only one defect con-
tributes to this defect signature, as corroborated by Laplace DLTS [see
Fig. 1(b)].

A wide range of concentrations associated with E2a; E2b, and E3
are found in CZ- and EFG-grown samples as reported previously,15,25

rendering them suitable candidates for the identification of impurity-
related defects. SIMS measurements reveal that Ti, Fe, Mg, Al, and Si
are present in at least some of the investigated samples. In addition to
the correlation between E2 and Fe reported previously,15 the concen-
tration of E3 was found to correlate solely with that of Ti. Figure 2(b)
displays the correlation between the Ti concentration [Ti] as deter-
mined by SIMS and the E3 trap concentration [E3] as determined by
DLTS (square brackets denote concentration). A linear relationship
between [Ti] and [E3] can be seen. Notably, all data points fall close to
the line expected for [Ti] ¼ [E3], suggesting that E3 is the dominant
Ti-related trap and associated with a single Ti atom. Importantly, in
HVPE-grown b-Ga2O3, the concentration of both Ti and E3 was
found to be below the detection limit of our systems, further corrobo-
rating the correlation between Ti and E3.

To gain insights into the formation of defects involving Ti in
b-Ga2O3 and corroborate the observed correlation between [E3] and
[Ti], we have performed hybrid functional calculations. Only results
for the TiGa configurations are presented since TiO and Tii configura-
tions were found to have significantly higher formation energies (not
shown). Figure 3(a) displays the formation energy diagram for TiGaI
and TiGaII, where GaI and GaII denote the tetrahedral and octahedral
Ga sites in the b-Ga2O3 lattice. TiGaII has the lowest formation energy
regardless of the Fermi level position: the difference is 0.34 eV and
0.86 eV for the positive and neutral charge states, respectively. This
means that TiGaII is expected to be the dominant configuration for
TiGa, which is consistent with EPR studies performed on b-Ga2O3

crystals, where only TiGaII was identified.
13,14,16 A recent study report-

ing first-principles calculations on Ti in b-Ga2O3 found very similar
results for TiGa.

19 Furthermore, the solubility of Ti is expected to be
around 1.5 at. % in b-Ga2O3,

51 which is consistent with the low for-
mation energy found here for TiGaII. Notably, the amount of uninten-
tionally incorporated Ti will strongly depend on both the amount of
Ti present and the experimental conditions during growth.

TiGa is predicted to act as a deep single donor on both lattice sites.
In the neutral charge state, the donor electron occupies a localized
defect state within the bandgap, showing mainly Ti 3d character. The
calculated thermodynamic (þ/0) charge state transition level of TiGaI
and TiGaII occurs at 0.60 eV and 1.13 eV below the conduction band
minimum (CBM), respectively. To enable a more direct comparison
with the DLTS results, we have estimated the classical capture barrier
for electrons Eb by constructing a CC diagram,40 as shown in Fig. 3(b).
The excited state potential energy surface corresponds to the ionized

TABLE I. Overview of the parameters determined for defect signatures observed in
a variety of b-Ga2O3 crystals. The results were obtained on EFG-, CZ-, and HVPE-
grown Ga2O3 simulating their conventional DLTS spectra. The results in brackets
were derived from Laplace DLTS measurements on an EFG-grown b-Ga2O3 crystal.

Defect Activation Apparent capture
signature energy EA (eV) cross section rna (cm

2)

E2a 0.66 (0.56) 4� 10�16 (1� 10�17)
E2b 0.73 (0.70) 1� 10�15 (4� 10�16)
E3 0.95 (0.98) 4� 10�14 (4� 10�14)

FIG. 2. (a) DLTS spectra recorded on various CZ-, EFG, and HVPE-grown b-Ga2O3. The corresponding surface orientations are also shown in the legend. The spectra were
aligned along the temperature axis with respect to the peak position of the signature labeled E3 as observed in the sample labeled CZ A (100). The temperature positions of
E2a; E2b, and E3 are marked. (b) Comparison between the titanium concentration obtained from calibrated SIMS measurements and the trap concentration related to E3 deter-
mined by simulating conventional DLTS spectra. Ellipsoidal areas are shown if the uncertainties for [E3] are larger than the data points displayed. The detection limit for [Ti] as
measured by SIMS is estimated to be around 1� 1015 cm3. [Ti] in HVPE-grown b-Ga2O3 is below that limit, and no signal corresponding to E3 was detected in HVPE-grown
b-Ga2O3. As a guide, a line corresponding to [E3] ¼ [Ti] is shown.
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donor plus an electron at the CBM (TiþGaII þ eCBM), and the ground-
state curve corresponds to the charge-neutral donor (Ti0GaII). The two
curves are vertically displaced by the thermal ionization energy Ei, i.e.,
the Fermi level position of the thermodynamic (þ/0) charge-state
transition level relative to the CBM. In this classical picture, the activa-
tion energy for electron emission corresponds to the sum of Ei an Eb,
which is taken as the energy required to reach the crossing point
between the two potential energy curves. For TiGaI, we obtain a capture
barrier of 0.09 eV, whereas no barrier was found for TiGaII. Note that
the activation energy will be lower if its temperature-dependence is
taken into account.40 Thus, we arrive at 0.69 eV and 1.13 eV as the
upper limit for the activation energy of TiGaI and TiGaII, respectively.
Hence, the calculated transition level for Tiðþ=0ÞGaII agrees within the
errors of experiment and theoretical calculation with the activation
energy found for E3 (0.95 eV), further strengthening the assignment of
E3 to Ti. The calculated defect parameters for TiGa are summarized in
Table II.

In summary, conventional DLTS measurements on selected
EFG- and CZ-grown b-Ga2O3 crystals reveal the presence of three
defect signatures labeled E2a; E2b, and E3 with activation energies of
around 0.66 eV, 0.73 eV, and 0.95 eV below the conduction band edge.
E2a and E2b are also found in HVPE-grown b-Ga2O3 thin-films, while
E3 was not detected in such samples. It is found that the defect level
labeled E2, which is attributed to FeGa, consists of two distinct defect
signatures labeled E2a and E2b. It is proposed that E2a and E2b are asso-
ciated with Fe substituting for Ga on a tetrahedral or an octahedral
site, respectively. The defect concentration associated with E3 is found
to be correlated with the Ti concentration present in the samples as
measured by SIMS. Particularly, it is shown that E3 is the dominant
Ti-related defect in b-Ga2O3 and is associated with a single Ti atom.
This is further supported by hybrid functional calculations where Ti

substituting on an octahedral Ga site denoted as TiGaII is shown to be
an excellent candidate for E3.
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Abstract
In this study, we demonstrate an approach to identify defects in wide band gap semiconductors by
comparing accumulatively-recorded derivative steady-state photo-capacitance (SSPC) spectra to
simulations using results from first-principles calculations. Specifically, we present a method to
simulate SSPC spectra which adopts inputs both from first-principles calculations and the
experimental conditions. The applicability of the developed method is demonstrated using the
cases of subsitutional Fe (FeGa) and Ti (TiGa) defects in β-Ga2O3. Using deep-level transient

spectroscopy, we identify defect levels associated with Fe0/−
GaI (EA = 0.66 eV), Fe0/−

GaII (EA = 0.79 eV)

and Ti+/0
GaII (EA = 1.03 eV) in the β-Ga2O3 samples studied here. Accumulatively-recorded SSPC

spectra reveal several defect levels labeled TEFG
1 –TEFG

6 with onsets for optical absorption between
1.5 eV and 4.3 eV. The signature TEFG

1 consists of several overlapping defect signatures, and is

identified as being related to Fe0/−
GaI , Fe0/−

GaII and Ti+/0
GaII by comparing measured and simulated

accumulatively-recorded derivative SSPC spectra.

1. Introduction

Defects have a pronounced influence on the electrical and optical properties of semiconductors, and are
fundamentally important in determining the expected performance of a given semiconductor device. Often,
defects are studied by using their charge state transition levels (defect levels) as fingerprints, while their
unambiguous identification requires the simultaneous utilization of a number of techniques [1, 2]. In recent
years, many wide band gap semiconductors, such as monoclinic gallium sesquioxide (β-Ga2O3), have
attracted considerable research interest due to promising properties for applications ranging from
photo-detectors to power electronics [3–6]. It is, however, a particular challenge to study the electronic
properties of defect levels in wide band gap semiconductors.

A widely-used technique to study defect levels in semiconductors is deep-level transient spectroscopy
(DLTS) [1, 7], but the accessible part of the band gap is typically limited by the temperature range used for
the measurement because DLTS probes defect levels by measuring the thermally-induced emission of charge
carriers from defects (traps). For example, in the case of β-Ga2O3, defect levels up to 1.4 eV below the
conduction band edge can typically be observed using DLTS [8, 9]. Steady-state photo-capacitance
(SSPC) measurements and related techniques [1, 10] measure the optically-induced emission of charge
carriers from traps, and are complementary to DLTS measurements. Using suitable optical excitation, SSPC
measurements can detect defect levels throughout the whole band gap of wide band gap semiconductors.
Indeed, SSPC measurements and their transient counter-part deep-level optical spectroscopy have been
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used to reveal several deep level defects in β-Ga2O3 [11–18]. SSPC measurements, as well as
DLTS measurements, also provide the concentration of the traps associated with the observed defect levels.
This enables a wide range of study designs suitable for identifying extrinsic as well as intrinsic
defects.

First-principles calculations for defect levels in semiconductors have seen significant advancements in
recent years, for example, by the introduction of hybrid-functionals, such as the Heyd–Scuseria–Ernzerhof
(HSE) functionals [19] which yield an improved description of the atomic and electronic
structure of semiconductors, as well as the degree of charge localization at defects [20]. These advances
have bridged the gap between calculated defect levels and defect levels observed by techniques like DLTS
[21, 22]. For β-Ga2O3, specific defect levels observed by DLTS have been identified and assigned
to FeGaI (substitutional Fe on a tetrahedral Ga site), FeGaII (substitutional Fe on an octahedral Ga site) and
TiGaII (substitutional Ti on an octahedral Ga site) by correlating computational and experimental results [8,
23]. Results from first-principles calculations can also be used to correlate signatures seen in SSPC
measurements to specific defects present in a material. Specifically, the optical absorption associated with a
defect level can be predicted [22, 24]. However, a clear and corroborated methodology to perform such
comparisons is still missing. Particularly, the effect of experimental parameters on the spectral position of
signatures seen in SSPC measurements should be taken into account.

Here, we report on a methodology to simulate SSPC spectra from results of first-principles calculations,
enabling a comparison between first-principles calculations and SSPC measurements. Fe- and Ti-related
charge state transition levels which have recently been identified by DLTS in β-Ga2O3 [8, 23] are used to
verify the validity of our method, and thereby, we also identify the corresponding SSPC signatures related to
FeGaI, FeGaII and TiGaII in β-Ga2O3.

