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1. Introduction

The ultrawide-bandgap semiconductor Ga2O3 is a promising can-
didate to serve as the basis for a new generation of power devices
that are smaller and more efficient than the current silicon-based
power devices. Among the five crystalline phases in which Ga2O3

can occur, the monoclinic β-Ga2O3 has
excellent chemical and thermal stability, as
well as many attractive physical properties.
The high bandgap value in the 4.6–4.9 eV
range[1] leads to a very high breakdown field,
theoretically estimated to be 8MV cm�1,
much greater than for SiC and GaN.[2] In
addition, such a high bandgap value would
mean less absorption in the ultraviolet. The
large Baliga’s figure of merit of β-Ga2O3

(3.444) keeps the conduction loss signifi-
cantly smaller compared to SiC and
GaN.[2–4] The high saturation electron veloc-
ity, theoretically estimated to be around
2� 107 cm s�1, is comparable to the values
for SiC and GaN but still higher than Si,[5]

which is desirable for high-frequency appli-
cations. Anothermajor advantage is the abil-
ity to produce high-quality single crystals
cost-effectively using various melt growth
techniques.[5–8]

One of the recent significant advances
concerning this material is the integration
of Si and N dopants to engineer a Ga2O3

transistor through ion implantation,[9] a technique extensively
employed in the mass production of commercial semiconductor
devices. This advancement is important from the point of view
of the ability to introduce two types of impurities (dopants)
into the semiconductor, n type and p type, with the aim of devel-
oping Ga2O3-based transistors based on vertical geometry.[9–11]

Ion implantation aims to either decrease Ohmic contact resis-
tance (shallow donors) and/or to realize potential barriers
for voltage blocking (compensating acceptors). Commonly shal-
low donors applied by ion implantation into β-Ga2O3 include
Si, Sn, and Ge,[12–14] while compensating acceptors cover Mg
and N.[11,15,16] Comprehensive research on potential acceptors
and donors, coupled with optimization of implantation and
thermal annealing processes, is crucial for the eventual realiza-
tion of practical gallium-oxide-based power electronic devices.
To achieve this, it is essential to study how defects and impurities
in Ga2O3 affect key material properties. This includes investigat-
ing their impact on bandgap, trapping effects, carrier mobility,
transition levels, and other properties that are fundamental for
future devices.

As is well known, the Ga atoms in β-Ga2O3 occupy two distinct
crystallographic sites: tetrahedrally (GaI) and octahedrally (GaII)
coordinated. Additionally, there are three unique oxygen sites
(OI, OII, OIII). All the previously resulted in five possible vacan-
cies or substitutional defect sites. Studies have shown that VOIII

is the most favorable oxygen vacancy, with lower formation
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Hybrid-density-functional-theory calculations are used to evaluate the structural
and electronic properties and formation energies of N-doped β-Ga2O3.
Altogether, eleven interstitial (Ni) and three substitutional (NOI,II,III) impurity
positions are investigated. Since direct evidence of N2 formation following the
annealing of Ga2O3 and ZnO matrixes is revealed experimentally earlier, four
complexes comprising two N atoms are also considered. It is determined that
substitutional nitrogen defects act as deep acceptors, whereas the interstitial
defects and N2-like complexes act as deep donors. Under Ga-rich growth con-
ditions, substitutional nitrogen defects exhibit lower formation energies, with
NOII defects being the most favorable. Under Ga-poor conditions, interstitial
defects are more energetically desirable for a wide Fermi energy range, with Ni9

defect being the most favorable. The formation of the N2-like considered here at
solely interstitial positions is energetically very expensive regardless of growth
conditions. Finally, the Ni9–NOI complex is the most desirable one under Ga-rich
conditions. This knowledge can serve as a basis for the development of optimal
doping strategies, potentially leading to improved performance in future
β-Ga2O3-based electronic devices.
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energy under O-poor conditions.[17] However, all VO impurities
are deep donors and do not contribute to n-type conductivity. The
VGa defect, acting as a deep acceptor, is more likely to form at the
GaI site

