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Effects of N-doping concentration on the electronic

structure and optical properties of N-doped β-Ga2O3
∗
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The electronic structures and the optical properties of N-doped β-Ga2O3 with different N-doping concentrations

are studied using the first-principles method. We find that the N substituting O(1) atom is the most stable structure for

the smallest formation energy. After N-doping, the charge density distribution significantly changes, and the acceptor

impurity level is introduced above the valence band and intersects with the Fermi level. The impurity absorption edges

appear to shift toward longer wavelengths with an increase in N-doping concentration. The complex refractive index

shows metallic characteristics in the N-doped β-Ga2O3.
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1. Introduction

β-Ga2O3 is an important wide band gap (about

4.8 eV) compound which has excellent thermal and

chemical stability.[1,2] It has drawn significant at-

tention from scientists because of its potential ap-

plications in different fields such as luminescent

materials,[3,4] including flat panel displays, solar en-

ergy conversion devices, optical limiters for deep ul-

traviolet radiation,[5,6] high-temperature stable gas

sensors,[7,8] antireflection coating on GaAs,[9,10] passi-

vation coating,[11,12] and so on. It can also be used as

a transparent conductive electrode of optoelectronic

devices.[13] Additionally, the magnetism of the con-

duction electron spin of β-Ga2O3 exhibits an original

memory effect with a wide range of temperatures from

4 K to room temperature.[14] On the other hand, syn-

theses one-dimensional gallium–oxide structures like

nano-rods, belts, and wires.[15,16]

For the application of transparent conductive ox-

ide, the control of conductivity and the substitute dop-

ing are undoubtedly important. But the conductivity

of intrinsic β-Ga2O3 is too poor to meet the require-

ments of most applications. The introduction of the

shallow acceptor levels into the wide band-gap semi-

conductor to form holes in the valence band is more

difficult than in narrow gap oxides. This greatly re-

duces the number of candidate materials for p-type

deep-UV transparent conductive oxide (TCO).[17,18]

So p-type doping has still been a major obstacle for the

device application. Selecting the appropriate doping

elements to improve the electrical and optical proper-

ties is very important. The negative trivalent nitrogen

ion is chosen as the dopant, for the ionic radius of the

N3− is close to O2− and the N3− prefers to substitute

O2− sites.[19] Thus, we can expect the introduction of

the N3− ion to form shallow acceptor levels. Recently,

a few experimental studies have been carried out to ex-

plore the properties of N-doped β-Ga2O3. Liu et al.[20]

used the CVD method to prepare a N-doped β-Ga2O3

nanowire which had a p-type electrical conductivity.

To the best of our knowledge, there is no theoretical

calculation work on the electronic structures and op-

tical properties in different concentrations of N-doped

β-Ga2O3.

2. Details of calculations

All the calculations were completed by the

CASTEP[21,22] software package in Materials Studio

(MS) 5.0 software. It is a quantum mechanics pro-

gram ab initio simulation package[23] based on the

density functional theory (DFT). Making use of the

plane wave pseudo-potential technology of general en-

ergy, where an ion potential is replaced by ultra-soft

pseudo-potential, electronic wave function is unfolded
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with plane wave base groups.[24,25] The generalized

gradient approximation (GGA) in the Perdew, Burke,

and Ernzerhof (PBE) scheme is adopted for describing

the exchange–correlation interactions.[26−29]

Basic parameters were chosen as follows: ki-

netic energy cut-off was 340 eV; SCF tolerance was

1.0×10−6 eV·atm−1 (1 atm=1.01325 × 105 Pa); the

special K points of 2×4×2 monkorst-parks scheme

are summed in all the Brillouin zone in reciprocal

space;[30−32] the maximum displacement is 0.001 Å

(1 Å=0.1 nm); the force per atom is lower than

0.03 eV·nm−1; the tolerance deviation and stress de-

viation are 0.02 nm and 0.05 Gpa respectively. The

electronic states of 2s22p4, 3d104s24p1, and 2s22p3 are

considered as the valence states for O, Ga, and N re-

spectively.

3. Results and discussion

3.1. Formation energies and structural

properties

In this paper, the 1×2×2 supercell β-Ga2O3 has

two different Ga sites, denoted as Ga(1) and Ga(2),

and three different O sites denoted as O(1), O(2), and

O(3). Throughout this paper, we identify the atomic

positions according to Ref. [28]. The β-Ga2O3 belongs

to space group C2/m with the two-fold rotation axis

b. The Ga atom is surrounded by O atoms in either

tetrahedral Ga(1) or octahedral Ga(2) coordination

site.

Table 1. Formation energies of N-doped β-Ga2O3 com-

pounds with different N-doping concentrations.

