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ARTICLE INFO ABSTRACT

Keywords: Despit many studies dedicated to the defects in p-Gap0s, information about formation processes of complex
Ab initio “donor-acceptor” defects in f-Gay0O3 and their energetic characteristics is still very scarce. Meanwhile, complex
p-Gaz03

defects, such as pair vacancies, are often indicated as electrically active centers that can play the role of acceptor
defects. We have carried out comparative ab initio study of formation energies, as well as optical and thermo-
dynamic transition levels of single and pair vacancies in -Gay0. It was confirmed that single gallium and oxygen
vacancies are deep acceptors and deep donors, respectively. In this case, the optical transition levels of single
gallium and oxygen vacancies are located in such a way that electrons can easily pass from donors to acceptors.
Unlike single vacancies, a pair vacancy has a neutral state due to the location of the acceptor levels above the
donor ones. However, if pair vacancies were thermally excited, the transition levels are shifted to ~2.0 eV above
the top of the valence band, at which the recombination of electrons and holes become possible, as is observed in
the case of single vacancies.

Pair vacancies

Transition levels

Point defects

Electron-hole recombination

1. Introduction

Despite the long history of research (more than 50 years), the
B-GayOs3 crystal remains a highly investigated material due its wide
range of potential applications [1,2]. In many respects, scientific interest
is supported by a suitable electronic structure of -GayOs and its wide
band gap of 4.9 eV [3]. The latter makes the crystal transparent in the
visible and near ultraviolet spectrum. Due to this, f-GazO3 can be used in
light-emitting devices [4] and scintillation technology [5-8]. The UV
absorption with high photoresponse on GaN/Sn:GapOs p-n junction
makes it possible to create effective solar blind UV photo detectors
[9-12], while high breakdown field of p-GayOs crystal (>8 MV/cm)
allows use it in power rectifies and power metal-oxide-semiconductor
field effect transistors (MOSFETs) [13-15]. Finally, a recent study of
Cr¥*-doped a- and B-phases of Ga,05 showed good electronic flexibility
toward non-contractive measurements of the temperature with suitable
sensitivity and resolution [16]. All of these and further technological
development as well as tailoring of obtained knowledge to specifications
needed for application depends on a deep understanding of the evolu-
tion of electronic processes during the dopants introduction and intrinsic
defects into a crystal via growth processes or irradiation [17,18].

A wide bandgap makes $-GagOs an intrinsic insulator, although it

displays a semiconducting behavior when synthesized in reducing con-
ditions. The DC and AC conductivity measurements in single crystals of
B-Gay03 show that the dominant mechanism for migration below 900 K
is ionic due to diffusion of oxygens in the lattice [19]. Above 900 K, the
conductivity is predominantly electronic [19]. It is shown experimen-
tally that p-GayOs belong to non-direct-band-gap crystals with gap
~4.83 eV with valence band maximum at the M-point (1/2,1/2,1/2)
[20-22]. A direct I'-I" band gap has a slightly higher value of 4.87 eV.
The small energy difference between gaps and low probability of indi-
rect transition makes $-Gag0s3 an effective direct-band-gap crystal.

Despite many studies dedicated to the defects in p-Gag0s3, informa-
tion about formation processes of complex “donor-acceptor” defects in
B-Ga03 and their energetic characteristics is still very scarce, even on a
theoretical level. Poor theoretical data can be associated, obviously,
with the difficulties of modeling complex defects in low-symmetry sys-
tems, which requires the use of large crystal cells and, consequently,
makes the ab initio calculations expensive in terms of computer resources
[23]. Meanwhile, these quantities play a crucial role in explanation of
many defect properties. The inability of direct correlation the defects
energy characteristics with experimental data brings to the forefront a
question about how each point defect and their complexes interplay in
the luminescence mechanism.
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Fig. 1. Atomic model of unit cell of B-Ga,O3 (unique positions of Ga and O
atoms are denoted).
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Fig. 2. Formation energy of single Vga1,Vo:1 vacancies (a) and Vga1-Vo1 pair
vacancy (b) plotted against the Fermi energy at oxygen-rich conditions.

