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The prospect of a-GapOsin optical and electrical devices application is fascinating. In order to obtain better per-
formance, Ge and F elements with similar electronegativity and atomic size are selected as dopants. Based on density
functional theory (DFT), we systematically research the electronic structure and optical properties of doped a-Ga,O3 by
GGA+U calculation method. The results show that Ge atoms and F atoms are effective n-type dopants. For Ge-doped
a-Gay 03, it is probably obtained under O-poor conditions. However, for F-doped ¢-Ga;0s3, it is probably obtained under
O-rich conditions. The doping system of F element is more stable due to the lower formation energy. In this investigation,
it is found that two kinds of doping can reduce the -Ga;O3 band gap and improve the conductivity. What is more, it is
observed that the absorption edge after doping has a blue shift and causes certain absorption effect on the visible region.
Through the whole scale of comparison, Ge doping is more suitable for the application of transmittance materials, yet F
doping is more appropriate for the application of deep ultraviolet devices. We expect that our research can provide guidance
and reference for preparation of ¢&-Ga;O3 thin films and photoelectric devices.

Keywords: DFT, GGA+U calculation method, @-Ga,; O3, doping

PACS: 63.20.dk, 73.20.At, 74.20.Pq, 78.20.Ci

1. Introduction

Wide band gap semiconductors tend to be fascinating be-
cause of its unique material properties and great potential in
the future.!'! By virtue of wide band gap (4.9 eV-5.6 eV)
and high electric breakdown field,!®® Ga O3 has become
an attractive material for a wide range of applications, in-

1910

cluding solar-blind ultraviolet (UV) photodetecto I gas

[11,12]

sensor, transparent conductive film.!'3! In general, it has

five phases (&, B3, 7, €, and &), the investigations on 3-Ga; 03

are most extensive in the past few years.[!+17]

Recently,
however, other phases receive attention.['8-22] g-Ga, 05 has
emerged as an attracting material owing to wider bandgap
(5.5 eV) and smaller electron effective mass compared with
B-Gay0;.123-261

Several successful methods for preparing o-Ga;O3 thin
films have been reported, such as halide vapor phase epitaxy
(HVPE),?"] mist chemical vapor deposition (MIST-CVD),?8]
and laser molecular beam epitaxy (LMBE).??! On this ground,
it was applied to solar-blind photodetectors and Schottky bar-
rier diodes (SBDs). For instance, the nanoplasmonically en-
hanced a-Ga; O3 solar-blind photodetectors with an interdigi-
tal structure were fabricated on sapphire.3%! It gained a signif-
icant increase in responsivity at the solar-blind region, and the
response peak located at 244 nm reached 3.36 A/W under an
applied voltage of 5 V. Besides, Kentaro et al.l3!! reported o-

DOI: 10.1088/1674-1056/abbbff

Gay03 based SBDs power device and the lowest on-resistance
is 0.1 mQ-cm?. Therefore, it is foreseeable that a-GayO3 has
an exciting prospect in the fields of devices.

Despite numerous accounts of experimental studies on o~
Ga03, its theoretical research is comparatively minor and
gradually begins to receive attention in the late period. In
2019, Dong et al.?") examined the influence of the doping
of Si, Sn, and Mg elements in @-Ga;O3 by first-principles in-
vestigations. Besides, Takuma et al.[?) reported the energetics
and the electronic structure of native point defects in &¢-Ga;Os.
The low carrier concentration of intrinsic &-Ga; O3 hinders the
further application of this material. Doping is a very efficient
method to improve the electrical properties of materials. In
order to obtain more ideal performance, it is necessary to re-
search the influence of different elements systematically dop-
ing on &-Ga, O3 from the theory, which is of great significance
for further exploration of high conductivity films and applica-
tions based on a-Ga;Oj3 electronic and optical devices.

In this investigation, Ge and F atoms have similar elec-
tronegativity and atomic radii as those of Ga and O atoms,
respectively. Therefore, we systematically research the elec-
tronic structure and optical properties of Ge- and F-doped «-
Gay03 by GGA+U calculation method, so as to provide a ref-

erence for further experiments.
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2. Model and methods

a—Gay 03 has the corundum crystal structure and space
group is R-3C. Figure 1 describes the pure and doped o-
Gay03 models and the optimized conventional model is dis-
played in Fig. 1(a). It has two independent lattice parameters
a and ¢, ais equal to b. Oxygen ions are approximately hexag-
onal close-packed and the gallium ions occupy two-thirds of
the octahedral sites. Each Ga octahedron shares one face and
three edges with three other octahedra.!?>! To analyze stabil-
ity of the doping system and other properties, we construct a
2x2x1 supercell of a-GayOszas the parent model, which is
displayed in Fig. 1(b). Ge and F atoms as potential n-type
dopants are investigated to explore their substitution for Ga
and O atoms, respectively.

