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Oxygen vacancies are regarded as crucial defects greatly affecting the electronic and optical
properties of oxide films and devices, yet systematic studies on κ-Ga2O3 are still lacking. Herein, we
investigate the thermodynamic, electronic, and optical properties of oxygen vacancies in κ-Ga2O3

using density functional theory calculationswith the hybrid functional. The electronic structure reveals
that oxygen vacancies create a deep donor defect in the bandgap, with defect levels and transition
energies influencedbyGaatomdisplacement and localized electron dynamics. This interplay explains
the stability of vacancies at specific sites and their connection to experimentally observed defect
levels. Additionally, oxygen vacancies generate distinct absorption and electron energy loss peaks in
the ultraviolet range. Our results elucidate the nature of oxygen vacancies, and offering a foundation
for tuning and optimizing the electrical and optical properties of κ-Ga2O3 films and improving device
performance through defect engineering.

Ga2O3 exhibits significant potential for applications in power devices, deep-
ultraviolet (UV) photodetectors (PDs), and extreme conditions physics, as
well as in agricultural monitoring due to its ultra-wide bandgap of
4.6–4.9 eV1–4. There are five crystal phases of Ga2O3: α, β, γ, δ and κ, with β-
Ga2O3 being the only thermodynamically stable phase. However, there is
considerable interest in other metastable phases, particularly κ-Ga2O3

5–7.
Compared to the monoclinic β-Ga2O3, orthorhombic κ-Ga2O3 features
higher symmetry in its crystal structure, allowing it to be grown on com-
mercially available substrates such as GaN, sapphire, and SiC8–11. This
compatibility reduces heteroepitaxy costs and facilitates large-scale produc-
tion of κ-Ga2O3 films. Interestingly, orthorhombic κ-Ga2O3 is a ferrielectric
material exhibiting spontaneous polarization of 23–31 μC/cm2 along the
(001) direction, which surpasses that of GaN by an order of magnitude6,12,13.
This generates a two-dimensional electron gas at the heterojunction inter-
face, promising applications in high electron mobility devices.

Numerous intrinsic defects frequently arise during the synthesis of
Ga2O3, while extrinsic defects are commonly introduced artificially during
the epitaxial growth process14. Among these, oxygen vacancies (VO) repre-
sent one of the most prevalent point defects in metal oxide semiconductors
(MOS), significantly influencing their electrical resistivity, thermal con-
ductivity, and overall semiconductor characteristics15,16. In various

applications, VO are regarded as critical defects that significantly impact the
electrical and optical properties of Ga2O3 films and influence device beha-
vior. For instance, leakage currents in β-Ga2O3 gate insulators or capacitors
are attributed to electron conduction through trap levels in the forbidden gap
induced byVO

17: Similarly, absorption losses in β-Ga2O3 coatings, which act
as optically active traps, can impair the performance of optical devices such
as high-average-power lasers18. In these cases, VO are viewed as detrimental.
Theoretical and experimental studies have extensively explored oxygen
vacancies in β-Ga2O3, elucidating their formation energies, charge states, and
impact onmaterial properties14,19–21. Meanwhile, recent studies have started to
explore the nature of oxygen vacancies in κ-Ga2O3, investigating their
electronic structure and optical properties through a combination of
experimental and computational approaches22–24. In addition, post-annealing
approaches have been developed to enhance the photodetection perfor-
mance of κ-Ga2O3 PDs by improving film quality and modulating the
concentration of VO defects10,25. Despite these advances, several important
aspects of oxygen vacancies in κ-Ga2O3 remain to be clarified, such as their
thermodynamic stability at different sites, dominant charge states under
realistic growth conditions, and their detailed electronic and optical sig-
natures. Furthermore, a comprehensive understanding using advanced first-
principles methods is still lacking, particularly for correlating themicroscopic
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properties of VO with experimentally observed defect states and absorption
features.

