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Abstract
This study is the first to explore the effect of selenium doping on the electronic properties of β-Ga2O3 through first-principles 
calculations. Selenium doping in β-Ga2O3 is a significant choice, as it has the potential to improve the material’s electronic 
properties. Previous work on β-Ga2O3 has focused primarily on other dopants, and the effect of selenium doping is not well 
understood. Therefore, this study fills an important gap in the current understanding of β-Ga2O3 doping. Selenium doping 
in β-Ga2O3 was studied by first-principles calculations with a hybrid functional, as this functional can offer a more accurate 
description of electronic properties, resulting in accurate electronic bandgap and defect level calculations. Our first-principles 
calculations reveal that selenium can be incorporated on both Ga and O sites under specific conditions. Specifically, under 
O-rich conditions, selenium atoms are more likely to substitute the Ga sites, whereas under Ga-rich conditions, they are 
more likely to substitute the O sites. With the formation energy analysis, our findings indicate that selenium doping on Ga 
sites can lead to n-type conductivity, with it acting as shallow donor. On the other hand, Se dopants at the O sites exhibit 
deep donor characteristics, rendering it ineffective in regulating the conductivity of β-Ga2O3 materials. Our findings suggest 
that Se can be used as a dopant to tune the β-Ga2O3 conductivity for electronic and photonic applications, provided that the 
atomic substitution on Ga sites can be effectively controlled. Our results will provide valuable theoretical insights for the 
refined use of selenium dopants in β-Ga2O3, as well as guidance and theoretical support for subsequent researchers in the 
selection of  Ga2O3 dopants.
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Introduction

Gallium oxide  (Ga2O3) semiconductor materials have 
received widespread attention for technological applica-
tions in high-power electronic devices,1–3 deep-ultraviolet 
(UV) photodetectors,4,5 and photocatalysis, among others.6 
 Ga2O3 exists in five distinct crystalline phases: α, β, γ, δ, 
and ε. Among these, β-Ga2O3 is widely regarded as the most 
stable form under standard temperature and pressure condi-
tions.7 β-Ga2O3 has an ultra-wide bandgap of approximately 
4.9 eV, large critical field strength of 8 MV/cm, and high 
optical transmittance in the deep-ultraviolet region.8,9 Addi-
tionally, it boasts good chemical and thermal stability, and 
can be obtained at low cost in large-size, high-quality, doped 
bulk single crystals using the edge-defined film-fed crystal 
growth (EFG) method.10 With the improvement in epitaxial 
techniques and computational methods, recent work has also 
been extended to  Ga2O3 alloying including BGaO, InGaO, 
and AlGaO.11–15 However, the drawbacks in  Ga2O3 alloys, 
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specifically the low thermal conductivity, challenges with 
p-type doping, and inadequate conductivity,16 have impeded 
its further development in recent years.