[17] and can cause adjacent Ga atoms to shift to interstitial
positions.[18,19]

In the present study, we focus on nitrogen dopant since it is
considered a potential p-type dopant in Ga2O3 substituted at the
O site, although achieving p-type conductivity remains challeng-
ing due to deep acceptor levels introduced by N. When nitrogen
substitutes for oxygen, it can act as an acceptor, creating holes
(positive charge carriers) in the valence band. Theoretical studies
indicate that nitrogen prefers the OII site in a neutral charge
state, whereas the OIII site is favored for deeper states when
the Fermi energy is near the conduction band minimum.[20]

However, the formation of complexes between N and other
native defects, such as O/Ga vacancies, may alter the activation
energy required to create free holes, thereby influencing the effi-
ciency of p-type doping. For example, DFT calculations revealed
that under Ga-poor conditions (using N2 as the dopant source),
the ε(0/�) transition levels for stable NO–VGa complexes range
from 0.5 to 1 eV, which is markedly lower than the 2.1–3.5 eV
transition levels of isolated NO and VGa defects.

[21] Calculations
predict that the spin-polarized state of N-doped β-Ga2O3 is stable,
with a magnetic moment of ≈1.0 μB per nitrogen dopant, primar-
ily originating from the nitrogen p orbital with minor contribu-
tions from surrounding oxygen atoms.[22] Previously, it was
observed that the introduction of N2 molecules into ZnO creates
localized states within the bandgap, capturing two holes. This
results in reduced effectiveness of p-type doping and significantly
affects the electrical properties of ZnO.[23] In addition, density-
functional theory (DFT) applied for nitrogen-doped ZnO deter-
mined the formation energy of various defects and showed an
N2-like complex at an O site as the N-related defect with the low-
est formation energy.[24] Experimental evidence also suggests
that similar to ZnO, in β-Ga2O3, nitrogen may exist as an inter-
stitial molecule or form small N2 complexes.[25] However, there is
still a gap in the detailed study of the preferred defect point
for the nitrogen atom in Ga2O3, especially interstitial ones.
Note that, in theory, under thermodynamically stable conditions,
the concentration of N interstitials would be low due to the
fact that the formation energy of NO is lower. Nevertheless,
one should recall that ion implantation doping is an out-of-
equilibrium growth technique that is accompanied by the
buildup of a lattice disorder due to the ballistic nature of the
process. This would result in various types of defects forming
in relatively high concentrations, including, e.g., Ni or N2-like
complexes of different kinds.

While most studies have focused on substituting ions
and vacancies, the low symmetry of Ga2O3 offers various sites
where inherent and induced impurities can interact, providing
opportunities for defect engineering. Blanco et al. provided an
insightful, thorough theoretical investigation of point defects
in β-Ga2O3, focusing on ionic conductivity.[26] The study, based
on the shell model, evaluated the energetics and diffusion char-
acteristics of host lattice and dopant ions, identifying eleven
optimal configurations for oxygen and gallium interstitials.
Our previous research[27] utilized these point defects to study
Si interstitials, demonstrating that the Si atom at site i8 is the
most favorable interstitial position.

Overall, understanding the exact lattice positions and behavior
of dopants is crucial for optimizing annealing processes, which
activate dopants after implantation, ensuring they occupy the cor-
rect lattice sites to maximize their contribution to conductivity.
Moreover, managing the interaction between N dopants and
native defects, such as vacancies and interstitials, is essential
in large-scale production to maintain consistent device quality
and performance. Using DFT, the present study addresses
N doping in β-Ga2O3 to investigate defect formation that may
impact electronic device operation. Given the limited research
on nitrogen interstitials, we focused on exploring these defects
by selecting positions reported by Blanco for oxygen atoms,
allowing us to identify the optimal interstitial sites for N atoms
in β-Ga2O3 based on their formation energy. Additionally, we
examined four different pathways of N2 formation in β-Ga2O3

to assess the possibility of forming nitrogen N2-like complexes
instead of isolated Ni interstitials. This understanding would con-
tribute to the knowledge of the optimal doping strategy and, thus,
should ultimately lead to enhanced performance in future
β-Ga2O3-based electronic devices.

