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Electronic structures and optical properties of Si- and
Sn-doped β -Ga2O3: A GGA+U study∗
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The electronic structures and optical properties of β -Ga2O3 and Si- and Sn-doped β -Ga2O3 are studied using the
GGA+U method based on density functional theory. The calculated bandgap and Ga 3d-state peak of β -Ga2O3 are in
good agreement with experimental results. Si- and Sn-doped β -Ga2O3 tend to form under O-poor conditions, and the
formation energy of Si-doped β -Ga2O3 is larger than that of Sn-doped β -Ga2O3 because of the large bond length variation
between Ga–O and Si–O. Si- and Sn-doped β -Ga2O3 have wider optical gaps than β -Ga2O3, due to the Burstein–Moss
effect and the bandgap renormalization effect. Si-doped β -Ga2O3 shows better electron conductivity and a higher optical
absorption edge than Sn-doped β -Ga2O3, so Si is more suitable as a dopant of n-type β -Ga2O3, which can be applied in
deep-UV photoelectric devices.

Keywords: density functional theory, GGA+U method, Si-doped β -Ga2O3, Sn-doped β -Ga2O3, electronic
structure, optical property
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1. Introduction
β -Ga2O3 is an emerging semiconductor material with a

wide bandgap of about 4.9 eV. β -Ga2O3 exhibits fascinat-
ing physical properties and chemical stability, such as good
transparency and a critical breakdown field of up to 8 MV/cm,
which has made it a focus of attention in recent years.[1,2] With
these advantages, β -Ga2O3 is considered to be a promising
transparent conducting material operating from the visible to
the deep-ultraviolet spectrum for photodetector and other op-
toelectronic devices.[3,4]

However, the poor electrical conductivity of β -Ga2O3

hinders its application as a transparent conducting oxide
(TCO).[5] It is well known that doping is an effective way
to improve the photoelectric properties of materials, includ-
ing conductivity, mobility and absorptivity. Si is regarded
as a suitable dopant for n-type β -Ga2O3 because excess free
electrons will be generated after doping. Further, the oxides
of Si and Ga have a similar melting point, which is benefi-
cial for adjusting the growth temperature and obtaining a high
doping concentration. Zhang et al.[6] obtained a Si-doped β -
Ga2O3 film using the pulsed laser deposition (PLD) technique,
and the highest doping concentration is 9.1× 1019 cm−3,
but the corresponding conductivity is only 2.0 S·cm−1. The
low conductivity is due to the amorphous-like structure of
the Si-doped β -Ga2O3 and blockage of electronic transmis-
sion paths. Takakura et al.[7] deposited Si-doped β -Ga2O3

film by radio-frequency (RF) magnetron sputtering, and found
that the optical gap of the Si-doped β -Ga2O3 is wider than

that of β -Ga2O3. Recently, a homoepitaxial Si-doped Ga2O3

film produced by PLD, with a high carrier concentration of
1.74× 1020 cm−3 and ultrahigh conductivity of 732 S/cm,
was reported,[8] but its conductivity is still far below that of
commercial ITO film or Al-doped ZnO film. Sn is another
promising dopant as a donor for improving the conductivity
of β -Ga2O3 because excess free electrons will be generated
when Sn4+ substitutes Ga3+. Orita et al.[1] deposited n-type
Ga2O3 film by Sn doping and obtained the best conductivity
of 8.2 S·cm−1. Ohira et al.[5] prepared Sn-doped β -Ga2O3

by the float-zone method, found that Sn was dispersed in β -
Ga2O3 uniformly, and suggested that Sn be substituted in the
Ga site in the β -Ga2O3 lattice, but they did not discuss the op-
tical properties of Sn-doped β -Ga2O3. Baldini et al.[9] grew
Si- and Sn-doped homoepitaxial β -Ga2O3 films by metal or-
ganic vapor phase epitaxy (MOVPE), and the highest electron
concentrations of 8× 1019 cm−3 for Si-doped β -Ga2O3 and
1× 1019 cm−3 for Sn-doped β -Ga2O3 were obtained. The
corresponding electron mobilities were 54.37 cm2/V·s and
32 cm2/V·s, but the conductivities and optical properties were
not analyzed.