2. Experimental details

Bulk β-Ga2O3 crystals grown by edge-defined film-fed growth (EFG) [25, 26] with a surface orientation of
(−201) were obtained from Tamura Corporation. Samples measuring approximately (5 × 5) mm2 were cut
with a laser cutter. All samples were prepared for DLTS and SSPC measurements by depositing metal
contacts using e-beam evaporation. The samples were cleaned inside an ultrasonic bath using acetone,
isopropanol and de-ionized water prior to the metal depositions. Stacks of Ti and Al with a thickness
of 10 nm and 120 nm, respectively, were deposited on the back side and used as Ohmic contacts, while
front-side Ni contacts were used as semi-transparent Schottky contacts [27, 28]. First, Ni contacts with a
thickness of 10 nm were deposited using a shadow mask with diameters of 300 μm, 600 μm and 900 μm.
Subsequently, another layer of Ni with a thickness of 150 nm was deposited using a shadow mask with
circular openings (diameter = 300 μm) which aligns with the first deposition such that the thick
Ni pads are on top of the semi-transparent Ni pads. The thick Ni parts enable mechanical stability for
wire-bonding. Additionally, Pd pads were deposited on top of the thick Ni part to further improve the
wire-bonding.

Capacitance–voltage (CV) and current–voltage (IV) measurements were performed using a Keithley
6487 picoammeter/voltage source and either an HP4280 A or Boonton 7200 capacitance meter,
respectively. CV measurements were performed at a probing frequency of 1 MHz. CV and IV measurements
were performed to ensure device characteristics suitable for DLTS and SSPC measurements as
well as to determine the donor concentration (ND) of the β-Ga2O3 samples [1]. For analyzing CV
measurements, a relative static dielectric constant (εs) of 10.2 was assumed for β-Ga2O3 [29].

DLTS measurements were performed using a setup described in detail in [23, 30]. The setup allows for
DLTS measurements in the temperature range from 150 K to 680 K. DLTS spectra were constructed using a
GS4 filter [31]. In order to obtain parameters describing traps, such as trap concentration (Ntr), activation
energy (EA) and apparent capture cross section (σna) DLTS spectra were simulated using a python-based
script, where the λ-correction was employed to obtain Ntr [1, 32]. EA is the sum of the classical activation
energy for carrier capture (Eb) and the thermodynamic charge-state transition level [1, 21]. σna depends
both on Eb and a prefactor (σ0) which is, for example, dependent on the charge state of the trap [21,
33–37]. For the samples studied here, larger values for σ0 can be expected for positively-charged traps as
compared to neutral traps, whereas neutral traps are expected to exhibit larger values of σ0 than
negatively-charged traps [34, 37]. More information regarding the simulation of DLTS spectra and the
λ-correction can be found in the appendix A.

SSPC measurements were performed with a setup described in detail in [28]. The photo-capacitance
(Cillum) of the samples is recorded after illuminating the junction at a photon energy E for a time tillum,
whereby tillum between 30 s and 1200 s were employed for this study. Cillum is referenced to the capacitance

2
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Figure 1. Photon flux Φ (E) recorded for the optical excitation used for SSPC measurements. A structure is marked in gray
which also appears in SSPC measurements.

of the junction in the dark (Cdark). All capacitance values were measured at a fixed external bias (Vext) of −8
V. SSPC spectra S (E, tillum) were recorded by subsequently measuring Cillum (E, tillum) at different E after
tillum. Measurements were performed using steps (ΔE) of 20 meV in-between subsequent E. The spectral
distribution of the optical excitation represented by the photon flux (Φ (E)) was determined using a
calibrated thermal power meter placed at the sample position, and is shown in figure 1. Typical photon
fluxes of 1 × 1017 m−2 s−1 in the UV and 1 × 1019 m−2 s−1 in the visible part of the spectrum were found.
SSPC spectra were recorded at 120 K.

SSPC measurements can be performed accumulatively [28] or non-accumulatively [1, 13]. For the
accumulative SSPC measurements conducted here, S (E, tillum) was recorded at subsequent E without
changing Vext, and the measurements were exclusively performed in ascending order of E. In contrast, in
non-accumulative SSPC measurements, Vext is set to 0 V in-between measurements at subsequent E.

3. Methodology

3.1. First-principles calculations based on hybrid-functionals
A detailed description of the first-principles methodology and computational details can be found in [23],
thus only a brief summary is given here. All calculations were performed using the Heyd–Scuseria
–Ernzerhof [19] range-separated hybrid functional, as implemented in the VASP code [38], with the
fraction of screened Hartree–Fock exchange set to α = 0.33. Defect calculations were
performed with 160-atom supercells, a plane-wave energy cutoff of 500 eV and a single k-point at (1/4, 1/4,
1/4). To remedy the spurious supercell-size dependence of thermodynamic and vertical charge state
transition energies, we used the correction schemes of Freysoldt et al [39, 40], and Gake et al [41],
respectively.

The optical properties of FeGaI, FeGaII and TiGaII were investigated within the framework of the
one-dimensional configuration coordinate (CC) model [20, 22, 42, 43]. CC diagrams were constructed
using model parameters from the hybrid-functional calculations, namely the change in configuration
coordinate ΔQ, the zero-phonon line (ZPL) energy EZPL, and the effective vibrational frequencies Ωg and
Ωe in the ground (g) and excited (e) state, respectively. In the Franck–Condon (FC) approximation, optical
transitions are vertical with no change in configuration coordinate. Classical emission and absorption
energies can then be defined as Eem = EZPL − dFC

g and Eabs = EZPL + dFC
e , respectively, where dFC

g and dFC
e are

the so-called FC shifts. The normalized absorption cross-section σo
i,norm (E), including temperature

-dependent vibrational broadening, can be simulated using the effective vibrational frequencies, as outlined
in [22, 24].

σo
n,norm (E) is related to the optically-induced emission of electrons from a defect, while σo

p,norm (E) is

related to the optically-induced emission of holes. Thus, σo
n,norm (E) is related to processes involving

electrons and the conduction band edge, and σo
p,norm (E) is associated with processes involving electrons and

the valence band edge.

3.2. Simulation of steady-state photo-capacitance spectra
The SSPC signal S (E, tillum) is usually presented as [1, 10]:

S (E, tillum) = 2
Cillum (E, tillum) − Cdark

Cdark
ND = 2

ΔCillum (E, tillum)

Cdark
ND = N∗

tr,eff (E, tillum) . (1)

Here, ΔCillum (E, tillum) denotes the change in (photo-)capacitance during illumination for tillum at E, and
Cdark represents the capacitance of the junction measured in the dark. N∗

tr,eff (E, tillum) is the change in the

3
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concentration of ionized traps inside the probing volume due to illumination. However the probing volume
will usually not be equal to the volume of the space-charge region [1, 28]. Moreover, equation (1) assumes
ND � N∗

tr,eff to be valid.
S (E, tillum) can be expressed with the following empirically-motivated formula [28]:

S (E, tillum) = 2ND

∑

i

ΔCillum,i

Cdark

1

1 + exp
(
− E−Ei

γi

) (2)

where Ei denotes the onset of optical absorption related to trap i, and γ i describes the steepness of the
corresponding step in S (E, tillum). ΔCillum,i is the (photo-)capacitance change related to photo-excitation of
trap i. ΔCillum,i are larger than zero for optically-induced electron emission, and are smaller than
zero for optically-induced hole emission. Results of SSPC measurements can also be presented as derivative
SSPC spectra dS (E, tillum) /dE [10, 28, 44]. Peaks at Ei in dS (E, tillum) /dE will represent trap i [28]. Notably,
the optically-induced emission of a charge carrier only contributes to the recorded S (E, tillum) if the charge
carrier is swept out of the space-charge region by the electrical field present in the space-charge region. For
many semiconducting oxides, self-trapped holes or electrons can form which may not be sufficiently mobile
to leave the space-charge region [45]. In β-Ga2O3, self-trapped holes are expected to form with very low
mobility below room temperature [45, 46].

In steady-state, i.e., for sufficiently long tillum, S (E, tillum) will be constant, and equal to Nss
tr,eff,

representing the steady-state concentration of ionized traps inside the probing volume. Nss
tr,eff is a sum of all

Nss
tr,eff,i representing the concentration of ionized traps i in steady-state. If optically-induced hole emission

can be neglected, Ntr,i can be computed from Nss
tr,eff,i via [1]:

Ntr,i = Nss
tr,eff,i

W2

x2
1,i − W2

o,i

= cNss
tr,eff,i. (3)

Ntr,i is the actual concentration of trap i. W is the depth of the depletion layer at Vext, x1,i is the depth where
the thermodynamic charge state transition level of trap i (Eth

i ) crosses the Fermi-level EF, and Wo,i represent
the fact that electrons from outside the space-charge region can penetrate into the space-charge
region and refill photo-ionized traps. The correction factor c represents that during SSPC measurements
traps are only photo-ionized in part of the volume of the space-charge region, and will always be larger than
1. Notably, Wo,i will be smaller for a trap for which electron capture is more likely [1]. Here, Wo,i can be
expected to be reduced for donor defects as compared to acceptor defects [34, 37]. Smaller values for Wo,i

suggest that traps are photo-ionized in a smaller volume inside the space-charge region, and hence the
correction factor c will be larger. If hole emission cannot be neglected, an additional factor representing the
relative magnitude of optically-induced electron emission as compared to optically-induced hole
emission needs to be added to the right hand side of equation (3) [10]. For non-ideal junctions, further
corrections in addition to equation (3) are necessary due to leakage currents inside the space-charge
region [47]. If leakage currents are present, corrections based on equation (3) will underestimate the actual
trap concentration. Generally, traps with larger capture cross-sections for electrons will capture more
electrons from the leakage current, and hence a larger deviation from equation (3) can be
expected [47].

In order to obtain computational results which can be compared to measured S (E, tillum), one needs to
compute N∗

tr,eff (see equation (1)). The time-evolution of N∗
tr,eff is described by the following differential

equation [1, 10]:
dN∗

tr,eff

dt
= σo

nΦNtr,eff − σo
pΦN∗

tr,eff. (4)

Here, Ntr,eff denotes the concentration of traps occupied with electrons. σo
i are the absorption cross-sections

related to the optically-induced emission of electrons (i = n) or holes (i = p) from a trap [22]. Often,
optically-induced hole emission can be neglected, and one obtains:

dN∗
tr,eff

dt
= σo

nΦNtr,eff. (5)

Here, Ntr,eff is equal to Nss
tr,eff − N∗

tr,eff. Equation (5) can be solved for the experimental conditions
encountered in accumulative or non-accumulative SSPC measurements. In the following, Ek denotes a
specific photon energy used for illumination during an SSPC measurements. The Ek are ordered in
ascending order, and hence Ek > Ek−1 is valid. For accumulative SSPC measurements, one obtains the
following expression for equation (1) when solving equation (5):

Sacc

(
Ek, tillum

)
= S

(
Ek−1, tillum

)
+

[
Nss

tr,eff − S
(
Ek−1, tillum

)] [
1 − exp

(
−σo

n

(
Ek

)
Φ

(
Ek

)
tillum

)]
, (6)

4

152



New J. Phys. 22 (2020) 063033 C Zimmermann et al

Table 1. Summary of parameters describing the CC diagrams for Fe0/−
GaI , Fe0/−

GaII and Ti+/0
GaII [8, 23].