In this work, we focused our efforts on study of the energetic char-
acteristics and electronic structure of single and pair vacancy defects (di-
vacancies) in a p-GagOj3 crystal via calculation the formation energies of
considered defects at different charge states and determination of their
optical/thermodynamic transition levels. As known, pair vacancy de-
fects are consisting of one gallium and one oxygen vacancies. We
considered all possible combinations of Vg,-Vo pair defects in terms of
unique site occupation by gallium/oxygen atoms in the monoclinic
lattice of p-GagOs3 crystal.

2. Computational details

We calculated formation energy and charge transition levels (opti-
cal/thermodynamic) of considered defects employing CRYSTAL17 code
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Table 1
Calculated and experimental lattice parameters (a,b,c), band gap (E), and
average high frequency (¢*) and static (€% dielectric constants.

Property B3PW  GGA HSE06 HSE06 Exp
[33] [33] [20]

a, A 12.28  12.44 12.25 12.25 12,12 + 12.34
[34]

b, A 3.05 3.083 3.03 3.05 3.03 = 3.04 [34]

¢, A 5.82 5.876 5.78 5.84 5.80 + 5.87 [34]

Eg eV 4.89 2.0 4.7 4.87 4.9 [3]

£%(average) 3.4 - - - 3.57; 3.38; 3.53
[21]

e%(average)  9.73 - - - 10.2 [35]

[24] using DFT-LCAO approach. Details of the calculation of the defect
formation energy and optical transition levels as a function of the Fermi
energy and the charge state can be found in our previous work [25].
Additionally, we have calculated the thermodynamic transition levels
which are determined from the optical transition levels, taking into
account the complete relaxation of the charged defective crystal struc-
ture [26]:

Etherm = Eopt + E (l)

where &,y is the optical transition level and Ey; is the relaxation energy
calculated as the difference between the total energies of the charged
defect system in the relaxed state and the same charged defect system
corresponding to the atomic configuration of the relaxed neutral defect
system. At this, in the case of the (1+/0) transition, the relaxation en-
ergy has a positive value, and in the case of (0/1-) a negative value (see
Fig. 1 and Fig. 2 in Ref. [26] and explanatory text for details).

The basis sets of local functions (BS) for Ga and O atoms were taken
from Refs. [27,28], respectively. All calculations have been performed
using non-local hybrid B3PW functional [29,30]. For SCF procedure, the
cut-off limits in evaluation of Coulomb and exchange series have been
chosen to 1077, 1077, 1077, 1077 and 10~'# for calculations of the
Coulomb overlap, Coulomb penetration, exchange overlap, first ex-
change pseudo-overlap and second exchange pseudo-overlap integrals,
respectively. Total energy difference between two SCF steps (10~ a.u.)
also has a high tolerance of accuracy. The effective atomic charges were
calculated using the Mulliken population analysis [31]. The integration
of the reciprocal space of defect system was performed with a
Pack-Monkhorst 2 x 2 x 2 grid [32] resulting in 8 k-points.

To simulate formation of defects in p-GapOs crystal, the periodic
model of extended unit cell (supercell) were used, all calculations have
been performed within 160 atoms supercell with 1 x 4 x 2 expansion
matrix. To create vacancies, we removed corresponding oxygen and
gallium atoms from their regular positions. We considered the pair de-
fects in which gallium and oxygen vacancies are the nearest neighbor.

3. Results and discussion
3.1. Pure -Ga203

B-Gay0s crystal has a monoclinic phase with c2/m symmetry. Due to
the low symmetry of the crystal, there are two unique positions of Ga
atoms (tetrahedral and octahedral) and three positions of O atoms
(three- and fourfold coordinated) as denoted in Fig. 1. Tetrahedral and
octahedral gallium atoms signed as Gal and Ga2, respectively, while
two three-coordinated and one four-coordinated oxygen atoms denoted
as 01, 02 and 083, respectively. The Ga-O bond lengths range from 1.8
to 2.1 A.

We have calculated the some basic physical properties of ideal bulk
B-GazO3 that summarized in Table 1 with other theoretical data and
experiment. On the whole all properties in good convergence with
observed one. It is important to note, that a correct description of the
electronic structure, in particular band gap value, play crucial role to
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Table 2
Calculated incorporation, relaxation and formation energies (in eV) of vacancy
defects in p-Ga03. Oxygen-rich conditions are used.

Defect Ejat Erq Ef Defect Eje Erel Ef
Vea1 5.6 -0.8 4.8 Vor 5.5 —0.6 4.9
Va2 7 -1.1 5.9 Voz 4.3 -0.1 4.2
Vos 5.2 -0.1 5.1
Table 3

Calculated formation energy of Vg,-Vo complexes (in eV). Oxygen-rich condi-
tions are used.