(b)
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Fig. 1. (a) The optimized conventional structure, where gray represents Ga
atoms and red signify O atoms and (b) the parent model of elements doped
2x2x1 supercell, among them, the green part represents Ga atom substituted
doping, and the blue part represents O atom substituted doping.

All calculations were performed using the CASTEP
code.[¥] The exchange—correlation potential was described
with the Perdew—Burke-Ernzerhof (PBE) functional in the
Generalized Gradient Approximation (GGA),1** and ultra-
soft pseudo-potential was used for electron interactions. The
valence electron configurations are Ga: [Ar] 3d'%4s%4p!, O:
[He] 2s22p*, Ge: [Ar] 3d'%4s24p?, and F: [He] 2s22p>. The
GGA+U calculation methods were adopted to get an accu-
rate band gap and theoretical results, where the U values
of Ga-3d states and O-2p states were set to 14.0 eV and
8.35 eV,[163] respectively. We used 2x2x1 supercell of
a-Gay 03, the plane-wave basis energy cutoff was set to be
450 eV. A Monkhorst—Pack 6 x3x2 k-point mesh was used in
the whole reduced Brillouin zone.*®) The tolerance energy,
maximum force, maximum stress, and maximum displace-
ment were set to be 1x107° eV/atom, 0.03 eV/ A, 0.05 GPa,
and 0.001 A, respectively.

3. Results and discussion
3.1. Crystal structure and analysis of stability

Table 1 lists
the lattice constants of this calculation and the previous data.

First, we investigate the pure a-Ga;0Os.

It can be found that these are consistent with the previous

results. 2329371 Demonstrating that our model and calculation
are reasonable.

Investigating the formation energy and transformation
level is an effective method to judge the structural stabil-
For the dop-
ing with a given charge state of ¢, the doping forming en-

ity and rationality of Ge and F-doped Ga,0Os.

ergy of the system is calculated according to the following

formula; [16-26:32.38]

H'(doping,q) = Er(doping,q) — Er(perfect)
—Y Anui+q(Es+Evem), (1)

where H'(doping, g) represents the total energy of Ge- and F-
doped supercell. Er(perfect) denotes the total energy of a-
Ga03 supercell without doping. An; is the number of atoms
subtracted or added from the ideal supercell (positive if added,
negative if removed). u; is the atomic chemical potential,
which needs to be considered under O-rich or O-poor extreme
crystal growth conditions. Ef signifies the Fermi energy level,
which is considered within the calculated range of valence
band minimum (Ef = 0 eV) and conduction band minimum
(Ef =5.57eV). Eypm is the energy of valence band maximum
value.

Table 1. The lattice parameters of o-GayO3 from theoretical and ex-
perimental results.

Lattice parameters

Function alA c/A
This work GGA+U 5.07 13.66
Previous!2°! GGA 5.07 13.67
Previous!?! B3LYP 5.04 13.56
Experiment 7] - 498 13.43

First, we calculate Ge- and F-doped Ga and O sites re-
spectively. Finding that the formation energy of Ge substitut-
ing Ga atom is —1.57 eV, while the value of Ge substituting O
atom is 9.94 eV. Besides, the formation energy of F substitut-
ing Ga and O atom is —2.62 eV and —9.29 eV, respectively.
Therefore, Ge atom is more inclined to occupy the Ga site, yet
the F atom is more inclined to occupy the O site.
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Fig. 2. The formation energies as a function of Fermi level for a-Ga, O3
with Ge and F substitution under (a) O-rich and (b) O-poor conditions.
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According to Eq. (1), the doping formation energy of Ge-
substituted Ga atom and F-substituted O atom is calculated
respectively. What is more, we calculate the functional rela-
tionship of formation energy with Fermi energy level under
the O-rich and O-poor growth conditions, which is plotted in
Fig. 2. Under the O-rich condition, the formation energy of Ge
doping is higher than that under the O-poor conditions. There-
fore, Ge doping tends to be obtained under the O-poor con-
ditions. For F doping, the formation energy of doping under
the O-rich condition is lower than that under the O-poor con-
dition. Thus, F doping is more likely to be obtained under the
O-rich condition. In addition, the doping system of F element
is more stable due to the lower formation energy. We also ob-
served that the value of Gear; is lower than that of Ge%a in the
range of 0 eV—4.72 eV, and increases with the Fermi energy
level. On the contrary, the opposite phenomenon is observed
in the range greater than 4.72 eV. Similar conclusions are ob-
tained in F doping. The transition level (+1/0) is at 0.85 eV
and 0.88 eV below the conduction band minimum for Ge and
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F doped. In short, Ge and F atoms were found to be effective
dopants by replacing Ga and O atoms, respectively.