First-principles calculations based on density functional
theory (DFT) have been extensively used for scientific re-
search, and some material properties have been successfully
parsed, such as electronic structures, optics and magnetism.
Varley et al.[10] found that a stable structure is obtained when
Si4+ replaces Ga3+ in the four-fold coordination according
to the calculated total energy of Si-doped Ga2O3 by using
first principles. Siah et al.[11] reported that Sn4+ prefers six-
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fold coordination and tends to substitute the Ga3+ octahe-
dral site for Sn-doped β -Ga2O3. Zhang et al.[12] calculated
the electronic structures and optical properties of β -Ga2O3

and Sn-doped β -Ga2O3 by using the generalized gradient ap-
proximation (GGA) exchange–correlation function based on
DFT, but the calculated bandgap of β -Ga2O3 is only 2.315 eV,
which is less than half of the experimental value (4.9 eV[1]).
The underestimation of the bandgap is a well-known draw-
back of the standard DFT calculation due to the lack of pre-
cise consideration of the exchange–correlation potential, but
it can be corrected by the scissors approximation,[13] hybrid-
functional,[14] and GGA+U methods.[15] In order to obtain
calculated bandgaps that are close to the experimental data, Li
et al.[14] calculated the electrical and optical properties of β -
Ga2O3 and Si-doped β -Ga2O3 using the screened hybrid func-
tional HSE06, but the calculated result shows that β -Ga2O3 is
a direct-bandgap material, which is not consistent with the ex-
perimental result.[16] Lately, Dong et al. [15] calculated the
influences of oxygen vacancies on the structural and optical
properties of β -Ga2O3 by GGA+U approximation with the
Hubbard U parameters of 7.0 eV and 8.5 eV for Ga and O ions,
respectively. The calculated bandgap of β -Ga2O3 is 4.92 eV,
which is in agreement with the experimental value, but the cal-
culated peak of the Ga 3d state is located at about −14.8 eV,
which deviates from the experimental result of −17.12 eV,[17]

and so the Hubbard U value requires reconsideration. So far,
there have been no reports on the electronic structures and op-
tical properties of Si-doped and Sn-doped β -Ga2O3 by using
GGA/LDA+U methods. There are also very few compara-
tive research reports on the physical properties of Si-doped β -
Ga2O3 and Sn-doped β -Ga2O3. To further understand the dif-
ferences in the electronic structures and optical properties of
Si-doped β -Ga2O3 and Sn-doped β -Ga2O3, the energy band
structures, density of states and optical properties are calcu-
lated in this paper using the GGA+U method based on DFT.

2. Model and method
2.1. Structural model

β -Ga2O3 has a monoclinic structure and its space group is
C2/m,[18] β -Ga2O3 has double chains of edge-sharing GaO6

octahedra and a single chain of vertex-sharing GaO4 tetrahe-
dra along the y axis, which is beneficial to the movement of
free electrons.[19] A 1× 2× 2 supercell of β -Ga2O3 is used
as the father model and is shown in Fig. 1(a). The β -Ga2O3

supercell is obtained by expanding a unit cell along the y-
axis and z-axis directions, so the supercell has 32 Ga atoms
and 48 O atoms. It is noted from Fig. 1(b) that the super-
cell possesses two inequivalent Ga sites: Ga(1) and Ga(2).
The Ga(1) atom bonds with the four nearest oxygen atoms
to form a tetrahedral coordinated structure, and the Ga(2)

atom bonds with the six nearest oxygen atoms to form an
octahedral coordinated structure. When a Si or Sn atom
substitutes for a Ga atom in the β -Ga2O3 supercell, the Si-
doped or Sn-doped β -Ga2O3 is obtained and marked as β -
Si0.0625Ga1.9375O3 or β -Sn0.0625Ga1.9375O3. To ensure the sta-
bility of the doped materials, the structural optimization[30]

and total energy calculation of the four doped materials with
Si replacing Ga(1) or Ga(2) and Sn replacing Ga(1) or Ga(2)
are all carefully considered. The total low-energy results
show that β -Si0.0625Ga1.9375O3 with Si replacing Ga(1), and
β -Sn0.0625Ga1.9375O3 with Sn replacing Ga(2), are more sta-
ble, which are consistent with earlier findings.[10,11] There-
fore, the two structural models of β -Si0.0625Ga1.9375O3 with
Si replacing Ga(1), and β -Sn0.0625Ga1.9375O3 with Sn replac-
ing Ga(2), are adopted in this paper.