Defect Ejq Ee Ey Defect Ejq Erel Ey

Vgai-Vo1 6.9 -2.5 4.4 Vgaz2-Vo1 8.4 -3.0 5.4
Vga1-Voz 7.4 —2.4 5.0 Vgaz2-Vo2 9.4 —2.6 6.8
Vga1-Vos 7.3 —2.4 4.9 Viaz2-Vos 9.0 -3.1 5.9

obtain proper charged defect formation energy. Our computed band gap
is in reasonable agreement with the experimentally observed value
about 4.9 eV and other hybrid calculated values (Table 1).

3.2. Single and pair vacancy defects in f-Ga203

We calculated the formation energy of single Vg, and Vg vacancies
under oxygen-rich conditions (Table 2). As is known, the appearance of
a defect in a lattice leads to the rising of stresses and, consequently,
forces that try to return the system to an equilibrium state. As a result,
the atomic structure is rearranged. Therefore, an important indicator of
the process of formation of a particular defect is the relaxation energy. It
is clear that when the relaxation energy is lower, the atomic structure
with a defect is less distorted, and then its formation seems to be more
probable. The relaxation energy can be found by dividing the formation
energy into two parts: a) the energy of defect incorporation into the
unrelaxed crystal lattice (Ejq) and the relaxation energy (Er.) due to the
relaxation of the crystal structure in the process of complete optimiza-
tion of the atomic structure (see Table 2) [33].

In general, as follows from Table 2, the formation of all Vg vacancies
is an energetically more favorable than the formation of Vg, vacancies
under equilibrium conditions. At the same time, the formation energies
of Vg vacancies are close to each other, while the formation energies for
Via vacancies differ significantly (Table 2). Obviously, the strong dif-
ference in the formation energies of Vg, vacancies is due to the different
coordination of Ga atoms in unique positions (see Fig. 1) and, conse-
quently, the asymmetry of the electronic structure. The same is observed
for lattice relaxation: the relaxation near Vg vacancies is smaller than
near Vg, vacancies. The low lattice relaxation near Vg vacancies in-
dicates better stability of the system after the formation of a defect. The
results obtained well explain the n-type conductivity observed in prac-
tice in pure -GagOs crystals, which is possible due to the formation of a
sufficient number of Vg vacancies as an electron source. The calculation
results are in good agreement with other known theoretical calculations
[20,33,36] and agree with experimental observations [19,37].

As the next step, we are considered pair Vg,-Vo defects. Since the odd
number of electrons remains after removing of the Ga and O atoms from
lattice, a two cases of spin state can be occur: low spin state with s = 1/2
and high spin state with s = 3/2. Thus, we have done a test calculations
in order to determine the prefer spin state of neutral Vg,-Vo complexes
in p-Gaz03. We have obtain that the low spin state with s = 1/2 for all
Vga-Vo vacancies is energetically more preferable than high spin state
with s = 3/2 by considerable value of ~2.8 eV. We suggested that low
spin state are cause well-known nature of Vg,, which act as compen-
sating center for donors, thus preventing electronic conductivity.
Recently, we have shown that Vg, is a deep acceptor in p-GapO3 which
can compensate donors-like defects [25]. This was in good agreement
with many previous theoretical investigations devoted to study of the
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Table 4
Optical and thermodynamic transition levels (in eV).
Defect Transition Eopt Etherm Erel
VGa1 (0/1-) 2.4 1.86 0.54
1-/2-) 2.6 1.97 0.63
(2-/3-) 2.7 1.7 1.0
Vo1 (2+/0) 3.5 4.9 1.4
Vga1-Vo1 2+/1+) 0.4 1.32 0.92
(1+/0) 1.1 1.99 0.89
(0/1-) 3.0 1.89 1.11

vacancy defects in f-Gag0s. Indeed, the electrons, which passed from Vg
to Vga, can “heal” dangling bonds of Vg, with neighbor oxygens, thus
lowering the spin state from 3/2 to 1/2 as well as system total energy.

