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Defect induced site-selective self-trapped holes and their optical fingerprints in

β-Ga2O3

F. Bermúdez-Mendoza, E. Nogales, B. Méndez, F. Domínguez-Adame, E. Díaz,∗ and R. Martínez-Casado†
Department of Materials Physics, Complutense University of Madrid, E-28040 Madrid, Spain

The monoclinic β-Ga2O3 exhibits strongly linearly polarized ultraviolet luminescence, associated
to native defects; however, the microscopic relationship between the tetrahedral (VGaI) and oc-
tahedral (VGaII) native gallium vacancies and the observed optical dichroism remains unresolved.
By considering spin-polarized hybrid density-functional theory, we demonstrate that both gallium
vacancies act as efficient traps for oxygen-centered self-trapped holes (STHs). Specifically, VGaI
and VGaII favor different STH configurations localized on inequivalent neighboring oxygen sites,
that lead to spin-polarized weakly dispersive defect states closed to the valence-band maximum.
These energy levels allow for defect-specific optical transitions to the conduction-band. Thus, the
anisotropic real-space STH wavefunctions, dictated by the local Ga-O connectivity, induces a pro-
nounced vacancy-dependent linear dichroism in the near-edge optical response. In this work we
establish a correlation between the polarization-resolved optical spectra and the particular spatial
distribution of STH generated in presence of the two possible gallium-vacancies in β-Ga2O3 to
provide a unified microscopic interpretation of its UV defect luminescence.

I. INTRODUCTION

Ultrawide bandgap semiconductors (UWBG) are cen-
tral to the next generation of high-power and UV opto-
electronic devices [1]. Among them, monoclinic β-Ga2O3

has emerged as a flagship material due to its large gap
(∼4.5-4.9 eV), chemical robustness, availability of bulk
substrates and controllable n-type doping [2–7]. These
properties have already enabled working prototypes of
Schottky barrier diodes, field-effect transistors, scintilla-
tors, and solar-blind photodetectors [2, 8–14], and drive
intensive research efforts to engineer its defect and doping
properties for both power electronics and UV optoelec-
tronics [15–18].
β-Ga2O3 crystallizes in a monoclinic lattice that

hosts two inequivalent Ga sublattices: the tetrahedral,
fourfold-coordinated GaI bonded to four oxygen atoms,
and the octahedral, sixfold-coordinated GaII bonded to
six oxygen atoms as shown in Fig. 1(a) [7]. This low sym-
metry leads to pronounced anisotropy in the electronic
structure and optical response, including birefringence,
direction-dependent absorption edges, and polarization-
selective luminescence [4, 19–22]. Recent X-ray excited
optical luminescence (XEOL) experiments on nanomem-
branes with a surface normal along (100) revealed UV
emission that is strongly polarized along (001), to-
gether with blue and deep-UV bands attributed to Ga-
vacancy–induced states [23].

At the microscopic level, many of the exotic optoelec-
tronic properties of β-Ga2O3 are now understood to be
governed by self-trapped holes (STHs). Holes in β-Ga2O3

tend to localize on individual oxygen ions, accompanied
by a local lattice distortion [24], rather than forming ex-
tended Bloch states. Hybrid density functional theory
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(DFT) calculations and electron-paramagnetic-resonance
(EPR) experiments have established STHs centered on
three-fold coordinated O atoms in the pristine lattice,
with trapping energies of several tenths of electron-volt
and characteristic local structural relaxations [25–29].
Similar behavior has been identified across many UWBG
oxides and is known to strongly limit hole mobility and to
reshape radiative and nonradiative recombination path-
ways [30].

These STHs can be tracked through luminescence spec-
troscopy. In unintentionally doped β-Ga2O3 crystals
and films, a broad UV band around 3.1-3.4 eV is com-
monly ascribed to the recombination of conduction-band
(or shallow-donor) electrons with self-trapped holes [25,
26, 31]. Additional blue and green bands are gener-
ally interpreted in terms of donor–acceptor pair transi-
tions involving native defects and unintentional impu-
rities, although detailed assignments remain controver-
sial [16, 18, 32–34]. Cathodoluminescence (CL), pho-
toluminescence (PL) and XEOL studies on nanowires,
nanostructures, and nanomembranes have revealed that
these broad bands often coexist with discrete defect lev-
els that allow for strong thermal quenching due to the
underlying STHs and migration processes [23, 35–38].

Controlling these STHs states is crucial for both lu-
minescence and electrical conductivity engineering. In
β-Ga2O3, the deep valence band and the strong propen-
sity for hole self-trapping render p-type conductivity no-
toriously difficult to achieve. This remains the case de-
spite extensive investigations of acceptor dopants (e.g.,
Mg, Zn, N) and more recent co-doping or alloying ap-
proaches [30, 37, 39–41]. By contrast, n-type conductiv-
ity is readily obtained, typically through substitutional
donor impurities such as Si, Ge, or Sn, with uninten-
tional Si often dominating the background carrier con-
centration [16, 42].

