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The anisotropic dependence of radiation arising from exciton recombination in the Ga,Os/MoS,
heterostructure is investigated, using density functional theory and the Bethe—Salpeter equation. The
wurtzite (WZ) and zinc blende (ZB) structures of the Ga,Os monolayer with ferroelectric (FE) properties
are assembled with a MoS, monolayer. Projected band structure, charge transfer and life time of
excitons are discussed, to analyze which transition may be important to the creation of excitons from

the electron—hole pair. A general formula of the angle-dependent intensities of radiation is derived. The
Received 29th September 2022 haracteristics of angle-dependent intensities that are closely related to the dipol t of excit
Accepted 17th October 2022 characteristics of angle-dependent intensities that are closely related to the dipole moment of excitons
are discussed, from the viewpoint of in-plane and out-of-plane polarizations. These predictions on
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1 Introduction

The applications of deep-ultraviolet photodetectors have made
great progress in recent years. As one of the ultra-wide band gap
(4.6-4.9 eV)"* materials, gallium oxide (Ga,O3) has very unique
electronic and optical properties, which make it suitable to be
the building blocks of solar-blind photodetectors®**® and power
devices.”® According to different crystal structures, it can be
classified as five different polymorphs (o, B, v, 9, €).°™*

Among them, the stable B-Ga,O; based semiconductor
materials, are suitable for applications in next-generation power
electronic and optoelectronic devices. It is reported that
Schottky interfaces based on B-Ga,O; can realize a large
Schottky barrier height, which makes high-temperature opera-
tion possible.” A vertical-type Schottky photodetector based on
a (100)-oriented B-Ga,O; substrate has been fabricated with
simple processes of thermal annealing and vacuum evapora-
tion.™ Optoelectronic analysis reveals that the heterojunction
device is virtually blind to light illumination with wavelength
longer than 280 nm, assembled by coating multilayer graphene
on B-Ga,O; wafer." Self-powered solar-blind photodetectors
based on diamond/B-Ga,O; heterojunctions have been fabri-
cated successfully. These photodetectors can exhibit repeat-
ability and stability without any external power supply.'* What's
more, a deep UV photodiode is fabricated using a hetero-
junction between B-Ga,O; and GaN. The response time of the
photodiode is in the order of sub-milliseconds.*®
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and rational design of optoelectronic devices.

Besides the bulk $-Ga,03, with the rapidly growing synthesis
technology in recent years, as one of the building blocks of
functional devices, the two-dimensional (2D) van der Waals
materials have been regarded as a promising material for the
breathtaking through of nanotechnology and its applications.
B-Ga,O; films are grown on SrTiO; (100) substrate by a high-
vacuum MOCVD system.'” As the similar way in graphene,
mechanical exfoliation of the bulk B-Ga,O; by using an adhesive
tape is followed by plasma etching to tune its thickness.'® Feng
et al. report the successful fabrication of 2D Ga,0O; from the
corresponding GaSe nanosheets and a solar blind photode-
tector based on 2D Ga,0;. The as-prepared 2D B-Ga,0O; is
polycrystalline and has a thickness of less than 10 nm." As its
unusual asymmetrical structure of 2D Ga,0O3, by using selected
surface orientations, improving the selectivity and sensitivity of
gas sensors and release controlled by a ferroelectric switch
become possible.”** Meng et al. predict a stable hexagonal
phase of 2D Ga,O; and In,0;, by using a global searching
method based on an evolutionary algorithm, combined with
density functional theory (DFT) simulations.>

The devices based on van der Waals heterostructures widely
broaden the applications of these 2D ferroelectric materials. E.g.
high breakdown electric field in B-Ga,Os/graphene vertical
barrister heterostructure.,” Ga,03;/GaN heterostructural ultra-
violet photodetectors,*® deep-ultraviolet photodetection using
single-crystalline B-Ga,O3/NiO heterojunctions,*® ultrahigh
deep-UV sensitivity in graphene-gated f-Ga,O; photo-
transistors,® and PdCoO,/B-Ga,0; Schottky diodes for high-
temperature operation."?

