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The influence of different electric fields on the electronic structure and optical properties of 3-Ga,Oz was
studied by GGA+U method. The results show that appropriate electric field intensity can regulate the band
gap of B-Ga,Oz more effectively to improve the photoelectric characteristics. The band gap value of
intrinsic B-Ga,Os3 is 4.865 eV, and decreases from 4.732 to 2.757 eV with the increase of electric field
intensity from 0.05 to 0.20 eV A™1. The length of the O-Ga bond along the electric field increases the
fastest with the electric field intensity, and the distance between O and Ga reaches 2.52 A when the
electric field intensity is 0.20 eV A~1 A new peak appears in the real and imaginary parts of the dielectric
function for B-Ga,Os in the low frequency region under the electric field, and the conductivity increases
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range of 400-600 nm. The optical absorption of B-Ga,Os is enhanced with an increase of electric field

DOI 10.1039/d3ra04119k intensity, exhibiting a maximum value with the electric field of 0.15 eV A~ The electric field above
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1. Introduction

Ga,03, a fourth-generation semiconductor, is a transparent and
multi-crystalline («, B, 7, 3, and &) material with an ultra-wide
band gap.' Among them, B-Ga,0O; is the most stable at room
temperature, and has received widespread attention in recent
years.” Currently, f-Ga,O; films and nanostructures can be
successfully prepared by a floating zone method, edge-defined
film-fed growth process, metal-organic vapor homoepitaxy,
and chemical vapor deposition.*® The band gap value of 4.9 eV
measured experimentally” corresponds to the ultraviolet (UV)
light band, and is a natural solar-blind photoelectric detection
material.®* B-Ga,O; has a high breakdown field strength of 8
MeV cm ™" which is more than twice as high as third-generation
semiconductors (GaN, SiC), and a Baliga's figure of merit (FOM
- the basic parameter to show how suitable a material is for
power devices) of 3444 that is one order of magnitude higher
than those of GaN and SiC,” which makes B-Ga,Oj; the preferred
material for current and future high-voltage resistant and low-
loss power devices. Due to the amazing physical properties,
and good electronic and optical properties, B-Ga,O; shows great
potential in various fields. Hu et al. reported a Schottky barrier
diode based on B-Ga,0;, which achieves a record reverse
blocking voltage of over 3 kV and a DC power figure of merit of
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0.15 eV A™! causes a decrease of optical absorption intensity.

500 MW cm 2! In decomposing water/alcohol mixtures,
Navarrete et al. compounded TiO, with Ga,0;, and detected
excellent hydrogen-producing activity under UV light."* Zhao
et al. constructed a self-powered solar-blind photodetector
based on a single ZnO-Ga,0; core-shell heterostructure, which
achieves an ultra-high responsivity of 9.7 mA W™ at 251 nm."?
In addition, due to the dual lithium storage mechanism of
conversion and alloying reactions and the self-healing capa-
bility of the cycling process, gallium-based materials (Ga,O3,
GaN) are even expected to become high-performance anodes for
alkali metal (Li, Na, K) ion batteries in the future.” In the last
decade, Ga,0; anodes with high capacity and high cycling
characteristics have been continuously prepared, such as
nanoparticles, nanohollow spheres, nanorods, nanosheets,
MOF dodecahedra etc.™*™*°

Although the current performance of Ga,O; in the above
mentioned fields is satisfactory, there are still some problems to
be solved: (1) the intrinsic ultra-wide band gap leads to lower
carrier mobility, implying low conductivity, which almost
affects the application of B-Ga,O; in all fields.*® (2) The
maximum absorption edge of 260 nm has been measured
experimentally.” Even though it exhibits extremely high light
absorption in the UV band, the utilization rate of visible light is
almost zero, while visible light is readily available and more
environmentally friendly. (3) So far, B-Ga,0; can easily achieve
n-type doping, but actual effective p-type doping remains diffi-
cult.>*** (4) Volume expansion during battery charging and
discharging is a nightmare for all anodes. Although the
inherent liquidization of gallium groups mitigates the volume

© 2023 The Author(s). Published by the Royal Society of Chemistry
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effect, its intrinsic reaction mechanism is still not
understood.***

Due to these shortcomings, the application of Ga,0O; is
greatly limited, especially in the utilization of visible light in
photocatalysis. Study has shown that a suitable electric fields
can tune the band gap of the semiconductors, thereby changing
their optical absorption range. Also it is much easier to control
the electric field experimentally compared to other methods.
Kang et al. reported the modulating effect of transverse electric
field on the band gap of graphdiyne nanoribbons, where the
band gap decreased and a semiconductor-metal transition
occurred with increasing field strength.”® Feng et al used
a vertical electric field to modulate the band gap and carrier
mobility of SiAs,/GeAs, in-plane lateral heterostructures, and
the mobility of holes and anisotropy changed significantly.””

