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The electronic structures and optical properties of intrinsic -Ga203 and Zn-doped 3-GazOj3 are investigated by

first-principles calculations. The analysis about the thermal stability shows that Zn-doped B-GagOs remains stable.

The Zn doping does not change the basic electronic structure of 5-GazO3, but only generates an empty energy level

above the maximum of the valence band, which is shallow enough to make the Zn-doped (-Ga2O3s a typical p-type

semiconductor. Because of Zn doping, absorption and reflectivity are enhanced in the near infrared region. The higher

absorption and reflectivity of Zng,(2) than those of Zng,(;) are due to more empty energy states of Zng,(2) than those

of Zng,(1) near Ef in the near infrared region.
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1. Introduction

Monoclinic gallium oxide (5-Gaz03) is an insula-
tor with a band gap of 4.9 eV,[!l and it exhibits n-type
semiconducting properties at high temperature.?! In
recent years, thin films and single crystals of (-
Gay03 have received significant attention. (5-GasOg
nanobelts were synthesized by thermal evaporation
and their NO5 sensing properties were studied at room
temperature.l3] f-GayO3 thin films were deposited on
6H-SiC substrates through the radio frequency mag-
netron sputtering for the application of SiC-based de-
vices with GasO5.[4 The 8-GayO3 thin films have nu-
merous applications in semiconducting laser,®! high
temperature oxygen sensor,l® and UV-transparent
conductive oxide,[”! and so on. To improve its elec-
trical properties and versatility in making electronic
devices, p-type doping is very important. Liu et al.l®!
fabricated p-type N-doped B-GasOs nanowires with
the CVD method via reacting GasO3 powders with
NHj;. Zhang et al.[%1% investigated N-doped 8-GasO3
and N-Zn co-doped p-GagQOgs by first principles cal-
culation, and they found that one acceptor impurity
level is at about 0.761 eV above the valence band in N-
doped (-Gas O3 and two impurity levels are at about
0.149 eV and 0.483 eV above the valence band in N—
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Zn co-doped (-GasOs. Because of the similar ionic
sizes of Zn and Ga atoms (Zn**: 0.074 nm, Ga*':
0.062 nm), the Zn atom is a good candidate of substi-
tution for doping of the Ga atom. Recently, Chang et
al.M synthesized quasi-one-dimensional Zn-doped j3-
Gay 03 nanowires via catalytic chemical vapour depo-
sition method, which showed that Zn-doped -GagsO3
nanowires exhibit p-type semiconducting behaviour
with the enhancement of conductivity. However, to
date few theoretical investigations on Zn-doped (-
GagO3 have been reported to reveal the origin of its
outstanding properties caused by the doping of Zn. In
this paper, we focus on the doping effect of Zn substi-
tuting different Ga sites on the structural, electronic,
and optical properties of Zn-doped p-GasOgs to ob-
tain some explanations and even guidelines for future
experimental work.

2. Method and model

First principles calculations based on the den-
sity functional theory (DFT) have been performed
using the CASTEP code.['? The electron-electron
exchange and correlation effects are described by
Perdew—Burke—Ernzerhof (PBE) in generalized gra-
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dient approximation (GGA).!*3]

(14]

Ultrasoft pseudo-
potentials, known for their high efficiency in cal-
culating the structural and electronic properties, are
utilized for the electron—ion interactions. In our calcu-
lation, a 2x4x2 k-point Monkhorst Pack mesh*® in
the Brillouin zone is used, and the self-consistent cal-
culations are carried out using a convergence criterion
of 5.0x10~7 eV/atom and a cutoff energy of 380 eV.
All atoms are allowed to relax until the force on each
atom is below 0.01 ¢V/A (1 A=0.1 nm) and the dis-
placement of each atom is below 5.0x10™% A. The
electronic states of 2s22p*, 3d'%4s24p', and 3d'04s?
are considered as the valence states for O, Ga, and
7Zmn, respectively.

Fig. 1. (colour online) Crystal structure of 8-GazOs3.