Native point defects provide an additional powerful
lever for tuning the optoelectronic properties. First-
principles calculations and experimental studies now con-
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FIG. 1. (a) Crystal structure of monoclinic β-Ga2O3 (space
group C2/m). The two inequivalent cation sites are high-
lighted: the tetrahedral, fourfold-coordinated GaI bonded
to four oxygen atoms (blue), and the octahedral, sixfold-
coordinated GaII bonded to six oxygen atoms (pink), red
spheres denote O atoms. The 2×2×2 supercell used in the
defect and self-trapped holes (STHs) calculations is obtained
by replicating this conventional cell along the three crystallo-
graphic directions indicated by the axes. (b) Electronic band
structure of pristine β-Ga2O3 calculated with the HSE hy-
brid functional using CRYSTAL23. The vertical arrow marks
the calculated fundamental bandgap of 4.43 eV between the
valence band maximum (VBM) and the conduction band min-
imum (CBM).

verge in showing that oxygen vacancies (VO) in β-Ga2O3

act as deep donors rather than the shallow electron
sources once assumed. In the monoclinic lattice, VO can
form on three inequivalent oxygen sites: OI and OII are
threefold coordinated bonded to two GaII and one GaI
(two GaI and one GaII), whereas OIII is fourfold coordi-
nated bonded to three GaII and one GaI. This yields site-
dependent local relaxations and charge-transition lev-
els [16, 43, 44]. These vacancies substantially perturb
the dielectric response and give rise to in-gap optical ab-

sorption as well as characteristic PL and CL bands [43–
49], when present at high concentration. On the other
hand, both types of possible gallium vacancies, VGaI and
VGaII, act as deep acceptors and are the dominant com-
pensating centers in n-type material, as shown by hybrid-
DFT and EPR studies that directly resolve their ionized
charge states. In β-Ga2O3, these defects correspond to
the removal of Ga from either the tetrahedral or octa-
hedral cation site, respectively, with each configuration
exhibiting distinct local relaxations, defect levels and, in
some cases, vacancy-induced magnetism [17, 46, 50–53].

Despite this progress, the connection between the local
structure of Ga vacancies, the associated STH configura-
tions, and their optoelectronic signatures is still incom-
plete. Model Hamiltonian studies of Holstein polarons
have long stressed the importance of lattice relaxation
pathways and phonon emission dynamics for nonequilib-
rium relaxation and recombination processes [54]. How-
ever, a similar level of microscopic detail is still miss-
ing for real defect structures in UWBG oxides. Most
defect calculations treat vacancies and STHs separately,
often in relatively small supercells, and focus on ther-
modynamic charge-transition levels or formation ener-
gies [28, 43, 55]. On the experimental side, CL and PL
spectra exhibit numerous overlapping broad bands whose
microscopic origin is difficult to disentangle. Only re-
cently deep-UV emissions have been assigned specifically
to Ga-vacancy related centers combining spectroscopy
and first-principles modeling [23, 46].

In this work, we perform a detailed hybrid-DFT inves-
tigation of STHs associated with tetrahedral and octahe-
dral gallium vacancies in bulk β-Ga2O3. Calculations are
carried out using the CRYSTAL23 code [56] and a 2×2×2
supercell. We first benchmark the electronic structure of
pristine β-Ga2O3, including the bandgap and band dis-
persion along its crystallographically k-path [6, 57–61].
We then introduce a gallium vacancy on the GaI and
GaII sublattices and analyze the resulting defect states,
local structural relaxations, and STH configurations for
the relevant charge states [28, 62]. Particular attention is
paid to how the local coordination and connectivity of the
vacancy site control hole localization, spin-density distri-
bution, and the position of in-gap defect levels. Finally,
we discuss the consequences of these site-dependent STHs
states for optical transitions in the UV-visible range, in
light of existing PL, CL and XEOL data on β-Ga2O3, and
outline some clues for future experiments [23, 31, 35, 36].

II. METHODS

All first-principles calculations were performed with
the CRYSTAL23 toolkit [56], which solves the peri-
odic Kohn–Sham equations using localized Gaussian-
type orbital basis sets under full three-dimensional
periodic boundary conditions. The electronic struc-
ture was treated within spin-polarized hybrid DFT
using an HSE06 screened hybrid functional of the
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FIG. 2. Workflow for hybrid-DFT calculations of β-Ga2O3

with gallium vacancies. A 2× 2× 2 (160-atom) supercell was
used for the main results (with 1×2×2 tests in the S.I.). Neu-
tral vacancies VGaI and VGaII were modeled with a retained
ghost basis at the vacant site and treated with spin-polarized
HSE06 (α = 0.18). Post-self-consistent-field properties were
obtained on denser k meshes, while the dielectric response
was computed with PBE-CPKS/CPHF and energy-rescaled
to account for the more realistic HSE06 bandgap.