2. Computational Method and Details

First-principles DFT simulations were performed using Vienna
Ab initio Simulation Package (VASP, v. 6.3.2) that employs
the projector-augmented wave method.[28–31] The spin-polarized
hybrid DFT was chosen because it is an established approach
for studying semiconducting materials that successfully
predicts structural, electronic, and optical properties. The Heyd–
Scuseria–Ernzerhof (HSE06) hybrid functional[32] was employed
with the following parameters: the fraction of the Fock exchange
was set to α= 0.35, and a screening parameter was set to
μ= 0.20 Å�1.

The pristine β-Ga2O3 has a monoclinic crystal structure
with space group C2/m comprising 20 atoms in the conventional
unit cell. The experimental and computed lattice constants are in
good agreement,[22,26] and for the purpose of this work, the follow-
ing values are chosen: a ¼ 12.23Å, b ¼ 3.04Å, and c ¼ 5.80Å.
During the optimization of structures, we chose an energy cutoff
of 510 eV, force tolerance on each ion was set below 0.03 eVÅ�1,
and tolerance of total energy was set to less than 10�4 eV per atom
with 2� 8� 4 Γ-centered Monkhorst–Pack k-points for a unit
cell. For the structures with defects, a 1� 4� 2 supercell of
160 atoms was prepared, and a 1� 1� 1 Γ-centered Monkhorst–
Pack was used.

The standard procedure to compute the formation energies
was utilized as outlined in ref. [27] with the Freysoldt–
Neugebauer–Van de Walle correction term to allow the elimina-
tion of false electrostatic interactions between charged defect
structures.[33] The experimental value of the dielectric constant
used to calculate this correction term Ecorr was chosen to be 10.[34]

The defects in charge states of þ1, 0, and �1 were considered.
In addition to the formation energy curve for a chosen defect,
the thermodynamic charge transition level can be identified
using[35]

εðq1=q2Þ ¼
Ef
q1 jEF¼0 � Ef

q2 jEF¼0

q2 � q1
(1)
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where Ef
qjEF¼0 is the formation energy of the structure with the

defect in charge state q evaluated at EF ¼ 0. To compute the for-
mation energy, the following values for the chemical potentials of
the elements were chosen: �11.075 eV for O (from O2 molecule)
and�3.38 eV for Ga (bulk Ga metal), enabling the determination
of the O-rich (Ga-poor) and Ga-rich (O-poor) growth conditions
limits. The chemical potential of the N atom is referenced to the
N2 molecule (�10.78 eV) for the Ga-poor condition and to GaN
(�12.09 eV) for the Ga-rich condition, analogous to the approach
used in ref. [20].

3. Results and Discussion

The band structure of pure β-Ga2O3 is shown in Figure 1. An
indirect bandgap value of Eg= 4.91 eV computed with HSE06
hybrid functional agrees well with the literature,[27,36] as opposed
to the generalized gradient approximation (GGA) functional
calculations that underestimate the bandgap significantly
(Eg= 2.17 eV) despite reporting quite similar band structures
in the valence and conduction bands. Note that in the literature,
β-Ga2O3 can be found to be referred to as either a direct
(e.g., ref. [37]) or an indirect (e.g., refs. [38,39]) bandgap semicon-
ductor. The results of our calculations indicate that the indirect
transition in β-Ga2O3 is only 0.04 eV lower in energy than the
direct transition (4.95 vs 4.91 eV), similar to the value reported
in ref. [39]. Consequently, in the case of optical studies, the close
proximity of the direct bandgap and its dominance in optical
measurements create difficulties in the definitive experimental
classification of β-Ga2O3.