The crystal structure of 5-GasOs is shown in
Fig. 1. There are 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).['8] The 8-Gay03 belongs to
space group C2/m with two-fold rotation axis b.17 Ga

atoms are surrounded by O atoms in either tetrahe-
dral Ga(1) or octahedral Ga(2) coordination. In this
work, a 1x2x2 supercell containing 80 atoms is used
to model the Zn-doped 3-GasOs3, in which a Ga atom
is substituted by one Zn atom. This corresponds to a
doping concentration of 2 wt%. The Ga atoms have
two different sites, so there are two configurations of
ZnGag1 Oy4g, namely, Zng,(1) and Znga(g)-

3. Results and discussion

3.1. Structural properties

At first, the geometry optimization is performed
using the BFGS minimization algorithm.['8! The equi-
librium structures are obtained after the cell geome-
try and volume have been fully relaxed by minimizing
the total energy and forces. The relaxed lattice con-
stants of intrinsic 8-GasOsz and Zn-doped (-GagOs
are shown in Table 1. The calculated results of intrin-
sic 5-GasOg3 are consistent with the theoretical values
in Ref. [19]. For Znga(1), because the ionic radius of
Zn?* is larger than that of Ga®*, the lattice parame-
ters a, b, ¢, and the cell volume V increase. The same
reason can explain why the lattice parameters a and
b in the configuration Zng, (o) increase. However the
lattice parameter ¢ of Zng,(2) decreases slightly, which
is mainly attributed to the variation of the bond angle
0(2)-Ga(2)-0(3) in y—= plane from 80.92° to 79.91°.

Table 1. Structural parameters and values of standard enthalpy of formation (AHs) for intrinsic 8-GagOs and

Zn-doped [-GazO3.

a/A b/A c/A o 154 ~ VA3 AH/eV
Intrinsic 8-Ga203 12.498 6.191 11.796 90.000 103.696 90.000 886.834 -11.02
Znga(1) 12.591 6.203 11.804 90.000 103.608 90.000 896.119 -10.83
Znga(2) 12.533 6.194 11.793 90.000 103.615 90.000 889. 741 -10.83

The structural distortion caused by Zn doping de-
teriorates the stability of Zn-doped (-GasOgs, which
is revealed by the standard enthalpy of formation
(AH;).?) The AH; denotes the enthalpy change asso-
ciated with the formation of a compound from its con-
stituent elements with all substances in their standard
states. Using a method similar to that in Ref. [21], the
AH; is determined as

AH; (Zn,Gas_;03) = Tuzn+ (2 — ) pga+3uo, (1)

where the chemical potentials pgapuik], Ho[oz), and
Hznbulk) refer to the calculated total energies of Ga in

B-Ga [Eiot(Ga)], O in Oy molecules [1/2E;q(02)],
and Zn in bulk Zn [Ei.(Zn°)], respectively. The val-
ues of AH; for the configurations Znga(1) and Znga(2)
are listed in Table 1. The calculated value of AH¢
for intrinsic S-GagO3 is —11.02 eV, close to the ex-
periment value of —11.29 eV,[?2! and the error in our
calculation is 2.39%. The values of AH¢ of configu-
rations Znga(1) and Zng, (o) have the same value of
—10.83 e¢V. With the introduction of Zn, AH is re-
duced slightly. The same AH; shows that two config-
urations Zng, 1) and Zng,(z) have the same thermal
stabilities. Furthermore, because bigger AH; means
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more stable crystal structure,!?® the structural sta-
bilities of the configurations Zng,(1) and Zng,(z) are
reduced in comparison with that of intrinsic 5-GasOs,
but they are still stable.

3.2. Charge density

Figure 2 is the contour plots of the electron den-
sity difference between intrinsic -GayOsz and Zn-
doped -Gay03 on (010) plane. The density difference
distributions can be used to analyse bonding charac-
teristics in the crystal. The ionic or covalent char-
acter in B-GapOgs has important information to ex-
plain the transport property in these materials and is
a somewhat controversial topic.l*4 In Fig. 2(a), there
is an accumulation of electronic density in the re-
gion between the Ga(l) atom and its nearest oxygen
atoms. Some electron density is removed from the re-
gion around the nuclei of the O atom and is added to
the region between the O atom and the nearest Ga(1)
atom. So the higher degree of covalence is associated
with Ga(1)-O bonds. However, due to its higher co-
ordination of Ga(2) in the crystalline lattice, it is ob-
served from Fig. 2(b) that electron density is removed
from the region around the Ga(2) atom and is added

to the spherical region around its nearest neighbour
O atom. It displays ionic bonding characteristics be-
tween the Ga(2) and its nearest neighbour O atoms.
The density difference of Ga(1l) and Ga(2) atoms in
intrinsic 5-GagOg3 presents a spherical distribution,
which means only the outer shell electrons (4s?4p!)
of Ga atoms are lost and bonded with neighbouring O
atoms.

With the introduction of Zn impurity, some
changes in the charge density distribution are observed
in Figs. 2(c) and 2(d). Due to the fact that the electro-
negativity of the Zn atom is lower than that of the Ga
atom and the valence electrons of the Zn atom are less
than those of the Ga atom, the Zn atom loses almost
all valence electrons while the electron density around
the O atoms increases obviously. The electron density
in the region between the Zn atom and the nearest O
atom is reduced further. It demonstrates that there is
strong ionic bonding between Zn and nearest neigh-
bour O atoms.