For pair Vg,-Vo vacancies, we calculated the same parameters shown
in Table 2. The results are shown in Table 3. As already mentioned, Vga-
Vo complexes are composed of a combination of vacancies in terms of
unique atomic positions in a monoclinic lattice. Thus, we have modeled
6 configurations of pair vacancies. It can be seen from the data that the
formation of Vga1-Vo(1,2,3) complexes is energetically more preferable
than analogous Vga2-Vo(1,2,3) complexes, which, as noted earlier for
single defects, is associated with higher coordination of the Ga2 atom
and, correspondingly, a higher binding energy in the lattice.

Meanwhile, it should be noted that the formation energies of Vga-Vo
pair vacancies are comparable with the formation energies of single
vacancies (Table 2) and may well be formed along with single vacancies.
According to Vasil'tsiv et al. [38], the pair Vg,-Vo vacancies are
charge-active centers that can play the role of acceptors together with
single Ga vacancies. Binet et al. [39] also agrees with the suggestion of
Vasil’tsiv et al., and believe that instead of the formation of a high
charge state of the Vg,, the formation of a pair Vg,-Vo vacancies is more
likely.

Fig. 2 shows the calculated charge transition levels for single Vga1
and Vo vacancies, as well as for the Vg,1-Vo1 pair vacancy. Given a
large number of possible types of pair vacancies and associated with its
cumbersomeness of calculations, we limited ourselves to calculating
only one lowest-energy configuration of the Vga1-Vo1 pair vacancy (see
Table 3), and the corresponding single vacancies. The obtained optical
transition levels of single vacancies Vg,1 and Vg1 are in good agreement
with our recent results on calculations of single defects in p-GagO3 [25,
361, as well as with the results of many similar works [20,34,37,40]. The
Va1 vacancy is a deep acceptor with €(0/1-) = 2.4 eV, ¢(1-/2-) = 2.6,
£(2-/3-= 2.7 eV, while Vp; vacancy is a deep donor with £(24/0) = 3.5
eV. The Vo, acts as a negative-U defect, in which the 1+ charge state is
energetically unstable [41]. Despite the large depth of single vacancy
levels, Vg donor levels can compensate for Vg, acceptor levels, so the
energetically stable states for Vo and Vg, in $-GayOs are 2+ and 3—
states, respectively.

In addition to the neutral state, Vga1-Vo1 pair vacancies can have five
charge states 1-, 2—, 3—, 1+, 2+. However, not all of these states can
arise as a result of a change in the Fermi energy in the band gap. Cal-
culations showed that the Vga1-Vo1 pair vacancy is charged as 2+, 1+
and 1- while the remaining 2- and 3- states are unstable. Calculated
optical transition levels of the Vg,1-Vo1 pair vacancy are €(2+/1+4) =
0.4 eV, ¢(1+/0) = 1.1 eV and ¢(0/1-) = 3 eV. Thus, the Vg,1-Vo1 pair
vacancy is both a deep donor and a deep acceptor. However, unlike
single Va1 and Vo, vacancies, the optical transition levels of the Vga1-
Vo1 pair vacancy lie closer to the edges of the conduction and valence
bands. As a result, the probability of spontaneous recombination of a
hole at the acceptor level with an electron at the donor level is very low.
The proximity of the levels positions to the edges of fundamental bands,
as well as the low formation energy of Vg,-Vo pair vacancies, confirm
the hypothesis of Vasil’tsiv et al. [38] that Vg,-V pair vacancies can
play the role of deep acceptors at high Fermi levels. At the same time, the
presence of deep donor levels near the top of the valence band (at a
depth of >4 eV from the bottom of the conduction band) indicates that
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Fig. 3. Total density of states for (a) V2.1, (b) V3, and (¢) (Vga1-Vo1)° (see Fig. 1). All defects states in band gap region have been magnified by a factor 5. Green-
dashed-vertical lines represent the Fermi level. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

Vga-Vo pair vacancies can act as hole sources upon excitation both at the
fundamental absorption edge of 4.9-5.0 eV and upon intraband exci-
tations with an energy of ~4.7 eV [39].

