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Two-dimensional (2D) Ga;O3 has been confirmed to be a stable structure with five atomic layer thickness configu-
ration. In this work, we study the quasi-particle electronic band structures and then access the excitonic optical properties
through solving the Bethe—Salpeter equation (BSE). The results reveal that the exciton dominates the optical absorption
in the visible light region with the binding energy as large as ~ 1.0 eV, which is highly stable at room temperature. Im-
portantly, both the dominant absorption P; and P, peaks are optically bright without dark exciton between them, and thus
is favorable for luminescence process. The calculated radiative lifetime of the lowest-energy exciton is 2.0x107 1! s at
0 K. Furthermore, the radiative lifetime under +4% tensile strain is one order of magnitude shorter than that of the strain-
free case, while it is less insensitive under the compressive strain. Our findings set the stage for future theoretical and

experimental investigation on monolayer Ga;O3.

Keywords: excitons, radiative lifetime, Ga;O3
PACS: 71.35.—y, 71.35.Cc, 31.15.ag, 73.43.Cd

1. Introduction

Gallium oxide (Ga,03) is an emerging ultra-wide
bandgap (~ 4.8 eV)!!! transparent semiconducting oxide.
There exist five polymorphs of GayOs, known as o, 3, 7,
8, and £.771 Among these five phases of Ga,O3, the mon-
oclinic B-Ga; 05 is the most thermodynamically stable struc-
ture and has attracted intensive research in photodetectors,
optoelectronic devices, sensing systems, photocatalysts, and
electrodes.®'% Unlike other ultra-wide bandgap semicon-
ducting materials, such as AlGaN, AIN, and diamond which
are difficult in large-scale synthesis, bulk crystal §-Ga, O3 can
be fabricated in a large volume and low production costs."!
These unique features promote $-Ga, O3 as an ideal candidate
for future applications.

In addition to bulk crystal $-GayO3, low-dimensional
structures, such as nanowires, nanorods, nanoribbons,
nanobelts, nanosheets, and nanoparticles have been grown
successfully.l”!4 Likewise, two-dimensional (2D) B-GayO3
has been obtained via mechanically exfoliated from the bulk

19-21] However,

crystal!'>-18] and epitaxial growth methods.!
the obtained 2D [-GayOs3 possesses the similar physical
properties to that of the bulk counterpart due to the large
thickness.!!>16 Recently, a 2D five-atom-thick Ga,O3 has
been investigated.!>>-?’! This 2D monolayer Ga,O3 adopts
the same structures as experimentally synthesized 2D III-
VI van der Waals (vdW) family members, e.g., Ga;S3 and

[28-311 These IM-VI structures usually have out-of-

In;Ses.
plane piezoelectricity*?! and ferroelectricity >33 due to the
asymmetric configuration. For Ga;O3 monolayer, Liao et
al. have discovered two configurations named ferroelectric
wurtzite (FE-WZ') and ferroelectric zinc blende (FE-ZB’),

with the FE-ZB'a little bit stable than FE-WZ'.[>3] They have

fCorresponding author. E-mail: sdwang@imu.edu.cn
© 2024 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/ad74e7

also found that the electronic and optical properties can be
tuned by strain, and the photoexcited electrons and holes are
separated within the layer.[>3] Meanwhile, a very high elec-
tron mobility in Ga,O3 monolayer have been reported.!>]
Zhao et al. have revealed the transition from ferroelectric
phase to antiferroelectric phase of bilayer Ga;O3 induced by
the tensile strain.’®*! Liu et al. have demonstrated a quite
low lattice thermal conductivity of monolayer Ga;O3 at room
temperature. 136!