Heyd–Scuseria–Ernzerhof family [58, 63]. The stan-
dard screening parameter and fraction of exact exchange
(α = 0.18, i.e., 18% Hartree–Fock exchange) were cho-
sen so that the bandgap of pristine β-Ga2O3 matches
optical benchmarks and O-centered STH states are sta-
bilized with realistic trapping energies [27–30, 59]. As
shown in Fig. 1(b), the calculated band electronic struc-
ture of pristine β-Ga2O3 is that of a UWBG semicon-
ductor yielding an energy band gap of Eg = 4.43 eV
consistent with experimental values. We report the spe-
cific HSE06 parametrization used here, because the de-
tails of STHs stabilization and defect levels are known to
be sensitive to the treatment of nonlocal (Hartree-Fock)
exchange and screening of the Coulomb interaction in
UWBG oxides. Our computational workflow is outlined
in Fig. 2.

Band structure: supercell with neutral VGa

The host lattice is monoclinic β-Ga2O3 (space group
C2/m). The primitive cell was fixed to the experimen-
tal lattice parameters a = 12.215 Å, b = 3.050 Å,
c = 5.820 Å, and β = 103.978◦, from which we built
a 2×2×2 supercell containing 160 atoms [7]. All results
discussed in the main text are obtained for this super-
cell, which reduces periodic-image interactions and ap-
proximates the dilute-defect limit. A single vacancy in
this supercell corresponds to one defect per 160 atoms
(≈0.6 at.%) or per 64 gallium sites on the Ga sublattice.
We considered both crystallographically distinct gallium
vacancies, VGaI on the tetrahedral sublattice and VGaII
on the octahedral sublattice, so that the resulting STHs
can be correlated directly with the local Ga-O coordina-
tion. Additional tests using a smaller 1×2×2 (80-atom)
supercell are reported in the Supplementary Information.
In these calculations, we explore higher nominal vacancy
concentrations, oxygen vacancies, and vacancy-pair con-
figurations to verify the robustness of the STH behavior
identified in the dilute limit. Our results confirm that
oxygen vacancies alone do not stabilize STHs under the
considered conditions [43, 44, 46, 55].

All defect calculations were spin-polarized and per-
formed without imposing symmetry constraints. Initial
magnetic moments were placed on oxygen neighbors of
the vacancy to seed hole localization. Then all inter-
nal coordinates were relaxed until residual atomic forces
were negligible. This allows for the full development
of the lattice spin-density associated with STH forma-
tion [28, 62]. Charged supercells were treated with a
homogeneous compensating background; when forma-
tion energies or charge-transition levels are discussed,
they follow the standard supercell formalism for point
defects in solids [16, 43, 62]. The self-consistent-field
(SCF) calculations employed a tight convergence crite-
ria of 10−7 Hartree. Brillouin-zone sampling in the SCF
calculations employed a Monkhorst-Pack mesh selected
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to provide a consistent reciprocal-space resolution and k-
point density across the supercells. Post-SCF properties
were obtained by recomputing the eigenvalue spectrum
on a denser k-point mesh to ensure convergence of spin-
polarized results [64]. The supercells converged with re-
spect to both the k-point sampling and the numerical
integration thresholds, producing stable total energies.

Band structures were computed from the converged
hybrid-DFT wavefunctions along a high-symmetry path
for the monoclinic Brillouin zone X1–Y–Γ–N–X–Γ–M–
I–L–F–Y–Γ–Z–F1–Z–I1 following the convention of Pee-
laers and Van de Walle for β-Ga2O3 [57], which is com-
patible with more general crystallographic path defi-
nitions for low-symmetry lattices [60, 61]. Apparent
bandgaps quoted in the figures are measured from the
valence-band maximum (VBM) to the conduction-band
minimum (CBM). For pristine β-Ga2O3, our HSE06
functional reproduces the experimental and previous the-
oretical bandgap range [6, 28, 48]. In defective cells, STH
levels are identified by two complementary signatures: i)
a magnetization density strongly localized on one (or a
few) O ions neighboring the vacancy, and ii) nearly dis-
persionless flat bands within the gap. For each configura-
tion we quantify the STH energy level as the energy sepa-
ration between the VBM and the center of its correspond-
ing flat band. Additionally the transition energy from the
STHs level to the conduction band is taken as the separa-
tion between the latter and the CBM, according to previ-
ous studies on STHs acceptors in Ga2O3 [27, 29, 30, 39].