(a)

x

z

y

o

(b)

Ga(2)

Ga(1)

O

Fig. 1. (a) The 1× 2× 2 supercell of β -Ga2O3 and (b) the projection
along the y-axis direction.

2.2. Computational method

The electronic structures and optical properties of β -
Ga2O3 and TM-doped β -Ga2O3 (TM = Si,Sn) are calculated
using the first-principles plane-wave pseudo-potential method
based on density functional theory[20] as implemented in
the CASTEP package.[21] The exchange–correlation poten-
tial is employed through the GGA within the Perdew–Burke–
Ernzerhof (PBE) function.[22] The atomic cores are described
by the ultra-soft pseudo-potential, and the valence electron
configurations are [Ga] 3d104s24p1, [O] 2s22p4, [Si] 3s23p2

and [Sn] 5s25p2. In order to obtain the accurate bandgap of
β -Ga2O3, the GGA+U method is adopted and the parame-
ters of Ud,Ga and Up,O are set to be 14.0 eV and 8.35 eV, re-
spectively. The energy cutoff of the plane-wave basis is set
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to be 450 eV for the calculation of electronic structures and
600 eV for the calculation of optical properties. A 2× 4× 2
mesh of the Monkhorst–Pack k-points[23] is used for the Bril-
louin zone integration in reciprocal space.[24] Before calcu-
lation, the atomic coordinates and cell volume of the models
need to be optimized, and the energy tolerance, tolerance of
the force, maximum stress and maximum displacement are set
to be 1×10−5 eV/atom, 0.03 eV/Å, 0.05 GPa, and 0.001 Å, re-
spectively. The structural optimization is completed when the
above four parameters meet or exceed the setting precisions.

3. Results and discussion
3.1. Structural properties

The optimized structure parameters of β -Ga2O3 and
TM-doped β -Ga2O3 (TM = Si,Sn) are listed in Table 1.
It is clear that the calculated lattice constants of β -Ga2O3

are in good agreement with the experimental results[37] and
other calculated data,[38] which indicates that the calculation
method and models are rational. The lattice constants of β -

Si0.0625Ga1.9375O3 and β -Sn0.0625Ga1.9375O3 are larger than
those of β -Ga2O3, which mainly originates from the com-
petitive effects of the Coulomb repulsion and the ionic ra-
dius difference between Si and Ga or Sn and Ga. On the
one hand, the excess free electrons will be generated and will
enhance the Coulomb repulsion when Ga3+ is replaced by
Si4+ or Sn4+, and the strong effect of the Coulomb repulsion
will increase the supercell volume. On the other hand, the
larger ionic radius will increase the volume of the materials.
For β -Si0.0625Ga1.9375O3, the Si ionic radius (0.026 nm[27]) is
much smaller than that of the Ga(1) (0.047 nm[28]), but the
effect of the Coulomb repulsion plays a more important role
than the ionic radius difference, so the result of the compe-
tition is the supercell volume of β -Si0.0625Ga1.9375O3 being
larger than that of β -Ga2O3. For β -Sn0.0625Ga1.9375O3, the
Sn ionic radius (0.069 nm[29]) is larger than that of the Ga(2)
(0.062 nm[28]), and therefore the total superposition makes the
supercell volume of β -Sn0.0625Ga1.9375O3 larger than that of
β -Ga2O3.

Table 1. The structural parameters and formation energies of β -Ga2O3 and TM-doped β -Ga2O3 (TM = Si,Sn) under the GGA+U method.

