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levels and stability of Ni- and Ir-
doped b-Ga2O3: a comprehensive hybrid functional
study

Quoc Duy Ho,a K. Dien Vo,bc Nguyen Thanh Tien, d Huynh Anh Huy,e

Duc-Quang Hoangfg and Duy Khanh Nguyen *hi

In this study, the optimized hybrid functional HSE(0.26,0.0) is employed to investigate the incorporation of

nickel (Ni) and iridium (Ir) dopants in b-Ga2O3. The formation energies and charge transition levels of Ni and

Ir at gallium sites are calculated. The results show that Ni prefers substitution at the octahedral (Ga2) site,

with a formation energy approximately 1 eV lower than at the tetrahedral (Ga1) site. Ni at the Ga2 site

(NiGa2) exhibits both donor and acceptor behaviors, with charge transition levels at (+1/0) 1.0 eV and (0/

−1) 2.24 eV above the VBM, respectively. Ir similarly favors the octahedral site, displaying donor

behaviors with charge transition levels at (+2/+1) 1.04 eV and (+1/0) 3.15 eV above the VBM. Our

computational findings for the charge transition levels of Ni and Ir ions are in good agreement with

recent experimental measurements, and they explain the correlation between Ni3+ and Ir4+ ion

concentrations observed in electron paramagnetic resonance studies. Additionally, the calculated vertical

transitions at 2.56 eV and 4.25 eV for NiGa2, and at 2.91 eV and 4.62 eV for IrGa2, below the conduction

band minimum, are in good agreement with optical absorption results, confirming the presence of Ni

and Ir substitutions at the Ga2 site in b-Ga2O3. These computational results provide a detailed

understanding of the behavior of Ni- and Ir-doped b-Ga2O3, highlighting the potential applications of

Ni- and Ir-doped b-Ga2O3 for optoelectronic devices.
1. Introduction

The monoclinic phase of gallium oxide (b-Ga2O3), which is the
most thermodynamically stable phase of Ga2O3, has a large
band gap of approximately 5 eV.1,2 In recent years, b-Ga2O3 has
received a lot of attention and is considered a new competitor to
4H–SiC and GaN materials. In addition to its high thermal and
chemical stability, the wide to ultra-wide band gap of b-Ga2O3,
resulting in a high breakdown eld of around 8 MV cm−1,
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makes it a potential candidate for applications in high power
electronics.3,4 The availability of high-quality single crystals and
thin lms of b-Ga2O3 holds signicant promise for applications
in gas sensors,5,6 electroluminescent devices,7,8 and
photocatalysis.9–11

Unintentional dopants such as Si and H are oen present in
b-Ga2O3 crystals, leading to a moderate n-type doping concen-
tration of around mid-1017 cm−3.12–14 Additionally, Sn, Ge, and
Nb impurities are also used to create n-type b-Ga2O3 crystals.15–18

However, fabricating p-type crystals of b-Ga2O3 has proven to be
very challenging, which limits its potential applications.
Recently, considerable attention has been directed towards
identifying suitable p-type dopants for b-Ga2O3. Despite exten-
sive efforts, p-type single crystals of b-Ga2O3 have not yet been
successfully produced. Various metal acceptors, such as Zn, Mg,
and Ni, have been investigated as potential dopants in b-Ga2O3,
but the results suggested deep acceptor behaviors of the
dopants. Among these dopants, Ni-doped b-Ga2O3 samples
show promise for producing semi-insulating substrates for
lateral power devices. Gustafson et al.19 have grown a Ni-doped
b-Ga2O3 crystal by the Czochralski method using an iridium
crucible and radio frequency heating. As a result, the presence
of Ir impurity is unavoidable. In fact, by using electron para-
magnetic resonance and optical absorption, the presence of Ni
and Ir substitution at gallium sites was reported by Gustafson
RSC Adv., 2025, 15, 5889–5894 | 5889
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et al.19 The optical absorption peaks at 303 nm and 442 nm were
assigned to Ni at the octahedral site. When irradiated at
275 nm, the concentration of Ni3+ increases and the Ir4+

concentration decreases. Aer increasing the temperature
above 375 °C, the concentration of Ni3+ and Ir4+ is restored. In
addition, the Ni acceptor level is reported at 1.4 eV above the
VBM. In the report of Seyidov et al.20 the acceptor level of Ni was
reported at 1.9 eV and a deep donor level at 1.1 eV above the
VBM, which was not reported by Gustafson et al.19 In the case of
unintentional doping with Ir, IrGa was reported to be an n-type
donor, the EPR study indicated nonmagnetic (S = 0) Ir3+, while
Ir4+ was reported as S = 1/2 in ref. 19 and 21. In ref. 22, Ir
exhibited both double and single donor behaviors, whereas in
the study by Zachinskis and co-workers,23 only the single donor
state of Ir at the Ga site was observed.