Spin-polarization in real and reciprocal space

In spin-polarized calculations it is important to distin-
guish two complementary representations. The α and
β spin channels that appear in the density of states
(DOS) and in the band structure describe the global
spin-resolved Kohn-Sham spectrum of the full supercell.
In this reciprocal-space representation, each eigenstate
ψnσ (σ = α or β) is labeled with the corresponding α
or β spin channel. In contrast, the spatial distribution
of the unpaired spin is revealed by the real-space mag-
netization (spin) density m(r⃗) = ρα(r⃗) − ρβ(r⃗), where
ρσ(r⃗) =

∑

n fnσ |ψnσ(r⃗)|
2 is constructed from the spin-

dependent Kohn-Sham orbitals and their occupations
fnσ [65]. A compact measure of the same information can
be obtained by integrating the spin densities within a cho-
sen atomic basis (or projection region) associated with an
atom i, which yields the spin-resolved populations Nσ

i

and the corresponding local moment mi = Nα
i − Nβ

i .
A STH therefore appears in real space as a compact
and anisotropic distribution of m(r⃗) (and an associate
localized mi) centered on a specific oxygen atom, even
though the corresponding defect band can have weight in
both α and β k-channels depending on hybridization and
the symmetry of the local environment. This distinction
matters because the α(β) channels describe the spin char-
acter of the eigenvalues in reciprocal space, while m(r⃗)

and its site-dependent counterpart mi identify the phys-
ical location of the localized state. In the STHs config-
urations studied here the magnetization is confined to
one oxygen neighbor of the vacancy, accounting for a O-
2p hole, and the spin-dependent flat defect band provide
the reciprocal-space signature of the same localized state.

We quantify the relative stability of neutral gallium va-
cancies using the standard supercell formalism for point
defects in solids [16, 43, 62]. For a vacancy on sublattice
η = I or II, the formation energy is defined as Ef [VGaη] =
Etot(VGaη)− Etot(Bulk) + Eatom

Gaη
, which, in the neutral

charge state, reduces to the energetic cost of removing
one Ga atom from the crystal and placing it into an
atomic Ga reference (i.e., without Fermi-level–dependent
terms or electrostatic image-charge corrections). With
this convention, we obtain Ef(VGaI) = 10.37 eV and
Ef(VGaII) = 11.45 eV, indicating that vacancy forma-
tion on the tetrahedral sublattice VGaI is most favor-
able. Both the large formation energies (typically >

∼ 10
eV) and the preference for the tetrahedral site are in line
with prior hybrid-DFT calculations for isolated gallium
vacancies in β-Ga2O3 [46, 66].

Real-space charge and spin densities were extracted
on a dense real-space grid from the CRYSTAL23 wave-
functions. We employ two types of visualization: i) two-
dimensional cuts of the spin-density in the (010) plane,
which intersects both the tetrahedral and octahedral Ga-
O chains, and ii) three-dimensional distributions of the
real-space magnetization that make explicit the direc-
tional localization of the O-2p derived STHs. In the main
text we focus on the dilute-defect 2×2×2 supercell to es-
tablish how the local coordination of the VGaI and VGaII
sites controls the symmetry and energy of the associated
STHs.

Linear optical response to a polarized electric field

To quantify how VGa and STH formation modify the
linear optical response, we evaluated the purely electronic
(clamped-ion) contribution to the dielectric tensor us-
ing the periodic coupled-perturbed Hartree-Fock/Kohn-
Sham (CPHF/KS or CPKS) formalism as implemented
in CRYSTAL23. Within this framework, the first-order
response of the density matrix to a homogeneous exter-
nal polarized electric field is obtained self-consistently
by solving the CPKS equations in the occupied-virtual
Bloch-orbital manifold. Here, the external field corre-
sponds to the long-wavelength (optical) limit of a time-
dependent perturbation, so that the electric field is taken
as spatially uniform over the periodic cell and only the
polarization direction and frequency of E⃗(ω) are speci-
fied. The resulting analytical second derivatives of the
total energy with respect to the field yield the frequency-
dependent dielectric tensor ε(ω) (and the associated lin-
ear susceptibilities), without considering finite-field ef-
fects [67–69]. Because the present CPKS implementa-
tion does not support hybrid functionals, the dielectric
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FIG. 3. Crystal structure and spin-density distribution of β-Ga2O3 with gallium vacancies. (a) 2 × 2 × 2 β-Ga2O3 supercell
indicating the two inequivalent Ga sites (tetrahedral GaI and octahedral GaII) and the three inequivalent O sites (OI, OII and
OIII). The positions of Ga vacancies, VGaI and VGaII, are indicated. (b) Side view along the plane (100) that highlights the slab
used for the spin-density analysis. (c) View of the (010) plane where VGaI and VGaII are introduced. (d-f) Spin-density maps
on the (010) plane for β-Ga2O3 (d) pristine, (e) supercell with VGaI, and (f) supercell with VGaII. The color scale highlights
the localization of the magnetic moment on O atoms neighboring the Ga vacancies, demonstrating the STH formation.

response was computed at the semilocal PBE level [70].
However we performed an energy rescaling at the end of
process to account for a more realistic electronic struc-
ture. The Brillouin-zone sampling was kept identical to
that used in the ground-state calculations.