In this work, we employ first-principles computational methods based
on hybrid density functional theory (DFT) to investigate the thermo-
dynamic, electronic, and optical properties of oxygen vacancies in κ-Ga2O3.
We identify thermodynamically favorable oxygen sites with lower vacancy
formation energies that significantly contribute to the valence band max-
imum (VBM) wave function. Additionally, we analyze the concentrations
and dominant oxidation states of oxygen vacancies as a function of growth
conditions. Our findings suggest that experimentally observed but uni-
dentified defect states in κ-Ga2O3 can be attributed to neutral oxygen
vacancies. The additional absorption features arise from electron transitions
between defect levels induced by oxygen vacancies and the valence band.
Our work deepens the microscopic understanding of oxygen vacancy
characteristics in κ-Ga2O3, which is essential for optimizing its electrical and
optical properties, as well as advancing material synthesis and enhancing
device performance.

Results and discussion
Structural and electronic properties of κ-Ga2O3

Figure 1 shows the optimized orthorhombic κ-Ga2O3 cell. The structural
parameters of κ-Ga2O3 based on our calculation results and other previous
theoretical with experimental results are listed in Table 1. The calculation
results are in good agreement with other results derived from different
functionals, which indicate our optimization method is reasonable. The
primitive cell comprises 40 atoms, including four nonequivalent Ga atoms
and six non-equivalent O atoms, where octahedra share edges or vertices
with other octahedra or tetrahedra. The intricate tetrahedra/octahedra
formation involves different Ga atom states (represented by different col-
ors). TheOatoms inκ-Ga2O3 canbedivided into six types according to their
occupation sites. The atomic coordinates of the optimized computational
models are provided in Supplementary Data 1. It is well known that the
difficulty in achieving p-type conductivity in κ-Ga2O3, as with other Ga2O3

polymorphs, is primarily due to its valence band structure: the valence band
maximum (VBM) is relatively flat and composedmainly of highly localized
O 2p orbitals, resulting in a large hole effective mass and low hole mobility.
This band structure limits the migration ability of holes and makes it
challenging to realize efficient p-type doping, as most acceptor impurities
introduce deep acceptor levels rather than shallow ones20,26,27.

The electronic band structure was calculated on the stable equilibrium
structural configuration using PBE approximation andHSE functional, and
the results are plotted in Fig. 2 with blue and pink lines, respectively. κ-
Ga2O3 is usually considered as a direct bandgap semiconductor, our cal-
culations reveal that its VBM is located along the high-symmetry Γ-X path
in momentum space, while the conduction band minimum (CBM) resides
at the Γ point. The reason why κ-Ga2O3 has always been considered as a

direct gap semiconductor is that the energy difference between the actual
VBM and the valence band at Γ point to the CBM is only 0.003 eV. Such a
small energy difference is generally not enough for the electron to overcome
the large momentum transfer from the actual VBM to the CBM. Therefore,
κ-Ga2O3 is generally regarded as a direct ultrawide bandgap semiconductor.
As can be clearly seen from Fig. 2, there is a great difference between the
bandgapobtainedby thePBEapproximationandHSE functional. The latter
is 4.62 eV, while the former is only 2.10 eV, far from the experimental value
4.60 eV28. Furthermore, it can be found that κ-Ga2O3 has a flat VBM, which
means the large effective mass and weak migration ability of holes, which is
also the reason why κ-Ga2O3 with p-type properties is difficult to prepare.

Electronic properties of κ-Ga2O3 with O vacancies
The electronic band structures of κ-Ga2O3 are calculated using the HSE
functional. As illustrated in Fig. 3, these structures are unfolded for different
neutral oxygen vacancy sites with the easyunfold code29. A defect level
occupied by two electrons emerges, with the defect levels of these six types of
vacancies located at energies of 2.41 eV, 3.39 eV, 3.37, 3.34, 3.96 and 3.98 eV
from the CBM, respectively. All oxygen vacancy defect levels are deep
donors, link to the band structures of other defective oxides semiconductor
like ZnO, Ta2O5 and Al2O3