Previously, most of the research on B-Ga,0; has focused on
doping modification,”®° but there is relatively little research on
the regulation of its optical properties by electric field. As is well
known, the property of a semiconductor depends on its elec-
tronic structure.*** In this paper, we study by using DFT
method the change of electronic structure for B-Ga,O; under
different electric fields, and explore the regulation of electric
fields on the band gap of B-Ga,03, and develop an effective way
to apply B-Ga,O; to the field of photocatalysis using sunlight. In
addition, we also studied the influence of different intensities of
electric field on the optical properties of B-Ga,0;. This study can
save manpower, material resources, and financial resources,
and provide a theoretical guidance for its experimental research
and industrial applications.

2. Computational models and
methods

B-Ga,0O; possesses a monoclinic crystal structure with a space
group of C2/m. Each cell contains 8 gallium atoms and 12
oxygen atoms, as shown in Fig. 1. The lattice parameters of
optimized B-Ga,O; are a = 12.445 A, b = 3.075 A, ¢ = 5.852 A,
and @ = 103.736°, with a maximum deviation of no more than
1.76% from the experimental measurements,** which indicates
that the calculation is reliable.

All calculations in this paper were performed using the
Cambridge Serial Total Energy Package (CASTP module) in

Fig. 1 Model of B-GayOs.

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

Material Studio 2017. In CASTEP module, the parameters of the
electric field can be set, including the different directions (X, Y
and Z) and intensities. The simulation algorithm for the UV-Vis
spectra is based on standard DFT Kohn-Sham orbitals. Electron
exchange and correlation effects were treated using the PW91
generalized function in the generalized gradient approximation
GGA. The ultra soft pseudopotential was used to describe the
interaction between valence electrons and ion nuclei, and the
valence electron configurations of Ga and O are 3d"°4s*4p" and
2s*2p”, respectively. The generalized gradient approximation of
GGA tends to underestimate the band gap, and corrections are
generally made using GGA+U and scissor operators in order to
obtain relatively accurate band gaps. Hubbard U is theoretically
a correction for strongly correlated systems such as d and f
orbital self-interactions for corrections. Many B-Ga,Os-related
DFT studies set U values in both Ga 3d and O 2p orbitals to
make the calculation results reliable.***” There are different
opinions on the selection of U value. Some researchers thought
that the value of U can be as high as 14.0 eV.*” However, others
believed that too high U value (more than 5 eV) will affect the
electric properties.®® Therefore, in this paper, the U values of the
3d orbitals of gallium and the 2p orbitals of oxygen were set to
5eVand 3.5 eV, respectively. If the Uvalue of 5 eV for Ga 3d and
3.5 for O 2p can not adjust the bandgap value to match the
experimental value, the further adjustment can be made by
using scissors. In the GGA algorithm, the scissors value itself is
used as an operation method to correct the band gap under-
estimation. For the material with a known experimental
bandgap value, the scissors operator is set to the difference
between the experimental and calculated values. It can be
expressed by the formula “scissors value = band gap (experi-
mental value) — band gap (calculated value)”. The experimental
band gap of beta-Ga,0; is between 4.8-4.9 eV, and the calcu-
lated band gap without scissors value by GGA+U method is
3.315 eV. When the scissors value is 1.55 eV, the calculated
bandgap value of beta-Ga,O; is 4.865 eV, which is consistent
with the experimental value. Therefore, a scissor value of
1.55 eV in this paper is introduced to compensate for the errors
caused by DFT in GGA functional, which is insufficient to
process inter-electron exchange interaction. In the calculation,
the special K-point sampling in the integrable Brillouin zone
was performed using a 1 x 4 x 2 grid for B-Ga,O; singlet with
a plane wave cut-off energy of 340 eV based on test results. The
convergence tolerance of the geometry-optimized atomic step
was set to a maximum displacement of 0.001 A and a maximum
stress of 0.05 GPa, the maximum energy change was less than
107" eV per atom, the self-consistent field ion step (SCF) was
less than 10°® eV per atom. In addition, the convergence
tolerance of the maximum force was set to 0.03 eV A" by testing
results. The geometric optimization of beta-Ga,0; is difficult to
converge with the maximum force of 0.03 eV A~ or 0.02 eV A™*
when the external electric field was applied, especially under
large electric field intensity (0.2 eV A™*). When the convergence
criteria of geometry relaxation is 0.03 eV A™, the geometric
structure of beta-Ga,O; under the electric fields of 0.05 to
0.20 eV A™* can converge successfully. Therefore, setting 0.03 eV
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A™' as the convergence criteria of geometry relaxations is
reliable.