The conductivity of intrinsic β-Ga2O3 materials can be 
achieved by doping  Ga2O3 materials with other elements. 
Among n-type dopants, Si, Ge, Sn, Cl, and F have been 
found to be shallow donors, and hydrogen impurities have 
been discovered to act as donors, existing as both interstitial 
species and substitutional donors on oxygen sites, but their 
effectiveness in achieving the desired conductivity levels in 
β-Ga2O3 is limited.17–20  Peelaers and Van de  Walle21 found 
that W, Mo, and Re were deep donors, and the presence of 
these deep donor dopants further complicates the control of 
conductivity in β-Ga2O3. Among p-type dopants,  Lyons22 
found that the introduction of Be, Mg, Ca, Sr, Zn, Cd, and 
N through doping is likely to induce p-type conductivity. 
However, the acceptor transition levels of these dopants were 
found to be higher than 1.3 eV, making them ineffective in 
creating the free holes necessary for p-type conductivity. 
The limitations of traditional dopants and the challenge of 
achieving desired conductivity levels in β-Ga2O3 materials 
necessitate the exploration of alternative dopants and new 
methods to enhance the electronic properties of β-Ga2O3. 
This has prompted the investigation of a wide range of ele-
ments, such as metal elements Cu,23 Fe,24 Cr,25  Mn,26 and 
Nb,27 and rare earth elements Eu,28 Tb,29 Tm,30 and Er.31  
Selenium dopants are potentially good candidates, as they 
share the same group with O in the periodic table, which 
allows for effective incorporation into the crystal lattice and 
facilitates the control and manipulation of the electronic 
properties of the materials. The exploration of selenium 
as a dopant for β-Ga2O3 is a promising new approach for 
addressing the limitations of traditional dopants and has the 
potential to provide solutions to challenges associated with 
controlling β-Ga2O3 conductivity. Therefore, the investiga-
tion of selenium doping in β-Ga2O3 through first-principles 
calculations is a significant step in advancing the under-
standing of alternative dopants and their potential to improve 
the electronic properties of β-Ga2O3. Selenium as a dopant 
has yet to be explored for β-Ga2O3, despite the theoretical 
and experimental studies on  GaOSe alloying.32,33  Thus, it 
is important to investigate the selenium doping effect on the 
electronic properties of β-Ga2O3, with the aim of finding the 
remedy for controlling n-type and p-type conductivity of 
β-Ga2O3. However, the process of experimentally studying 
this issue can be complex and time-consuming. Therefore, 
first-principles calculations were chosen for this research 
due to their ability to provide accurate and reliable predic-
tions of material properties and behaviors at the atomic and 
electronic levels without the need for experimental data or 
fitting parameters.

In this study, we investigated the impact of selenium doping 
on the electronic properties of β-Ga2O3 through first-principles 

calculations with a novel hybrid functional. We specifically 
focused on investigating the preferred doping sites for selenium 
in different environments, examining the formation energies 
and charge transition levels of selenium dopants in β-Ga2O3, 
and analyzing the density of states of Se-doped β-Ga2O3 to 
understand their effect on conductivity and electronic proper-
ties. In the following sections, we will thoroughly explore the 
methods employed in our research and the resulting outcomes. 
This comprehensive analysis will provide a deeper understand-
ing of our study and its implications. The findings of our work 
offer valuable insights and theoretical support for selenium 
doping in β-Ga2O3, providing useful guidance in this area.

Method

All calculations were carried out using the Vienna Ab initio 
Simulation Package (VASP),34 which is based on density 
functional theory (DFT) and utilizes the projector-augmented 
plane wave (PAW) pseudopotential method.35,36 After con-
vergence tests, the cutoff energy was set at 520 eV, with the 
force on each atom kept below 0.01 eV/Å and the total energy 
convergence reaching 1 ×  10−5 eV/atom. All the above techni-
cal parameters were verified by convergence tests. The Per-
dew–Burke–Ernzerhof generalized gradient approximation 
(GGA-PBE) functional was employed to perform structural 
optimization due to its accurate description of exchange–cor-
relation energy in various materials and good performance in 
predicting lattice constants, bond lengths, and angles, making 
it reliable for structural optimization.37 The  HSE06 hybrid 
functional, with a mixing parameter of 0.40, was chosen for 
band structure calculations due to its ability to accurately pre-
dict band structures and electronic properties of materials,38 
and its calculated bandgap aligns well with experimental val-
ues.39 A 240-atom maximumly cubic supercell was generated 
using the Defect and Dopant ab-initio Simulation Package 
(DASP).40 We considered all potential doping atomic sites 
and generated selenium substitution sites at non-equivalent 
sites based on crystal symmetry. The valence electron con-
figurations of Se atom are 4s24p4 and spin polarization was 
considered for the different defect charge states.