In spite of having potential applications in

piezoelectricity, %! ferroelectricity, >335 water splitting, 37381
gas sensing,?>3°! and optoelectronics, [*?! the investigation of
electron—hole interaction is still lacking. For 2D atomically
thin monolayer like GayO3, the reduced dielectric screening
and quantum confinement effect enhance the electron—hole
Coulomb interaction, and thus electrons and holes form tightly
bound excitons. The strong excitonic effect dominates the in-
herent optical and optoelectronic properties of 2D materials.
More importantly, the exciton-related optical properties can
be tuned by external stimuli, such as electric field, magnetic
field, and strain, expanding the practical applications.!4!~43]

In this work, we investigate the excitonic effect of mono-
layer Ga,O3 by many-body perturbation theory. We firstly
computed the quasi-particle energies and then the optical ab-
sorption properties have been discussed, including the exciton
radiative lifetime and the exciton binding energies. Finally, the
strain tunable excitonic effect are also studied.

2. Computational and theoretical methods

The ground state properties in this work are performed
using the Quantum ESPRESSO package, [***] based on den-
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sity functional theory (DFT). The exchange—correlation in-
teraction was treated by the generalized gradient approxi-
mation (GGA) of Perdew—Burke—Ernzerhof (PBE).[0! The
cutoff energy for the plane-wave basis is set to 80 Ry
(1 Ry=13.6056923(12) eV). The Brillouin zone was sampled
using 46x46x 1 k-mesh with the Monkhorst—Pack scheme. A
vacuum thickness of 25 A was adopted along the z direction to
mimic the isolated 2D system. The phonon spectra are calcu-
lated by the density functional perturbation theory (DFPT)47]
implemented in Quantum ESPRESSO package. [***! The op-
timized norm-conserving Vanderbilt pseudopotentials from

48.49] are utilized for the valence electrons.

PseudoDojol

The quasi-particle energies EQ¥ are calculated within the
one-shot GW approximation (GoWy), where G is the one-
particle Green’s function and W is the screened Coulomb in-
teraction. The screening W is treated with the plasmon-pole
approximation.>°! The exchange and correlation parts are cut
by 60 Ry and 11 Ry, respectively, and 30 empty bands plus

311 is used to converge the re-

an extrapolar correction schemel
sults. The optical absorption properties are calculated by solv-
ing the Bethe—Salpeter equation (BSE).[>>33! 5 valence and 5
conduction bands around the band edges are included for the
calculation of the spectra. A 48x48x 1 k-point grid of is used
for the GW and BSE calculation. The excited property calcu-
lations are performed with Yambo code.[*3>!

The radiative lifetime of exciton is described by the Fermi

golden rule.59371 At 0 K, the radiative lifetime is character-
ized as follows:
R2cA
75(0) = 15(0) ! = ———, 1
50 =10 = g M)

where c is the speed of light, A is the area of the unit cell, Eg
is the excitation energy, and pg is the transition dipole mo-
ment of the exciton obtained from the BSE results. For finite
temperature, the lifetime is given by

3 <2MsCZkBT>

() (1) =50 < 3 (= @)

where kg is the Boltzmann constant, 7 is temperature, and Mg
is the effective mass of the exciton deduced from the quasi-
particle energies.

3. Results and discussion

In Fig. 1 we show the optimized structure of monolayer
Gay03 and the phonon dispersion spectrum. The relaxed lat-
tice parameter is @ = b = 3.08 A in the primitive hexago-
nal unit cell by GGA-PBE, agreeing well with the previous
results.[>33 The breaking of centrosymmetry of monolayer
Gay 03 introduces an intrinsic electric field [indicated by the
arrow in Fig. 1(a)], analogous to the Janus TMDs, 8! which
facilitates the photocatalysis.3”>° The calculated dipole mo-

ment is 0.547 Debye (1 Debye = 3.33564 x 10730 C-m), with

the direction is opposite to that of the electric field shown in
Fig. 1(a). The phonon dispersion spectrum in Fig. 1(b) demon-
strates the dynamical stability of monolayer Ga;O3. Also, pre-
vious results reveal that the dynamic stability of monolayer
Gay03 can be maintained even applying a large tensile strain
of +6%.123

Frequency (cm™1)

=

o

(=]
1

Side view

Fig. 1. Top and side views of monolayer Ga;O3 (a) and the phonon dis-
persion (b). The primitive cell is labeled by the blue solid line. The black
arrow denotes the intrinsic electric field. The Ga/O atom is depicted by
green (big)/red (small).