Formation energies Ef
1 Ef

2 Ef
3

Ef [N0
O]/eV –0.394 –0.115 –0.163

The formation energy of a defect or impurity N

in charge state q = 0 is defined as[33]

Ef [N0
O] = Etot[N

0
O]− Etot[Ga2O3,bulk]

−µN2 + µO2 − Ecorr, (1)

where Etot[N
0
O] is the total energy derived from a

supercell calculation with impurity or defect N in

the cell; Etot[Ga2O3,bulk] is the total energy for the

equivalent supercell containing only bulk Ga2O3; µN2

and µO2 are the corresponding chemical potentials of

solid nitrogen molecules and solid oxygen molecules

respectively; the correction term Ecorr can be ob-

tained from the energy difference between the high-

est occupied states at the G point and the special k

point. The calculated formation energies of N-doped

β-Ga2O3 compounds with different N-doping concen-

trations are shown in Table 1. The Ef
1, E

f
2, E

f
3 rep-

resent the formation energies when O(1), O(2), and

O(3) atoms are substituted by N atoms respectively.

The smallest formation energy is Ef
1, which indicates

that the N substituting O(1) atom is the most sta-

ble structure. So we mainly study the N substituting

O(1) atom in this work.

(a)

(b)

X
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X
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Fig. 1. (colour online) Crystal structures of (a) 1 at%

N-doped β-Ga2O3 and (b) 2 at% N-doped β-Ga2O3.

The two 1×2×2 supercells of N-doped β-Ga2O3

with 1 at% and 2 at% doping concentrations are shown

in Figs. 1(a) and 1(b) respectively. The geometry

is optimized using the Broyden–Fletcher–Goldfarb-

Shanno minimization algorithm. The equilibrium

structure is obtained after the cell geometry and vol-

ume are fully relaxed by minimizing the total energy

and forces. The calculated equilibrium lattice con-

stants of intrinsic and N-doped β-Ga2O3 are shown

in Table 2. With the increase of the N-doping con-

centration, the lattice constants a, b and the original

cell volume V increase, but the lattice constant c de-

creases. The ionic radius of O2− ion (0.132 nm) is

smaller than the N3− ion radius (0.146 nm), so the

original cell volume increases after the O atom is sub-

stituted by the N atom.
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Table 2. Intrinsic and N-doped β-Ga2O3 lattice constants.

a/Å b/Å c/Å α β γ V /Å3

122-reference 12.230 6.080 11.600 90.000 103.700 90.000 838.017

122-intrinsic-GGA 12.526 6.198 11.820 90.000 103.674 90.000 891.665

1 at% N-doped-GGA 12.567 6.207 11.796 90.000 103.622 90.000 893.983

2 at% N-doped-GGA 12.583 6.217 11.780 90.000 103.619 90.000 895.690

3.2.Charge density

Figures 2 and 3 show the contour plots of the

difference charge density on the (010) plane for 1 at%

and 2 at% N-doped β-Ga2O3 compounds. The density

difference distribution is used to analyse the bonding

characteristics of the crystal. The ionic or covalent

character in β-Ga2O3 is a controversial topic and is

important information in order to interpret the trans-

port properties of the material. The covalent charac-

ter can be clearly seen between the Ga–O bonds in in-

trinsic β-Ga2O3. The introduction of the N impurity

causes the charge density distribution to significantly

change.
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Fig. 2. (colour online) Contour map of difference charge

density on the (010) plane of 1 at% N-doped β-Ga2O3.
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Fig. 3. (colour online) Contour map of difference charge

density on the (010) plane of 2 at% N-doped β-Ga2O3.

The interaction of charge density between the N

atom and Ga(2) atom is weakened. It results from the

fact that the electronegative value between N(3.04)

and Ga(1.81) atoms is less than that between O(3.44)

and Ga(1.81) atoms. The N-Ga(2) bond trends to

break and release electrons, thereby forming holes

around the impurity level.

3.3.Band structures and density of

states

Figure 4 shows the band structure of 1 at%

N-doped β-Ga2O3 along the high symmetry points

across the Brillouin zone. The Fermi level is sited

at zero-point of energy. The corresponding total den-

sity of states (TDOS) and partial densities of states

(PDOSs) are shown in Fig. 5.
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Fig. 4. (colour online) Band structure of 1 at% N-doped

β-Ga2O3.
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Fig. 5. (colour online) Total density of states and partial

densities of states for 1 at% N-doped β-Ga2O3.

The valence band maximum (VBM) and the con-

duct band minimum (CBM) are located at the same
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G point.[34,35] The acceptor impurity level lies above

the valence band (about 0.7 eV at the Z point) and

intersects with the Fermi level. It acts as acceptor of

electrons excited from the valence band to turn the

N-doped β-Ga2O3 into a p-type semiconductor. But

the acceptor impurity level is too deep to be thermally

excited at room temperature. That can be used to ex-

plain why we cannot prepare a high p-type conductive

N-doped β-Ga2O3 in experiments.

There are three valence bands. The upper part

of the valence bands is formed mainly by the bonding

state of the Ga 4s, 4p and N 2p orbits. The char-

acteristics of β-Ga2O3 are determined mainly by the

top of valence band and the bottom of the conduction

band. So we will not discuss the middle valence band

or the lower valence band. The bottom of conduction

band is located between 1.73 eV and 5.68 eV, which

is mainly formed by the Ga 4s and 4p states, and the

N 2p states also have a minor contribution. Figure 6

shows the band structure of 2 at% N-doped β-Ga2O3.