To study the β-Ga2O3 system with N impurity, we considered
both the substitutional and interstitial point defects that N can

form in the matrix, as well as some of their complexes. For
the substitutional defects, since there are three inequivalent oxy-
gen sites in the crystal structure of β-Ga2O3, and knowing that
N would prefer to substitute O, three substitutional defects
were considered: NOI, NOII, and NOIII. For the interstitial defects,
11 distinct positions, designated i1 through i11, were considered
based on the topology of the electron density in the low-
symmetry structure.[26] The positions of the substitutional and
interstitial point defects in the β-Ga2O3 matrix are shown in
Figure 2. Note that these positions represent the initial locations
of defects in the perfect β-Ga2O3 matrix before relaxation. After
placing a defect at a selected position, a relaxation procedure is
performed, allowing atoms to shift. The resulting final configura-
tion was then used to calculate formation energies and other
properties. This final configuration might differ substantially
from the initial configuration, especially in the case of interstitial
defects, similar to Si defects in β-Ga2O3.

[27] For example, N atoms
initially placed at i7 and i8, after the relaxation procedure,
exchanged position with the nearest oxygen atoms OII and OIII,
respectively. Nevertheless, we retain the initial notation (e.g., Ni7

and NOI) to describe different cases throughout this study.
Table 1 summarizes the formation energies and bandgaps for

all examined defects in a zero-charge state under Ga-rich and
Ga-poor conditions. All substitutional defects have lower forma-
tion energies than the interstitial defects, with NOII having the
lowest formation energy among them, which is in agreement
with previous findings.[20]

Aiming to analyze the possibility of forming nitrogen mole-
cules in β-Ga2O3, we selected Ni7, Ni8, and Ni9 as a few interstitial
defects for further computational analysis based on their calcu-
lated formation energies. The interstitial cases Ni7, Ni8, and
Ni9 exhibit distinctively lower formation energies than other

Figure 1. Band structure of pure β-Ga2O3 along a continuous path in the Brillouin zone with the high-symmetry points labeled according to ref. [41]. The
maximum of the valence band and the minimum of the conduction band are shown with black dots.
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interstitial cases. The formation energy of Ni5 is higher by 0.57 eV,
while for the remaining cases, the difference exceeds 1 eV.

To create a possibility for a nitrogen molecule formation, a
second N atom was introduced in each of the relaxed cases
Ni7, Ni8, and Ni9. This was done by replacing the O atom nearest
to the interstitial N with another N atom, followed by a subse-
quent relaxation of the structure. These new configurations
are designated as Ni7–NOII, Ni8–NOIII, and Ni9–NOI. In addition,
owing to the symmetry positions of i7 in the ideal structure, it is
possible to place two N atoms in close proximity, both at the
i7 equivalent positions, and with a separation of 1.8 Å (note that
this cannot be done for the i8 or i9 cases). The subsequent relax-
ation of this structure, designated as 2N–i7, resulted in slight dis-
placements of neighboring atoms but did not lead to a drastic
change in the final configuration, unlike the Ni7 case.

Figure 3 shows the final positions for N2 defects and their
surroundings for Ni7–NOII, Ni8–NOIII, Ni9–NOI, and 2N–i7.
The relaxation procedure resulted in 1.26, 1.31, and 1.27 Å bond
lengths between two nitrogen atoms in Ni7–NOII, Ni8–NOIII, and
Ni9–NOI, respectively. However, in the case of 2N–i7, the
bond length between N atoms is 1.10 Å, which is very close to
the value of the bond length in N2.