Optical absorption spectra were obtained for a field-
polarization parallel to one of the three relevant crys-
talographic axis, E⃗ ∥ a⃗, E⃗ ∥ b⃗, and E⃗ ∥ c⃗, and the
global optical response was defined as the following aver-
age εavg(ω) = (1/3)[εaa(ω) + εbb(ω) + εcc(ω)]. For every
polarization j ∈ a⃗, b⃗, c⃗, the corresponding dielectric re-
sponse εjj(ω) was used to reconstruct the complex refrac-
tive index ñj(ω) =

√

εjj(ω) = nj(ω) + ikj(ω). Last, the
polarization-dependent absorption coefficient was then
obtained as αj(λ) = 4πkj/λ. It is worth noticing that,
although PBE correctly captures the STHs lattice distor-
tion, it underestimates the bandgap EPBE

g of UWBG ox-
ides. Therefore, to place the PBE-CPKS optical spectra
on a consistent energy scale with the hybrid-DFT elec-
tronic structure, a scale factor EHSE

g /EPBE
g was applied

to the photon-energy axis so that the fundamental ab-
sorption edge coincides with the HSE06 bandgap EHSE

g .

III. RESULTS AND DISCUSSION

Our results reveal a one-to-one correspondence be-
tween vacancy sublattice (VGaI or VGaII), preferred
oxygen-centered STH site (OII or OIII), and polarization-
selective near-edge optical transitions.

A. Electronic structure of vacancy-induced

self-trapped holes

Figure 3 summarizes the structural motifs that control
hole localization in β-Ga2O3 when a gallium vacancy is
introduced. The 2 × 2 × 2 supercell in Fig. 3(a) high-
lights the two inequivalent Ga sublattices, tetrahedral
GaI and octahedral GaII, together with the three inequiv-
alent oxygen sites OI, OII, and OIII. The introduction of
a vacancy at either Ga site (VGaI or VGaII) removes a
Ga-O coordination center and produces an acceptor-like
perturbation in a lattice whose valence band is domi-
nated by O-2p states. This situation is known to favor
hole self-trapping localization in Ga2O3 [25, 26, 30].

Spin-density maps in Fig. 3(d-f), corresponding to
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FIG. 4. spin-polarized band structures and projected densities of states (DOS) for fully relaxed β-Ga2O3 supercells containing
(a) a tetrahedral VGaI and (b) an octahedral VGaII. Left panels show the spin-resolved band structure along the selected
high-symmetry path with the VBM set to 0 eV and the CBM of pristine β-Ga2O3 indicated by the horizontal dashed line.
The narrow in-gap band just above the VBM corresponds to the STH bound to the VGa that is strongly spin-polarized. This
gives rise to optical transitions to the CBM of 3.4 eV for VGaI and 3.75 eV/3.5 eV for VGaII, as marked by the vertical arrows.
Right panels display the atom and spin-resolved DOS, separated into α (spin-up) and β (spin-down) channels, with colors
denoting contributions from Ga (blue), OI (cyan), OII (green), and OIII (red). Insets expand the energy window to highlight
the character of the STHs in-gap state. Results show that it is dominated by OII character for VGaI and by OIII character for
VGaII.

the (010) plane cut indicated in Fig. 3(b,c), provide di-
rect real-space evidence for vacancy-bound hole localiza-
tion. The pristine supercell Fig. 3(d) is essentially non-
magnetic on this scale, whereas both supercells contain-
ing vacancies develop a highly localized spin-density on
oxygen neighbors of the missing Ga, see Fig. 3(e,f). This
localization is the defining signature of a trapped hole
bound to the vacancy, rather than a delocalized valence-
band hole. We find that the magnetization concentrates
on specific O sites adjacent to VGaI and VGaII, con-
sistent with prior understanding that Ga vacancies in β-
Ga2O3 act as compensating acceptors and hole traps [72–
74]. This is also in agreement with the experimental iden-
tification of vacancy-related paramagnetic centers, where
the unpaired spin is predominantly oxygen-centered [50].
Crucially for our analysis, the (010)-plane maps already
indicate site-selective STH formation: VGaI and VGaII
localize the hole on distinctly different oxygen sublattices.