The electronic structure and optical properties of B-Ga,0;
were calculated by using a scissors value of 1.55 eV. To ensure
the accuracy of the calculation results, we studied the band
structure, density of states, and absorption spectra of B-Ga,0;
before and after using scissors values. The results found the
band gap value beta-Ga,O; with a scissors value of 1.55 eV
increases to 4.865 eV from 3.315 eV (without using scissors
value), which is mainly due to the movement of the conduction
band to the high energy. Similar to changes in band structure,
DOS of the valence band is almost unaffected, while DOS curve
of the conduction band shifts to high energy. As for optical
absorption, the maximum absorption edge with a scissors value
of 1.55 eV moves to high energy compared to that without
scissors value, which is consistent with the maximum absorp-
tion edge of 260 nm measured experimentally. The result
suggests that it is reasonable to use a scissors value of 1.55 eV.

3. Results and discussion

3.1 Geometry structure of B-Ga,0; with different electric
fields

In B-Ga,03;, O atoms have three and four coordination modes,
and Ga atoms have four and six coordination modes. And, all
coordination and bonding information of atoms are detailed in
Table 1.

It is seen that three coordination oxygen atoms have two
types. In the first type (O1), one O-Ga bond (01-Ga2) has a bond
length of 1.97 A, which is nearly parallel to x direction, and two
equivalent O-Ga bonds (O1-Ga3 and O1-Ga4) have a bond
length of 1.85 A. In the second type (O2), lengths of one O-Ga
bond with a small angle deviation from the vertical direction
(02-Ga4) is 1.85 A, and that of two equivalent O-Ga bonds (02~
Gas and 02-Ga6) are 1.96 A. Four coordination oxygen (03) has
one O-Ga bond with a bond length of 2.03 A (03-Ga7), one O-
Ga bond with a bond length of 1.88 A (03-Ga8), and two
equivalent O-Ga bonds with a bond length of 2.11 A (03-Ga5
and 03-Ga6). For four coordination gallium (Gal), there are
three O-Ga bonds with a bond length of 1.85 A (04-Ga1, O5-
Gal and O7-Gal) and one O-Ga bond with a bond length of
1.88 A (06-Ga1). As for six coordination gallium (Ga2), there are

Table 1 Atomic coordination and bond types in B-Ga,Os

Coordination

Atom species number Coordination atom Type of bond

o1 3 Two 4-coordinated Ga Ga-O
6-Coordinated Ga Ga-O

02 3 4-Coordinated Ga Ga-O
Two 6-coordinated Ga Ga-O

03 4 4-Coordinated Ga Ga-O
Three 6-coordinated Ga Ga-O

Gal 4 Three 3-coordinated O  Ga-O
4-Coordinated O Ga-0O

Ga2 6 Three 3-coordinated O  Ga-O
Three 4-coordinated O  Ga-O
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two equivalent O-Ga bonds with a bond length of 2.11 A (09-
Ga2 and 010-Ga2), two equivalent O-Ga bonds with a bond
length of 1.96 A (07-Ga2 and 08-Ga2), one O-Ga bond of 1.97 A
(01-Ga2), and one O-Ga bond with a bond length of 2.03 A
(O11-Ga2). These information is shown in Fig. 2(a).

The influences of different electric field directions on the
structure were studied, including x, y and z direction. According
to the calculating results, it is found that the effect of electric
field along x direction on the structure of B-Ga,O; is larger
compared to those of the other two directions. Therefore, we
only discuss the structures and optical properties of B-Ga,O3
under the action of the electric field along x direction.