Lattice constant
Volume/Å

Ef/eV
a/Å b/Å c/Å O-poor O-rich

β -Ga2O3

this work 12.494 3.092 5.900 221.949
Exp.[25] 12.220 3.038 5.786
Calc.[26] 12.438 3.084 5.877

β -Si0.0625Ga1.9375O3 12.516 3.093 5.907 221.998 1.798 4.291
β -Sn0.0625Ga1.9375O3 12.561 3.111 5.926 225.007 1.120 3.615

3.2. Doping formation energy

To evaluate the structure stability of TM-doped β -
Ga2O3 (TM = Si,Sn), the doping formation energies of β -
Si0.0625Ga1.9375O3 and β -Sn0.0625Ga1.9375O3 are calculated
according to the formula[30]

Ef = ETM0.0625Ga1.9375O3 −Eβ−Ga2O3 −µTM−µGa, (1)

where ETM0.0625Ga1.9375O3 is the total supercell energy of β -
Si0.0625Ga1.9375O3 or β -Sn0.0625Ga1.9375O3, Eβ−Ga2O3 is the
total supercell energy of β -Ga2O3, µTM represents the chem-
ical potential of the Si or Sn atom, and µGa is the chemi-
cal potential of the Ga atom. The chemical potential is con-
nected with the growth atmosphere of the materials, which
further affects the doping formation energies of TM-doped
β -Ga2O3. Therefore, the doping formation energies of β -
Si0.0625Ga1.9375O3 and β -Sn0.0625Ga1.9375O3 are calculated
under O-rich and O-poor conditions. To determine the values
of µGa and µTM, the formation enthalpies ∆Hf of β -Ga2O3,
SnO2, and SiO2 are considered assuming their formations
from the metallic Ga, Sn, semiconductive Si, and gaseous O2.
The chemical potentials of µGa and µTM are calculated using

the following relationships:

µGaO = 2µGa +3µO = 2µGa(bulk)+µO2 +∆Hf (Ga2O3) , (2)

µTMO = µTM +2µO = µTM(bulk)+µO2 +∆Hf (TMO2) , (3)

where µGaO and µTMO are the energies of β -Ga2O3 and TMO2

in a single molecule, and µGa(bulk), µTM(bulk), and µO2 are the
chemical potentials of metallic Ga, Sn, semiconductive Si, and
gaseous O2, respectively. By combining Eqs. (2) and (3), the
chemical potentials of Ga and TM are

µGa = µGa(bulk),

µTM = µTM(bulk)+∆Hf (TMO2)−
2
3

∆Hf (Ga2O3) (4)

for O-poor conditions, and

µGa = µGa(bulk)+
1
2

∆Hf (Ga2O3) ,

µTM = µTM(bulk)+∆Hf (TMO2) (5)

for O-rich conditions. The calculated formation enthalpy
∆Hf (Ga2O3) for β -Ga2O3 is −10.95 eV, which is close to
the experimental value of −11.3 eV.[10] The doping formation
energies of β -Si0.0625Ga1.9375O3 or β -Sn0.0625Ga1.9375O3 un-
der O-poor and O-rich conditions are calculated using Eqs. (4)
and (5), and the calculated values are listed in Table 1. As

016301-3



Chin. Phys. B Vol. 28, No. 1 (2019) 016301

can be seen in Table 1, the doping formation energies of β -
Si0.0625Ga1.9375O3 or β -Sn0.0625Ga1.9375O3 under O-poor con-
ditions are lower than those under O-rich conditions, which
indicates that the TM-doped β -Ga2O3 (TM = Si,Sn) tend to
form under O-poor conditions. Moreover, the doping for-
mation energy of β -Si0.0625Ga1.9375O3 is larger than that of
β -Sn0.0625Ga1.9375O3 whether under O-rich or O-poor con-
ditions, which reveals that the preparation of Si-doped β -
Ga2O3 requires a higher growth temperature as compared to
Sn-doped β -Ga2O3. To explain the difference in the dop-
ing formation energy between β -Si0.0625Ga1.9375O3 and β -
Sn0.0625Ga1.9375O3, the average bond lengths of Ga(1)–O, Si–
O, Ga(2)–O, and Sn–O are given in Table 2. It is well known
that the bond length variation is related to the deformation
and relaxation of the material structure, which is reflected
in the formation energy. It is found from Table 2 that the
bond length variation between Ga(1)–O and Si–O is signif-

icantly larger than that between Ga(2)–O and Sn–O. Larger
bond length variation requires more energy, so the doping for-
mation energy of β -Si0.0625Ga1.9375O3 is larger than that of
β -Sn0.0625Ga1.9375O3.