While standard density functional theory (DFT) and its
modied versions, such as DFT + U and DFT + U + V, have
played a signicant role in understanding the electrical and
optical properties of semiconductors.24–27 They are not enough
when applied to defects in wide band-gap materials.28,29 In
recent years, hybrid functionals have emerged as a promising
alternative for studying wide band-gap semiconductors,
particularly screened hybrids30,31 with the HSE06 functional
developed by Heyd, Scuseria, and Ernzerhof being especially
notable32,33 More recently, the optimized hybrid functional
calculation method has demonstrated its advantages in
studying defects in various wide-bandgap semiconductors,
including GaN, CuGaS2, and cubic-ZnS.34–36 For b-Ga2O3, the
optimized hybrid functional with parameters (a = 0.26, m =

0.00) has already shown its advantages in reproducing and
explaining experimental results both with intrinsic defects
and,13,37,38 with the substitution of metals at the Ga site.39,40 The
procedure for obtaining the optimized parameters that repro-
duce the gap-optimized, Koopmans' theorem-compliant hybrid
functional for b-Ga2O3 has been discussed in the section III of
ref. 37. Although, numerous studies have investigated Ni and Ir
in b-Ga2O3, a comprehensive understanding of these two
impurities considering various aspects such as formation
energy, spin states, and the Fermi-level remains incomplete. In
this research, the optimized hybrid functional will be employed
to investigate Ni- and Ir-doped b-Ga2O3. In this paper,
HSE(0.26,0.00) will be used to investigate Ni- and Ir-doped b-
Ga2O3. By comparing our calculated results with previous
experimental and simulation studies, this research aims to
provide a complete understanding of Ni and Ir impurities in b-
Ga2O3. This includes examining formation energies, the most
favorable spin states of defects, and correlating Ni and Ir
concentrations with EPR spectra, optical absorption, and pre-
dicting luminescence emission peaks associated with Ni and Ir
substitution in b-Ga2O3.

2. Computational details

In this report, the gap-optimized, Koopmans' theorem-
compliant hybrid functional HSE, with 26% Hartree–Fock
exchange (a = 0.26) and a conventional hybrid functional (m =

0.00), where exchange interactions are treated uniformly, was
5890 | RSC Adv., 2025, 15, 5889–5894
employed. Calculations were carried out using the Vienna Ab
initio Simulation Package (VASP 5.4.4) along with the projector
augmented wave (PAW) method.41–43 The semi-core d electrons
of gallium were treated as part of the valence shell. A plane-wave
basis set cutoff was set at 420 eV, with a kinetic energy cutoff for
augmentation charges at 840 eV. In this study, Ni and Ir are
doped into the 3D bulk structure of b-Ga2O3. A 160-atom
supercell, constructed as a 1 × 4 × 2 expansion of the base-
centered monoclinic unit cell, was used for defect calcula-
tions. The supercell has dimensions of approximately 12.2 Å ×

9.1 Å × 11.6 Å, and the lattice parameters adopted for this work
are a= 12.25 Å, b= 3.04 Å, c= 5.82 Å, and b= 103.8°.37 The self-
consistent electronic energy was converged to 10−4 eV, with ion
relaxation continuing until forces on each ion were reduced to
below 0.02 eV Å−1. Calculations employed the G-approximation
for Brillouin zone sampling, proven to be convergent within
0.1 eV for this supercell size in the previous work.44 To mitigate
articial interactions between repeated images of charged
defects, the charge correction method from ref. 45 and a high-
frequency dielectric constant of 3N = 3.55 (ref. 2) have been
used in our calculations.
3. Results and discussion

In b-Ga2O3, there are two nonequivalent gallium sites: one with
tetrahedral coordination and one with octahedral coordination.
The formation energies of nickel and iridium incorporation on
the 2 inequivalent gallium sites in different charge states are
shown in Fig. 1, as a function of the Fermi-level position
between the calculated valence band maximum (VBM) and the
conduction band minimum (CBM), using the following
expression:

Ef ½Xq� ¼ Etot½Xq� � Etot½Ga2O3� �
X

i

nimi þ qEF þ Eq
corr (1)

where Etot[X
q] and Etot[Ga2O3] represent the total energies of the

structures containing the substitution X (Ni and Ir in the
current research) at charge state q and the pristine b-Ga2O3

supercell, respectively. ni indicates the number of atoms added
to (ni > 0) or removed from (ni < 0) the pristine supercell to form
the defect. Eqcorr is the correction for the nite-size supercell
approach as described in the computational details. mi repre-
sents the chemical potential of the atoms in the reservoir cor-
responding to the crystal growth conditions. The EF is the
Fermi-level position between the VBM and CBM. The chemical
potential of mNi is bounded by the formation of NiGa2O4 in the
O-rich limits (DH[NiGa2O4] = −13.79 eV, the calculated heat of
formation of NiGa2O4) and Ga3Ni2 in the Ga-rich limit (DH
[Ga3Ni2] = −2.24 eV). While in the case of iridium the chemical
potential mIr is set by Ga9Ir2 in the Ga-rich condition (DH[Ga9Ir2]
= −4.95 eV) and IrO2 in the O-rich condition (D[IrO2] = −2.92
eV).

In Fig. 1, the red lines represent the charge transition levels
of Ni incorporating on Ga sites (NiGa). The results indicate that
Ni substitution at the octahedral site (NiGa2) is energetically
preferred over the tetrahedral site (NiGa1) across all charge
states. This result is in good agreement with previous
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Formation energy (eV) of NiGa and IrGa under as a function of the Fermi-level position.

Fig. 2 The schematic band diagram illustrates the defect-level ener-
gies for NiGa and IrGa defects. The shaded orange row indicates the
estimated Fermi-energy range.
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studies.19,20 NiGa show deep acceptor behaviors with low
formation energies for both sites under n-type conditions. The
calculated acceptor levels (0/−1) are 2.02 eV and 2.30 eV above
the VBM for NiGa2 and NiGa1, respectively. Our calculated results
are higher in energy compared to the theoretical charge tran-
sition levels in the work of Seyidov et al.20 For the donor states
(0/+1), the transition levels are found at 1.26 eV and 1.48 eV
above the VBM for NiGa2 and NiGa1, respectively. The differences
in the charge transitions levels in our calculations and those in
ref. 20 are likely from the choice of using the parameters in
hybrid functional and dielectric constant used in charge
correction.

In this study, it was also found that substitutional Ni at both
Ga sites is preferred in the spin-triplet states in the acceptor
state, and the spin-singlet state is more favorable in the neutral
charge state. This nding aligns well with the research of Seyi-
dov and co-workers.20 In the donor state, NiGa2 has the lowest
formation energy in the singlet spin state, while NiGa1 is stable
in the spin-triplet state compared to the non-magnetic singlet
spin state which is 0.65 eV higher in formation energy. The spin-
triplet state of NiGa1 in the donor charge state is likely caused by
the difference in ionic radii between tetrahedral Ga3+ (47 pm)
and Ni2+ (69 pm). The larger substitutional Ni ion at the tetra-
hedral Ga site causes a distortion that likely triggers the Jahn–
Teller effect which removes the degeneracy and lowers the
system's energy, thus achieving a more stable conguration in
the triplet spin state. The singlet spin state of NiGa2 in the +1
charge state aligns with the ndings of ref. 20, but the donor
state of NiGa1 site was reported to be stable in spin-quartet state
in that report.20