For example, the formation energy of Se on the O sites in 
charge state q in  Ga2O3 is given by the following  formula41:

where Etot

(
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q

O

)

 represents the energy of a selenium defect 
in charge state q in the supercell, Etot

(

Ga2O3

)

 represents 
the energy of a pure  Ga2O3 supercell, EF represents the 
Fermi energy, measured relative to the valence band maxi-
mum (VBM), and Δq is the correction term.42 In order to 
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supercells containing charged defects, we utilized the 
Freysoldt, Neugebauer, and Van de Walle (FNV) scheme 
to adjust the formation energies,43 and the details can be 
found in the supplementary material. �O and �Se are the 
relative chemical potential energies of the correspond-
ing elemental materials, �0

O
 represents the energy of an O 

atom within one  O2 molecule, and �o
Se

 is the energy of a Se 
atom in selenium bulk. We examined two extreme cases: 
O-rich ( �O = 0) and O-poor ( �Ga = 0) conditions. When 
Se is doped into  Ga2O3, the chemical potential must sat-
isfy three conditions: (1) the formation reaction of the 
target compound reaches thermodynamic equilibrium: 
2�Ga + 3�O = ΔHf

(

Ga2O3

)

 , (2) the simple substances of 
the constituent elements of the host compound will not 
form: 𝜇Ga < 0, 𝜇O < 0 , and (3) the formation of competing 
secondary compounds related to the host compound cannot 
occur: 𝜇Se < 0, 𝜇Ga + 𝜇Se < ΔHf(GaSe). Here, both Se and 
GaSe crystals were identified as key impurity phases for Se 
doping in  Ga2O3.40 The charge-state transition �

(

q1∕q2
)

 can 
be obtained by the following  formula41:

Results and Discussion

Crystal Structure and Band Structure

Figure  1 shows the crystal structure of a conventional 
β-Ga2O3 cell. β-Ga2O3 crystal has a monoclinic structure 
with space group C2/m. There are two types of Ga atom 
sites and three types of O atom sites in the β-Ga2O3 con-
ventional cell, as labeled in Fig. 1. Half of the Ga atoms 
are tetrahedrally coordinated as Ga(I), while the other half 
are octahedrally coordinated as Ga(II). Both O(I) and O(II) 
are threefold-coordinated, while O(III) is fourfold-coordi-
nated. O(I) is positioned at the shared corner of one  GaO4 

(2)�
(

q1∕q2
)

=
Ef
(

Xq1 ;EF = 0
)

− Ef
(

Xq2 ;EF = 0
)

q2 − q1
.

tetrahedron and two  GaO6 octahedra, while O(II) is located 
at the shared corner of one  GaO6 octahedron and two  GaO4 
tetrahedra. The calculated structural parameters and bandgap 
of β-Ga2O3 are shown in Table I. These structural parameter 
values are in agreement with the experimental  results44 and 
those reported by Liu et al.32

Figure 2 illustrates the band structure of the primitive cell 
of β-Ga2O3, which was calculated using the HSE06 func-
tional with a mixing parameter of 0.40. It can be observed 
that the conduction band minimum (CBM) is positioned at 
the Г-point, whereas the valence band maximum (VBM) is 
situated at the I-L line. The measured direct energy bandgap 
of 4.93 eV aligns well with the experimental  values45 and 
those reported by Liu et al.32  Moreover, the direct gap at the 
Γ-point is slightly larger, measuring 4.93 eV.

Defect Formation Energy and Transition Level

Figure 3a shows the model of the undoped β-Ga2O3 super-
cell, while Fig. 3b, c, d, e, and f show the Se-doped β-Ga2O3 
model with substitutional Se on the Ga(I), Ga(II), O(I), 
O(II), and O(III) sites, respectively. All structural models 
are the 240-atom maximumly cubic supercell generated 
using the software package (DASP).40 It can be clearly seen 
that all the models have two nonequivalent Ga atoms and 

Fig. 1  Crystal structure of β-Ga2O3 conventional cell.

Table I  Calculated structural parameters and bandgap of β-Ga2O3

a Ref. [44], bRef. [45].

Parameter This work Experiment Ref. [32]

a (Å) 12.47 12.23 ± 0.02a 12.26
b (Å) 3.09 3.04 ± 0.01a 5.76
c (Å) 5.88 5.80 ± 0.01a 5.82
β (°) 103.68 103.7 ± 0.3a –
E
indirect
gap

(eV) 4.90 – 4.835
E
direct
gap

(eV) 4.93 4.76b 4.868

Fig. 2  Calculated band structure of β-Ga2O3 primitive cell.
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three nonequivalent O atoms. The different doping models 
are generated by the substitution of one Se atom at different 
sites.