[40] The electron density dis-
tributions shown in Figure 4 confirm the existence of strong
bonds between N atoms in both Ni9–NOI and 2N–i7 cases, with
a bond in the 2N–i7 case being stronger. In the Ni9–NOI case,
there is an interaction between one of N and Ga, whereas in
the 2N–i7 case, the interactions between either N and Ga are
weaker. For comparison, the electron density distribution for
the Ni8 case, which has the lowest formation energy among iso-
lated N interstitials in a neutral charge state, is also presented in
Figure 4. In this case, the displacement of the O atom from its

Figure 2. Eleven different initial interstitial positions in β-Ga2O3, views from the top of a) b, b) c, and c) a directions (gold spheres are Ga atoms, and grey
spheres are oxygen atoms; interstitial positions are shown with “x” and ii).

Table 1. Formation energies (Ef ) in Ga-rich and Ga-poor conditions, and
bandgaps (Eg) in eV for all defects.

Defect Ef [eV] (Ga rich) Ef [eV] (Ga-poor) Eg [eV] EMtot [μB]

Ni1 9.45 8.14 3.70 –

Ni2 9.09 7.78 3.35 –

Ni3 10.40 9.09 3.31 –

Ni4 8.93 7.62 3.70 –

Ni5 7.42 6.11 4.29 –

Ni6 8.96 7.65 4.03 –

Ni7 6.75 5.44 3.31 1

Ni8 6.58 5.27 3.89 1

Ni9 6.86 5.55 2.93 1

Ni10 7.49 6.18 3.21 –

Ni11 7.70 6.39 2.95 –

Ni7–NOII 6.84 8.10 2.58 2

Ni8–NOIII 7.11 8.38 2.97 2

Ni9–NOI 5.57 6.84 3.17 2

2N–i7 13.62 11.00 3.41 –

NOI 2.47 5.05 4.42 1

NOII 2.21 4.79 4.70 1

NOIII 3.16 5.74 3.08 1
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Figure 3. Relaxed structure of N2-like defects. Gold spheres are Ga atoms, grey spheres are oxygen atoms, and blue spheres correspond to
N atoms.

Figure 4. The distribution of electron density for a) Ni8 in ref. [1] direction, b) Ni9–NOI, and c) 2N–i7 in ref. [10] direction.
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original position to an interstitial site is visible, resulting in no
bond between O and Ga atoms.

Figure 5 presents the density of states for selected defects, tak-
ing spin-polarization into account. Notably, some defects induce
magnetism in the resultant structure (see also Table 1 for reported
total magnetic moments). Previous studies predicted that nitrogen

might introduce stable spin-polarized states in β-Ga2O3, but only
for the substitutional defects.[22] However, our choice of a more
accurate exchange-correlation potential (hybrid vs GGA) and
larger supercell (160 atoms vs 40 atoms) indicates that not only
substitutional defects lead to stable spin-polarized states. Instead,
interstitial nitrogen and N2 complexes contribute a magnetic

Figure 5. Projected density of states for a) pure β-Ga2O3 and for the cases with defects/complexes for 0 charge state: b) NOII, c) Ni8, d) Ni9, and
e) Ni9–NOI.
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moment of 1.00 μB per N atom to the system. The band structure
for the same selected defects is shown in Figure 6.

Figure 7 presents the formation energies for the considered
cases, taking into account the charge states. Starting with the sub-
stitutional defects, it is seen that N substituted at the OII

site has the most favorable formation energy compared to the
substitutional positions OI and OIII. These defects are also deep
acceptors, consistent with earlier findings by Peelaers et al.[20]

The minor differences observed in the formation energy values
can be attributed to variations in computational parameters:
energy cutoff (400 vs 510 eV), supercell size (120 atoms vs
160 atoms), and supercell multiplicity (3� 2� 2 vs 1� 4� 2).
In the case of interstitial defects Ni7, Ni8, and Ni9, they are

not favorable compared to substitutional cases over the whole
Fermi energy range under Ga-poor conditions. However, under
Ga-poor conditions, they become energetically more favorable, at
least until Ef= 2 eV. Nevertheless, these defects are deep donors
under both growth conditions.