In addition to optical transition levels, we have calculated thermo-
dynamic transition levels (Table 4). The thermodynamic levels corre-
spond to the thermal ionization energy of the defect center. In contrast
to optical levels, the thermodynamic levels of single Vg,; and Vo va-
cancies are shifted closer to the edges of valence and conduction bands,
respectively. At same time, for the Vga1-Vo1 pair vacancy the opposite
picture is observed - the thermodynamic levels are located closer to the
center of the band gap, around 2 eV above the top of the valence band.
The shifting of thermodynamic levels for Vg,1-Vo1 pair vacancy causes
that now levels are located in the band gap in such a way that the
recombination of electrons from donor levels with holes at acceptor
levels is enabled since now the acceptor level lies below the donor level.
In other words, at thermal excitation of the Vga1-Vo1 pair vacancy, its
action is similar to the action of two single gallium and oxygen va-
cancies, in which the pair vacancy becomes charged as V?;;II-V%J{.
However, in the case of optical transitions, the positive and negative
charges on the pair vacancy do not spontaneously recombine and the
vacancies remain neutral (V?}a]—V%]).

Fig. 3 shows the density of states of single Va1, Vo1 vacancies, and
VGa1-Vo1 pair vacancy. The defects in the crystal lattice leads to the
following changes: (i) for the f-GayOs lattice with one neutral Vg, va-
cancy, the defect states are just at the top of the valence band (VBM), and
for the Vo vacancy it is 1.6 eV above VBM. (ii) the appearance of a Vga1-
Vo1 pair vacancy leads to defect levels 1.3 eV above VBM. The empty
levels of the Vg,1 vacancy are located approximately in the middle of the
band gap, while the occupied levels of the Vo vacancy are located deep
from the bottom of the conduction band near the top of the valence band
(Fig. 3 a,b). The density of states of the Vga1-Vo1 pair vacancy showed
that the band gap contains both occupied and unoccupied defect states,
which are determined by the states of the oxygen and gallium vacancies,
respectively. The occupied levels of the Vg,1-Vo1 pair vacancy lie at a

height of ~1 eV from the VBM, while the unoccupied levels are located
even higher, at a height of 2.8 eV.

Before proceeding to the conclusion, it should be noted that these
calculations are helpful for the analysis and will facilitate understanding
of vacancy defects in more complex oxide compounds based on GayOs3,
such as BaGa04 [42,43], ZnGay04 [44,45] and MgGag04 [46,47]. It is
important to note that in oxides with a wider energy gap Eg, such as
MgO, Al,03, MgAl;04, etc., another designation of vacancy defects with
trapped electrons is widely used. In particular, an oxygen vacancy in
such ionic oxides can have three charge states: a bare oxygen vacancy, as
well as vacancies with one or two trapped electrons, which are desig-
nated as a one-electron F' -center and two-electron F-center [48-51].
On the other hand, isolated cationic vacancies can capture one or even
two holes, and the hole defects formed in this process are denoted as V"~
and V° centers [52-54].

4. Conclusions

In this work, we present the results of the ab initio hybrid DFT cal-
culations on the formation energy and transition levels of single and pair
vacancies in p-GaxO3 depending on the charge state and Fermi energy in
the band gap. To calculate the defects, we used the B3PW hybrid func-
tional together with the all-electron basis set of the linear combinations
of atomic orbitals (LCAO). The results of calculations of the some basic
properties of bulk p-GapO3 showed good agreement with the known
experimental data and the results of other theoretical and computational
works.

It was shown that the formation of oxygen vacancies is energetically
more preferable than the formation of gallium vacancies. This well ex-
plains the observed n-type conductivity, which arises due to the accu-
mulation of oxygen vacancies as sources of electrons. Vga-Vo pair
vacancies in the neutral state have a low-spin state s, = 1/2 due to the
transfer of electrons from Vg to Vg,. It was shown that pair vacancies can
be formed along with single vacancies due comparable formation
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energies. Among all combinations of paired vacancies, the creation of
VGa1-Voq,2,3) complexes is energetically more favorable than similar
VGa2-Vo(i,2,3) complexes. The calculated optical and thermodynamic
transition levels of single Vg, and Vo vacancies showed that, under
equilibrium conditions, Vo vacancies are in the 2+ state, while Vg,
vacancies are in the 3- state. In the case of Vg,-Vg pair vacancies, the
optical and thermodynamic levels differ significantly. When V,-Vo pair
vacancies are excited optically, they are stable deep donor-acceptor
defects without the effect of charge recombination. Thermal excitation
of Vga-Vo pair vacancies shifts the positions of donor and acceptor levels
to the center of the band gap in such a way that recombination of
electrons and holes becomes enabled, as is observed in the case of single
vacancies. The calculated densities of states for all considered vacancy
defects confirm our conclusions about their role in the electronic and
optical properties.
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