Fig. 1 also displays the formation energy of Ir incorporating
at Ga sites (IrGa), by the blue lines. Similar to Ni substitution, Ir
substitution at the octahedral Ga site is energetically preferred
compared to the tetrahedral Ga site due to the ionic radius of Ir
(68 pm). The octahedral Ga ion (62 pm) provides more space to
accommodate the larger ionic radius of Ir compared to the
© 2025 The Author(s). Published by the Royal Society of Chemistry
tetrahedral sites. Ir substitution at the Ga2 site (IrGa2) minimizes
lattice strain and leads to more stable dopant incorporation.
IrGa2 shows donor behavior, with charge transition levels at
0.94 eV (+2/+1) and 2.9 eV (+1/0). For substitution at the tetra-
hedral site, the donor states have charge transition levels at
1.35 eV and 3.03 eV for (+2/+1) and (+1/0), respectively. It was
also found that IrGa1 has an acceptor state with a charge tran-
sition (0/−1) occurring in the band gap at 4.61 eV above the
VBM, the compensated acceptor level of IrGa1 was also reported
by Ritter et al.22 Our calculated results for IrGa charge transition
levels and formation energies are in good agreement at the (+2/
+1) transition, but show deeper energy at (+1/0) compared to
other studies.22,23

It should be noted that while Ritter and coworkers22 reported
all charge states, the authors did not specify the spin state of the
substitution. On the other hand, Zachinskis et al.23
RSC Adv., 2025, 15, 5889–5894 | 5891
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Fig. 3 Diagram of (a) Ni and (b) Ir substitution at Ga2 site. The green and red balls represent Ga, O, respectively. The blue lobes show the
localization of electron (a) NiGa2

0 and (b) IrGa2
1+ in the spin-singlet state.
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demonstrated that the high spin state S = 4/2 has the lowest
formation energy for IrGa2 in the neutral charge state, and S= 3/
2 is energetically favorable for IrGa1 in the singly donor state.
However, no information on the double donor state was
provided. In our calculation, for the neutral charge state, IrGa2
adopts the singlet spin state, while IrGa1 has the lowest forma-
tion energy in the spin-triplet state, which is 0.25 eV lower than
that of the singlet spin state. It is due to the distortion caused by
the larger Ir dopant at the Ga1 site and the Jahn–Teller effect, as
discussed above with NiGa1 in the donor charge state. In the
singly donor states, IrGa at both substitution sites is most stable
in the S= 1/2 spin state. The most favorable state for IrGa2 in the
doublet spin state is in good agreement with the observation of
Ir4+ in EPR measurements.19,21

Experimental studies have shown that Ir is oen present in
b-Ga2O3 as an unintentional dopant, especially in Ni-doped b-
Ga2O3 crystals grown by the Czochralski method.22,46,47 EPR
measurements by Gustafson et al.19 have identied the signals
of Ni and Ir substitution at Ga sites and their concentration
correlation. Specically, when a Ni-doped sample is irradiated
Table 1 Charge transition levels with respect to the calculated VBM
experimental and HSE calculations

Defects
Transition
levels

Experimental
transition

Recent HSE
calculations

T
H

NiGa2 +1/0 X VBM +1.09 (ref. 20) V

0/−1 VBM +2.0
(ref. 20)

VBM +1.88 (ref. 20) V

VBM +1.4
(ref. 19)

IrGa2 +2/+1 CBM −2.2
(ref. 46)

VBM +1.01 (ref. 22) V

+1/0 CBM −2.25 (ref. 22)
(VBM +2.6)

C
(V

CBM −2.58 (ref. 23)
(VBM +2.15)

5892 | RSC Adv., 2025, 15, 5889–5894
with 275 nm light, the concentration of Ni3+ ions increase, while
the concentration of Ir4+ ions decrease. The concentration of
Ni2+ can be restored by heating above 375 °C.19 The above EPR
results can be explained as follows: when the sample is doped
with an acceptor dopant like Ni, the correlation between unin-
tentional n-type dopants (such as Si and H) and Ni pins the
Fermi-level around the middle of the band gap, similar Fermi-
level range was also reported in ref. 20. If one considers the
Fermi-level as in the shaded orange row of Fig. 2, NiGa2 and IrGa2
are energetically favorable in the −1 (Ni2+) and +1 (Ir4+) charge
states, respectively. When the sample is irradiated with 275 nm
light, electrons are excited to the conduction band, leading to
NiGa2 and IrGa2 are identied at 0 (Ni3+) and +2 (Ir5+) charge
states. Thus, the EPR measurement shows an increase of Ni3+

ion and a decrease in Ir4+ ion concentration aer irradiation.
When the sample is heated, electrons recombine with holes,
that witness the restoration of Ni2+ and Ir4+ concentrations.