The intersection part between the acceptor impurity

level and the Fermi level is strengthened compared

with 1 at% N-doped β-Ga2O3. However, the energy

gap between the acceptor impurity level and the top

of the valence band is 0.6 eV at the Z point, which is

0.1 eV smaller than that in the case of 1 at% N-doped

β-Ga2O3. It indicates that the P-type effect is en-

hanced. Figure 7 shows the total density of states and

partial densities of states for 2 at% N-doped β-Ga2O3

respectively. The top of the valence band and the bot-

tom of the conduction band are composed mainly of

the N 2p states and the Ga 4s and 4p states respec-

tively. The N 2p state and Ga 4s and 4p states display

extensive overlap, which indicates the interactions be-

tween N and Ga atoms. The characteristic peak of the

valance band is located around 12 eV which is weaker

than that in the case of 1 at% N-doped β-Ga2O3.
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Fig. 6. (colour online) Band structure of 2 at% N-doped

β-Ga2O3.
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Fig. 7. (colour online) Total density of states and partial

densities of states for 2 at% N-doped β-Ga2O3.

3.4.Optical properties

The dielectric function can be explained by the

band-to-band transition, and the real part ε1(ω) (ω

is the light frequency) of the dielectric function can

be derived from the imagining part ε2(ω) using the

Kramers–Kronig dispersion equation.

The real part ε1(ω) and the imaginary part ε2(ω)

components for both 1 at% and 2 at% N-doped β-

Ga2O3 are plotted in Figs. 8 and 9 in a wide energy

range of 0–25 eV. The anisotropies in the dynamic di-

electric function are observed in 1 at% and 2 at% N-

doped β-Ga2O3 compounds. The εzz is distinguished

from εxx and εyy, which are related by the chain-type

structure along the b axis. The major peaks (peak

2) are located at 7.1 eV for 1 at% N-doped β-Ga2O3

and 6.8 eV for 2 at% N-doped β-Ga2O3, which are

attributed to the inter-bands transition from the ex-

citation of N-2p electrons in the valence band to the

Ga-4s conduction band. There are weak peaks (peak

1) appear at 1.73 eV and 1.22 eV for 1 at% and 2 at%

N-doped β-Ga2O3 respectively, which represent the

transition from the acceptor impurity levels to the bot-

tom of conduction band.
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Fig. 8. (colour online) Real parts of the dielectric func-

tions for 1 at% and 2 at% N-doped β-Ga2O3 compounds.
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Fig. 9. (colour online) Imaginary parts of the dielectric

functions for 1 at% and 2 at% N-dope β-Ga2O3 com-

pounds.

The absorption spectra of 1 at% and 2 at% N-

doped β-Ga2O3 are shown in Fig. 10. The impurity

absorption edges appear in N-doped β-Ga2O3, which

result from the inter-band transition from the N accep-

tor impurity levels to the conduction band. In addi-

tion, the impurity absorption edges are intensified and

shifted toward longer wavelength with the increase of

N-doped concentration.
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Fig. 10. (colour online) Absorption spectra for 1 at% and

2 at% N-doped β-Ga2O3 compounds.

Figure 11 shows the complex refractive indexes of

1 at% and 2 at% N-doped β-Ga2O3 compounds. The

complex refractive index ñ is determined by

ñ = n+ iκ, (2)

where n and κ are the refractive index and extinction

coefficient respectively, which can be expressed as

n2 − κ2 = ε1, (3)

2nκ = ε2. (4)

The values of the refractive index n0 are 1.58 and

1.80 for 1 at% and 2 at% N-doped β-Ga2O3 respec-

tively. The κ is lager than n in the energy range of

8.5 eV–11.2 eV for 2 at% N-doped β-Ga2O3, which in-

dicates that the light cannot transmit in these photon

energy region and exhibits metal reflection character-

istics. It is consistent with the first-principles calcu-

lation of electronic structure and optical properties of

In2O3 by Zhang et al.[36]
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Fig. 11. (colour online) Refractive indexes for 1 at% and

2 at% N-doped β-Ga2O3 compounds.

4. Conclusions

The electronic structures and the optical prop-

erties of N-doped β-Ga2O3 are studied using first-

principles calculations. With the increase of N-doping

concentration, the lattice constants are changed sig-

nificantly and the interaction between the N–Ga(2)

is weakened. The acceptor impurity levels are intro-

duced above the valence band and intersect with the

Fermi levels of N-doped β-Ga2O3. The anisotropic

optical properties are observed. The impurity absorp-

tion edges shift toward a longer wavelength and the

metal reflective characteristics are observed in 8.5 eV–

11.2 eV for the 2 at% N-doped β-Ga2O3. All the cal-

culation results indicate that N is a very promising

p-type doping source to obtain the p-type β-Ga2O3

compound.
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