Figure 2 presents the projected and quasi-particle band
structures of monolayer Ga;O3. The monolayer Ga,0s is a
indirect band gap semiconductor, with the conduction band
minimum (CBM) locating at the I" point, mainly contributed
by the s orbitals of O and Ga atoms, as shown in Fig. 2(a).
The p, orbitals of O atoms dominate the valence band mini-
mum (VBM) at the K point [Fig. 2(d)]. The p, and p, orbitals
of O atoms and some of the d orbitals of Ga atom contribute
to the VBs at the I" point. The calculated direct band gap is
1.94 eV at the I' point, and indirect gap is 1.45 eV between
the K and the I" points by DFT-PBE. A striking feature is the
significant difference in effective mass between electrons and
holes, which is reflected by the dispersive conduction bands
and the relative flat valence bands around the gap. The quasi-
particle band structure is presented in Fig. 2(0) for the strain-
free Ga, O3, where the indirect band gap characteristic turns
into direct band gap one, with the GW gap of 3.52 eV. Under
the compressive of —4%, there also exist an indirect band to
direct band gap transition compared to the PBE results, shown
in Fig. 2(n), in which the valence bands around the I" point
move upward with respective to the pristine structure. The
reason for this is that the valence bands around the I" point are
dominated by the in-plane p, and p, orbitals of O atoms, and
the biaxial compressive strain modifies these in-plane orbitals.
Furthermore, a compressive strain of —4% can overcome the
energy difference of 0.1 eV between the K and the I" points
of the highest valence band, resulting in an indirect band to
direct band gap (3.64 eV) transition. When applying the ten-
sile strain of 4%, the band structure keeps its indirect bang gap
(2.77 eV) feature, as shown in Fig. 2(p), while the direct band
gap at the I" point decreases to 3.17 eV.
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Fig. 2. Projected DFT-PBE [(a)—(m)] and quasi-particle band structures with/without biaxial strain [(n)—(p)] of monolayer Ga;O3. The red and
blue arrows present the direct and indirect band gap, respectively. The VB, VB-1, VB-2, and VB-3 are marked out.

In Fig. 3 we present the optical absorption spectra with
the inclusion of electron—hole interaction by solving the BSE.
Both dominant Py and P, peaks, with/without strains, are com-
posed of two degenerate bound excitons due to the degenerate
valence bands at the I" point, as shown in Fig. 2. For strain-
free Gay O3, the first (the lowest-energy) absorption peak P
located at 2.57 eV is contributed from the transitions of VB to
CB and VB-1 to CB, while for the peak P;, the VB-2 also par-
ticipates in the transitions, giving rise to an excitation energy

separation of 0.16 eV between P and P, peaks. The exciton
binding energy composed of peak P; is 0.96 eV, with the exci-
ton radiative lifetime 2.3x 103 sat 77 K (2.0x 10! s at 0 K).
Under —4% compressive strain, the peak Py locates at 2.58 eV,
with the exciton binding energy of 1.06 eV. This peak posi-
tion has a slight blue-shift compared to the strain-free struc-
ture, owing to the minor changes of the band gap between CB
and VB/VB-1 at the I point under compressive strain. On the
contrary, the peak P, experiences a significant moving toward