The most obvious change caused by electric field may be
attributed to the Ga-O octahedral double chain structure in -
Ga,0;. The double chains are connected each other by Ga-O
tetrahedral angles, which leads to a cleavage surface in the (100)
direction of B-Ga,Os. Also, the (100) direction possesses a larger
lattice constant compared to other directions, so it was found
that B-Ga,O; films of nanometer thickness can be easily
mechanically exfoliated from bulk crystals.*” Therefore, we only
discuss the structures and properties of B-Ga,O; under the
action of the electric field along x direction. Fig. 2(b)-(e) shows
the structural change of B-Ga,O; with the electric field of 0.05 eV
A1,0.10evA % 0.15evAtand 0.20 eV AL

It is found that the structure of f-Ga,O; undergoes signifi-
cant changes after applying an electric field. When the electric
field intensity is 0.05 eV A, in the three-coordination structure
of O1, the length of O1-Ga2 bond almost parallel to the direc-
tion of the electric field increases from 1.97 A to 2.03 A, and
those of other two bonds (01-Ga3 and O1-Ga4) decrease from
1.85 A to 1.80 A. The length of O1-Ga2 bond increases further
with the increase of electric field intensity from 0.05 eV A™* to
0.15 eV A", When the intensity of electric field is 0.20 eV A,
the lengths of O1-Ga3 and O1-Ga4 bonds decrease further to
1.64 A, while the distance between O1 and Ga2 is increased to
2.52 A. This may be due to the fact that the O1-Ga2 bond is
almost parallel to the direction of the electric field, and is
exactly perpendicular to the cleavage plane (100) of B-Ga,Os.
The three-coordination structure of O2 changes little when
applying weak electric field (0.05 eV A™%), the length of 02-Ga4
bond is slightly increases from 1.85 A to 1.87 A, and those of 02—
Gas and 02-Ga6 bonds slightly decrease from 1.96 A to 1.95 A.
With further increasing the electric field intensity from 0.05 eV
A" to0 0.20 eV A", the length of 02-Ga4 bond increases from
1.87 A to 1.99 A, while those of 02-Ga5 and 02-Ga6 bonds have
no change. For the four-coordination structure of O3, the
lengths of 03-Ga5 and 03-Ga6 bonds which are almost
perpendicular to the electric field are constant when applying
a weak electric field (0.05 ev A™"), while those of other two
bonds increase. The length of 03-Ga7 bond, which is almost
parallel to the direction of the electric field, increases from 2.03
A to 2.07 A, and that of 03-Ga8 bond increases slightly from
1.88 A to 1.91 A. With further increasing the electric field
intensity from 0.05 eV A~ t0 0.20 eV A™?, the lengths of 03-Ga5
and 03-Ga6 bonds still have no change, while that of 03-Ga7
increases from 2.07 A to 2.38 A, and that of 03-Ga8 bond
increases from 1.91 A to 2.04 A.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Structural changes of B-Ga,Os under different electric fields of 0 eV A~ (a), 0.05 eV A™* (b), 0.10 eV A2 (c), 0.15 eV A™! (d) and

0.20 eVAt(e).

For the four coordination structure of Gal, the lengths of
04-Ga1 and 05-Ga1 bonds decrease from 1.85 A to 1.80 A when
applying a weak electric field (0.05 eV A™%), and the lengths of

© 2023 The Author(s). Published by the Royal Society of Chemistry

06-Gal and O7-Ga1l bonds increase slightly. The length of O6-
Gal increases from 1.88 A to 1.91 A, and that of 07-Ga1 bond
increases from 1.85 A to 1.87 A. With further increasing the
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electric field intensity from 0.05 eV A™' to 0.20 eV A", the
lengths of 04-Gal and 05-Ga1l bonds decrease from 1.80 A to
1.64 A, while the length of 06-Gal bond increases from 1.91 A
to 2.04 A, and that of 07-Ga1 bond increases from 1.87 A to 1.99
A. As for the 6-coordination structure of Ga2, it is found that the
four O-Ga2 bonds (07-Ga2, 08-Ga2, 09-Ga2 and 010-Ga2) that
are nearly perpendicular to the electric field almost have no
change in bond length when applying the electric field. The
lengths of 07-Ga2 and 08-Ga2 bonds remain about 1.95 A,
while those of 09-Ga2 and 010-Ga2 bonds remain about 2.11
A. However, the bond lengths of 01-Ga2 and O11-Ga2 along the
electric field direction increase. The length of 011-Ga2 bond
increases from 2.03 A to 2.38 A with an increase of the electric
field intensity from 0 eV A™* to 0.20 eV A™*. The change of O1-
Ga2 bond with the electric field intensity has been described,
which increases with the increase of electric field intensity, and
the distance between O1 and Ga2 reaches to 2.52 A when the
electric field intensity increases to 0.20 eV A™".