Table 2. The average bond lengths of Ga–O, Si–O and Sn–O for TM-
doped β -Ga2O3 (TM = Si,Sn).

Ga(1)–O Si–O Ga(2)–O Sn–O
Average/Å 1.875 1.665 2.033 2.129
Variation/% 11.2 4.5

3.3. Energy band structure and density of states

To illustrate the effect of the Hubbard U on the band
structure and density of states, the calculated band struc-
tures and densities of states (DOSs) of β -Ga2O3 under GGA
and GGA+U methods are shown in Fig. 2. The high sym-
metry points in the Brillouin zone are located at Γ (0,0,0),
A(0,0.5,0), H(0,0.5,0.5) and K(0,0,0.5), and the Fermi level
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Fig. 2. Band structures and DOSs of β -Ga2O3 obtained by (a) GGA and (b) GGA+U methods.

016301-4



Chin. Phys. B Vol. 28, No. 1 (2019) 016301

is defined as 0 eV. It can be seen in Fig. 2 that β -Ga2O3 has an
indirect bandgap with the conduction band minimum (CBM)
at Γ point and the valence band maximum (VBM) at M point,
which is in agreement with the experimental results.[16] But
the direct Γ +–Γ− transition is dominant in the optical spec-
tra because the difference between the direct bandgap (Γ +–
Γ−) and the indirect bandgap (Γ +–M) is very small (about
0.023 eV), which is proved by the analysis of the dipole tran-
sition matrix element and the experimental results of transmis-
sion spectra,[31] so the direct Γ +–Γ− transition of β -Ga2O3

merits more attention than the indirect Γ +–M transition in op-
tics. As can be seen in Fig. 2(a), the bandgap of β -Ga2O3

under the GGA approximation is only 1.949 eV, which devi-
ates significantly from the experimental result of 4.9 eV.[1] Be-
sides, the upper valence bandwidth is only 6.78 eV, which does
not agree with the experimental value of about 7.37 eV.[16]

More importantly, the Ga 3d state peak is located at 11.63 eV
below the VBM, which is not consistent with the experimental
result of −17.12 eV.[17] In order to correct the above devia-
tion, the GGA+U method is used and the corrected bandgap
of β -Ga2O3 is about 4.886 eV (see Fig. 2(b)). At the same
time, the upper valence bandwidth is 7.29 eV and the Ga 3d
state peak is at −17.01 eV, which are in good agreement with

the previous experimental results, so the electronic structures
calculated by the GGA +U method are reasonable. More-
over, as can be observed from the partial DOSs in Fig. 2(b),
the CBM is dominated by the Ga 4s state and the VBM is
occupied by the O 2p state, so the bandgap of β -Ga2O3 is de-
termined by O 2p and Ga 4s states, which is consistent with
the other calculations.[32]

To further investigate the effect of the doping atom on the
electronic structure of β -Ga2O3, the band structures and DOSs
of β -Si0.0625Ga1.9375O3 and β -Sn0.0625Ga1.9375O3 obtained by
the GGA+U method are shown in Fig. 3. The bandgaps Eg of
β -Si0.0625Ga1.9375O3 and β -Sn0.0625Ga1.9375O3 are 4.821 eV
and 4.613 eV, which are smaller than that of β -Ga2O3.
But the optical gaps Eo

g (defined as the vertical distance
from the Fermi level to the VBM) of β -Si0.0625Ga1.9375O3