30–32
. Furthermore, the electron density of states

(DOS) for κ-Ga2O3 with all neutral oxygen vacancies was also computed
using the HSE hybrid functional, as is shown in Fig. 4. The detailed partial
density of states (PDOS) for the deep donor levels of each O vacancy is
shown in the inset at the upper right corner. The valence and conduction
bands edge do not change significantly, apart from the appearance of a
defect peakwithin the ultrawide bandgap. Analysis of the PDOSreveals that
the defect states primarily arise fromGa-4s, Ga-4p, andO-2p contributions.
While previous arguments suggest that the unpaired dangling bonds of Ga
ions around the vacancies are the primary contributors to these defect peaks,
it is important to note that the contributions from the oxygen atoms are not
negligible and play a meaningful role in the overall electronic structure.

Defect formation energy
The vacancy formation energy Etot½Vq

O� is key for defining defects and
understanding how point defects and their charges affect semiconductor
performance. Determining Etot½Vq

O� facilitates the precise alteration of critical
properties. Formation energies for various oxygen vacancies in κ-Ga2O3

across different charge states have been calculated as a function of the Fermi
energy, as depicted in Fig. 5. This analysis considers both oxygen-rich and
oxygen-poor conditions, focusing on the most energetically favorable charge
state for each vacancy at specific Fermi levels. At the mid-gap position of the
Fermi level, the stability of charged vacancies surpasses that of neutral
vacancies. Notably, these oxygen vacancies exhibit negative-U behavior,
indicating that the +1 charge state is unstable across all vacancy types. The
transition levels ε(0/2+) for the vacancies VO1, VO2, VO3, VO4, VO5 and

Fig. 1 | Structural representation of κ-Ga2O3.
a The conventional cell and b the 80 atoms supercell
of κ-Ga2O3. Ga1 � Ga4 atoms with different coor-
dinates are represented by green, purple, blue and
cyan spheres, while O1 � O6 atoms with different
coordinates are illustrated as pink, yellow, red,
white, gray, and dark cyan spheres.
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VO6 are found to be 3.612, 2.852, 3.592, 3.682, 3.792 and 2.565 eV, respec-
tively, all situated ~1 eV below the CBM. These findings indicate that oxygen
vacancies function as deep donors and do not contribute to n-type con-
ductivity. Among these vacancies, the lowest energy configuration for V0

O is
at the VO6 site. This is due to the longest Ga-O bond lengths around the
oxygen vacancies, suggesting that vacancy formation at the VO6 site is
energetically favorable.

The formation energy of oxygen vacancies is also influenced by
growth conditions via the oxygen chemical potential μO. As depicted in
Fig. 6a, the formation energy of an oxygen vacancy at the specific site VO6
differs for both neutral and doubly charged states as a function of μO. The
equilibrium Fermi level is observed to increase toward the conduction
band with decreasing μO, as shown in Fig. 6b. In oxygen-poor conditions
(lower μO), the formation energies for ionized oxygen vacancies decrease,
leading to a higher concentration of excess electrons in the conduction
band. Furthermore, the concentration of vacancies at different charge
states and the dominant charge state depends on μO. A critical value for the
oxygen chemical potential μcriticalO exists, below which neutral oxygen
vacancies are thermodynamically preferred, while charged vacancies
dominate at higher values. A critical value for the oxygen chemical
potential ðμcriticalO Þ, indicates the point at which neutral oxygen vacancies are
preferred below this level, while charged vacancies become predominant
above this threshold. At this critical μO, the equilibrium Fermi level aligns
with the thermodynamic transition level, marking a transition in the
predominant oxidation state in Fig. 6b, c. Under oxygen-poor conditions,
the concentration of neutral vacancies significantly increases and pre-
dominates over charged vacancies, as illustrated in Fig. 6c. Conversely, in
oxygen-rich environments, the concentration of charged vacancies remains
low, typically below 1.56 × 109 cm�3 at room temperature. However, it is
important to note that, under certain Fermi level and chemical potential
conditions, the calculated equilibrium concentration of oxygen vacancies