3.2 Band structure and density of states of B-Ga,0;

Fig. 3 shows the band structure and density of states distribu-
tion of the initial B-Ga, 03, setting the Fermi energy level to 0 eV.
The electron distribution near the Fermi energy level is more
meaningful for practical studies, so the PDOS maps in the range
of —8 to 10 eV are taken for control analysis. It is found that the
conduction band minimum (CBM) is mainly occupied by the
electrons of Ga 4s orbital. The main contribution of the
conduction band is from 4s state of Ga with small contribution
from Ga 4p, O 2p and O 2s. The valence band maximum (VBM)
near the Fermi energy level is occupied mainly by the electrons
of O 2p orbital. The main contribution of the valence band is
from 2p state of O with small contribution from Ga 4p, Ga 4s
and O 2s. The energy band and PDOS diagrams together
describe the distribution of the energy levels occupied by the

View Article Online
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internal electrons, and the band gap values are closely related to
the electrical conductivity and light absorption of the material.
The calculated intrinsic band gap value of 4.865 eV for f-Ga,03
without the electric field is in agreement with the experimental
value, which corresponds to the UV light absorption and low
conductivity of $-Ga,O;. In addition, the entire valence band
below the Fermi energy level consists of almost O 2p states,
making the valence band very flat and crowded, resulting in
a large effective mass of holes of B-Ga,0;. Almost all wide band
gap oxide semiconductors have the same low dispersion valence
band formed by O 2p, and thus there is a prevalent internal hole
self-trapping effect.*® This greatly limits the hole migration, and
is one of the reasons why B-Ga,O; is difficult to achieve p-type
semiconductors.**

The energy band structures with different electric field
strengths are shown in Fig. 4. It is observed that the bottom of
the conduction band gradually shifts to Fermi level, and the
band gap decreases significantly with the increasing the electric
field intensity. When the electric field increases from 0 eV A~ to
0.20 eV A™!, the band gap value decreases from the initial
4.865 eV to 2.757 eV. However, (-Ga,0; is still a semiconductor
and does not undergo a transition to metal. The decrease of the
band gap can be explained by a giant Stark effect, ie., the
redistribution of the wave function in the presence of an
external electric field.>**?

Fig. 5 shows the partial density of states of B-Ga,O; with
different electric field intensities. It is obvious that DOS curve of
B-Ga,0; in the conduction band shifts to Fermi level with the
increase of the electric field intensity, which leads to the
decrease of the band gap. In addition, it is also found that the
DOS of Ga 4p in the conduction band increases with increasing
the electric field intensity. DOS curve of B-Ga,O; in the valence
band extends toward low energy with the increase of electric
field intensity. DOS peaks of all orbitals become wider due to

Density of States (electrons/eV)
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Fig. 3 Band structure and PDOS of initial B-Ga,Oz without electric field.
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the slight dispersion of the valence band. The dispersion of the
valence band alleviates the self-trapping of the internal holes to
some extent, but the valence band composition of the O 2p state
remains the main factor inducing the self-trapping. Small peaks
formed by splitting the DOS curve of O 2p become more sharp
with the increase of electric field intensity form 0.05 eV A™* to
0.10 eV A™'. When the electric field intensity increases to
0.15 eV A™*, DOS curve of O 2p near Fermi level is split into two