As illustrated in Fig. 4a, under gallium-rich conditions, 
the formation energy of selenium on oxygen sites is lower 
than that on gallium sites, indicating a higher likelihood 
of selenium substituting the oxygen sites. Conversely, in 
Fig. 4b, under oxygen-rich conditions, the formation energy 
of selenium on gallium sites is lower, implying a greater 
chance for selenium atoms to substitute gallium sites. Addi-
tionally, in its neutral charge state, the formation energy of 
selenium on the O(I) sites is lower than on other oxygen 
sites, making it more stable. The preference for selenium to 
substitute oxygen sites under gallium-rich conditions can be 
attributed to the higher concentration of gallium vacancies 
or other defects that create a favorable environment for sele-
nium to occupy oxygen sites. Conversely, under oxygen-rich 
conditions, the excess of oxygen atoms may lead to a greater 
likelihood for selenium to substitute gallium sites, as the 
availability of gallium vacancies or other defects becomes 
more prominent. The stability of selenium on O(I) sites in 
its neutral charge state further emphasizes the preferential 
substitution of selenium on these specific oxygen sites. This 

preference can be attributed to the local chemical environ-
ment and electronic structure of the O(I) sites, which may 
offer a more energetically favorable configuration for sele-
nium incorporation. The implications of these substitution 
preferences extend to the electronic properties of β-Ga2O3. 
The specific doping configurations of selenium on differ-
ent sites can significantly influence the material’s electronic 
band structure, charge carrier mobility, and optical proper-
ties. Our initial investigation focused on the incorporation 
of selenium on gallium sites in  Ga2O3. Selenium atoms have 
two 4s electrons and four 4p electrons, while gallium has two 
4s electrons and one 4p electron. By substituting selenium 
on a gallium site, three additional electrons are introduced, 
turning selenium into a potential triple donor. The differ-
ent bonding environments of the two nonequivalent gallium 
sites can result in varying formation energies and charge-
state transition levels.21 As shown in Fig. 4c, the transition 
level of (0/+) is 4.848 eV on Ga(I) sites and is 4.833 eV 
on Ga(II) sites, indicating that it is easy to donate an elec-
tron to the conduction band with high Fermi levels in the 
bandgap for 1+ charge states. Thus, Se on the Ga sites also 
acts as a shallow donor. However, the 3+ charge states are 
stable when Fermi levels in the bandgap are lower. Selenium 

Fig. 3  The model diagrams of the β-Ga2O3 supercell: (a) undoped, (b) Ga(I), (c) Ga(II), (d) O(I), (e) O(II), and (f) O(III) Se-doped sites.
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doping in β-Ga2O3 has been found to be an effective n-type 
dopant, leading to improved electrical conductivity in the 
materials. In comparison to other n-type dopants such as 
silicon, selenium doping has been shown to be equally effec-
tive. Next, we consider Se incorporation on O sites in  Ga2O3. 
The Se atom is in the same main group as the O atom and 
has the same number of valence electrons. So, when a Se 
atom substitutes the O atom, it is still basically electrically 
neutral. However, due to the difference in atomic number, 
electronegativity, and covalent radius between the O atom 
and Se atom, when a Se atom substitutes the O atom, it 
can capture a certain carrier to become a charged center 
called an isoelectronic trap.46 The radius of the Se atom 
is larger than that of the O atom, and the electronegativity 
of the O and Se atoms is 3.44 and 2.48, respectively. For 
the O(I) site, the transition levels of (0/+), (0/2+), (0/3+), 
and (0/4+) are 1.938 eV, 1.762 eV, 2.037 eV, and 2.13 eV, 
respectively. Likewise, for the O(II) site, the transition lev-
els are 2.766 eV, 2.787 eV, 3.466 eV, and 2.906 eV, and for 
the O(III) site, they are 2.101 eV, 1.887 eV, 1.591 eV, and 
2.482 eV, respectively. This energy level has no effect on 
the type of conductivity. Thus, selenium doping can impact 
the performance of high-power devices by  fine-tuning the 
conductivity of β-Ga2O3. This can lead to improved electri-
cal properties, higher breakdown voltage, enhanced power 
handling capability, and better thermal management, ulti-
mately contributing to the development of more efficient and 
reliable high-power electronic devices.