and β -Sn0.0625Ga1.9375O3 are 5.853 eV and 5.586 eV, larger
than that of β -Ga2O3, which is consistent with the experi-
mental result.[7] The electron transition of absorption spec-
tra is related to the optical gap, and the optical gap is an
important physical parameter for a TCO material, so β -
Si0.0625Ga1.9375O3 has the largest optical gap and is more
suitable for application in photoelectric devices as a deep-
ultraviolet TCO than are β -Ga2O3 and β -Sn0.0625Ga1.9375O3.
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Fig. 3. Band structures and DOSs of (a) β -Si0.0625Ga1.9375O3 and (b) β -Sn0.0625Ga1.9375O3.
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The total and the partial densities of states of β -
Si0.0625Ga1.9375O3 and β -Sn0.0625Ga1.9375O3 are also given in
Fig. 3. For β -Si0.0625Ga1.9375O3, the VBM is occupied by the
O 2p state, whereas the CBM is occupied by the Si 3s state,
so the bandgap of β -Si0.0625Ga1.9375O3 is determined by O 2p
and Si 3s states. It can also be seen in Fig. 3(a) that the DOS of
β -Si0.0625Ga1.9375O3 moves along the low energy direction af-
ter doping and the Fermi level enters into the conduction band,
which indicates the n-type semiconductor feature. There-
fore, the conductivity of Si-doped β -Ga2O3 is significantly
improved compared to that of β -Ga2O3, which is consistent
with the experiment result.[33] For β -Sn0.0625Ga1.9375O3 in
Fig. 4(b), the VBM is occupied by the O 2p state and the
CBM is occupied by the Sn 5s state, so the bandgap of β -
Sn0.0625Ga1.9375O3 is determined by O 2p and Sn 5s states.
Further, the free electrons from Sn 5s state fill the CBM and
improve the conductivity of β -Sn0.0625Ga1.9375O3, which is
similar to the scenario for β -Si0.0625Ga1.9375O3.

3.4. Electron effective mass and conductivity

For a doped semiconductor with high doping concen-
tration (i.e., > 1019 cm−3), there are primarily two com-
peting mechanisms affecting its optical gap: the Burstein–
Moss effect[34] and the bandgap renormalization effect.[35]

The Burstein–Moss effect causes bandgap widening due
to the Fermi-band filling effect, marked as ∆EBM. The
bandgap renormalization effect causes bandgap narrowing due
to the many-body bandgap renormalization effect and the
semiconductor–metal transition effect, labeled as ∆EBGN. The
∆EBM and ∆EBGN can be obtained by[36]

Eo
g = Ego +∆EBM−∆EBGN, (6)

Eg = Ego−∆EBGN, (7)

where Ego denotes the bandgap of the undoped β -Ga2O3,
Eo

g is the optical gap, and Eg is the bandgap. According
to the band structures in Figs. 2–4, Ego is 4.886 eV, and
Eg is 4.821 eV for β -Si0.0625Ga1.9375O3 and 4.613 eV for
β -Sn0.0625Ga1.9375O3. By Eqs. (6) and (7), the ∆EBM of
β -Si0.0625Ga1.9375O3 and β -Sn0.0625Ga1.9375O3 are 1.032 eV
and 0.973 eV, and the ∆EBGN of β -Si0.0625Ga1.9375O3 and β -
Sn0.0625Ga1.9375O3 are 0.065 eV and 0.273 eV, respectively.
Further, the electron effective mass m∗e is related to ∆EBM by
the following formula:[12]

∆EBM =
h2

8m∗e

(
3ne

π

)2/3

, (8)

where h is the Planck constant, and ne is the electron con-
centration. Using Eq. (8), the electron effective mass of β -
Si0.0625Ga1.9375O3 is 0.383me (me is the electron mass) and
0.402me for β -Sn0.0625Ga1.9375O3. The electron conductivity

of the n-type material can be expressed as[37]

σ = nequ =
neq2τ

m∗e
∝

neq2

m∗eNi
, (9)

where q is the electron charge, µ is the electron mobility and
τ is the relaxation time which is related to the ionized con-
centration (Ni) and thermodynamic temperature. According
to Eq. (9), the electron mobility ratio of β -Si0.0625Ga1.9375O3

to β -Sn0.0625Ga1.9375O3 is 1.035, revealing that the electron
mobility of β -Si0.0625Ga1.9375O3 is higher than that of β -
Sn0.0625Ga1.9375O3, which is consistent with recent experi-
mental results.[9] Further, the electron conductivity ratio of
β -Si0.0625Ga1.9375O3 to β -Sn0.0625Ga1.9375O3 is 1.065 from
Eq. (9), so Si-doped β -Ga2O3 has an advantage over Sn-doped
β -Ga2O3 in terms of conductivity.