Another emerging 2D semiconductors with a sizable direct
bandgap and novel physical properties are monolayer group VI
transition metal dichalcogenides (TMDs).””~*° Both theoretically
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and experimentally, light emitting devices based on TMDs have
been demonstrated low threshold.*® WSe,, WS,, MoSe, and
MoS, monolayers can be flexibly exfoliated onto the same SiO,/
Si substrate,* which makes it suitable to be the building blocks
of heterostructures.

Based on In,Se; and other III,-VI; van der Waals materials,
using first-principles calculations, Ding et al. discover a branch
of the 2D materials family, which exhibits room-temperature
ferroelectricity (FE) with reversible spontaneous electric polar-
ization in both out-of-plane and in-plane orientations.** In
addition, a novel 2D Ga,0O; monolayer is constructed and
systematically investigated by first-principles calculations. The
2D Ga,03; monolayer has an asymmetric configuration with
a quintuple-layer (QL) atomic structure, the same as the well-
studied o-In,Se;,** and is expected to be experimentally
synthesized.”® What's more, the mismatch of crystal lattice
between Ga,0; and MoS, monolayer is less than 3%.%*3*3°

In material engineering, one of the difficult task is
combining the best of different ingredients into one ultimate
device. Thereby, in this study, we propose a model of Ga,0Os/
MoS, heterostructure, using DFT and Bethe-Salpeter
equation.***® The wurtzite (WZ) and zinc blende (ZB) structures
of Ga,O; monolayer with ferroelectric (FE) properties are
assembled with MoS, monolayer. The projected band structure
and charge transfer are discussed, and explain the life time of
radiation from exciton recombination. The angle-dependent
intensities of radiation are derived, which is general and can
be applied to other similar systems. Finally, the characteristics
of angle-dependent intensities including in-plane and out-of-
plane polarization, are presented, which can be measured in
future experiments.

2 Methods

According to the Fermi's golden rule, the transition from
excited state |S) to ground state |G), arising from the electron-
photon interaction H™ can be written as,
27 2
v = (G Hin|S)["6(Es — hox) (1)
where vy represents the rate of emission of a photon with
angular frequency wy, and Es is the exciton energy. The
Hamiltonian describing the electron-photon interaction can be
expressed as,*

Hio = = [ dr! (A ) pu(0 @

where p is the electron momentum operator and the vector-
potential operator A(r) is,*

— h T -k
AD =2 2 \zrgelae ™ whel @)

where Zziﬁ , and dy; denote the creation and annihilation operators
for a phonon of with momentum k and vibrating direction e;.
With the relation between operators r and p (p = —im/A[r, H]),
inserting eqn (3) into (2), the rate in eqn (1) can be written as,
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In general, the unit vector of light propagating direction can
be set as e, = (sin @ cos ¢, sin 6 sin ¢, cos ). As the intensity of
emitting light with a given angle is proportional to the rate of
radiation, eqn (5) can provide angle-dependent polar plots of
the photoluminescence (PL) spectroscopy in experiments.
Furthermore, the contributions of intensity can be measured
experimentally in in-plane (IP) and out-of-plane (OP) directions,
respectively, as shown in eqn (6). The rate y of radiation can be
expressed as,

ES 3 eZ MZ

82hiteoc3

= YOJdQY(07 ) vo= (5)

Here, [dQ = [sin 6dfd¢ is the integral over solid angle. v,
is the rate constant independent of radiation angles, with u =
(G|r|S). And the angle-dependent function Y(6, ¢) is denoted as,

YO, ¢) = lew-e = Yied, &)+ Yor(0, ¢),  (6)

with the unit vector of in-plane polarization e;p = (sin ¢, —cos ¢,
0) and the unit vector of out-of-plane polarization eop = (cos ¢
cos ¢, cos d sin ¢, —sin 6).