Defect EZPL (eV) dFC
g/e (eV) ΔQ (amu1/2/Å) Ωg/e (meV)

Fe0/−
GaI 0.62 1.10/1.02 1.63 59/57

Fe0/−
GaII 0.72 1.04/0.93 1.22 76/72

Ti+/0
GaII 1.13 1.01/1.14 1.35 68/72

if one specific trap is assumed to be present in the space-charge region. Notably, k starts at 1, and
S
(
E0, tillum

)
is set to zero.

For non-accumulative SSPC measurements, the corresponding expression is:

Snon−acc

(
Ek, tillum

)
= Nss

tr,eff

[
1 − exp

(
−σo

n

(
Ek

)
Φ

(
Ek

)
tillum

)]
, (7)

if one specific trap is assumed to be present in the space-charge region. To solve equations (6) and (7), one
needs to know σo

n

(
Ek

)
and Φ

(
Ek

)
. σo

n

(
Ek

)
can be defined as:

σo
n

(
Ek

)
= Σo

nσ
o
n,norm

(
Ek

)
. (8)

σo
n,norm can be obtained from first-principles calculations for a specific defect. The absolute value Σo

n,
however, is challenging to extract from first-principles calculations, and is considered a free parameter of
the simulation. Φ

(
Ek

)
was measured for the optical excitation of the setup used for SSPC measurements

(see figure 1). If several traps i are present, Sacc

(
Ek, tillum

)
and Snon−acc

(
Ek, tillum

)
are superpositions of

contributions Sacc,i

(
Ek, tillum

)
and Snon−acc,i

(
Ek, tillum

)
from the individual traps i, assuming no

interaction between traps, which is a viable assumption in the dilute regime.
The main difference between accumulative and non-accumulative SSPC measurements is the starting

point for SSPC measurements performed at subsequent Ek. Accumulative SSPC measurements will exhibit a
steeper rise of Sacc

(
Ek, tillum

)
in the vicinity of defect-related optical absorption. Thus, accumulative

SSPC measurements are more suitable for reaching steady-state conditions for a given trap. In the appendix
A, a detailed derivation of equations (6) and (7) as well as comparisons between the theoretical expressions
of Sacc

(
Ek, tillum

)
(see equation (6)) and Snon−acc

(
Ek, tillum

)
(see equation (7)) are shown.

4. Results and discussion

The CC diagrams for the charge state transitions Fe0/−
GaI , Fe0/−

GaII and Ti+/0
GaII were calculated using

hybrid-functionals, and the parameters describing Fe0/−
GaI , Fe0/−

GaII and Ti+/0
GaII are summarized in table 1 [8, 23].

The computed values are in accordance with other recent studies regarding Fe0/−
GaI and Fe0/−

GaII [48] as well as

Ti+/0
GaII [49]. Figure 2 displays results for σo

n,norm and σo
p,norm related to Fe0/−

GaI , Fe0/−
GaII and Ti+/0

GaII in β-Ga2O3. A

temperature of 120 K was assumed for the computations. For σo
n,norm, calculated absorption cross-section

spectra are shown with and without taking vibrational broadening into account, whereas only results
including vibrational broadening are shown for σo

p,norm. Calculated absorption cross-section spectra without
vibrational broadening exhibit sharp onsets of absorption, and particularly, exhibit no absorption below the
classical absorption energy Eabs [22], in contrast to what is expected in experiments. Hence, absorption
cross-sections with vibrational broadening are used in the following. The calculated σo

n,norm and σo
p,norm are

broad which is in accordance with previous computational results for σo
n,norm related to primary intrinsic

defects in β-Ga2O3 [28]. Note that the σo
n,norm related to Fe0/−

GaI and Fe0/−
GaII show a significant overlap, while

σo
n,norm related to Ti+/0

GaII occurs at higher photon energies. Our computational results for σo
n,norm of Fe0/−

GaII and

Fe0/−
GaI are in accordance with experimental photo-electron paramagnetic resonance studies performed by

Bhandari et al [48, 50]. For Fe0/−
GaI , Fe0/−

GaII and Ti+/0
GaII , optically-induced hole emission is only seen for photon

energies close to Eg, i.e., optically-induced hole emission does not occur in the photon energy range where
the onset of optically-induced electron emission is observed for these charge-state transitions. Thus,

optically-induced hole emission related to Fe0/−
GaI , Fe0/−

GaII and Ti+/0
GaII can be neglected when modeling SSPC

spectra for photon energies lower than 4.0 eV.
Figure 3 shows DLTS spectra recorded on a EFG-grown β-Ga2O3 crystal. Three defect signatures labeled

as E2a (EA = 0.66 eV, σna = 4 × 10−16 cm2), E2b (EA = 0.79 eV, σna = 3 × 10−15 cm2) and E3 (EA = 1.03 eV,
σna = 1 × 10−13 cm2) are found to be present, in accordance with previous studies on EFG-grown
β-Ga2O3 crystals [8, 23]. No other defect levels with smaller activation energies than 1.2 eV were present in
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Figure 2. Absorption cross-sections σo
n,norm and σo

p,norm related to Fe0/−
GaI , Fe0/−

GaII and Ti+/0
GaII . For σo

n,norm, results are shown with and
without taking vibrational broadening into account, while for σo

p,norm results are only shown with vibrational broadening. A
temperature of 120 K was assumed.

Figure 3. DLTS spectra recorded on a EFG-grown β-Ga2O3 crystal. The DLTS spectra were constructed with a GS4 filter and
compared to simulations (solid lines). Three defect signatures Fe0/−

GaI (E2a), Fe0/−
GaII (E2b) and Ti+/0

GaII (E3) are observed and labeled.

concentrations exceeding 1 × 1015 cm−3 in this sample. E2a and E2b have been assigned to Fe0/−
GaI and Fe0/−

GaII,

respectively [8, 23, 51], while E3 is proposed to be related to Ti+/0
GaII [23]. This identification is consistent with

a recent DLTS study that associated E2a/E2b with a deep acceptor and E3 with a deep donor [52]. Taking the
λ-correction [1, 32] into account, the concentrations of the corresponding traps were determined to be 2.54
× 1015 cm−3 (E2a or FeGaI), 2.32 × 1016 cm−3 (E2b or FeGaII) and 5.45 × 1015 cm−3 (E3 or TiGaII),
respectively (see table 2). Thus, using DLTS measurements, we are able to establish the presence and
concentration of FeGaI, FeGaII and TiGaII in the sample.

Accumulative SSPC measurements were performed on the same EFG-grown β-Ga2O3 sample for which
DLTS spectra are shown in figure 3. Figure 4(a) displays the recorded SSPC spectrum represented as
conventional SSPC spectrum (Sacc (E)) and as derivative SSPC spectrum (dSacc (E) /dE). Optically-induced
emission of electrons is observed with onsets at 2.2–2.3 eV (TEFG

1 ), 2.8–2.9 eV (TEFG
2 ), 3.7–3.8 eV (TEFG

3 ),
3.8–4.0 eV (TEFG

4 ), 4.0–4.2 eV (TEFG
5 ) and 4.2–4.3 eV (TEFG

6 ). Furthermore, a signature originating from the
band gap (Eg) of β-Ga2O3 can be seen. The features TEFG

1 and TEFG
2 are broad and partially overlap, and

hence it is difficult to establish the respective onset position accurately. Interestingly, TEFG
1 and TEFG

2 can be
properly distinguished in dSacc (E) /dE (see upper panel in figure 4(a)) which demonstrates the applicability
of derivative SSPC spectra [28].
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Table 2. Summary of the paramters used for the model displayed in figure 5. The values for N ss
tr,eff were deter-

mined from modeling accumulative SSPC spectra (see figure 5), while the values for Ntr were obtained from DLTS
measurements (see figure 3).

Defect level Σo
n (10−18 cm2) N ss

tr,eff (1015 cm−3) Ntr (1015 cm−3)

Fe0/−
GaI 0.3 1.5 2.6

Fe0/−
GaII 0.3 9.5 23.2

Ti+/0
GaII 9.6 1.1 5.5

Figure 4. (a) SSPC spectrum recorded accumulatively on an EFG-grown β-Ga2O3 crystal (tillum = 300 s). The results are
displayed as conventional SSPC spectrum (upper panel) and derivative SSPC spectrum (lower panel). Several defect-related
signatures are present and their onset positions are marked with arrows. Eg marks a signature related to the band gap of
β-Ga2O3. (b) Comparison between derivative SSPC spectra recorded on an EFG-grown β-Ga2O3 crystal accumulatively and
non-accumulatively using two different tillum. Only the photon energy range where TEFG

1 and TEFG
2 occur is shown.

Figure 4(b) displays a comparison between derivative SSPC spectra recorded accumulatively as well as
non-accumulatively on the same EFG-grown β-Ga2O3 crystal. The spectra were recorded using two
different tillum. Data are only shown for the photon energy range where TEFG

1 and TEFG
2 can be seen. Features

in dSacc (E) /dE are narrower than the corresponding features seen in dSnon−acc (E) /dE. Indeed, it is
not possible to distinguish TEFG

1 and TEFG
2 in dSnon−acc (E) /dE. With increasing tillum, the signatures

associated with TEFG
1 and TEFG

2 become significantly more narrow and shift to lower photon energies in
dSacc (E) /dE, while only minor changes are seen in dSnon−acc (E) /dE. Thus, using accumulative SSPC
measurements with long tillum, the spectral resolution can be significantly improved. The spectral shape seen
for TEFG

1 and TEFG
2 in dSacc (E) /dE recorded with tillum = 1200 s clearly suggests the presence of several

overlapping defect signatures.

As mentioned before, DLTS measurements confirm the presence of Fe0/−
GaI , Fe0/−

GaII and Ti+/0
GaII in this

EFG-grown β-Ga2O3 sample, and are thus expected to appear in SSPC spectra as well. It is possible to
estimate the onset of defect-related optical absorption by adding the Franck–Condon shift for a specific
charge-state transition of a defect to the corresponding activation energy determined by DLTS [21, 22].
Assuming typical Franck–Condon shifts of 0.4–1.2 eV as reported in β-Ga2O3 previously

[11, 12, 28], one expects the optical absorption related to Fe0/−
GaI , Fe0/−

GaII and Ti+/0
GaII to occur at

around 1.1–2.2 eV. Thus, Fe0/−
GaI , Fe0/−

GaII and Ti+/0
GaII are all plausible candidates for TEFG

1 . Further, the
amplitude of TEFG

1 suggests an associated trap concentration in the range of 1 × 1016 cm−3,
corroborating the relation to FeGaI, FeGaII and TiGaII. Notably, we observed no other defect signatures in
DLTS measurements with concentrations above 1 × 1015 cm−3 that are likely candidates for contributing to
TEFG

1 .