3.5. Optical properties

Optical properties are important for TCO materials and
are expressed by the complex dielectric function ε(ω) =

ε1(ω)+ iε2(ω). The imaginary part ε2(ω) of the complex di-
electric function is determined by the momentum matrix ele-
ments between the occupied and unoccupied wave functions.
The real part ε1(ω) can be evaluated from imaginary part
ε2(ω) using the Kramers–Kronig relationship, and the absorp-
tion coefficient α (ω) can be calculated according to the com-
plex dielectric function. The above relationships are described
by the following formulas:[38]

ε2 (ω) =
c

ω2 ∑
V,C

∫
BZ

2

(2π)3 |MCV (k) |2

×δ

(
Ek

C−Ek
V−

h
2π

)
d3k, (10)

ε1 (ω) = 1+
2
π

ρo

∫
∞

0

ω ′ε2(ω
′)

ω
′2−ω2 dω

′, (11)

α (ω) =
√

2
[√

ε2
1 (ω)+ ε22(ω)− ε1(ω)

]1/2

. (12)

Here, ρo represents the principal value of the integral, sub-
scripts C and V represent the conduction band and valence
band states, respectively, BZ means the first Brillouin zone, k
is the reciprocal lattice vector, |MCV(k)|2 denotes the momen-
tum matrix element, c is a constant, ω stands for the angular
frequency, and Ek

C and Ek
V represent the intrinsic energy levels.

The imaginary part ε2(ω) of the complex dielectric function is
the basis for analyzing the optical properties of any materials.

The imaginary parts ε2(ω) of the complex dielec-
tric function of β -Ga2O3, β -Si0.0625Ga1.9375O3 and β -
Sn0.0625Ga1.9375O3 in the x, y, and z directions are calculated
and shown in Fig. 4. For the ε2(ω) of β -Ga2O3, three main
peaks at 9.286 eV, 10.587 eV, and 9.506 eV appear in the x, y,
and z directions; the corresponding peak intensities are 1.42,
1.316, and 2.134, respectively, which indicates that β -Ga2O3
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has significant anisotropy. For Si- and Sn-doped β -Ga2O3,
there are no significant changes in the position of the three
main peaks in the x, y, and z directions, but in the low-energy
range, two small peaks (about 0.9 eV for β -Sn0.0625Ga1.9375O3

and about 1.05 eV for β -Si0.0625Ga1.9375O3) appear. It is well
known that the imaginary part ε2(ω) is related to the electron
transition between the energy bands, so the peak of ε2(ω) can
be explained by the electronic structures. According to the
partial DOS in Fig. 3, the main peak of about 10 eV mainly
originates from the interband electron transition between the
Ga 4s state of the conduction band and the O 2p state of
the valence band, but the main peak edges (near to 5 eV) of
β -Ga2O3, β -Si0.0625Ga1.9375O3 and β -Sn0.0625Ga1.9375O3 are

different because their interband electron transitions are differ-
ent (the electron transitions of Ga 4s and O 2p for β -Ga2O3,
Si 3s and O 2p for β -Si0.0625Ga1.9375O3, and Sn 5s and O 2p
for β -Sn0.0625Ga1.9375O3). The small peak at about 0.9 eV
for β -Sn0.0625Ga1.9375O3 is mainly derived from the electron
transition between the Sn 5s state and the O 2p state in the
conduction band, and the small peak at about 1.05 eV for β -
Si0.0625Ga1.9375O3 is mainly derived from the electron tran-
sition between the Si 3s state and the O 2p state in the con-
duction band. The strength difference of the two small peaks
is mainly attributed to the different bonding structures: a Si
atom bonds with the four closest oxygen atoms but a Sn atom
bonds with the six closest oxygen atoms.
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The absorption coefficients α(ω) of β -Ga2O3, β -
Si0.0625Ga1.9375O3 and β -Sn0.0625Ga1.9375O3 in the x, y and
z directions are plotted in Fig. 5, and the insets are the par-
tial enlargement. As shown in Fig. 5, the absorption spectra in
the x-, y- and z-axis directions are mainly distributed between
5 eV and 17 eV, which are consistent with the imaginary parts
ε2(ω) of the complex dielectric function. The main peaks of
the absorption spectra along the x-, y- and z-axes are located
at 11.6 eV, 12.04 eV and 10.03 eV, respectively, and the peak
intensity gradually increases, which is slightly different from
the main peaks of the imaginary parts ε2(ω) due to the effect
of the real part ε1(ω) of the complex dielectric function. The
main peak shapes and intensities are different in the x, y and z
directions due to the anisotropy structure, but the peak shapes
of β -Ga2O3, β -Si0.0625Ga1.9375O3 and β -Sn0.0625Ga1.9375O3