Finally, the difficulty is to evaluate |(G|r|S)|, which is closely
related to the dipole moment of exciton. Based on the expan-
sion coefficient 4%, by solving the Bethe-Salpeter equation
(BSE), implemented in the BerkeleyGW codes,*>* the wave
function of an exciton is expressed as a linear combinations of
electron-hole transitions,

[S) = > AnnGonnl0) ?)

mnk

where 6;1( and ¢, denote the creation and annihilation opera-
tors for an electron in the n-th electronic state with momentum
k. The indices m and 7 run over all the conduction and valence
bands, respectively. Overall, with the exciton wave function, the
dipole moment of exciton can be obtained. The detail deriva-
tives of the above equations can be found in the ESI.{

3 Results and discussions

In this study, two kinds of Ga,0; monolayers with ferroelectric
(FE-WZ and FE-BZ) phases are included. As shown in Fig. 1b
and c, these two structures with five-atomic-layers QL stacking,
are demonstrated stable in In,Se;.** In addition, it is necessary
to considering the conventional ‘lattice mismatch’ issue, when
constructing vertical heterostructures using different 2D mate-
rials. The optimized lattice parameters of FE-ZB Ga,0; are a =
3.08 A with GGA-PBE.* For the bulk MoS,, the lattice parameter
is @ = 3.16 A,"* which means that the mismatch rate of MoS,
and Ga,0O; monolayers should be less than 3%. The energy-
distance (between MoS, and Ga,0O; monolayer) curve is also
plotted in Fig. 1a. In our calculations, the distance for the
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Fig. 1 (a) Energy-distance (between MoS, and Ga,Os monolayer)

curve for FE-ZB/MoS, and FE-WZ/MoS, heterostructure, marked with
red and blue point line, respectively. Top and side view crystal struc-
ture of FE-ZB (b) and FE-WZ (c) Ga,Os monolayer. Side view of FE-ZB/
MoS, (d) and FE-WZ/MoS, (e) heterostructure. The red, green, violet
and yellow balls denote O, Ga, Mo and S atoms, respectively.

relaxed FE-ZB/MoS, (Fig. 1d) and FE-WZ/MoS, (Fig. 1e) hetero-
structures are 3.58 A and 3.51 A, respectively.

3.1 Electronic structures and crystal stability

Before the investigations of excited states, it is necessary to
understand the electronic structures from the viewpoint of DFT.
To better study the electronic structure of Ga,O3/MoS, hetero-
structures, the atom-projected band structures and partial
density of states (PDOS) for both FE-ZB/MoS, and FE-WZ/MoS,
heterostructures are exhibited in Fig. 2. As reported in previous
literature, both FE-ZB and FE-WZ Ga,0O; monolayers have
indirect band gaps. For the FE-ZB/MoS, heterostructure, it is
still an indirect-band-gap semiconductor, the minimum of
conduction band (CBM) locates at I' point, while the maximum
of valence band (VBM) locates at K point. In the FE-WB/MoS,
heterostructure, both CBM and VBM locate at K point, which
make it a direct-band-gap semiconductor with smaller gaps. We
notice that, in the Ga,03/MoS, heterostructure, the predomi-
nant contribution of the conduction band comes from Mo
atoms of MoS,, while for the valence band, the oxygen atoms of
Ga,0; make the main contribution. This point can also be
verified by the corresponding PDOS in the right panel of Fig. 2.
This means that, in this Ga,03;/Mo0S, heterostructures, it seems
that, the electron should lie in the conduction band of MoS,,
while the hole should come from the valence band in Ga,0;. To
verify the stability of the heterostructure, the phonon band
structures are presented in Fig. 3. We notice that there are
totally 24 phonon branches, as there are 8 atoms in the unit cell.
In the plot of phonon band, the absence of imaginary phonon
modes indicates that, the crystal structure of the hetero-
structure of FE-ZB/MoS, and FE-WZ/MoS, heterostructures
could be dynamically stable.
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Fig. 2 Band structure and PDOS of (a) FE-ZB/MoS, and (b) FE-WZ/
MoS, heterostructures. The maximum of valence band (VBM) is set at
zero. Atom-projected band structures and PDOS are highlighted with
red, green, violet and yellow colors for O, Ga, Mo and S elements,
respectively.