In order to assign TEFG
1 to Fe0/−

GaI , Fe0/−
GaII and Ti+/0

GaII , however, it is necessary to compare the calculated
results for σo

n,norm (see figure 2) to the recorded SSPC spectra. Particularly, it is necessary to take
experimental parameters such as tillum into account (see figure 4(b)). One approach is the method presented
above, by comparing the experimental data with SSPC spectra simulated by utilizing the absorption cross
sections obtained from first-principles calculations. In figure 5, SSPC spectra recorded accumulatively on
the same EFG-grown β-Ga2O3 crystal for which results are shown in figure 3 are compared to simulations
based on equation (6). Importantly, the overall trap concentration is found to be lower than 20% of ND.

The simulations were performed assuming only the presence of Fe0/−
GaI , Fe0/−

GaII and Ti+/0
GaII . The simulation has

two free parameters for each defect signature: one pair of Σo
n and Nss

tr,eff for Fe0/−
GaI , Fe0/−

GaII and Ti+/0
GaII ,

respectively. Increasing Σo
n will lead to a narrowing of the simulated defect signature and shift it to lower

7
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Figure 5. Accumulative SSPC spectra recorded on a EFG-grown β-Ga2O3 crystal using different tillum. The spectra were modeled
with equation (6), and the models are shown in solid lines. The model parameters are shown in table 2. A feature related to the
spectral shape of Φ is marked in gray (see figure 1).

photon energies (see appendix A). Changing Nss
tr,eff will scale the simulated defect signature (see appendix

A). The parameters which give the model curve shown in figure 4(a) are shown in table 2. The model
parameters yield an excellent fit to the recorded data even when modeling different tillum simultaneously,
corroborating the validity of employing equation (6). Notably, it was not possible to model TEFG

2 using the

absorption cross-sections calculated for Fe0/−
GaI , Fe0/−

GaII and Ti+/0
GaII (not shown). Thus, we tentatively assign

TEFG
1 to Fe0/−

GaI , Fe0/−
GaII and Ti+/0

GaII . However, it is possible that other defects contribute to TEFG
1 to a minor

extent, i.e., from DLTS measurements, it cannot be ruled out that defects with a concentration below
1 × 1015 cm−3 are present in addition to FeGaI, FeGaII and TiGaII that might contribute to TEFG

1 .
The simulation takes the spectral shape of the optical excitation represented by Φ (E) explicitly into

account. In the recorded as well as simulated spectra shown in figure 5, an artifact can be seen at around 1.5
eV which is related to a structure in Φ (E) (see figure 1). The corresponding structure can be identified
as an artifact in the data as well as the simulation because it does not shift to lower photon energies with
increasing tillum as can be expected from features related to optical absorption associated with traps. The fact
that modeling based on the measured Φ (E) accurately reproduces the artifact as seen in the data further
corroborates the validity of the model described in equation (6).

Table 2 shows the comparison of values determined for Nss
tr,eff and Ntr of FeGaI, FeGaII and TiGaII from

SSPC and DLTS measurements, respectively. Notably, all values obtained for Nss
tr,eff are lower than the values

determined for Ntr by a factor of 2–5. Applying a probing volume correction to Nss
tr,eff (see equation (3)) will

bring the values determined from SSPC measurements closer to the ones obtained from DLTS
measurements. Interestingly, a larger deviation between Nss

tr,eff and Ntr is seen for TiGaII, as expected for
defects more likely to capture electrons. Indeed, TiGaII is a donor, and hence more prone to capture
electrons compared to the acceptor defects FeGaI and FeGaII [34, 37]. In accordance, using DLTS,

comparatively large apparent cross-sections for electron capture are determined for Ti+/0
GaII in contrast to

Fe0/−
GaI and Fe0/−

GaII [8, 9, 23].

5. Summary and conclusion

In summary, we presented a new method to combine SSPC measurements with first-principles calculations
which can be used to reveal the identity of optical charge-state transition levels related to defects in wide
band gap semiconductors. A method to simulate SSPC spectra using defect-related optical absorption
spectra obtained from first-principles calculations based on hybrid-functionals was proposed. The
simulations take the experimental conditions for the accumulative SSPC measurements explicitly into

account. The thermodynamic charge-state transition levels of Fe0/−
GaI , Fe0/−

GaII and Ti+/0
GaII in β-Ga2O3 were

recently identified [8, 9, 23], and thus served as a test case for the method we developed. Accumulative
SSPC measurements were performed on EFG-grown β-Ga2O3 crystals and several defect signatures labeled
TEFG

1 –TEFG
6 with onsets for optical absorption between 1.5 eV and 4.3 eV were unveiled. Indeed, we

demonstrated how the simulation of accumulatively-recorded derivative SSPC spectra can be used to

8
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Table A1. Overview over standard parameters used for the simulation of SSPC spectra presented here.

Σo
n (m2) Φ (m−2 s−1) tillum (s) ΔE (meV) N ss

tr,eff (cm−3)

2 × 10−20 1018 10/300 20 1016

identify the optical charge-state transition levels related to Fe0/−
GaI , Fe0/−

GaII and Ti+/0
GaII in β-Ga2O3. Thus, we

were able to assign the signature labeled TEFG
1 to Fe0/−

GaI , Fe0/−
GaII as well as Ti+/0

GaII . Future applications of this
approach, as well as its extension to account for optically-induced hole emission processes,
may help elucidate the origins of other deep level signatures in β-Ga2O3 and other wide-band-gap
semiconductors.
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Appendix A. Simulation of deep-level transient and steady-state photo-capacitance
spectra

A.1. Simulation of deep-level transient spectra
In deep-level transient spectroscopy (DLTS) [1, 7], a rectifying junction is kept a reverse-bias voltage
(Vrev < 0 V) and subjected to a voltage pulse (Vpulse > 0 V) at a time t0 which lasts for a duration tpulse. In
the following, it is assumed that DLTS measurements are performed on a Schottky junction comprising an
n-type semiconductor. Moreover, we assume that a trap exhibiting a concentration of Ntr and a
single thermodynamic charge-state transition level (Et) is present in the semiconductor. Prior to applying
the voltage pulse, the trap will be empty of electrons in-between the surface of the semiconductor and a
depth x1. x1 is the depth where the Fermi level (EF) crosses Et, and its value will depend on Vrev. During the
voltage pulse, an additional amount of traps will be filled with electrons, i.e., traps in-between x1 and a
depth x2 will also be filled with electrons. x2 is the depth where EF crosses Et when the applied bias
voltage is equal to Vrev + Vpulse. After the end of the voltage pulse at t0 + tpulse, the charge-state transition
level of traps in-between x2 and x1 will be above EF, and thus electron emission will occur until all traps
in-between x2 and x1 are void of electrons.

The corresponding electron emission is a thermally-activated process, and its rate eth
n can be expressed

by [1, 7]:

eth
n = βσnaT2 exp

(
− EA

kBT

)
. (A.1)

Here, T is the sample temperature, EA is the activation energy for thermally-induced electron emission from
the trap, σna is the apparent capture cross section, kB is Boltzmann’s constant and β is a material-specific
constant. EA is the sum of Et and the corresponding energetic barrier for electron capture (Eb) [1, 21].
Assuming parabolic bands, β can be computed by [1]:

β = 2
√

3

(
2π

h2

) 3
2

k2
Bmn,eff. (A.2)

Here, h is Planck’s constant and mn,eff is the effective mass of electrons in the conduction band. For
β-Ga2O3, a value of 0.28 me was used for mn,eff [53, 54], whereby me is the electron mass.

In DLTS, the thermally-induced electron emission is probed by recording the capacitance of the
rectifying junction. Particularly, the capacitance transient (C (t)) is recorded after the end of the voltage
pulse, and is described by [1]

C (t) = C0

[
1 − Ntr,probe

2ND
exp

(
−eth

n t
)]

, (A.3)
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Figure A1. Graphical representation of equations (A.19) and (A.20). Results are shown in dependence of (a) t and (b), (c) Ek. In
(b) conventional SSPC spectra are shown, while in (c) derivative SSPC spectra are displayed. Here, the σo

n,norm calculated for Ti+/0
GaII

was used. The simulations were performed using different tillum of 1200 s, 300 s and 30 s. Moreover, the following parameters
were used: ΔE = 0.2 eV, Σo

n = 2 × 10−20 m2, Φ = 1 × 1018 m−2 s and N ss
tr,eff = 1 × 1016 cm−3.

assuming Ntr � ND to be valid. Here, C0 is the capacitance of the rectifying junction measured prior to the
voltage pulse, i.e., the capacitance of the rectifying junction when Vrev is applied. ND is the donor
concentration and Ntr,probe is the effective trap concentration in the probing volume, i.e., the effective
concentration of traps in-between x2 and x1. Following the approach outlined by Lang, the DLTS spectra
Sj (T) can be constructed, and Sj (T) is defined as [1, 7, 31]:

Sj (T) =
1

tj

∫ tdelay+tj

tdelay

C (t) w (t) dt. (A.4)

Here, tdelay is the time at which the recording of C (t) starts after the end of the voltage pulse, whereas tj is
the duration for which C (t) is recorded/analyzed. w (t) is the weighting function, e.g., a lock-in function
[1] or a GS4 filter function [31]. To analyze DLTS measurements, one needs to use more than one specific
tj. Often, C (t) is recorded for a duration ttransient , and different parts of the transient, represented by tj, are
analyzed in order to obtain different Sj (T). Different Sj (T) essentially correspond to analyzing the recorded
C (t) for different values of eth

n (see figure 3 in the manuscript). The recorded Sj (T) can be compared to
simulations when combining equation (A.4) with equations (A.1) and (A.3). The free parameters of the
simulation are the quantities Ntr,probe, EA and σna which describe the concentration and properties of the
trap. Often, one represents DLTS spectra as 2NDΔC/C0, whereby ΔC = C0 − C (t = 0 s) can be calculated
from Sj (T) as outlined in [1, 55].
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Figure A2. Graphical representation of equations (A.14) and (A.18) for different photon fluxes Φ. Results are shown for (a)
conventional and (b) derivative SSPC spectra. Here, the σo

n,norm calculated for Ti+/0
GaII was used. Moreover, the following

parameters were used: ΔE = 20 meV, Σo
n = 2 × 10−20 m2, tillum = 10 s and N ss

tr,eff = 1 × 1016 cm−3.