in the same direction are hardly changed except for the edge
of the main peak, which means that the main peak is derived
from the same electron transition of the Ga 4s and O 2p states
and the edge of the peak is related to Si or Sn doping.

To analyze clearly the difference in the peak edge, the
spectra between 4.2 eV and 7 eV are also given in the in-
sets of Fig. 5. It can be observed that the optical absorption
edges of β -Ga2O3 in the x, y, and z directions are 4.753 eV,
5.152 eV and 4.646 eV, respectively, and this explains the
cause of the different experimental bandgaps (4.6–5.1 eV) of
β -Ga2O3 in the literature.[39,40] Moreover, the average optical
absorption edge of β -Ga2O3 is 4.85 eV, which is very close
to the bandgap (4.886 eV) of β -Ga2O3 from the band struc-
ture in Fig. 2. For β -Si0.0625Ga1.9375O3, the optical absorp-
tion edges in the x, y and z directions are 5.897 eV, 6.017 eV
and 5.64 eV, respectively, and the average optical absorp-
tion edge is 5.851 eV, close to the optical gap of 5.853 eV
in Fig. 3. For β -Sn0.0625Ga1.9375O3, the optical absorption
edges in the x, y and z directions are 5.592 eV, 5.813 eV
and 5.282 eV, respectively, and the average optical absorp-
tion edge is 5.562 eV, which is consistent with the optical
gap (5.586 eV) of β -Sn0.0625Ga1.9375O3, so the optical ab-
sorption edge can be described as a joint band structure be-
tween the Fermi level and the VBM. Further, it is noted that
the optical absorption edge in the y direction is the largest
among the three directions, and the average optical absorption
edge of β -Si0.0625Ga1.9375O3 is the largest among them. Fig-
ure 5 shows that two small absorption peaks of about 1.2 eV
in the x and z directions occur in β -Sn0.0625Ga1.9375O3, but
no obvious absorption peaks are found in β -Ga2O3 and β -
Si0.0625Ga1.9375O3. Therefore, β -Si0.0625Ga1.9375O3 has bet-
ter light transmittance in the deep-ultraviolet wavelength range
than do β -Ga2O3 and β -Sn0.0625Ga1.9375O3.

4. Conclusion
In summary, the energy band structures, densities of states

and optical properties of β -Ga2O3 and β -TM0.0625Ga1.9375O3

(TM = Si,Sn) are calculated and compared using the GGA+

U method based on DFT. The calculated bandgap, Ga 3d-state
peak and upper valence bandwidth of β -Ga2O3 are close to
the experimental results if the Hubbard U parameters are set
to 14 eV and 8.35 eV for the Ga d state and the O p state.
Si- and Sn-doped β -Ga2O3 tend to form under O-poor condi-
tions, and Si-doped β -Ga2O3 requires higher growth temper-
ature compared with Sn-doped β -Ga2O3 because of the large
bond length variation between Ga–O and Si–O, but Si-doped
β -Ga2O3 has better electron mobility and conductivity than
Sn-doped β -Ga2O3. Besides, the optical properties of Si- and
Sn-doped β -Ga2O3 show significant anisotropy, and the av-
erage optical absorption edge of Si-doped β -Ga2O3 is larger
than that of β -Ga2O3 or β -Sn0.0625Ga1.9375O3, so Si-doped
β -Ga2O3 has advantages over Sn-doped β -Ga2O3 for applica-
tions in deep-ultraviolet photoelectric devices.
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