can be extremely low, even unphysically low, as indicated in Fig. 6c, where
concentrations fall below 10−4cm−3 and as low as 10−34cm−3. This reflects
the limits of equilibrium defect chemistry, emphasizing that in real
materials, non-equilibrium effects, kinetic limitations, or the presence of
other defect types can modify the actual defect landscape. Our research
results indicate that in thermodynamically stable amorphous κ-Ga2O3,
oxygen vacancies predominantly exist in a neutral charge state. This fur-
ther suggests that the neutral VO with low formation energy could sig-
nificantly influence the defect energy levels in the mid-gap.

To further elucidate the relationship between transition levels and local
environments, we examined atomic relaxation aroundVO in relation to the
atomic positions of the pristine structure. In the neutral oxygen vacancy,
atomic relaxationmanifests as a combination of expansion and contraction.
Ga atoms migrating toward the vacancy (positive displacement) exhibit
markedly decreased charge density, indicating electron localization on these
Ga atoms, which is supported by the highest occupied molecular orbital
(HOMO) wavefunctions of V0

O shown in Fig. 7. Conversely, in the positive
charge states, all Ga atoms are displaced away from the vacancy (negative
displacement), with V2þ

O showing more pronounced displacements com-
pared to V1þ

O . Notably, the Ga ions adjacent to the V2þ
O vacancy exhibit

unusually large outward displacements. VO6 surrounded larger atomic
displacements compared to other vacancies in both the 0 and +2 charge
states, resulting in VO6 having lower formation energies and deeper charge
transition levels.

Optical properties
An in-depth understanding of the optical properties of κ-Ga2O3, particu-
larly concerning oxygen vacancies, is essential for its application in optoe-
lectronic devices. The dielectric function ε ωð Þ describes the crystal linear
response to electromagnetic radiation and highlights the interaction
between photons and electrons. The complex dielectric function is
expressed as εðωÞ ¼ ε1ðωÞ þ iε2ðωÞ , where the imaginary part can be
represented by the equation33:

ε2 ωð Þ ¼ 4ππ2e2

mω2

� �X
i;j

Z
ijMjj� �2

f i 1� f i
� �

× δ ðEj;k � Ei;k � ωÞd3k

where e is the electron charge,m is the free electronmass, andM refers to the
dipole matrix element. The real part is derived using the Kramers–Kronig
relationship33:

ε1 ωð Þ ¼ 1þ 2
π
P
Z 1

0

ω0ε2ðω0Þdω0

ðω02 � ω2Þ

Table 1 | Calculated lattice parameters and band-gap Eg of
κ-Ga2O3

PBE PBE43 HSE06 B3LYP44 Exp.28,42

a ðAÞ 5.117 5.131 5.06 5.07 5.046

b ðAÞ 8.783 8.809 8.71 8.69 8.702

c ðAÞ 9.398 9.422 9.31 9.30 9.283

EgðeVÞ 2.08 2.13 4.62 4.62 4.6

The experimental lattice constants and band gap values were obtained from refs. 42, 28,
respectively.

Fig. 2 | Band structures of conventional κ-Ga2O3

cell calculated using PBE and HSE methods. Band
structures of the conventional κ-Ga2O3 cell calcu-
lated using the PBE approximation and the HSE
method, respectively.
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with P denoting the principal value of the integral. Subsequent optical
properties, including the absorption coefficient α ωð Þ, reflectivity R ωð Þ,
refractive index n ωð Þ and energy-loss function LðωÞ, are entirely derived
from the complex dielectric function33:

α ωð Þ ¼
ffiffiffi
2

p
ðωÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε21 ωð Þ þ ε22ðωÞ

q
� ε1ðωÞ

	 
1=2
ð3� 6Þ

Fig. 3 | Unfolding band structures of κ-Ga2O3 with oxygen vacancies. Unfolding band structures of κ-Ga2O3 with O vacancies in a O1, b O2, c O3, d O4, e O5 and f O6,
respectively.