3.2. Electronic structure

We first research the pure a-GapOs, as indicated in
Fig. 3(a). It is found that the minimum value of the conduc-
tion band is at G (0,0,0), while the top of the valence band
is only about 0.08 eV lower at G (0,0,0) than at F (0,1/2,0)
k point. It results in a direct band gap of 5.65 eV at G and
an indirect G—F band gap of 5.57 eV, compared with the ex-
perimental band gap (5.61 eV31) and the value (5.49 eV[3?])
obtained by HSE calculation method, we consider the calcu-
lated results in this paper are reliable. Figures 3(c) and 3(e)
show the band structure of the system after Ge and F elements
doping, with band gaps of 5.434 eV and 5.438 eV, respectively.
This indicates that the two dopings can reduce the band gap of
the o-GayOs3. In addition, neither of the two doping methods
changed the properties of the indirect bandgap semiconductor
of the -Ga,Os.

— TDOS Ep

Ep

—4 4 8

Energy/eV

Fig. 3. The calculated band structure of (a) pure ®-Ga;03, (c) Ge-doped t-Ga; O3, and (e) F-doped o-Ga,Os; the calculated density of states of (b)

pure a-Ga, 03, (d) Ge-doped a-Ga, 03, and (f) F-doped ¢t-Ga;03.
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To better understand the electronic structure changes, fig-
ure 3(b) shows the density of states (DOS) of the pure -
Ga203.
mainly occupied by the O-2p states which are likewise a com-

The upper valence band of the pure a-GayOs3 is
mon feature of oxide semiconductor materials. The conduc-
tion band is mainly contributed by Ga-4s and Ga-4p states,
and Ga-4s states occupy the bottom of the conduction band.
Thus, the band gap of ®-GayO3 is mainly occupied by Ga-4s
and O-2p states.

In an a-Ga;03 supercell, when a Ga atom is substituted
by a Ge atom, the density of states is depicted in Fig. 3(d).
Doping does not alter the properties of the indirect bandgap
semiconductor, but a large number of Ge-4s electrons appear
in the conduction band. The Fermi level shifts slightly towards
a high energy, with the band gap reduces to 5.434 eV. Besides,
doping system displays n-type semiconductor characteristics.
The reason for this is that after Ge** substitutes Ga*, an ex-
tra free electron is created. As a result, the electron concen-
tration at the bottom of the conduction band increases and the
Fermi level is pushed to a higher energy.[*6*%) When an O
atom is replaced by an F atom, as shown in Fig. 3(f), the F-2p
contributes to the valence band, and the band gap reduces to
5.438 eV. It is also because after F!~ substitutes O™,
positive charges will be generated. In conclusion, we find that

more

both Ge and F dopings are effective methods to let band struc-
ture achieve n-type a-Ga;O3. Meanwhile, the impurity level
can also reduce the energy required to move carriers from the
top of the valence band to the conduction band and improve
the conductivity.

3.3. Optical properties

The dielectric function (g(®)) is very significant for in-
vestigating the optical properties, which are almost related to
the Kramers—Kronig dispersion. The real parts (& (®)) and
imaginary parts (€2(w)) of the dielectric function can be cal-

culated by the following equations: 23]
g(w) = ¢ (o )—Heg (m), (2)
g(w) = 1—1—— / w£2 3)
&(0) = — —— My (k))?
2(0) wz;C/BZ (2,1_)3| cv (k)
x8(EE — Eb —hw)d’k. (4)

Among them, pg represents the density of medium, ® is the
angular frequency, BZ is expressed as the first Brillouin zone.
|Mcy (k)|? is indicated as the momentum transition matrix el-
ement. Eg and E"j denote the intrinsic energy levels, k is the
inverted lattice.

As pictured in Fig. 4. In the pure a-Ga;03, two distinct
peaks can be found, the first peak at approximately 8.6 eV and
the second smaller peak at roughly 16.1 eV. The former main

peak is owing to the electron transition from the O-2p states to
the Ga-4s states, the latter, smaller peak is generated by exci-
tation of the Ga-3d electron to the Ga-4s conductive orbital. In
the doping system of different substances, the position of the
main peak doped by Ge element does not change much, while
the main peak doped by F element moves to the low energy
region. This may be related to the lattice distortion and impu-
rity level formation caused by impurity incorporation. [*!1 Fur-
thermore, the two kinds of doping produce small peaks with
different strengths around 1.65 eV and 1.57 eV respectively.
What is more, the strength of the peak doped by Ge element
is greater than that of F element doping. For Ge doping, it
is caused by the electron transition between Ge-4s states and
O-2p states, for F element, occurs from the F-2p states and
Ga-4s states. The strength difference between the two peaks
may be ascribable to the fact that the Ge-4s states require only
relatively low energy to achieve the electron transition com-
pared to the F-2p states. These manifest that different dopants
have different effects on the low energy region of a-Gay0s.
Moreover, the absorption edges move from 5.32 eV to 6.3 eV
and 5.68 eV respectively, resulting in a blue shift. The above
analyses indicate that the optical properties can be changed by
changing the doping elements.