Results shown in Fig. 4 links the real-space localiza-
tion to the electronic structure of the material. For su-
percells with VGaI [Fig. 4(a)] or VGaII [Fig. 4(b)], the
spin-polarized band structures show a narrow, strongly
spin-polarized in-gap band just above the VBM. This
spectrally isolated band near the top of the valence man-
ifold corresponds to a vacancy-bound STH that is spa-
tially localized, as illustrated in Fig. 3. The flat in-gap
band together with the localized O-centered spin-density

provides complementary reciprocal- and real-space fin-
gerprints of a vacancy-bound STH.

To identify the atomic origin of the vacancy-induced in-
gap bands, we analyzed the dominant components of the
crystalline-orbital eigenvectors together with the atom-
projected DOS. In both defective supercells, the states
appearing inside the pristine bandgap are clearly related
to oxygen orbitals with a clear 2p character. This con-
firms that the VGa binds to oxygen-centered trapped-
hole states rather than creating Ga-centered defect lev-
els. Importantly, the oxygen sublattice hosting the in-gap
state depends on the vacancy site: for the tetrahedral gal-
lium vacancy VGaI, the highest-lying in-gap eigenvectors
are dominated by OII contributions, while for the octahe-
dral vacancy VGaII the corresponding in-gap states are
dominated by OIII contributions. We also find a smaller
additional localized in-gap contributions with OI charac-
ter in both configurations. This is consistent with reports
of multiple stable oxygen-centered trapped-hole configu-
rations from hybrid-DFT studies, as well as with EPR
and theoretical assignments of Ga-vacancy-related para-
magnetic centers in β-Ga2O3 [27–30, 51, 52].

Remarkably for optical properties, the vacancy-bound
STH introduces a new excitation transition, from the in-
gap state to the CBM. The vertical arrows in Fig. 4 show
the corresponding transition energies: 3.4 eV for VGaI,
3.75 eV and 3.5 eV for VGaII. These values fall in the
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FIG. 5. Fully relaxed atomic structures and spin-density distributions showing STHs bound to VGa in β-Ga2O3. Panels
(a,b) display the geometry-optimized supercell containing tetrahedral VGaI in 3D perspective and along the (100) plane,
respectively. Panels (c,d) show the corresponding views for the octahedral VGaII. Yellow distributions represent the spin-
density of the trapped hole, illustrating its strong localization on O neighbors to the VGa and the associated lattice distortion.
Panels (e,f) show the relaxed (010) slabs around VGaI and VGaII respectively, with insets highlighting the local environments
of the STHs centered on OII in (e) and on OIII in (f). These configurations correspond to OII and OIII centered STHs. Both
reveals a reduced additional OI STHs contributions as expected [71]. The relative displacement of the atoms surrounding the
VGa proves the structural relaxation that accompanies STH formation. GaI, GaII, and O atoms are shown in blue, pink and
red, respectively.

same energy window as the polarization-dependent deep-
UV and UV luminescence bands reported in polarization-
resolved XEOL on β-Ga2O3 membranes [23]. The opti-
cal transitions allowed by the new vacancy-bound states
will be studied within the absorption spectra calculated
with CRYSTAL23 below.

Figure 5 provides the direct atomistic picture behind
the electronic fingerprints of Fig. 4. The optimized ge-
ometries show that introducing either VGaI or VGaII
triggers a localized structural relaxation around the va-
cancy. Indeed, the yellow spin-density distributions
demonstrate that the trapped hole is not distributed uni-
formly over all oxygen neighbors. Instead, it condenses
into a STHs centered on a specific oxygen sublattice; OII

for VGaI [Fig. 5(e)] and OIII for VGaII [Fig. 5(f)], with
additional OI STHs appearing as accompanying localized
holes. This combination of electronic localization and lo-

cal lattice distortion is precisely what is expected for a
STH stabilized by strong electron–phonon coupling in an
ultrawide bandgap oxide [25, 26, 54].