Fig. 4 | Atomic orbital projected density of states (PDOS) of κ-Ga2O3 with oxygen vacancies.Atomic orbital projected density of states (PDOS) with O vacancies in aO1,
b O2, c O3, d O4, e O5 and f O6, respectively. The inset figures represent the PDOS induced by oxygen vacancies.
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R ωð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε1 ωð Þ þ iε2 ωð Þ

p
� 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ε1 ωð Þ þ iε2ðωÞ
p

þ 1

�����
�����
2

ð3� 7Þ n ωð Þ ¼ 1=
ffiffiffi
2

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε1 ωð Þ2 þ ε2 ωð Þ2

q
þ ε1ðωÞ

	 
1=2
ð3� 8Þ

k ωð Þ ¼ 1=
ffiffiffi
2

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε1 ωð Þ2 þ ε2 ωð Þ2

q
� ε1ðωÞ

	 
1=2

LðωÞ ¼ ε2ðωÞ= ε1 ωð Þ2 þ ε2 ωð Þ2� 


Figure 8a, b illustrates the real and imaginary components of the
complex dielectric function across a broad energy range of 0–100 eV. The
most pronounced peak in the imaginary part, situated around 3.5 eV, cor-
responds to inter-band transitions from theO-2p valence band to theGa-4s
conduction band.

The absorption coefficient in Fig. 8c reveals new peaks at 3.06, 3.46,
3.83, 3.84, 3.47, and 4.24 eV for VO1 through VO6, with the first two peaks
located within the visible spectrum. Figure 8d, e depicts reflectivity and the
complex refractive index. For intrinsic κ-Ga2O3, both properties exhibit a
nearly constant behavior in the low-energy range. The refractive index is
2.07, which is in good agreement with the refractive indexn and absorption
coefficient κ-Ga2O3 measured by spectral ellipsometry in our experiments
on sapphire heteroepitaxial κ-Ga2O3, showing values ranging from 1.95 to
2.04 in the wavelength range of 380–1000 nm. However, with the intro-
ductionofoxygenvacancies, an increase in reflectivity and refractive index is
observed, accompanied by additional peaks linked to defect levelswithin the
bandgap. The presence of absorption and reflectivity peaks reduces the
transparency of κ-Ga2O3, limiting its potential as a transparent coating for
applications ranging from visible to deep UV light.

The energy-loss function (ELF) presented in Fig. 8f illustrates the
energy consumed by an electronmoving through a homogeneous dielectric
medium. The ELF spectra reveal distinct energy ranges corresponding to
electronic excitations of various orbitals, facilitating comparisons with
spectroscopic measurements such as electron energy loss spectroscopy
(EELS), which provide insights into the electronic interactions with an
incident electron beam.

Fig. 5 | Formation energies of oxygen vacancies in κ-Ga2O3. Formation energies of
oxygen vacancies as a function of Fermi level for O-rich and O-poor conditions.

Fig. 7 | Geometry relaxation (Å) of Vo
0 in κ-Ga2O3. Geometry relaxation (Å) of V0

O in κ-Ga2O3 with the yellow shaded area representing the HOMO real-space wave
functions.

Fig. 6 | Thermodynamic properties of oxygen vacancies in κ-Ga2O3. a Formation
energy of the oxygen vacancy at a low-energy O site (VO6) as a function of the Fermi
level across various growth conditions. The shaded region represents the formation
energy range between the extreme O-rich and O-poor conditions. b Equilibrium

Fermi level (relative to the VBM, E-Fermieq – EVBM) as a function of the oxygen
chemical potential. c Equilibrium concentrations of neutral and doubly charged
oxygen vacancies as a function of the oxygen chemical potential.
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The calculated ELF for intrinsic κ-Ga2O3 aligns closely with experi-
mental data, featuring a broad band between 5 and 75 eV. For intrinsic κ-
Ga2O3, the significant characteristic peaks are identified at 25.62 eV. These
peaks are critical for understanding the electronic structure and optical
properties of κ-Ga2O3. Energy loss peaks associated with oxygen vacancies