The density difference of Zn atoms in Zn-doped
B-Gao O3 shows apparent polar distributions, which
means all the outer shell electrons (4s?) and partial
inner 3d'% electrons of Zn atoms are coupled with O
2p electrons in Zn-doped (-GagOs3.

-7.941Xx10-1!
-6.435x10!
-4.930x10!
-3.424x10!
-1.919x10!
-4.136x10~2
- —1.092x10~1
- —2.597x10!

Fig. 2. (colour online) Electron density difference between intrinsic 8-GazO3 and Zn-doped 3-GazOgs on (010)
plane. (a) Ga(1), (b) Ga(2), (c) Znga(1), and (d) Znga(z). Positive values indicate the accumulation of electronic

charge; negative values correspond to depletion of charge.

3.3. Band structure and density of states

Figure 3 shows the energy band structure of in-
trinsic 5-GazO3 at high symmetry point across the
first Brillouin zone. The Ef is set at the zero-point of
the energy scale. The calculated band gap is smaller
than the experimental band gap. It is because DFT
theory is based on the ground state theory, in which
the exchange—correlation potential of the excited elec-

trons is underestimated. However, in the same com-

puting conditions, it would not affect the analysis of
electronic structure. Band structure shows that the
valance bands are divided into three regions: the up-
per valence band from —6.77 eV to 0.0 eV, middle
valence band from —12.88 eV to —11.63 eV, and the
lower one from —16.83 eV to —18.53 eV. It is known
that the material properties are determined mainly
by the upper valence band and the conduction band.
So we will not discuss the middle valence band and

the lower valence band here. Total density of states
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(TDOS) and partial density of states (PDOS) of in-
trinsic £-GasO3 as seen in Fig. 4, indicate that the
upper valence band is composed of Ga 4s, Ga 4p, and
O 2p states. Furthermore, the top of the valence band
is formed by the O 2p states, while the bottom of the
conduction band is composed of the Ga 4s states. The
results are consistent with other calculations.!*9-25]
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Fig. 3. (colour online) Band structure of intrinsic S-
Gaz03. The top of the valence band is aligned to zero
level.
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Fig. 4. (colour online) TDOSs and PDOSs of intrinsic
B-Gag0g3. The Fermi level is set at the zero-point of the
energy scale.

Figures 5(a) and 5 (b) show the calculated band
structures near the top of the valence band of two
configurations Zng,(1) and Znga(g), respectively. The
acceptor level is at 0.07 eV above the top of the va-
lence band for Zng,(1) while it is at 0.05 eV above
the top of the valence band for Zng,(2). Acceptor lev-
els of N-doped -GasO3 at about 0.761 eV above the
valence band[® at the Z-point and acceptor levels of
N-Zn co-doped B-GasO3 at about 0.149 eV above the
valence band['! at the Q-point were reported, which
are too deep to be thermally excited at room temper-
ature. The acceptor levels of Zn-doped 3-GasO3 are
shallow enough for electrons to be thermally excited

from the valence band to acceptor levels to make it
a [ typical p-type semiconductor. However, figure 5
shows the tops of the valence band for two configura-
tions Znga(1) and Zng,(o) are almost flat, indicating

s.[261 Conse-

a rather large effective mass (mf) of hole
quently, in terms of the inverse relation between hole
mobility and effective mass my;, the large m;, is one of
the reasons for the low mobility of Zn-doped £5-Gay03

in experiment."]
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Fig. 5. (colour online) Band structures near the top of the
valence band of configurations Zng,(1) (a) and Znga (o)

(b), in which the short dashed lines represent the Fermi
level set to zero.

The details of the TDOSs and PDOSs of two con-
figurations Znga1) and Znga) can be found from
Figs. 6 and 7, respectively. The introduction of Zn im-
purity does not change the basic electronic structure
of B-GagQOgs, but generates the empty energy states
above the top of the valence band. The top of the
valence band is attributed to the overlap of Zn 3d
and O 2p states while the bottom of the conduction
band is still formed by Ga 4s states.
the empty energy levels are composed of not only Zn

Furthermore,

3d but also some O 2p states in both configurations
Znga() and Zngg(2)- However, there are more empty
Zn 3d states near Ey in the configuration Zng,(2) than
in the Znga(1)- Because of the lower electro-negativity
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of Zn, more electron densities around Zn are trans-
ferred to the nearest neighbour O atoms. Therefore,
the PDOSs of O 2p states near the top of the valence
band of the configurations Zng,1) and Zng,(o) are
enhanced obviously compared with that of intrinsic

ﬂ—GaQO;g.
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Fig. 6. (colour online) TDOSs and PDOSs of the con-
figuration Zng,(1)- The Ef is set at the zero-point of the

energy scale.
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Fig. 7. (colour online) TDOSs and PDOSs of the con-
figuration Zng,(2)- The Ef is set at the zero-point of the
energy scale.