As mentioned above, Ntr,probe represents the effective trap concentration in-between x2 and x1. The
actual trap concentration Ntr can be determined by using [1]:

Ntr =
W2

x2
1 − x2

2

Ntr,probe. (A.5)

Here, W is the width of the space-charge region when applying Vrev. The correction performed in
equation (A.5) is often referred to as λ-correction [1, 32].

A.2. Simulation of steady-state photo-capacitance spectra from first-principles calculations
Steady-state photo-capacitance (SSPC) measurements are performed by measuring the photo-capacitance
of a rectifying junction after illumination at the photon energy Ek for a duration tillum. In the following,
it is assumed that SSPC measurements are performed on a Schottky junction comprising an n-type
semiconductor. Moreover, we assume that a trap exhibiting a concentration of Ntr and a single
thermodynamic charge-state transition level (Et) is present in the semiconductor.

SSPC spectra (S
(
Ek, tillum

)
) are constructed by recording the photo-capacitance (Cillum

(
Ek, tillum

)
) of the

junction at subsequent Ek. S
(
Ek, tillum

)
is usually expressed as [1, 10]:

S
(
Ek, tillum

)
= 2

Cillum

(
Ek, tillum

)
− Cdark

Cdark
ND = 2

ΔCillum

(
Ek, tillum

)

Cdark
ND = N∗

tr,eff

(
Ek, tillum

)
. (A.6)

Here, ΔCillum

(
Ek, tillum

)
denotes the change in (photo-)capacitance during illumination for tillum at Ek, and

Cdark represents the capacitance of the junction measured in the dark. N∗
tr,eff

(
Ek, tillum

)
is the change in the

concentration of ionized traps inside the probing volume due to illumination. Notably, the probing volume
will usually not be equal to the volume of the space-charge region [1, 28]. Moreover, equation (A.6)
assumes ND � Ntr to be valid.

N∗
tr,eff = S

(
Ek, tillum

)
is described by the following differential equation [10]:

dN∗
tr,eff

dt
= σo

nΦNtr,eff, (A.7)

when assuming that the photo-ionization process only involves the defect and the conduction band
(optically-induced electron emission), i.e., optically-induced hole emission (photo-ionization processes
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Figure A3. Graphical representation of equations (A.14) and (A.18) for various tillum. Results are shown for (a) conventional and
(b) derivative SSPC spectra. Here, the σo

n,norm calculated for Ti+/0
GaII was used. Moreover, the following parameters were used: ΔE =

20 meV, Σo
n = 2 × 10−20 m2, Φ = 1 × 1018 m−2 s and N ss

tr,eff = 1 × 1016 cm−3.

involving the defect and the valence band) can be neglected. Optically-induced hole emission can be
neglected if (i) holes are not sufficiently mobile to leave the space-charge region, or (ii) optically-induced
hole emission does not occur in the spectral region of interest [10, 28]. In equation (A.7), σo

n

represents the absorption cross-section related to the optically-induced electron emission from the defect,
whereas Φ denotes the spectral photon flux used for illumination. σo

n and Φ will be functions of Ek. Ntr,eff is
the concentration of defects inside the probing volume which are not ionized, and hence Ntr,eff is equal to
Nss

tr,eff − N∗
tr,eff. Nss

tr,eff is the effective concentration of the defect inside the probing volume. Using this,
equation (A.7) becomes:

dN∗
tr,eff

dt
= σo

nΦNss
tr,eff − σo

nΦN∗
tr,eff. (A.8)

Equation (A.8) describes a first-order, non-homogeneous differential equation. The associated
homogeneous differential equation is:

dN∗
tr,eff

dt
= −σo

nΦN∗
tr,eff. (A.9)

This differential equation is solved by:

N∗
tr,eff = A exp

(
−σo

nΦt
)
. (A.10)

Here, A is a constant which needs to be chosen according to the boundary condition. A particular solution
for equation (A.8) is

N∗
tr,eff = Nss

tr,eff. (A.11)

The overall solution to equation (A.8) is obtained by adding equations (A.10) and (A.11) together, and
hence:

N∗
tr,eff = Nss

tr,eff + A exp
(
−σo

nΦt
)
. (A.12)

As mentioned above, A needs to be determined from the boundary condition which will depend on the way
SSPC measurements are performed. In non-accumulative SSPC measurements, the defect is re-filled with
electrons prior to illumination at Ek, and hence the concentration of (photo-)ionized defects prior to
illumination at Ek inside the probing volume

(
N∗

tr,eff

(
Ek, t = 0 s

))
will be expressed by:

N∗
tr,eff

(
Ek, t = 0 s

)
= 0. (A.13)
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Figure A4. Graphical representation of equations (A.14) and (A.18) for various ΔE. Results are shown for (a) conventional and
(b) derivative SSPC spectra. Here, the σo

n,norm calculated for Ti+/0
GaII was used. Moreover, the following parameters were used: tillum

= 300 s, Σo
n = 2 × 10−20 m2, Φ = 1 × 1018 m−2 s and N ss

tr,eff = 1 × 1016 cm−3.

Thus, A will be equal to −Ntr,eff , and hence:

Snon−acc

(
Ek, tillum

)
= Nss

tr,eff − Nss
tr,eff exp

(
−σo

nΦt
)

= Nss
tr,eff

[
1 − exp

(
−σo

nΦtillum

)]
. (A.14)

Notably, for tillum approaching ∞ s, Snon−acc

(
Ek, tillum

)
approaches Nss

tr,eff. tillum → ∞s is equivalent to
reaching steady-state conditions, and hence the superscript ss was used for denoting Nss

tr,eff.
In accumulative SSPC measurements, the rectifying junction under illumination is kept at a fixed

reverse-bias voltage while illuminating the junction at different Ek. Importantly, measurements are
performed in ascending order of Ek, i.e., Ek < Ek+1 is valid. For the first measurement performed at E0, the
boundary condition stated in equation (A.13) holds, and thus

Sacc

(
E0, tillum

)
= Nss

tr,eff

[
1 − exp

(
−σo

nΦtillum

)]
. (A.15)

For illumination at subsequent Ek, the following boundary condition holds:

N∗
tr,eff

(
Ek, t = 0 s

)
= N∗

tr,eff

(
Ek−1, tillum

)

= Sacc

(
Ek−1, tillum

)
(A.16)

reflecting that when illumination starts, a certain concentration of defects is already photo-ionized due to
illumination at Ek−1. Thus A is equal to Sacc

(
Ek−1, tillum

)
− Nss

tr,eff, and hence:

Sacc

(
Ek, tillum

)
= Nss

tr,eff +
[
Sacc

(
Ek−1, tillum

)
− Nss

tr,eff

]
exp

(
−σo

nΦtillum

)
(A.17)

is valid for Ek �= E0. Adding 0 = Sacc

(
Ek−1, tillum

)
− Sacc

(
Ek−1, tillum

)
on the right hand side, equation (A.17)

can be re-written as:

13
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Figure A5. Graphical representation of equations (A.14) and (A.18) for various N ss
tr,eff. Results are shown for (a) conventional

and (b) derivative SSPC spectra. Here, the σo
n,norm calculated for Ti+/0

GaII was used. Moreover, the following parameters were used:
tillum = 300 s, Σo

n = 2 × 10−20 m2, Φ = 1 × 1018 m−2 s and ΔE = 20 meV.

Sacc

(
Ek, tillum

)
= Sacc

(
Ek−1, tillum

)
− Sacc

(
Ek−1, tillum

)
+ Nss

tr,eff +
[
Sacc

(
Ek−1, tillum

)
− Nss

tr,eff

]
exp

(
−σo

nΦtillum

)

= Sacc

(
Ek−1, tillum

)
+

[
Nss

tr,eff − Sacc

(
Ek−1, tillum

)] [
1 − exp

(
−σo

nΦtillum

)]
. (A.18)

This equation is valid for all Ek if Sacc

(
E0, tillum

)
is set to 0.

Equations (A.14) and (A.18) can be expressed more general in the form Sacc

(
Ek, tillum, t

)
and

Snon−acc

(
Ek, tillum, t

)
. Sacc

(
Ek, tillum, t

)
and Snon−acc

(
Ek, tillum, t

)
describe the recorded SSPC spectrum after

illumination for a time t at Ek while the junction was illuminated for a duration tillum at all photon energies
Ej for which j < k is valid. Sacc

(
Ek, tillum, t

)
can be expressed as:

Sacc

(
Ek, tillum, t

)
= S

(
Ek−1, tillum, tillum

)
+

[
Nss

tr,eff − S
(
Ek−1, tillum, tillum

)] [
1 − exp

(
−σo

nΦt
)]

, (A.19)
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while Snon−acc

(
Ek, tillum, t

)
can be calculated by:

Snon−acc

(
Ek, tillum, t

)
= Nss

tr,eff

[
1 − exp

(
−σo

nΦt
)]

. (A.20)

σo
n is defined by:

σo
n = Σo

nσ
o
n,norm. (A.21)

Here, σo
n,norm can be obtained from first-principles calculations for a specific trap, while Σo

n is a free
parameter of the simulation.

In the following, graphical representations of equations (A.14), (A.18–A.20) will be shown. Hereby, the

calculated σo
n,norm of Ti+/0

GaII was used. In table A1, the standard values for the simulation parameters are
stated. Φ is assumed to be constant for all photon energies, and ΔE is the energy step between two
subsequent Ek, i.e., ΔE = Ek+1 − Ek is valid.

Figure A1 displays graphical representations of equations (A.19) and (A.20). Figure A1(a) shows the
dependence on t, while figures A1(b) and (c) show the corresponding dependence on Ek. Notably, for the
same experimental conditions, non-accumulative SSPC measurements will reach steady-state
conditions for longer tillum compared to accumulative SSPC measurements. Generally, longer tillum are
associated with steps in SSPC spectra shifting to lower photon energies and becoming
steeper.

In figures A2–A5, the influence of a particular parameter on equations (A.14) and (A.18) is shown. For
longer tillum and higher Φ, steps in Sacc as well as Snon−acc will shift to lower photon energies and
become steeper. The corresponding changes are more notable for accumulative SSPC spectra under the
same experimental conditions. Only Sacc exhibits a change depending on ΔE. For Sacc as well as Snon−acc,
Nss

tr,eff is a scaling factor.
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Abstract
Deep-level transient spectroscopy measurements are conducted on β-Ga2O3 thin-films
implanted with helium and hydrogen (H) to study the formation of the defect level
E∗
2 (EA = 0.71 eV) during heat treatments under an applied reverse-bias voltage (reverse-bias

annealing). The formation of E∗
2 during reverse-bias annealing is a thermally-activated process

exhibiting an activation energy of around 1.0 eV to 1.3 eV, and applying larger reverse-bias
voltages during the heat treatment results in a larger concentration of E∗

2 . In contrast, heat
treatments without an applied reverse-bias voltage (zero-bias annealing) can be used to decrease
the E∗

2 concentration. The removal of E∗
2 is more pronounced if zero-bias anneals are performed

in the presence of H. A scenario for the formation of E∗
2 is proposed, where the main effect of

reverse-bias annealing is an effective change in the Fermi-level position within the space-charge
region, and where E∗

2 is related to a defect complex involving intrinsic defects that exhibits
several different configurations whose relative formation energies depend on the Fermi-level
position. One of these configurations gives rise to E∗

2 , and is more likely to form if the
Fermi-level position is further away from the conduction band edge. The defect complex related
to E∗

2 can become hydrogenated, and the corresponding hydrogenated complex is likely to form
when the Fermi level is close to the conduction band edge. Di-vacancy defects formed by
oxygen and gallium vacancies (VO−VGa) fulfill several of these requirements, and are proposed
as potential candidates for E∗

2 .