VO1 to VO6 are identified at 3.19, 3.29, 3.46, 3.51, 3.57, and 3.73 eV. These
energy loss peaks correspond to regions of significant reflectivity decline,
indicating the impact of oxygen vacancies on the optical properties of κ-
Ga2O3, corresponding to regions of significant reflectivity decline. We have
also provided additional results for the +1 and +2 charge states (see

Fig. 8 | Analysis of the dielectric function and optical properties of κ-Ga2O3 with neutral oxygen vacancies. a Real part, b imaginary part of the dielectric function,
c absorption coefficient, d reflectivity, e refractive index, and f electron-loss function of κ-Ga2O3 with oxygen vacancies.
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Supplementary Figs. S1, S2). The charged oxygen vacancies introducemore
defect electronic states compared to neutral oxygen vacancies, significantly
affecting the energy loss peaks, static dielectric constant, and optical prop-
erties of κ-Ga2O3. Specifically, the charged oxygen vacancies enhance the
reflectivity and refractive index in the low-energy region, and increase the
absorption coefficient in the visible and infrared regions.

Optical transition calculations reveal twodistinct types of transitions in
κ-Ga2O3, enhancing our understanding of its optical properties. Type I
transitions, observed in V0

O and Vþ1
O , involve transitions from occupied

defect states to conduction band. Type II transitions occur in Vþ1
O , moving

from VBM to unoccupied defect states, as illustrated in Fig. 9. Type I
transitions exhibit high oscillator strength (f), occurring from occupied
defect states to resonant states above the CBM, producing transition ener-
gies greater than the difference between defect levels and the CBM. The
VBM comprises O p orbitals, while the CBM is dominated by O and Ga s
orbitals. VO defects introduce localized states within the bandgap and alter
conduction band, creating resonant states above the CBM with diverse
molecular orbital symmetries that enable strong dipole transitions. Similar
behavior has been noted in α-Al2O3 and monoclinic HfO2

34,35.
Optical transition energies correlate with defect energy levels, indi-

cating that deeper defect levels correspond to higher optical transition
energies. For V0

O, the strongest transition occurs around 4.16–4.29 eV,
except for V5

O and V6
O, which show transitions at 3.45 eV and 5.02 eV,

respectively. Transition energies for Vþ1
O are lower than those for V0

O, with
differences exceeding 1.0 eV for Vþ1

O and Vþ1
O4. In Vþ1

O , transition energies
are nearly identical around 4.6–4.8 eV, except for VO6, which has a lower
transition energy of 4.09 eV and an oscillator strength of 0.05. Based on the
comparisonwith experimental data, two broad peaks associatedwithVO in
κ-Ga2O3 films can be identified: one in the range of 2.5–3.5 eV (likely
corresponding tooptical transitions inV0

O orVþ1
O ) and another in the range

of 3.5–4.5 eV (attributed to transitions in Vþ1
O ). These findings are con-

sistent with the observed absorption spectrum in the undoped κ-Ga2O3

films25,28,36.

Conclusions
In this study, we have systematically investigated the thermodynamic,
electronic, and optical properties of oxygen vacancies in κ-Ga2O3 using first
principles calculations. Our findings reveal that oxygen vacancies introduce
deep donor levels within the bandgap, significantly influencing the elec-
tronic structure and charge dynamics of κ-Ga2O3. The analysis of the
density of states confirms that these vacancies lead to new defect states,
which correlate with observed experimental defect levels, elucidating their
role as critical factors in determining the electronic behavior. We demon-
strated that the formation energy of oxygen vacancies varies with the Fermi

level and growth conditions, highlighting a preference for neutral vacancies
under oxygen-poor environments. This indicates that oxygen vacancies can
significantly impact the electrical conductivity and charge transport
mechanisms, particularly through the formation of polarons. Optically, the
presence of oxygen vacancies introduces additional absorption peaks in the
ultraviolet region.Ourworkprovides a comprehensiveunderstandingof the
effects of oxygen vacancies on the electronic and optical properties of κ-
Ga2O3, laying a solid foundation for future defect engineering strategies
aimed at optimizing the performance of κ-Ga2O3-based devices.