3.4. Optical properties

It is known that the optical properties, such as
absorption and reflectivity, can be derived from the
dielectric function £(w) = €1 (w) 4 iea(w), where £2(w)
is thought of as the real transition between occupied
electronic states and unoccupied electronic states and
can be obtained directly from the CASTEP code;2”!
€1(w) can be evaluated from imaginary part e2(w)
through the Kramer—Kronig relationship. A total of
100 empty bands are included in the optical calcula-
tion which is performed using the polycrystalline po-
larization where the E field vector is an isotropic av-
erage over all directions. No significant difference in

the convergence is found by choosing the cutoff energy
400 eV. In addition, the band gap is underestimated
by GGA based on DFT, which causes a notable red-
shift of optical spectra.

The calculated optical absorptions and reflectiv-
ity spectra of intrinsic 8-GayO3 and two configura-
tions Znga(1) and Znga(z) are shown in Fig. 8 and
Fig. 9, respectively. The band gap and the main
shapes of the valence and conduction bands change
slightly with increasing Zn doping. Since the opti-
cal absorption of the semiconductor originates mainly
from the interband electron excitation between the va-
lence band and the conduction band, the stabilities
of the valence band and conduction band will result
in the unchanged e5(w), absorption, and reflectivity
spectra in the UV region. According to the selection
rules of dipole transitions, AL = 1,28 the absorp-
tion in the UV region corresponds mainly to inter-
band transition from O 2p states in the upper valence
band to the empty Ga 4s states in the conduction
band for intrinsic and Zn-doped ([-GasOs. In addi-
tion, the slight fluctuation of absorption for configu-
rations Znga(1) and Znga(z) in the UV region is at-
tributed to the transition from Zn 3d states in the
valence band to Ga 4p states in the conduction band.
On the other hand, the empty energy levels appearing
above Ef caused by Zn doping lead to the transitions
from the top of the valence band to these empty levels,
resulting in the elevated e5(w) and the consequent en-
hanced absorption and reflectivity in the near infrared

region.
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Fig. 8. (colour online) Calculated absorption spectra of
intrinsic 8-GazOs3 (solid line), configuration Zng,(1y (dot-
ted line), and Zng,(2) (dashed line).

Furthermore, figure 8 illustrates that the absorp-
tion of configuration Zng,(g) is stronger than that of
Zng,(1) in visible and near infrared region. It is at-
tributed mainly to the fact that there are more empty
Zn 3d states of Znga(2) near the Ep than those of
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Znga(1), which causes more opportunities for transi-
tions from the other part of the valence band to the
empty levels in Zng,(2). Since there is no free carrier
in intrinsic B-GagQOg, the reflectivity of intrinsic S-
GapOg remains unchanged in the near infrared region.
However, for Zn-doped B-GazQOg, the greater number
of empty energy states of Zng,(2) than of Zng, (1) near
E¢ can form a higher carrier concentration in Zngg(2)-
As a consequence, the reflectivity of Zng,(2) is higher

than that of Znga(1) in the near infrared region.

1.0
—— intrinsic S-GasO3
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T TR
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Wavelength/nm

Fig. 9. (colour online) Calculated reflectivity of intrinsic
B-Gaz03 (solid line), configuration Zng,(1) (dotted line),
and Zng,(2) (dashed line).

4. Conclusions

The Zn doping does not change the basic elec-
tronic structure of 5-Gas O3, but generates the accep-
tor impurity levels at 0.07 eV above the valence band
maximum for Zng,(1) and at 0.05 eV for Znga(z). The
acceptor levels are composed of Zn 3d states and O 2p
states in both configurations Zng,(1) and Zng,z), but
Znga(2) has more empty Zn 3d states near Ey than
Znga(1)- Correspondingly, absorption and reflectivity
in the UV region vary slightly between Zn-doped (-
Gag O3 and intrinsic 5-GagO3. Zn-doped 3-Gas O3 has
strong absorption and reflectivity in the near infrared
region, but Zng,(z) has higher absorption and reflec-
tivity than Znga(1). Zn-doped B-GazOg is a typical
p-type semiconductor and has potential applications

in UV optoelectronic devices.
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