3.2 Charge transfer and life time

As is known to all, the formation of exciton is closely related to
the electron-hole pairs, which can be reflected by the distri-
bution of charge density in the heterostructure and its interface.
The charge density difference Ap is defined as:

Ap = pan — PGa,0, — PMosS, (8)
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Fig. 3 Phonon band structure of (a) FE-ZB/MoS, and (b) FE-WZ/MoS,
heterostructures.
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Fig. 4 Side view of calculated charge density difference of (a) FE-ZB/
MoS, and (b) FE-WZ/MoS, heterostructures. The yellow and cyan
colors represent charge accumulation and loss, respectively.

where p,; represents the charge density of the G,05/MoS, het-
erostructure, while pg, 0, and puos, denote the charge density of
G,0; and MoS, monolayers, respectively. From the side view of
charge density difference in Fig. 4, the charge transfer mainly
happens in MoS, monolayer. The charge moves from the
outside part of MoS,, and accumulates in the interface, near the
inside part of MoS,. Compared with MoS,, the charge density
difference of G,0; monolayer changes very little, and mainly
happens on the lowest oxygen layer, close to the interface.

As a supplement to the charge density difference, the exciton
wave functions are provided. Taking the Tamm-Dancoff
approximation by considering only valence to conduction band
transitions, the wave function in real space can be expressed as:**

Ve, 1) =D At (m)¥a(re). )

cvk

Here, r. and ry, denote the position of electron and hole in an
electron-hole pair. As shown in Fig. 5, the wave function of
exciton mainly locates on the Ga,O; monolayer, in both the
lowest-energy S, and second-lowest S, exciton states. This point
is demonstrated by the charge density difference Ap, which
happens mostly in the same monolayer of the heterostructure,
rather than interlayer. Compared with the flat and spreading
status of S, the wave function of S, appears much more local-
ized, with two accumulation center in the supercell of 10 x 10.

The radiative life time (1/y) of the lowest S; and second S,
lowest-energy excited states for FE-ZB/MoS, and FE-WZ/MoS,
heterostructures are summarized in Table 1. The radiation of
exciton is closely related to the lower-energy bright states. In our
Ga,0;3/MoS, heterostructure, the S; is nondegenerate, while S,
and S; are doubly degenerate. As comparison, the lowest-energy

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Top and side view of calculated exciton wave functions of FE-
ZB/MoS,; heterostructures for the lowest-energy S; (a) and second-
lowest S, (b) exciton states. The position of hole is fixed in the center of
MoS, monolayer of the heterostructure. The wave function is visual-
ized in a supercell of 10 x 10.

Table 1 The radiative lifetime (1/y) of FE-ZB/MoS, and FE-WZ/MoS,

heterostructures

System Es (eV) Lifetime (ns)
FE-ZB/MoS, S; (1.27) 554
FE-ZB/MoS, S, (2.00) 93
FE-WZ/MoS, S; (1.23) 519
FE-WZ/MoS, S, (1.95) 90

exciton states (S; and S,) of Ga,O; monolayer are doubly
degenerate (for FE-ZB Ga,0; monolayer Es = Eg, = 3.15 eV, for
FE-WZ Ga,O; monolayer Eg = Eg, = 3.38 eV), which is related to
the two equivalent K and K points in the reciprocal lattice.
Compared with the large exciton energy (more than 3.0 eV) in
Ga,0; monolayer, the energy of S; in the heterostructure is
about 1.2-1.3 eV. And as the doubly degenerate property and
larger exciton energy, the life time of S, (~90 ns) is much shorter
than that of S; (~500 ns) in both FE-ZB/MoS, and FE-WZ/MoS,
heterostructures. In spite that our calculation can not give exact
quantitative results, it still can provide qualitative guidance in
future experiments.