Table 2 Mulliken charge populations of B-Ga,Os with different
electric fields

Atomic label ~ Electric field s p d Charge (e)
o1 0.00 1.83 5.13 —0.96
0.05 1.83 5.14 —-0.97
0.10 1.82 5.17 —0.98
0.15 1.81 5.20 —-1.01
0.20 1.80 5.22 —1.02
02 0.00 1.84 5.11 —0.95
0.05 1.84 5.10 —0.95
0.10 1.85 5.08 —0.93
0.15 1.87 5.05 —-0.91
0.20 1.87 5.02 —0.89
03 0.00 1.85 5.07 —0.93
0.05 1.86 5.07 —0.92
0.10 1.86 5.05 —0.92
0.15 1.87 5.03 —-0.91
0.20 1.88 5.02 —0.90
Gal 0.00 0.55 1.00 10.00 1.46
0.05 0.55 0.99 10.00 1.46
0.10 0.56 0.99 9.99 1.46
0.15 0.58 0.99 9.99 1.44
0.20 0.60 0.98 9.99 1.42
Ga2 0.00 0.64 0.99 10.00 1.38
0.05 0.63 0.99 10.00 1.38
0.10 0.64 0.99 10.00 1.38
0.15 0.64 0.98 10.00 1.39
0.20 0.64 0.98 10.00 1.38
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small peaks. However, DOS of small peak decreases with
increasing the electric field intensity from 0.05 eV A™* t0 0.15 eV
A™'. Two small peaks with the electric field intensity of 0.20 eV
A~ is similar with that with electric field intensity of 0.15 eV
A~'. In addition, it is also observed that the localization of DOS
peak for O 2p in the valence band gradually decreases with an
increase of electric field intensity.

3.3 Mulliken charge populations and electron density
difference

Table 2 shows the Mulliken atomic populations of O1, 02, O3,
Gal and Ga2 atoms. It is observed all O atoms gain electrons
with the negative charges, and all Ga atoms lose electrons with
the positive charges. With the increase of electric field intensity,
the charges of all five atoms have undergone significant
changes. It is seen that the negative charge of O1 atom increases
from —0.96 to —1.02¢ when the electric field intensity increases
from 0 eV A" to 0.20 eV A™*, which is attributed mainly to the
increase of its 2p orbital electrons with a small change of its 2s
orbital electrons. On the contrary, the negative charge of 02
atom gradually decreases from —0.95 to —0.89¢ with increasing
the electric field intensity from 0 eV A~ to 0.20 eV A~ which is
mainly due to the decrease of its 2p orbital electrons with
a small change of its 2s orbital electrons. The trend of charge
change of O3 is the similar to that of O2. Its negative charge
decreases with an increase of the electric field intensity, and the
charge is close to that of O2 when electric field intensity is
0.20 eV A™' (02: —0.89¢; 03: —0.90¢). For Gal, the positive
charge remains unchanged with low electric field intensity
(0.05 eV A~* and 0.10 eV A™"). When the electric field intensity
exceeds 0.15 eV A, its positive charge slightly decreases, which
is attributed mainly to the increase of 4s orbital electrons of Ga1
atom. As for Ga2, it is found that the positive charge hardly
changes with the electric field intensity, which may be due to its
high symmetry along the electric field direction.

Fig. 6 Electron density difference of B-Ga,Osz under electric fields. (a) 0 eV A% (b) 0.15 eV A%,
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Table 3 Difference of charge density of B-Ga,Os atoms between the electric field of 0.15 eV Atand0evA?

o1

02 03 Gal Ga2

Difference of charge density between the 0.06

electric field of 0.15 eVA tand 0 eV A!

The charge transfer can also be represented by an electron
density difference plot. Here we compare the charge distribu-
tion of atoms in B-Ga,0; under the action of 0 eV A~ and
0.15 eV A™" (Fig. 6). The blue region indicates electron loss,
while the red region indicates electron enrichment. It is
observed that the electron density around O1 atom with the
electric field of 0.15 eV A™* significantly increases compared to
that of 0 ev A™', while those around 02 and O3 slightly
decreases, and the electron density around Gal and Ga2 with
the electric field of 0.15 eV A" increases, which were proved by
the difference of charge density of f-Ga,0; atoms between the
electric field of 0.15 eV A~ and 0 eV A™* (Table 3). The differ-
ence of charge density of O1 is 0.06, while those of 02 and O3
are —0.04 and —0.03, respectively. Besides that, the difference of
charge density of Gal and Ga2 are 0.07 and 0.09, respectively.
These results are also in agreement with those of Mulliken
analysis.

3.4 Optical properties

3.4.1 Dielectric function. The dielectric function e(w)
reflects the dielectric response of the material and can be
illustrated by the following eqn (1).