Keywords: β-Ga2O3, deep-level transient spectroscopy, hydrogen, irradiation, implantation,
reverse-bias annealing, intrinsic defects
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1. Introduction

Monoclinic gallium sesquioxide (β-Ga2O3) has emerged in
recent years as a promising material for applications in
power electronics and UV photo-detectors due to its wide
band gap and exceptionally high break-down electrical field
[1–6]. There has been significant progress in improving the
quality of β-Ga2O3 bulk crystals and thin-films [4, 7–13].
However, point defects are still a limiting factor for device

1361-6463/20/464001+9$33.00 1 © 2020 The Author(s). Published by IOP Publishing Ltd Printed in the UK167
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performance, and influence the operation of devices for
power electronics due to, for example, Fermi-level pinning
[14–16] or an increase in the on-resistance [17]. Indeed,
McGlone et al recently showed that a defect level commonly
labeled as E∗

2 is limiting the device performance of metal-
semiconductor field-effect transistors (MESFETs) based on
β-Ga2O3 [14].
E∗
2 is associated with a defect level at around 0.75 eV

below the conduction band edge (EC) as determined by
deep-level transient spectroscopy (DLTS) [14, 15, 18–20].
The defect level has been observed in as-grown β-Ga2O3

thin-films deposited by plasma-assisted molecular beam epi-
taxy [14, 15], and is suggested to be associated with intrinsic
defects due to its formation in β-Ga2O3 bulk crystals and thin-
films upon proton irradiation [18–20]. Furthermore, the con-
centration of E∗

2 in proton-irradiated β-Ga2O3 bulk crystals
and thin-films increases upon heat treatments in the range of
650 K, indicating the formation of E∗

2 through a thermally-
activated process [19]. However, no structural origin has so
far been attributed to E∗

2 .
The position of the Fermi level can have a pronounced

influence on defect formation processes via the contribution
of the electron chemical potential to defect formation energies
[21–23]. Particularly, it has been shown that several defect sig-
natures are introduced in the space-charge region of β-Ga2O3

Schottky barrier diodes (SBDs) when the diodes are exposed
to elevated temperatures in conjunction with an applied bias
voltage, causing a change in the Fermi-level position within
the space-charge region [24]. Moreover, hydrogen (H) can
play an important role in defect formation because H is expec-
ted to be mobile at or slightly above room temperature in β-
Ga2O3, and has been shown to form complexes with various
acceptor defects [23, 25–27].

Here, we report on the formation of the defect level E∗
2

in β-Ga2O3 thin-films subjected to helium- (He) and H-
implantation using deep level transient spectroscopy (DLTS).
We observe that the introduction of E∗

2 is promoted by anneal-
ing samples subjected to H- or He-implantation under an
applied reverse-bias voltage. Annealing the corresponding
samples without an applied reverse-bias voltage leads to a
decrease in the E∗

2 concentration. Thus, annealing implanted
β-Ga2O3 thin-films with and without an applied reverse-bias
voltage can be used to control the concentration of E∗

2 . Not-
ably, a more pronounced decrease in the E∗

2 concentration
is seen for heat treatments without an applied reverse-bias
voltage in the presence of H. We propose that E∗

2 is associ-
ated with a defect complex forming more preferably when the
Fermi level is further away from EC. Importantly, at Fermi-
level positions closer to EC, a different defect complex or con-
figuration is more likely to form that does not give rise to a
charge-state transition level accessible for our DLTS measure-
ments. Moreover, for Fermi-level positions close to EC, H is
proposed to form a hydrogenated defect complex that com-
petes with the defect giving rise to E∗

2 . Finally, based on a dis-
cussion of the present results in light of first-principles defect
calculations available in the literature, di-vacancy complexes

formed by oxygen vacancies (VO) and gallium vacancies
(VGa) are proposed as a promising class of candidates for E∗

2 .

2. Experimental

β-Ga2O3 thin-films (thickness ≈10 µm) grown by halide
vapor-phase epitaxy (HVPE) [4] on conductive β-Ga2O3 sub-
strates were obtained from Novel Crystal Technology, Inc.
[28]. More information regarding the morphology and micro-
structure of the HVPE grown β-Ga2O3 thin-films can be found
in [4, 29, 30]. Samples measuring (5 × 5) mm2 were cut
with a laser cutter, and cleaned inside an ultrasonic bath using
acetone, isopropanol and de-ionized water prior to fabricating
SBDs by depositing suitable metals. The metals were depos-
ited using e-beam evaporation, with Ti/Al (thickness = 10
nm/120 nm) serving as the Ohmic area back contact, whereas
circular Ni pads (thickness = 150 nm) with diameters of 480
µm or 830 µm, respectively, were used as Schottky front con-
tacts [31]. Per sample, around 10–15 Ni pads were deposited,
i.e. 10–15 SBDs were obtained per sample.

Capacitance–voltage (CV), current–voltage (IV) and DLTS
measurements were performed using a setup described in
detail in [32, 33]. CV and IV measurements were performed
in the dark and at room temperature. Generally, all investig-
ated SBDs exhibited a rectification of several orders of mag-
nitude when comparing the current at reverse and forward bias
as well as very low conductance values. The depth distribution
of the charge-carrier concentration (n) was computed fromCV
measurements [34] and is denoted as n-profile. A relative static
dielectric constant (ϵs) of 10.2 was assumed for β-Ga2O3 [35].

DLTS measurements were performed in the temperature
range from 290 K to 450 K during heating of the sample
with 2 K min−1. DLTS spectra were constructed using a lock-
in (GS2) filter [34, 36]. All DLTS measurements were per-
formed at a reverse-bias voltage of –8 V or –4 V and util-
ized pulse voltages of 8 V or 4 V. Parameters describing the
traps present in the space-charge region, such as the trap con-
centration (Nt), the activation energy (EA) and the apparent
capture cross section (σna) were extracted by simulating the
recorded DLTS spectra with a python-based script. From res-
ults obtained on various SBDs comprising HVPE-grown β-
Ga2O3 thin-films, the uncertainty in EA is estimated to be
around 0.10 eV, whereas the uncertainty in σna can be expec-
ted to be within +/− an order of magnitude. Notably, using
DLTS measurements, it is possible to observe comparatively
low defect concentrations present in the space-charge region
of SBDs [34]. Thus, DLTSmeasurements are particularly suit-
able to study the introduction of defects upon ion implantation
and subsequent reverse-bias and zero-bias anneals performed
on SBDs.

The setup utilized for DLTS measurements was also used
for heat treatments of SBDs up to 680 K. Specifically, the heat
treatments were conducted inside a metal cylinder which was
evacuated using a roughing pump and a turbo pump. Thus,
the anneals were performed in vacuum and in the dark. Inside
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the metal cylinder, the sample was placed on a ceramic sample
stage with a conductive wire in its center. For electrical con-
tact, the sample’s Ohmic area back contact was placed on top
of the conductive wire, whereas one of the sample’s circular
Schottky front contact pads was electrically connected by pla-
cing a needle on top of the contact to be annealed. A Boon-
ton 7200 capacitance meter was used to apply a bias voltage
during the heat treatments if desired. Typical annealing exper-
iments (annealing cycle) consisted of (i) heating the sample
with a specific heating ramp to the desired annealing temper-
ature, (ii) keeping the sample at the annealing temperature for
a specific time and (iii) a cool-down of the sample with a spe-
cific cooling ramp to room temperature. The duration of the
anneal refers to the time the sample was kept at the annealing
temperature, excluding the time it took for heating and cool-
ing. The heating was performed using a resistive heating ele-
ment thermally connected to the sample stage, whereby the
sample temperature was recorded with a calibrated thermistor
placed on top of the sample stage in the vicinity of the sample.
For cooling, the sample stage was brought in thermal con-
tact with liquid nitrogen (LN2) while the resistive heater was
used to obtain the desired cooling rate. Typically, heating and
cooling rates of approximately 6 K min−1 were utilized. Heat
treatments with an applied reverse-bias voltage are denoted
as reverse-bias anneals, whereas heat treatments without an
applied bias voltage are referred to as zero-bias anneals. For
reverse-bias anneals, a reverse bias voltage was applied during
the whole annealing cycle. Unless stated otherwise, reverse-
bias anneals were performed using an applied reverse-bias
voltage of –8 V.

All H- and He-implantations were performed at room tem-
perature through the Ni contacts, using kinetic energies (E) of
180 keV to 220 keV for H and 500 keV for He. The projected
range (Rp) for defect generation due to the ion implantation
was computed utilizing Monte-Carlo simulations as imple-
mented within the The Stopping and Range of Ions in Matter
package [37] using default displacement energies for Ga and
O of 25 eV and 28 eV, respectively. For H implantation, RH

p is
between 850 nm and 1050 nm, whereas for He implantation,
RHe
p is around 1150 nm. Typical ion fluences for implantation

(Φ) were in the range of 5 × 1012cm−2 – 1 × 1013cm−2 for H
and 1 × 1010cm−2 – 1 × 1011cm−2 for He.

3. Results and discussion

Figures 1 (a) and (b) display n-profiles recorded on a
HVPE-grown β-Ga2O3 thin-film after He implantation, and
subsequent reverse-bias and zero-bias anneals at 650 K.
In figure 1 (a), results are shown for a SBD immediately
after He implantation, and after reverse-bias and zero-bias
anneals. After He implantation, the region around RHe

p is
partly compensated, as evidenced by a reduction in the
charge-carrier concentration. The first heat treatment leads
to a restoration of the charge-carrier concentration, whereas
subsequent heat treatments result only in minor changes in the

n-profile, in accordance with previous reports [19, 38, 39]. In
figure 1 (b), n-profiles for a second SBD on the same HVPE-
grown β-Ga2O3 thin-film are shown. Here, results are dis-
played after an initial zero-bias anneal, and for subsequent
reverse-bias and zero-bias anneals. The n-profiles do not
change significantly after the heat treatments, which indic-
ates that the probing depth expected for DLTS measurements
(W) does not change significantly during subsequent DLTS
measurements.