Fig. 3 illustrates the localization of electrons at the spin state
S = 1/2 of NiGa2

0 and IrGa2
1+, corresponding to Ni3+ and Ir4+, as

addressed in the experimental studies.19 The wave functions of
and CBM (eV), in comparison with values in recent studies in both

his work
SE(0.00,0.26)

Optical
absorption

Recent HSE
calculations

This work
HSE(0.00,0.26)

BM +1.26 CBM −4.09
(ref. 19)

CBM −3.8
(ref. 20)

CBM −4.25

CBM −2.81
(ref. 19)

BM +2.02 CBM −3.16
(ref. 20)

CBM −2.56

BM +0.94 CBM −2.9, −3.5,
−4.4 (ref. 48)

X CBM −4.54

BM −2.1
BM +2.9)

CBM −2.8
(ref. 22)

CBM −2.99
(ref. 23)

CBM −2.92

© 2025 The Author(s). Published by the Royal Society of Chemistry
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electrons in this spin state are not only localized at the substi-
tutional site but also at several oxygen sites around the substi-
tutional sites. This spread of wave function localization explains
the broad EPR lines of Ni3+ and Ir4+ ions in the experimental
observation.19,21 In the analysis of Ni-doped b-Ga2O3 crystals,
Gustafson et al.19 also found broad optical absorption bands at
442 nm (2.81 eV) and 303 nm (4.09 eV), which were attributed to
Ni substitutions. Experimental data of optical absorption peaks
are oen interpreted as vertical electron transitions from the
defect to the CBM.29,37 In our calculations, the vertical charge
transitions of Ni at (+1/0) and (0/−1) are 2.56 eV and 4.25 eV
below the CBM, respectively. This is in good agreement with the
experimental results in ref. 19. In the case of IrGa2, the vertical
transition levels are calculated at 2.92 eV and 4.54 eV for the
neutral and +1 charge states, respectively. The vertical transi-
tion of the neutral charge state is in line with the study by Ritter
et al.,46 which reports an absorption at 2.8 eV. Further details on
the comparison of the optical absorption and the calculated
vertical transition energies for Ni and Ir substitutions are
provided in Table 1.

We also predicted the emission energy, which corresponds
to the emitted wavelength from the recombination of an elec-
tron with a hole. The recombination was calculated considering
a limited-size supercell, resulting in an accuracy of 100 meV for
the photoluminescence energy. The difference between an
electron in a shallow donor state and a conduction band elec-
tron bound by the trapped hole has not been considered.
Therefore, an electron is considered to be at the CBM. The
equilibrium geometry of the bound exciton was relaxed under
the constraint of the orbital occupations, and the spin multi-
plicity was kept constant during the entire process. As explained
above, the correlation between unintentional dopants and Ni
acceptors places the Fermi-level in the middle of the gap.
Therefore, under irradiation, the electron of donor NiGa2 is
excited to the CBM and then recombines with the hole. In the
case of IrGa2 this process occurs in the +1 charge state. The
calculated recombination energy between a trapped hole at Ni2+

and an electron at the CBM was found to be 2.23 eV, while for
Ir4+, it is 2.55 eV. The luminescence of IrGa2 has yet to be
conrmed, but it is likely due to the inadvertent Ir impurity.

4. Conclusion

This study shows a detailed theoretical investigation of Ni and Ir
dopants in b-Ga2O3 using the optimized hybrid functional
HSE(0.26,0.00), which closely agree with experimental results.
The calculations results reveal that both Ni and Ir exhibit
a strong preference for substitution at the octahedral gallium
site. Ni dopant demonstrates dual donor and acceptor behav-
iors at charge transition levels (+1/0) 1.0 eV and (0/−1) 2.24 eV
above the VBM, Ir impurity shows donor behaviors with charge
transition levels (+2/+1) at 1.04 eV and (+1/0) at 3.15 eV above the
VBM. These results align well with recent experimental
measurements, including the correlation between Ni and Ir ion
concentrations observed in electron paramagnetic resonance
studies. Moreover, the calculated vertical transition levels for
NiGa2 (2.56 eV and 4.25 eV below the CBM) and IrGa2 (2.91 eV and
© 2025 The Author(s). Published by the Royal Society of Chemistry
4.62 eV below the CBM) correspond closely with experimental
optical absorption peaks. This comprehensive analysis
advances the understanding of Ni- and Ir-doped b-Ga2O3 and
underscores their potential applications in optoelectronic
devices, particularly in high-resistivity and semi-insulating
substrates.
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