Density of States

As depicted in Fig.  5a, the projected density of states 
(PDOS) illustrates that the band edges of pure β-Ga2O3 
are dominated by O 2p and Ga 4s orbitals. The bandgap 
of β-Ga2O3 is determined by the occupancy of the valence 
band maximum (VBM) by O 2p orbital electrons and the 
conduction band minimum (CBM) by Ga 4s orbital elec-
trons. Figure 5b, c, d, e, and f shows the projected density 
of states of Se-doped β-Ga2O3 at different sites. The figure 
reveals that the PDOS (partial density of states) for Ga and O 
exhibits minimal changes following doping. Consequently, 
our focus primarily lies on the contribution of impurity ele-
ments to the density of states. Upon Se doping at Ga sites, 
we observed a slight decrease in the bandgap. This can be 
attributed to the presence of Se as shallow donor impuri-
ties, causing the energy states of Se impurities to expand 
and overlap with the conduction band. On the other hand, 
the occupation of the VB edge by the O 2p orbital is mildly 
influenced by Se doping, which was previously suggested by 
Liu and co-worker.32 In general, the doping of Se possibly 
leads to orbital hybridization in both valence and conduction 
bands of  Ga2O3.

First-principles calculations offer valuable forecasts for 
selenium doping in β-Ga2O3, but they need simplifications in 
modeling electronic interactions, which limit the accuracy of 
the results.

Thus, integrating these computational findings with experi-
mental data can help provide a more comprehensive under-
standing of the impact of selenium doping on the properties 

Fig. 4  Formation energy 
diagram of Se on Ga or O sites 
for (a) Ga-rich, (b) O-rich, (c) 
transition levels of Se doping in 
β-Ga2O3.
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of β-Ga2O3. Additionally, considering the potential limita-
tions of first-principles calculations can guide the design of 
targeted experimental studies to complement and validate the 
computational predictions. In the future, experimental studies 
will be conducted to validate theoretical calculations, explore 
different concentrations of selenium doping, and investigate 
combinations of dopants to achieve the desired properties. The 
discovery that selenium can replace oxygen or gallium under 
different conditions provides important guidance for future 
research. It is crucial to study the effects of different selenium 
doping concentrations on material properties, with the goal of 
improving electrical conductivity or enhancing optical char-
acteristics. Additionally, combining selenium with other ele-
ments could yield valuable insights and lead to the creation of 
materials tailored for specific applications. These findings will 
guide future experimental work, including exploring various 
doping concentrations, element combinations, and validation 
methods. This approach has the potential to drive the develop-
ment of advanced materials suitable for diverse applications.

Conclusion

In summary, the doping of β-Ga2O3 with selenium was 
investigated using DFT calculations, in which Se was 
found to exhibit the ability to incorporate both Ga and O 
sites under specified conditions. Specifically, selenium is 

more likely to substitute the Ga sites under O-rich condi-
tions and is more likely to substitute the O sites under 
Ga-rich conditions. Interestingly, selenium acts as a shal-
low donor when it substitutes on Ga sites, implying the 
potential for achieving n-type conductivity in β-Ga2O3. 
However, it is expected that there will be no effect in tun-
ing the conductivity of β-Ga2O3 if selenium substitutes 
on O sites, which can be attributed to the formation of an 
isoelectronic trap. Based on our present analysis, the dop-
ing of Se in β-Ga2O3 may represent a viable route towards 
achieving electrical conductivity tuning of β-Ga2O3 mate-
rials for electronic and optoelectronic device applications. 
This study differs from previous work by focusing on the 
doping of β-Ga2O3 with selenium and its effects on elec-
trical conductivity using DFT calculations. This approach 
provides valuable insights into the potential of selenium 
doping in β-Ga2O3 for achieving electrical conductivity.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11664- 024- 11292-6.
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