Figures 1 (c) and (d) show DLTS spectra recorded on
the same SBDs whose n-profiles are shown in panels (a)
and (b), respectively. Immediately after He implantation (see
figure 1 (c)), a defect signature commonly labeled asE2 (EA =
0.74 eV, σna = 1× 10−16 cm2) can be seen which has previ-
ously been identified as Fe0/−GaII (charge-state transition from
neutral Fe3+ to an Fe2+ acceptor state substituting on an octa-
hedral Ga site) [18, 33]. E2 was also present in as-received
HVPE-grown β-Ga2O3 thin-films (not shown), and no change
is observed during the subsequent heat treatments, in accord-
ance with previous reports [19]. Additionally, in figure 1 (c), a
shoulder can be seen on the low temperature side of E2, indic-
ating the presence of another defect level where one would
expect E∗

2 to occur [18, 19]. After a subsequent reverse-bias
anneal at 650 K, E∗

2 (EA = 0.71 eV, σna = 1× 10−19 cm2)
is introduced with a significantly higher concentration, in
accordancewith the observations reported in [19]. Notably, the
simulations performed to extract EA, σna and Nt do not capture
the corresponding signature entirely, indicating the presence
of several overlapping defect signatures. The E∗

2 concentra-
tion decreases after a subsequent zero-bias anneal at 650 K.
Notably, the E∗

2 concentration observed using DLTS measure-
ments is very low, i.e. we do not expect detectable changes in
the microstructure of our samples related to the formation and
removal of E∗

2 .
Importantly, reversing the order of the heat treatment

sequence by starting with a zero-bias anneal at 650 K (see
figure 1 (d)) results in a reduced introduction of E∗

2 upon the
initial heat treatment. The effect of reverse-bias annealing is
further demonstrated by the subsequent reverse-bias anneal at
650 K, where a considerable increase in the E∗

2 concentration
can be observed. Interestingly, the concentration of E∗

2 does
not increase further when the sample is subjected to an addi-
tional reverse-bias anneal at 650 K (not shown). Moreover,
the concentration associated with E∗

2 can be altered by addi-
tional heat treatments: subsequent zero-bias and reverse-bias
anneals at 650 K cause the concentration to decrease and
increase, respectively. However, the E∗

2 concentration after the
second reverse-bias anneal is lower than what was observed
after the first reverse-bias anneal, suggesting that the form-
ation and removal of E∗

2 is not entirely reversible. Import-
antly, it is not possible to decrease the E∗

2 concentration by
zero-bias annealing to the value which had been observed
prior to the first reverse-bias anneal. This strong depend-
ence on device history should be considered in the context
of understanding the formation of E∗

2 across the literature
[14, 15, 18–20].
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Figure 1. (a), (b) n-profiles and (c), (d) DLTS spectra recorded on a HVPE-grown β-Ga2O3 thin-film after He implantation (E = 500 keV,
Φ = 2.5 × 1010 cm−2). Data (filled circles and triangles) are shown for two different SBDs located on the same HVPE-grown β-Ga2O3

thin-film. The SBDs were subjected to a different order of heat treatments after He implantation as listed in (a) and (b), where the order is
indicated by roman letters. DLTS spectra were recorded using a reverse-bias voltage of –8 V and a pulse voltage of 8 V. RHe

p and the probing
depth W expected in DLTS measurements are marked in (a) and (b). In (c) and (d) simulated DLTS spectra are shown as solid lines and the
positions of the defect levels E∗

2 and E2 are indicated.

Next, we investigated the impact of H on the formation
of E∗

2 . Figure 2 shows DLTS spectra recorded on two dif-
ferent SBDs located on a HVPE-grown β-Ga2O3 thin-film
subjected to H implantation and subsequent heat treatments.
Figure 2 (a) shows DLTS spectra for one of the SBDs after H
implantation and subsequent heat treatments at 650 K in the
order: reverse-bias, zero-bias, and reverse-bias anneal. After
the first reverse-bias anneal, E∗

2 is seen in pronounced concen-
tration. Subsequently, the SBD was subjected to a zero-bias
anneal, and the concentration related to E∗

2 is significantly
lowered. Finally, the SBD was subjected to a reverse-bias
anneal, and the concentration associated with E∗

2 increases
yet again. Interestingly, the E∗

2 concentration after the second
reverse-bias anneal is not as large as after the first one, and
hence it seems like the introduction and removal of E∗

2 is
not entirely reversible regardless whether H is present or not
(see figure 1). Notably, the response of E∗

2 to reverse-bias
and zero-bias anneals is similar for He- and H-implantation,
i.e. the E∗

2 concentration increases upon reverse-bias anneal-
ing, whereas it decreases due to zero-bias annealing. How-
ever, the decrease of the E∗

2 concentration upon zero-bias
anneals is more pronounced for the case of H implantation
(see figure 2) compared to the case of He implantation (see
figure 1).

In contrast to what has been observed for He implanta-
tion (see figure 1), anneals affect the E2 concentration for
H-implanted HVPE-grown β-Ga2O3 thin-films. Particularly,
the E2 concentration decreases due to zero-bias anneals, and
increases during subsequent reverse-bias anneals. This beha-
vior could be related to the formation and dissociation of com-
plexes involving Fe and H [40].

Figure 2 (b) shows DLTS spectra for the H-implanted
sample recorded on a second SBD subjected to a reversed
order of heat treatments: zero-bias, reverse-bias, and zero-
bias anneal. E∗

2 is not observed when the first heat treatment
is performed without an applied reverse-bias voltage. Sub-
sequent reverse- and zero-bias anneals at 650 K cause the
concentration associated with E∗

2 to increase and decrease,
respectively.

Further investigations were conducted by He- and sub-
sequent H-implantation to further study the role of H, and the
corresponding results are displayed in figure 3. Figure 3 (a)
shows DLTS spectra recorded on a HVPE-grown β-Ga2O3

thin-film subjected to He- and H-implantation, and subsequent
heat treatments at temperatures between 625 K and 680 K.
Although E∗

2 was not observed after the ion implantations
or the subsequent zero-bias anneal, its concentration can be
enhanced considerably by reverse-bias annealing at 625 K.
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Figure 2. DLTS spectra recorded on a HVPE-grown β-Ga2O3 thin-film after H implantation (E = 180 keV, Φ = 1 × 1013 cm−2). Data
(filled circles) are shown for two different SBDs located on the same HVPE-grown β-Ga2O3 thin-film. The SBDs were subjected to a
different order of heat treatments after the H implantation and the order is indicated by roman letters. Simulated DLTS spectra are shown as
solid lines and the positions of the defect levels E∗

2 and E2 are indicated. DLTS spectra were recorded using a reverse-bias voltage of –8 V
and a pulse voltage of 8 V. The probing depth expected for the DLTS measurements did not change significantly for the different heat
treatments.

Figure 3. (a) DLTS spectra recorded on a HVPE-grown β-Ga2O3 thin-film after He- (E = 500 keV, Φ = 1.25 × 1010 cm−2) and
H-implantation (E = 220 keV, Φ = 5 × 1012 cm−2). Data (filled circles) are shown for a SBD subjected to different heat treatments after
the ion impl,antations and their order is indicated by roman letters. Notably, the annealing duration stated for step III is the accumulated
annealing duration, i.e. no zero-bias anneal was performed in-between step II and III. Simulated DLTS spectra are shown as solid lines and
the positions of the defect levels E∗

2 and E2 are indicated. DLTS spectra were recorded using a reverse-bias voltage of –8 V and a pulse
voltage of 8 V. The probing depth expected for the DLTS measurements did not change significantly for the different heat treatments. (b)
Arrhenius plot constructed using the steady-state concentrations related to E∗

2 ([E∗
2 ]ss) obtained by heat-treating a HVPE-grown β-Ga2O3

thin-film subjected to He- and H-implantation at different temperatures Tann under an applied reverse-bias voltage of –8 V. From linear fits
to the data (solid lines), the corresponding activation energy is estimated to be around 1.0 eV to 1.3 eV.

Subsequent reverse-bias and zero-bias anneals for the He- and
H-implanted sample cause changes in the concentration of E∗

2
similar to the changes observed in the H- or He-implanted
samples, i.e. the concentration related to E∗

2 can be increased
by reverse-bias annealing and decreased by zero-bias anneal-
ing. Furthermore, the introduction of E∗

2 exhibits a pronounced
dependence on the duration of the reverse-bias anneal, as evid-
enced by the increased E∗

2 concentration for the 40 min - long
reverse-bias anneal as compared to the 20 min long reverse-
bias anneal. When the sample receives a subsequent zero-
bias anneal at 650 K, the concentration associated with E∗

2
decreases. Similar to what has been observed for H implant-
ation (see figure 2), the zero-bias anneal decreases the con-
centration of E∗

2 to the same value that was observed prior
to the initial reverse-bias anneal. Notably, no changes in the

E2 concentration are observed during zero-bias or reverse-bias
anneals.

Reverse-bias anneals similar to the ones shown in
figure 3 (a) were performed for annealing temperatures (Tann)
of 580 K, 600 K and 625 K using an applied reverse-bias
voltage of –8 V. The reverse-bias anneals were conduc-
ted using different accumulated annealing durations (tann)
without performing zero-bias anneals in-between the reverse-
bias anneals performed at the same Tann. However, zero-
bias anneals were performed when switching to a different
Tann, i.e. the initial E∗

2 concentration is nearly the same for
each Tann. The corresponding results were used to study the
thermally-activated introduction of E∗

2 assuming first order
kinetics: [E∗

2 ] = [E∗
2 ]ss [1− exp(−ktann)], where [E∗

2 ]ss denotes
the E∗

2 concentration ([E∗
2 ]) in steady-state and k denotes the
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Figure 4. DLTS spectra recorded on a HVPE-grown β-Ga2O3 thin-film after He implantation (E = 500 keV, Φ = 1.25× 1010 cm−2) and
H implantation (E = 220 keV, Φ = 5 × 1012 cm−2) and subsequent reverse-bias anneals at 600 K for 90 min. The reverse-bias anneals
were performed at –4 V (filled blue circles) and –8 V (filled black circles). Different parts of the space-charge region were probed by
performing DLTS measurements using different combinations of reverse bias (Vbias) and pulse voltages (Vpulse). The respective pairs of Vbias
and Vpulse are stated in the subplots. Simulated DLTS spectra are shown as solid lines and the positions of the defect levels E∗

2 and E2 are
indicated.

introduction rate. Interestingly, k was found to be similar for
all Tann and exhibited values of around 1/3000 s−1. The res-
ulting Arrhenius plot for [E∗

2 ]ss is shown in figure 3 (b), and an
activation energy of 1.0 eV to 1.3 eV was derived from linear
fits to the data for the introduction of E∗

2 under an applied
reverse-bias voltage of –8 V. No change in the E∗

2 concentra-
tion was observed for heat treatments below 500 K regardless
of the kind of ion implantation or whether an external bias
voltage was applied or not.