There are two key takeaways from Fig. 5. First, the
vacancy type determines which oxygen sublattice partic-
ipates in hole trapping. This explains the dominance of
OII versus OIII character of the in-gap states observed in
the DOS insets shown in Fig. 4(a) and (b), respectively.
Second, because the trapped-hole wavefunction is O-2p
like and particularly oriented by the local bonding envi-
ronment, VGaI and VGaII bound STHs are expected to
give a different optical response. Thus, the optical transi-
tions mediated by the vacancy-induced bound states will
depend on the particular direction of the electric field
polarization. The latter leads to a microscopic explana-
tion of the polarization effects observed in recent XEOL
experiments [23]. Our results on real-space state localiza-
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FIG. 6. Polarization-dependent absorption coefficient α(λ) of β-Ga2O3 and Ga-vacancy supercells. Spectra are shown
for pristine β-Ga2O3 (black circles) and for fully relaxed supercells containing either a tetrahedral VGaI (blue trian-
gles) or an octahedral VGaII (pink squares). Panel (a) shows the averaged absorption, defined as the arithmetic mean
of the absorption coefficients computed for incident electric-field-polarization along the monoclinic crystallographic axes,
εavg(ω) = (1/3) [εaa(ω) + εbb(ω) + εcc(ω)], and panels (b–d) resolve the absorption for incident electric-field-polarization along
the monoclinic a⃗, b⃗, and c⃗ axes, respectively. To compensate for the bandgap underestimation at the PBE level, the photon-
energy axis was uniformly rescaled according to E′ = E (EHSE06

g /EPBE
g ), with the wavelength axis updated consistently with

λ′ = hc/E′. The vacancy-induced optical response is anisotropic and depends strongly on the inequivalent vacancy site. For
E⃗ ∥ b⃗, the VGaII center consistently exhibits higher absorption than VGaI over the explored wavelength range. In contrast, for
E⃗ ∥ c⃗, the absorption associated with VGaI becomes dominant at longer wavelengths. Absorption is plotted on a logarithmic
ordinate with identical y-axis limits in all panels to enable direct comparison of absolute magnitudes across polarizations and
defect types.

tion and electronic band structure not only show how gal-
lium vacancies stabilize oxygen-centered STHs, but also
demonstrate that inequivalent VGa give rise to distinct
STH centers with different near-UV optical transition en-
ergies [71].

B. Linear optical response

To establish a direct link between vacancy-induced
STHs and experimentally accessible electric-field-
polarization signatures, we computed the linear absorp-
tion coefficient from the imaginary part of the electronic
(clamped-ion) dielectric tensor within the CPHF/KS
framework as implemented in CRYSTAL23 [56, 67–69].
Because ε(ω) is evaluated in the long-wavelength op-
tical limit, the computed anisotropy is controlled by
the orientation of the incident electric-field vector E⃗
with respect to the crystallographic axes, while the
explicit propagation direction of the electromagnetic
wave is not considered. In monoclinic β-Ga2O3, the
dielectric tensor is, in general, not strictly diagonal in
the crystallographic basis, and symmetry allows nonzero
off-diagonal components [4, 20, 75]. In this work we
present polarization-resolved spectra for incident fields
aligned along the crystallographic axes, E⃗ ∥ a⃗, E⃗ ∥ b⃗,
and E⃗ ∥ c⃗, and we therefore frame the discussion in
terms of εaa, εbb, and εcc. The off-diagonal components
obtained in our calculations are small in the wavelength
window considered here, so including them would not

remarkably change the trends discussed below [75].
Full-tensor optical analyses that explicitly include the
off-diagonal components have also been reported [76].
The pristine lattice already exhibits a pronounced mono-
clinic optical anisotropy and an electric-field polarization
dependent near-edge response. It is worth to mention
that the absorption edge of different polarized spectra
(reflectance, electroreflectance and transmittance) has
been demonstrated to be lower in energy when E⃗ ∥ a⃗ or
E⃗ ∥ c⃗ than for the case E⃗ ∥ b⃗. In addition those experi-
ments have revealed a substantially stronger near-edge
absorption for E⃗ ∥ c⃗ than for E⃗ ∥ b⃗ [4, 19–22, 77]. This
experimental trend agrees with our absorption spectra
for the pristine lattice shown in Fig. 6(b-d), where the
E⃗ ∥ b⃗ response is markedly suppressed over the displayed
wavelength window compared to that of E⃗ ∥ a⃗ and
E⃗ ∥ c⃗.

The introduction of gallium vacancies enhances the
near-edge absorption tail and, importantly, produces a
clear vacancy-selective dichroism associated with the in-
equivalent tetrahedral and octahedral gallium sublattices
(VGaI vs VGaII) [16, 50–52, 72–74]. For a field with po-
larization E⃗ ∥ b⃗, the absorption spectra in Fig. 6(c) show
that the lattice with octahedral vacancies VGaII consis-
tently exhibits stronger absorption than the one with the
tetrahedral vacancy VGaI across the entire spectral win-
dow considered. In contrast, when the field polarization
is E⃗ ∥ c⃗, Fig. 6(d) reveals a reversal of this trend at
longer wavelengths, where the absorption of the lattice
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with VGaI exceeds that of the lattice with VGaII. How-
ever no similar signatures are present when E⃗ ∥ a⃗, see
Fig. 6(b). Therefore, the calculated absorption reveals
a vacancy-selective dichroism: the absorption of lattices
with VGaII is dominated by polarization fields such as
E⃗ ∥ b⃗. On the contrary, if VGaI are present in the sys-
tem, it is the polarization E⃗ ∥ c⃗ that provides a stronger
absorption.