&(w) = &1(w) + iex(w) (1)

where ¢;(w) and ¢,(w) are the real part and imaginary part of the
dielectric function, respectively; w is the frequency. Fig. 7 shows
the dielectric function of B-Ga,O; under the electric fields of
0evA~'and 0.15 eV A~} respectively. Re(e) corresponds to &;(w)
in formula, and the phase modulation affects the wavelength of
the electromagnetic wave. Im(e) corresponds to é&(w) in
formula, and the amplitude modulation reflects the dielectric
loss caused by the polarization relaxation under the alternating
external field.

It is observed from Fig. 7 that there are a real part peak and
an imaginary part of dielectric function for B-Ga,0O; without the

5
b
5 5 4l re© ®
E 2
Z 23 Im (g)
2 £ 2p
E 2
L L
o] (S
_ 1 1 L 1 -1 1 1 1 1
0 10 20 30 40 50 0 10 20 30 40 50
Frequency (eV) Frequency (eV)

Fig. 7 Dielectric function of B-Ga,Oz under the electric fields of 0 eV
A=t (a)and 0.15 eV A"t (b).
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electric field (0 eV A™*). The dielectric response in low frequency
region is faster than that in high frequency. The dielectric
relaxation is significant with the increase of frequency, which is
consistent with the actual situation. A deeper understanding of
the dielectric function can help improve the application of B-
Ga,0; in high-frequency, low-loss power devices and photo-
electric detection. After applying an electric field (0.15 eV A™"),
the real part and imaginary part peaks decrease slightly, and
a new real part peak and imaginary part peak appear at about
2.0 eV and 2.5 eV, respectively. This is attributed to the excita-
tion of the electrons from the O 2p in the valence band and its
transition to Ga 4s in the conduction band, which has a lower
position.

3.4.2 Electrical conductivity. For semiconductor materials,
the photoconductance mainly expresses the migration of pho-
togenerated carriers, which affects the photocatalytic properties
of the material. The real part of the photoconductor (Re)
represents the dissipation of energy in the actual process, and is
therefore proportional to the imaginary part of the dielectric
function. The imaginary part of the photoconductor (Im)
describes the conversion of external field energy to electron
kinetic energy.

Fig. 8 shows the conductivity of B-Ga,O; under the electric
fields of 0 eV A~ (a) and 0.15 eV A" (b). There are one real peak
and one imaginary peak of conductivity for B-Ga,O3 without an
electric field (0 eV A™"). The peak in the real part is significantly
lower and the valley in the imaginary part is slightly higher
under the electric field of 0.15 eV A™* compared to that without
applying an electric field. The change coincides with the results
of the dielectric function, indicating that the carrier mobility of
B-Ga,0O; is elevated in the presence of electric field. This is
attributed to the gradual transition from a wide bandgap to
a narrow band gap semiconductor under the action of electron
field, where lower energy is required to excite carrier migration
in the presence of light. As the wavelength gets longer, both the
real and imaginary parts of the photoconductor converge to

- @

Re (Conductivity)

- (b)

Re (Conductivity)

Conductivity (1/fs)
Conductivity (1/fs)
o v A~ o

Im (Conductivity) 2r Im (Conductivity)

-4 1 1 1 1
0 100 200 300 400 500
Wavelength (nm)

0 100 200 300 400 500
Wavelength (nm)

Fig.8 Conductivity of B-Ga,Os under electric fields of 0 eV A~* (a) and
0.15 eV A1 (b).
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zero, indicating an increase in light utilization. It also corre-
sponds to the fast response of the dielectric function in the low
frequency region, which proves the reliability of the calculated
results.

3.4.3 Complex refractive index. The complex refraction
index consists of the real part and imaginary part, which can be
correlated with the following eqn (2).

where real part (n) is the refractive index, which affects the
speed of light propagation in the medium and the imaginary
part (k) is the extinction coefficient, which represents the
absorption of light energy by the medium.

The complex refraction coefficients of B-Ga,O; with the
electric fields of 0 eV A~ and 0.15 eV A™* are shown in Fig. 9. It
is found that both refractive index and extinction coefficient of
B-Ga,O; have a peak without applying an electric field (0 eV
A™"). Anyway, when an electric field is applied, a new peak
appears in the refractive index and extinction coefficient in the
long wavelength region. The increase of real part (n) within the
long wavelength range may be attributed to the slight lattice
stretching of B-Ga,0; along the electric field direction and the
reduction of the band gap. New peak of the extinction coeffi-
cient induced by electric field around 500 nm, suggests that
a new light absorption of B-Ga,O; may occur in this wavelength
range. To further illustrate the effect of bandgap modulation on
the optical properties under the action of electric field, the
optical absorption curves of B-Ga,O; will be analyzed in the
following section.