3.3 Angle dependence of radiation

To further understand the anisotropic radiation of exciton, the
angle-dependent intensity is investigated, the results of which
can be compared with that in experiments. In a polar coordinate
system, the propagating direction of light with k vector can be
written as, ex = (sin 6 cos ¢, sin 6 sin ¢, cos ), with polar angle ¢

RSC Adv, 2022, 12, 30322-30327 | 30325
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and azimuth angle ¢. As shown in Fig. 1, the x and y axes are on
the plane of MoS, and G,O; monolayers. The polarization
direction ey, of the light can be expressed as the in-plane (IP)
and out-of-plane (OP) unit vectors, with e;p = (sin ¢, —cos ¢, 0),
and egp = (cosfcos¢, cosfsing, —sinf). In general, the
contribution from IP and OP polarizations can be written as:

2

By I
Yie(0, ¢) = yo|—sin ¢ — —cos ¢| (10)
u ©
2
Yor(8, &) =1, %cos 0 cos ¢ + %cos 0 sin ¢ — %sin 6] . (11)

Fig. 6 shows the polar plots of the angle-dependent intensi-
ties for radiation of the lowest-energy exciton, with specific
polar angle (f = 0, 45, 135° for FE-ZB/MoS, and FE-WZ/MoS,
heterostructure, respectively. We notice that, for the intensity of
IP polarization, it does not depend on the polar angle 6, only the

(b)

° 180

Total

(d)

° 180

270° 270°

Fig. 6 Polar plots of the angle-dependent intensities for radiation of
the lowest-energy exciton (S;), with specific polar angle @ [for (a and b),
6 = 0°, for (cand d), § = 45°, for (e and f), § = 135°]. The left (a, c and e)
and right (b, d and f) panels are for FE-ZB/MoS, and FE-WZ/MoS,
heterostructures, respectively. The maximum scale range of the
intensities in the polar plots is 2 x 10> ns™%.
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function of azimuth angle ¢. Both IP and OP intensities have
two maxima, the connecting line of which are perpendicular to
each other. When 6 = 0°, the total intensity is isotropic, which
means that the two contributions from IP and OP are equal. As
shown in eqn (11), when the polar angle § = 0°, there is no
contribution from z direction, which means that the OP polar-
ization lies on the x-y plane, as the IP polarization dose. When
the polar angle § = 45° (Fig. 6¢ and d), for the OP polarization,
the intensity of one maximum is much larger than another one.
Thus, the total intensity is anisotropic, obviously depending on
the azimuth angle ¢. When the polar angle § = 135° (Fig. 6e and
f), the configuration of radiation is similar, but the position of
maxima just simply reversed. For FE-ZB/MoS, and FE-WZ/MoS,
heterostructures, their configuration of radiation are similar,
and the main difference comes from the locations of maxima.
From eqn (10) and (11), we notice that, the maxima of intensi-
ties depend on the dipole moment vector, which can be
demonstrated by experiments. In other words, the radiation of
IP and OP polarizations can be measured in experiments. With
these configurations of radiation, the dipole moment of exciton
can be measured indirectly.

4 Conclusions

We have investigated the anisotropic dependence of radiation
arising from exciton recombination in Ga,03;/MoS, hetero-
structure, using density functional theory and Bethe-Salpeter
equation. The FE-ZB and FE-WZ structures of Ga,O; monolayer
with ferroelectric properties are assembled with MoS, mono-
layer. From the projected band structure, we find that the
predominant contribution of the conduction band comes from
Mo atoms of MoS,, while for the valence band, the oxygen atoms
of Ga,0; make the main contribution. The charge transfer and
wave function of exciton reveal that, the charge density differ-
ence happens mainly in the same monolayer of the hetero-
structure. The life time of doubly degenerate S, (~90 ns) is
much shorter than that of S; (~500 ns) in both FE-ZB/MoS, and
FE-WZ/MoS, heterostructures. The characteristics of angle-
dependent intensities are discussed. We find that, the
maxima of intensity depend on the dipole moment vector,
which can be demonstrated by experiments. These predictions
on radiation of Ga,O3;/MoS, heterostructure should guide
rational design of optoelectronic devices in low dimensional
systems.
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