In our microscopic picture, the linear dichroism origi-
nates from the O-2p character of the vacancy-bound hole.
The corresponding STH is pinned by the local Ga-O con-
nectivity, which differs for tetrahedral and octahedral va-
cancy sites. This local geometry fixes the orientation of
the wavefunction and, as a result, the relevant compo-
nents of the dipole moments involved in the optical tran-
sitions between the STH state and the CBM. Therefore,
this yields different oscillator strengths for different po-
larizations of the electric field, E⃗ ∥ b⃗ or E⃗ ∥ c⃗ [25–28, 30].
The resulting polarization selectivity is consistent with
the site-resolved XANES-XEOL measurements where the
UV transition is more strongly affected by VGaI environ-
ments, while the deep-UV and blue spectral bands are
enhanced in the presence of VGaII network [23, 33, 78].

Although XEOL probes radiative recombination rather
than optical absorption, for a given electronic transition
the absorption coefficient and the radiative emission rate
are governed by the same electric-dipole matrix elements.
Thus absorption and emission share the polarization se-
lection rules [79–81]. In the quasi-equilibrium limit (often
used as a working approximation for luminescence anal-
ysis), reciprocity and detailed-balance arguments further
relate the spontaneous-emission spectrum to the absorp-
tion coefficient [82–84]. For low-symmetry crystals these
relations apply mode-by-mode, so the connection holds
separately for each polarization component of the optical
response tensor. Accordingly, we use the DFT-computed
dichroism of α(ω) primarily as a proxy for the polariza-
tion dependence of the underlying radiative dipole chan-
nel, while noting that absolute XEOL intensities addi-
tionally depend on non-equilibrium carrier populations,
capture kinetics, and optical outcoupling.

IV. CONCLUSIONS

In this work we combined spin-polarized hybrid DFT
with first-principles optical-response calculations to es-
tablish a microscopic link between gallium vacancies,
vacancy-bound hole self-trapping, and electric field po-
larization selective near-edge optical absorption in mon-
oclinic β-Ga2O3. By explicitly treating vacancies on the
two inequivalent Ga sublattices (tetrahedral GaI and oc-
tahedral GaII) within a dilute-defect 2×2×2 supercell, we
show that the local Ga–O coordination controls both the
stability and the electronic fingerprint of vacancy STHs
complexes. In both vacancy configurations the unpaired
hole localizes on specific oxygen neighbors, producing an
oxygen-centered STH rather than a delocalized valence-

band hole. Importantly, the preferred oxygen sublattice
is vacancy-site dependent: VGaI stabilizes primarily an
OII-centered STH, whereas VGaII favors a distinct con-
figuration dominated by OIII character. These results
identify VGaI and VGaII STHs complexes as inequiva-
lent microscopic centers despite their identical chemical
stoichiometry.

In reciprocal space, the vacancy-bound STHs mani-
fest as narrow, weakly dispersive, spin-polarized states
near the top of the valence manifold, enabling defect-
specific optical transitions to the conduction-band edge.
Within the present framework, these transitions ap-
pear in the near-UV/deep-UV energy window, consis-
tent with the spectral range where Ga-vacancy-related
luminescence features have been reported [23, 38, 49].
We stress that absolute transition energies and inten-
sities can be affected by effects not explicitly cap-
tured here (e.g., excitonic corrections, vibronic broad-
ening, finite-temperature carrier populations, and the
non-equilibrium kinetics inherent to XEOL). Our goal
is therefore not a quantitative comparison with previous
experiments, but a first-principle identification of how de-
fect symmetry and STHs real-space structure constrain
the allowed optical dipole transitions.

A central prediction of this study is a vacancy-
dependent linear dichroism in the near-edge absorption:
field-polarization-resolved spectra show that VGaII en-
hances absorption for E⃗ ∥ b⃗, whereas VGaI dominates
for the absorption for E⃗ ∥ c⃗, with differences reaching
several-fold at long wavelengths. Because polarization
selection rules are shared by absorption and radiative
emission, we provide a physically motivated basis for
qualitative comparison with polarization-resolved lumi-
nescence (PL, CL or XEOL) and suggests testable sig-
natures for distinguishing vacancy populations in low-
symmetry β-Ga2O3. On a broader scope, our results
highlight vacancy-STHs complexes as distinct active cen-
ters that should be treated explicitly when interpreting
optical anisotropy, and defect-controlled functionalities
in ultrawide bandgap oxides. The explicit consideration
of excitonic effects and excited-state relaxation is beyond
the scope of this work but it would be required for a fu-
ture quantitative emission modeling.
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