3.4.4 Optical absorption. UV (ultraviolet) has been widely
used for sterilization and disinfection, especially under the
background of Corona Virus Disease 2019 (COVID-19).** From
daily food preservation, medical treatment to secure
communication*® and other fields, all involve UV radiation,
but it can be harmful to the environment and human health.*”
Compared with ultraviolet, visible light is clean and consumes
less energy. B-Ga,0j3, as a natural UV-detecting material, also
exhibits good photocatalytic properties. Therefore, it is of
practical significance and value to explore the absorption of -
Ga,0; in the visible light range. Here, the influence of the
electric field intensity on optical absorption of B-Ga,Oj; is
discussed.

2.5 2.5
n (@ n (b)

5 2.0 5 20
o o
S =i
o 1.5 o 1.5
2 2
é 1.0 é 1.0
[} [}
& 0.5 & 05

0.0 L L 0.0 L

0 500 1000 1500 0 500 1000 1500

Wavelength (nm) Wavelength (nm)

Fig. 9 Complex refractive index of B-Ga,Oz under electric fields. (a)
0OeVA™ (b)015eVA™
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Optical absorption spectra of B-Ga,O= under different electric

Fig. 10 shows the optical absorption spectra of -Ga,0; with
different electric field intensities. It is observed that the optical
absorption curves of B-Ga,0j; are in agreement with the results
of extinction coefficient. When no electric field is applied, there
is only one peak in the short wavelength range. A new peak
appears in the wavelength range of 400 nm to 600 nm after
applying the electric field. And this absorption peak intensifies
with increasing the electric field from 0.05eVA ™" to 0.15eVA ™,
but weakens as the electric field intensity is over 0.15 eV A™?,
showing a maximum value with the electric field of 0.15 eV A~
The appearance of new peak between 400 and 600 nm may be
due to three reasons.***® Firstly, the external electric field has
a great influence on the lowest empty orbital of beta-Ga,Os3,
which reduces the energy gap between HOMO and LUMO
orbital. Secondly, the electric field causes the change of the
internal structure of beta-Ga,O;. The positive effect of the
electric field on charge separation and transfer improves pho-
tocatalytic efficiency. Finally, with the help of the external
potential field, the energy required for electron excitation is
reduced. Weakening of optical absorption with high electric
field intensity (0.20 eV A™*) may be due to the formation of
defects, which causes the change of B-Ga,0O; structure (O1-Ga2
is broken). In addition, it is also found that the absorption peak
shows a blue-shift trend with the increase of electric field
intensity. These results shows that the suitable electric field
modulation can enhance the optical absorption of f-Ga,0; in
the visible light range which is beneficial to photocatalysis of
energy conservation and environmental protection.

4. Conclusions

In conclusion, the effect of the electric field on the electronic
structure and optical properties of B-Ga,O; was investigated
using the GGA+U method. The electric field in the x direction
(100) was applied due to the presence of cleavage plane in this
direction, and the electric field has the greatest impact on the
structure of B-Ga,03;. When electric field intensity in x direction

© 2023 The Author(s). Published by the Royal Society of Chemistry
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is 0.20 eV A™", the distance between O and Ga (O1-Ga2) parallel
to the electric field direction increases to 2.52 A. As the electric
field increases from 0 eV A~ to 0.20 eV A™, the band gap of p-
Ga,0; decreases from 4.865 to 2.757 eV. The slight dispersion of
the valence band and the broadening of the energy level favor
the formation of a hole-conducting p-type semiconductor. At
a suitable electric field intensity, the electrical conductivity of -
Ga,0; increases and its optical absorption peak expands to the
visible wavelength band. The optical absorption peak of B-
Ga,0; induced by electric field is observed in the visible light
range, whose absorption properties increase by increasing
electric field intensity from 0.05 to 0.15 eV A~". However, the
absorption properties decrease when the electric field intensity
is over 0.15 eV A1, showing a maximum value in B-Ga,0; with
the electric field of 0.15 eV A™*, which is expected to improve the
photocatalytic application of B-Ga,Oj3 in visible light.
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