Methods
We performDFT calculations using the projector augmented wave (PAW)
method within the QUANTUM ESPRESSO code37. A plane-wave energy
cutoff of 450 eV is employed, with Brillouin-zone integration conducted
using a Γ-centered 4 × 4 × 4 k-point mesh for the primitive cell and a
2 × 2 × 2 mesh for the supercell. Spin polarization was included for all
defective structures to account for possible unpaired electrons. A 2 × 2 × 1
supercell containing 160 toms was used for defect calculations, which
ensures sufficient separation between periodic images of defects. The PAW
potentials are based on the valence-electron configurations 4 s²4p¹ for Ga
and 2 s²2p⁴ for O. The generalized gradient approximation (GGA) of
Perdew-Burke-Ernzerhof (PBE) is employed to optimize the structural
parameters with the fixed lattice constants until the residual forces are less
than 0.01 eVÅ−1. We then used Heyd-Scuseria-Ernzerhof (HSE) hybrid
functional to accurately calculate the electronic structure and optical
properties. It is noted that the validityof thePBE relaxationwithHSE single-
point calculations and the HSE relaxation are discussed in Supplementary
Fig. S3. The mixing parameter of HSE was set to α = 0.35 with a screening
parameter μ = 0.2 Å−1, resulting in a band gap of 4.62 eV for κ-Ga2O3, in
close agreementwith the experimental value of 4.60 eV28,38. For all structural
optimization, atomic positions are fully relaxed until the Hellmann-
Feynman force on each atom is below 0.01 eV/Å. The self-consistent field
(SCF) cycles were iterated until the energy difference between successive
steps was less than 10⁻⁶ eV. The formation energy of oxygen vacancies for
different charge states is given by follow:

Etot½Vq
O� ¼ Etot½Vq

O� � Etot½Ga2O3� þ μO þ q ðEF þ EVBM þ ΔVÞ

The formation energy of oxygen vacancies in various charge states is
given by the difference between the total energy of the supercell containing
the vacancy Etot½Vq

O� and that of a perfect crystal Etot½Ga2O3�. The removed
oxygen is associated with a reservoir, referenced to the energy of an O₂
molecule. Theoxygenchemical potentialμO canvary to reflect experimental
conditions during growth or annealing, spanning O- poor to O-rich

Fig. 9 | Schematic representation of the optical
transitions observed in κ-Ga2O3 with VO. Illus-
trates the molecular orbitals (MOs) associated with
the occupied defect level in κ-Ga2O3, highlighting
the electronic transitions that occur due to the pre-
sence of the VO defect. Correspondingly, the
LUMO+ 1 level of V0

O in κ-Ga2O3, emphasizing its
role in the optical properties of the material. This
depiction aids in understanding how these electro-
nic structures contribute to the overall optical
behavior of κ-Ga2O3.
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environments. The Fermi level is referenced to the valence bandmaximum
of the bulk cell with band alignment corrections. ΔV is a finite-size cor-
rection term for charged defects39,40. The dielectric constant (13.2) of κ-
Ga2O3 used in this study was taken from previously reported values6. The
equilibrium Fermi level and the concentration of oxygen vacancies in each
charge state are calculated self-consistently, with defect concentrations
derived from their formation energies using a Boltzmann expression41.

Data availability
The data that support the conclusions of this study are available in the paper
and the Supplementary files or from the corresponding author on reason-
able request. Additional result, discussion and figure are provided in Sup-
plementary Information. The atomic coordinates of the optimized
computationalmodels and the numerical source data underlying the graphs
and charts are provided in Supplementary Data 1.
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