Among the complexes that form N2, despite exhibiting the
bond length value closest to that of N2, the 2N–i7 case neverthe-
less has the highest formation energy among all examined
defects (see Table 1). That means that the formation of N2 at
the interstitial position in a matrix of a semiconductor is quite
expensive, which is consistent with the results obtained in a sim-
ilar study by Peelaers et al. for N2 in the β-Ga2O3 matrix[20] or by
Gao et al. for N2 in ZnO matrix.[24] In contrast, under Ga-rich

Figure 6. Band structure of β-Ga2O3 for the cases with defects/complexes for 0 charge state: a) NOII, b) Ni8, c) Ni9, and d) Ni9–NOI.
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conditions, the formation energies of Ni7–NOII, Ni8–NOIII, and
Ni9–NOI are comparable with the formation energies of the cases
with the interstitial defects only, i.e., the Ni7, Ni8, and Ni9 cases.
As in the case of the interstitial defects, Ni7–NOII, Ni8–NOIII, and
Ni9–NOI are also deep acceptors. Table 2 summarizes the transi-
tion levels for defects discussed in Figure 7 and confirms the
deep nature of all donors and acceptors.

4. Conclusion

In summary, a comprehensive investigation of nitrogen defects
in the low-symmetric monoclinic phase of Ga2O3 using DFT
with the HSE06 hybrid functional was conducted. Our study
aimed also to assess the possibility of forming nitrogen N2-like

complexes in β-Ga2O3. In total, 3 substitutional and 11 distinct
interstitial positions for the N atom were considered. Analysis of
the formation energies allowed us to limit the number of inter-
stitial defects for further computations to three: Ni7, Ni8, and Ni9.
These structures were used to produce four N2-like complexes:
three comprising one interstitial nitrogen and one nitrogen atom
on an oxygen site (Ni7–NOII, Ni8–NOIII, and Ni9–NOI) and one
complex with both nitrogen atoms placed on i7 equivalent posi-
tions (2N–i7).

The calculations revealed that substitutional nitrogen defects
act as deep acceptors, whereas the interstitial defects and N2-like
complexes act as deep donors. Under Ga-rich growth conditions,
substitutional nitrogen defects exhibit lower formation energies,
whereas, under Ga-poor conditions, interstitials Ni7, Ni8, and
Ni9 show lower formation energies for a certain Fermi energy
range. Notably, the formation of the N2-like complex 2N–i7 is
energetically very expensive regardless of growth conditions, con-
sistent with similar studies of N2 in β-Ga2O3

[20] and ZnO[24]

matrixes. Our results indicate that the considered interstitial
defects and complexes also introduce stable spin-polarized states
in β-Ga2O3.

Overall, these findings provide valuable insights into the
behavior of nitrogen as both a substitutional and interstitial
defect, as well as its potential to form N2-like complexes within
the β-Ga2O3 matrix. This understanding is crucial for optimizing
doping strategies and improving the performance of β-Ga2O3-
based electronic devices.
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Figure 7. Calculated formation energy Ef for nitrogen defects/complexes in
β-Ga2O3 as a function of Fermi energy Ef under a) Ga-rich and b) Ga-poor
growth conditions. Note that Ef= 0 eV corresponds to the valence band
maximum (VBM), and Ef= 4.91 eV corresponds to the conduction band
minimum. Also note that the 2N–i7 case is not shown here as it has
the highest formation energy among all examined defects.

Table 2. Transition levels for N-doped β-Ga2O3 for defects presented in
Figure 7.

Defect ε(q1/q2)

þ1/0 0/�1

i7 2.54 –

i8 2.53 –

i9 3.44 –

Ni7–NOII 3.73 –

Ni8–NOIII 3.64 –

Ni9–NOI 3.29 –

NOI – 3.44

NOII – 3.59

NOIII – 2.16
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