1.4

0]
5.0 5.5 6.0 6.5 7.0
Energy/eV

0.8

——undoped % 0-8r— undoped
1.2F —Ge—doped g 0.67— Ge-doped
——F-doped é 0.4 F-doped
r =t
1.0 2 02
2

0.6

0.4

0.2F { ~

00 5 10 15 20
Energy/eV

Dielectric function ez(w)

Fig. 4. The imaginary parts of the dielectric function.

The absorption coefficient (a(®)) and reflectivity (R(®))

can be obtained by the following formula: 23]

a(0) = V20[/e(0)+ (o) —el(w)]l/z, (5)

‘\/81 )+ie(w —1
Ve (o)+je(w)+1

As seen in Fig. 5, the pure o-GapO3 has a great absorption

(6)

effect on the light with a wavelength less than 223 nm, so
it holds the potential of deep ultraviolet detection. Besides,
in the visible light region, O-2p states and Ga-4s states are
difficult to achieve electronic transition. When Ge and F el-
ements are doped with -Ga;03, the light absorption moves
from 223 nm to 197 nm and 218 nm, causing a blue shift.
The cause may be that doping increases the energy required
for electrons at the top of the valence band to transition to the
conduction band, so high-energy light excites electrons and
the absorption edges move towards violet light. Furthermore,

126301-4
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we observed that in the ultraviolet region, the absorption spec-
tral strength of F element-doped is greater than that of the pure
a-Gay03 and Ge element doped. However, in the visible re-
gion, Ge element doped absorption spectrum is stronger than
the pure ®¢-GayO3 and F element doped. The reason for this
may be that, in the F-doped structure, electrons from the va-
lence band need more energy to enter the conduction band,
thus slowing the transition and decreasing absorption in the
visible range. In a word, we find that a-Ga; O3 doped with two
kinds of elements not only increased the absorption in the ul-
traviolet region, but also produced a certain absorption in the
visible region, which provided a certain reference for the ex-

periment.
8 —
T T l(l}ﬂdgpedd g 12 7énd(<1)pedd
e-daope T — Ge-dope
g 6 —F-dopIe)d % 6f — Frdoped
2 g
S 4 = ST 8
‘a Energy/eV
—
2
Q 2
<<
0 . 1 L L |
200 300 400 500 600 70O 800
Wavelength/nm
Fig. 5. The absorption coefficient of pure and doped ¢t-Ga;O3.
8
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Fig. 6. The reflectivity of pure and doped ¢-Ga;03.

It can be viewed from the reflectivity analysis in Fig. 6
that Ge- and F-doped a-Ga;O3 have high reflectivity in the
ultraviolet region. For the visible light range, when the wave-
length is less than 700 nm, the reflectivity of Ge doping is less
than F doping. Nevertheless, when the wavelength is more
than 700 nm, the opposite result is obtained. Through the
whole scale of comparison, the former has a better transmit-
tance, so it is more suitable for the application of transmittance
materials. The latter has a higher absorption rate in the deep
ultraviolet region, so it is more appropriate for the application
of deep ultraviolet devices.

4. Conclusion

To sum up, the electronic structure and optical proper-
ties of Ge- and F-doped a-Ga;03 are systematically studied

by GGA+-U calculation method. The results of crystal struc-
ture and stability calculation show that the Ge atom is more
inclined to occupy the Ga site, yet the F atom is more inclined
to occupy the O site, both are effective dopant. For Ge doping,
it is probably obtained under O-poor conditions, while for F
doping, it is probably obtained under O-rich conditions. The
doping system of F element is more stable due to the lower for-
mation energy. By analyzing the electronic structure, we find
that neither of the two doping methods change the properties
of the indirect bandgap semiconductor of the &-GayO3. The
band gap decreased from 5.57 eV to 5.434 eV and 5.438 eV
respectively, and displays n-type semiconductor characteris-
tics. It can be seen from the dielectric function, absorption
spectrum, and reflectivity of Ge- and F-doped a-GayOs3, the
absorption edge is blue-shifted, in the meantime, the doped
absorption spectrum not only has a strong absorption effect on
the ultraviolet region, but also has a certain absorption effect
on the visible region. Through the whole scale of comparison,
Ge doping is more suitable for the application of transmittance
materials, yet F doping is more appropriate for the application
of deep ultraviolet devices.
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