Further experiments were conducted to investigate the
influence of the magnitude of the reverse-bias voltage applied
during reverse-bias anneals. Figure 4 shows DLTS spectra
recorded on a HVPE-grown β-Ga2O3 thin-film after implant-
ation with He and H, and subsequent reverse-bias anneals at
600 K for 90 min using an applied reverse-bias voltage of
either –4 V or –8 V. The reverse-bias anneal at –4 V was
performed prior to the one at –8 V, and the SBD was sub-
jected to a zero-bias anneal before performing the reverse-bias
anneal at –8 V. Thus, the concentration associated with E∗

2 was
low prior to both reverse-bias anneals. When performing the
heat treatment under a reverse-bias voltage of –8 V, the Fermi
level is shifted further away from EC inside the correspond-
ing space-charge region, and hence in-between the surface
of the HVPE-grown β-Ga2O3 thin-film and W(−8 V). Con-
sequently, the Fermi level is affected up to a depth ofW(−4 V)
for a heat treatment under an applied reverse-bias voltage of
–4 V. In figure 4 (a), DLTS measurements were performed
that probe mainly the region fromW(−8 V) toW(−4 V), and
E∗
2 is only detected in significantly increased concentration

for the heat treatment performed under an applied reverse-bias
voltage of –8 V. This suggests that E∗

2 is only introduced inside
the space-charge region established during the heat treat-
ment. Figure 4 (b) shows DLTS spectra recorded for a prob-
ing depth between W(−4 V) and the surface of the HVPE-
grown β-Ga2O3 thin-film. An increased concentration of E∗

2
can be seen for the reverse-bias anneals performed at –8 V and
–4 V. Importantly, the concentration related to E∗

2 is signific-
antly higher for the reverse-bias anneal performed at –8 V. In

figure 4 (c), DLTS spectra are shown for a probing depth of
W(−8V) to the surface. Although both reverse-bias anneals
increase the concentration of E∗

2 , the reverse-bias anneal at
–8 V produces a larger concentration than the anneal at –4 V.
The results presented in figure 4 show that E∗

2 is introduced
inside the space-charge region of SBDs subjected to reverse-
bias anneals, and that applying a larger reverse-bias voltage
during the heat treatments leads to the introduction of a larger
amount of E∗

2 , suggesting that the defect associated with E∗
2

forms more preferably the further away the Fermi-level pos-
ition is from EC. The E2 concentration is not influenced by
the reverse-bias anneals. Its concentration depends, however,
on the probing depth of the DLTS measurement which is most
likely related to theλ-correction [34] and/or a slightly inhomo-
geneous depth distribution of Fe.

To summarize our findings, the formation of E∗
2 after ion

implantation due to a thermally-activated process suggests a
relation of E∗

2 to a defect complex comprising at least one
intrinsic defect. This is in accordance with a previous study on
proton-irradiated β-Ga2O3 single crystals and thin-films [19].
The formation of E∗

2 is considerably enhanced by reverse-bias
anneals at temperatures of around 600 K, and its formation is
seen to occur inside the space-charge region of SBDs. Not-
ably, E∗

2 is introduced to a larger extent when applying larger
reverse-bias voltages during reverse-bias anneals. Zero-bias
anneals can be used to decrease the concentration of E∗

2 . The
presence of H does not significantly affect the observed intro-
duction of E∗

2 , but seems to aid the removal of E∗
2 when per-

forming zero-bias anneals.
The formation and removal behavior of E∗

2 upon reverse-
bias and zero-bias anneals can be explained by at least two
scenarios: (i) the defect complex giving rise to E∗

2 consists
of constituent defects, which have a barrier for migration
that depends strongly on their charge states, and hence the
Fermi-level position, or (ii) the defect complex associated
with E∗

2 has several configurations, where only one (or a few)
have a charge-state transition level giving rise to E∗

2 . The
configuration associated with E∗

2 is more likely to form when
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the Fermi level is far away from EC, whereas configurations
that do not exhibit a charge-state transition level accessible for
our DLTS measurements are more favorable for Fermi-level
positions close to EC.

Scenario (i) is supported by computational studies
reporting a strong dependence of the migration barrier of
intrinsic defects in β-Ga2O3 on their respective charge state
[19, 41, 42]. For example, VO exhibits a lower migration bar-
rier in the +2 charge state compared to the one found for
the neutral charge state [42]. However, the observation of a
reversible formation and removal of the defect giving rise to
E∗
2 is challenging to reconcile with scenario (i). Rather, one

would expect that the mobile defect either leaves or enters the
space-charge region during the heat treatment, and thus either
the removal or formation of a defect will be observed within
the space-charge region. Additionally, the dependence of the
introduction of E∗

2 on the magnitude of the applied reverse-
bias voltage is inconsistent with scenario (i). For example,
for the situation displayed in figure 4 (b), one would expect
a similar E∗

2 concentration to be introduced regardless of the
reverse-bias voltage applied during the reverse-bias anneal.
In contrast, we observed a dependence of the introduced con-
centration of E∗

2 on the magnitude of the applied reverse-bias
voltage.

Scenario (ii), however, seems to be in better agreement with
the experimental observations.Within scenario (ii), it is expec-
ted that the formation and removal of E∗

2 will be reversible.
The degree of reversibility will, however, be influenced by
other factors, e.g. the presence of other defects and the trans-
formation dynamics between different defect configurations.
The observation of a thermally-activated steady-state concen-
tration of E∗

2 also agrees with scenario (ii) where the forma-
tion and removal of E∗

2 is related to a Fermi-level-dependent
difference in formation energy, i.e. the equilibrium concen-
tration of E∗

2 will depend on the Fermi-level position. Thus,
we also expect the formation of E∗

2 to gradually depend on
the magnitude of the applied reverse-bias voltage, in accord-
ance with our observations. We derived an activation energy
on the order of around 1.0 eV–1.3 eV for the thermally-
activated formation of E∗

2 (see figure 3 (b)). Within scenario
(ii), this activation energy can be interpreted as the differ-
ence in relative formation energy between the defect config-
uration giving rise to E∗

2 and competing defect configurations
without a charge-state transition level accessible for our DLTS
measurements.

The introduction of E∗
2 does not seem to be influenced by

the presence of H. In contrast, the removal of E∗
2 due to zero-

bias anneals is promoted in the presence of H. Within scenario
(ii), H is proposed to form a hydrogenated version of the defect
complex being connected to E∗

2 , and this hydrogenated defect
complex is more likely to form than the non-hydrogenated ver-
sion for Fermi-level positions close to EC. Thus, H promotes
the removal of E∗

2 during zero-bias annealing. For Fermi-level
positions further away from EC, the hydrogenated defect com-
plex is not as likely to form, and thus plays only a minor or no
role in the actual formation of E∗

2 . Notably, for scenario (ii) to
be able to explain the experimental results, the transformation
between different defect configurations needs to be possible

at the temperatures used for the heat treatments, whereby the
kinetics of transformation may depend on the charge states of
the involved defects.

Further work is necessary to identify the specific defect(s)
giving rise to E∗

2 . However, the formation and removal beha-
vior of E∗

2 after ion implantation and proton irradiation and
the similarity in behavior seen for a wide range of differ-
ent β-Ga2O3 samples implies the association with a defect
complex either involving only intrinsic defects or compris-
ing an intrinsic defect and an ubiquitous impurity [19]. Based
on these observations, one may speculate about the origin of
E∗
2 . For example, di-vacancy complexes formed by VGa and

VO (VGa–VO) possess many of the proposed features; they
are intrinsic defect complexes that are expected to exhibit one
or more charge-state transition levels in the proposed energy
range, and they have a multitude of different configurations
[19, 23]. Notably, the formation energies of various VGa–VO

complexes have been found to be comparatively low in β-
Ga2O3, and can be expected to strongly depend on the Fermi-
level position [19]. Moreover, VGa–VO complexes display
acceptor behavior for Fermi-level positions close to EC [19],
and thus hydrogenation is likely [23]. Importantly, the migra-
tion barriers computed for isolated VGa and VO suggest that
defect transformation involving vacancies will be possible at
temperatures around 600 K [23, 42]. However, first-principles
calculations are only reported for a few VGa–VO configur-
ations so far, and are not sufficient to explain the exper-
imental observations entirely [19], which warrants further
investigations.

4. Summary and conclusion

The formation and removal of E∗
2 (EA = 0.71 eV,

σna = 1× 10−19 cm2) in HVPE-grown β-Ga2O3 thin-films
subjected to ion implantation and subsequent heat treatments
was studied using DLTS. The introduction of E∗

2 is promoted
by reverse-bias anneals at temperatures in the range of 600
K within the space-charge region of SBDs comprising the
β-Ga2O3 thin-films subjected to He- and/or H-implantation.
Subsequent zero-bias anneals at temperatures in the range of
600 K cause the concentration of E∗

2 to decrease, whereby
the removal of E∗

2 is more pronounced if H is present in
the space-charge region of the SBD. The formation of E∗

2
by reverse-bias annealing is a thermally-activated process
with an activation energy of 1.0 eV–1.3 eV. In summary,
our results show how reverse-bias and zero-bias anneals can
be used to control the concentration of E∗

2 in SBDs com-
prising He- and/or H-implanted β-Ga2O3 thin-films. Import-
antly, it is shown that H can aid the removal of E∗

2 . The
results presented here strongly suggest that E∗

2 is likely to
form in the space-charge region of β-Ga2O3-based devices
for power electronics if the constituent defects of E∗

2 are
present. Moreover, it can be expected that the E∗

2 concentra-
tion will change during device operation, which suggests the
importance of device preparation and measurement history in
the growing number of reports about E∗

2 in β-Ga2O3. These
points are particularly relevant taking into account that E∗

2 has
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been shown to influence the performance of β-Ga2O3-based
MESFETs [14, 15].

The observed formation behavior of E∗
2 is explained by

a change in the Fermi-level position inside the space-charge
region when applying a reverse-bias voltage. Thus, we pro-
pose that E∗

2 is related to a defect complex involving intrinsic
defects that exhibits different configurations whose relative
formation energies depend strongly on the Fermi-level pos-
ition. Configurations giving rise to E∗

2 are more likely to
form for Fermi-level positions further away from EC (reverse-
bias annealing), whereas configurations that are preferred
for Fermi-level positions close to EC (zero-bias annealing)
do not exhibit defect levels accessible for our DLTS meas-
urements. Furthermore, E∗

2 can be passivated by H, and
the hydrogenated defect complex is proposed to be more
likely to form for Fermi-level positions close to EC. Di-
vacancy complexes of the form VGa–VO are proposed as
potential candidates for E∗

2 , but further experimental and
computational investigations are required for an unambigu-
ous identification of the specific structural defect associated
with E∗

2 .
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