107104-3



Chin. Phys. B 33, 107104 (2024)

high-energy regions, as large as 0.18 eV compared to that of
the structure without strain. As shown in Fig. 2(n), the large
splitting between VB/VB-1 and VB-2/VB-3 under compres-
sive strain causes the more obvious separation between P; and
P,. The radiative lifetime related to the lowest-energy exciton
is 6.3x107% s at 77 K (3.9x 107! 5 at 0 K), slightly longer
than that of strain-free structure. After applying tensile strain
of +4%, P and P, peaks get more closer (0.11 eV), and both

of them undergo a red shift compared to the pristine structure
due to the reduced band gap, as shown in Fig. 3(b). Most strik-
ingly, the oscillator strength under tensile strain is remarkably
enhanced, and the intensity of Py is higher than in P,. The
tensile strain renders the valence bands more closely together
at the I point, and thus the more degenerate valence bands

participate in the transitions related to P and P, peaks.

30} (a) E,=3.64cV ! 30 (b) Bg=3.52{eV 30p () Py Eg=3.1TeV]
< ol : o ol 1 < 25} :
= X 2 X P,
g 207 o 20r Py o 20
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Fig. 3. Optical absorption spectra with compressive strain of —4% (a), without strain (b), and tensile strain of 4% (c). The vertical red dashed
lines illustrate the quasi-particle band gap, and the P; and P, are the first two absorption peaks with the lowest energy, respectively.
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Fig. 4. Top and side views of the wave functions for excitons P; and P

in real space with/without strain. The hole position is indicated by the
red circle and the blue areas indicate the distributed electrons.

The height of peak, e.g., the oscillator strengths relate to
the joint density of states, JDOS. For monolayer GayO3, the
tensile strain significantly alters valence bands states at the I”
point (as shown in Figs. 2(n)-2(p), the valence bands at the I"
point become more flat from —4% to 4% strains), and thus the

more degenerate valence bands participate in the transitions re-
lated to P; and P, peaks, making the peaks more higher. The
binding energy of the exciton in P; is 0.91 eV, with the radia-
tive lifetime of 1.7x107% s at 77 K (1.3x107!2 s at 0 K), one
order shorter than that of the strain-free case due to the large
oscillator strength. In general, our calculated results discover
that all the dominant peaks Py and P, reside in the visible light
region, and the excitons that contribute to the dominant peaks
are optically bright, and further there is no optically dark ex-
citon between P; and P,. These characteristics are beneficial
for luminescence.

We now discuss the real space excitonic wave functions
for Py and P,, as shown in Fig. 4. Considering the excitonic
wave function distributions, we can find that the electron has
a high probability to be found on the lower part of monolayer
Ga;03, while the hole is localized in the O atom of the upper
part. For exciton Py, the wave function overlap between the
electron and hole is much stronger under —4% compressive
strain than that other two cases, leading to a more larger bind-
ing energy. We also notice that the excitonic wave functions
for P; and P, have different symmetry features, and compres-
sive strain of —4% significantly alters the exciton distributions
while tensile strain of +4% almost maintains them. These re-
sults indicate that strain can not only tune the electronic struc-
ture, but also alter the spatial distribution state of excitons in
monolayer Ga;Os.

4. Conclusion

In this work, we investigated electronic and optical prop-
erties of monolayer Ga;O3 using state-of-the-art first princi-
ples calculations. We discover that the exciton dominates the
optical absorption in the visible light region with the binding
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energy as large as ~ 1.0 eV, which is very stable at room tem-
perature. Importantly, both the dominant absorption P; and P;
peaks are optically bright without dark exciton between them,
and thus is favorable for luminescence process. The calculated
radiative lifetime of the lowest-energy exciton is 2.33x107% s
at 77 K (2.0x 107! s at 0 K). In the case of applied strain, we
find the +4% tensile strain can significantly alter the optical
absorption spectra, resulting in a large enhancement of the os-
cillator strength than pristine and compressive strain. Further-
more, the radiative lifetime under +4% tensile train is one or-
der of magnitude shorter than that of the strain-free case, while
it is less insensitive under the compressive strain of —4%. Our
findings build the platform for future theoretical and experi-
mental investigation on monolayer Ga,Os.
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