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Two-dimensional ferroelectric MoS,/Ga,0x
heterogeneous bilayers with highly tunable
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Two-dimensional van der Waals heterostructures with strong intrinsic ferroelectrics are highly promising
for novel devices with designed electronic properties. The polarization reversal transition of the 2D ferro-
electric Ga,O3 monolayer offers a new approach to tune the photocatalytic and electrical properties of
MoS,/Ga,O3 heterogeneous bilayers. In this work, we study MoS,/Ga,O3 heterogeneous bilayers with
different intrinsic polarization using hybrid-functional calculations. We closely investigate the structural,
electronic and optical properties of two stable stacking configurations with opposite polarization. The
results reveal a distinct switch from type-I to type-Il heterostructures owing to polarization reversal tran-
sition of the 2D ferroelectric Ga,O3 monolayer. Biaxial strain engineering leads to type-I-to-Il and type-II-
to-Ill transitions in the two polarized models, respectively. Intriguingly, one of the MoS,/Ga,0O= hetero-
layers has a larger spatial separation of the valence and conduction band edges and excellent optical
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absorption ranging from infrared to ultraviolet region under biaxial strain, thus ensuring promising novel
applications such as flexible electrical and optical devices. Based on the highly tunable physical properties
of the bilayer heterostructures, we further explore their potential applications, such as photocatalytic

rsc.li/nanoscale water splitting and field-controlled switch channel in MOSFET devices.
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1 Introduction

The successful exfoliation of graphene monolayer stimulates
the enthusiasm of research on two-dimensional (2D) van der
Waals (vdW) materials." In the past two decades, several
groups of 2D vdW crystals have been successfully synthesized
under ambient conditions, such as hexagonal boron nitride
(h-BN),? transition metal dichalcogenides (TMDCs),>* and 2D
layered metal oxides.>® Furthermore, 2D vdW heterostructure
can be formed by vertically stacking various 2D vdW crystals
together through the vdW interlayer interaction.” A far greater
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number of possible combinations and unprecedented com-
plexity have triggered exciting advances in both fundamental
physics®® and emergent technological applications.'®™"> More
specifically, owing to the natural advantages of 2D vdW struc-
tures, including self-cleaning mechanism,"* ultra-thin charac-
teristics," and inhibiting surface scattering, carefully
assembled 2D vdW heterostructures by design are considered
to be highly promising structures for future electronics, like
tunneling device, photovoltaic junction, light-emitting diode
and plasmonics.'”>*”

Ferroelectricity is a material property related to the pres-
ence of a spontaneous electric polarization originated from
the centrosymmetry breaking of the atomic structure.'®
Conventionally, the out-of-plane ferroelectricity is suppressed
in 2D vdW materials because of the “polar instability” effect."
However, the existence of stable ferroelectrics in 2D In,Se;
monolayer was successfully predicted by recent density func-
tional theory (DFT) study,” and soon afterward, layered ferro-
electric a-In,Se; nanoflake was successfully fabricated via vdW
epitaxy.>! It has been shown that ferroelectric zinc blende
(FE-ZB’) In,Se; exhibits intrinsically intercorrelated in- and
out-of-plane polarization, which means in- and out-of-plane
polarization change simultaneously by applying an external
electric field.”®** This unique feature can be utilized in high-
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density devices for multi-functional applications such as

actuators, non-volatile memories and field-effect
23-25

sensors,
transistors.

At present, obtaining material structures from known
materials by atomic substitution has been widely used to
create and compare compounds in the same element group
with the same or similar structure, and provides guidance
for experimental chemists to explore new materials and
applications. As a metal oxide, Ga,O3 is a complementary
metal oxide semiconductor (CMOS) compatible material,
which can be more suitable for the field of electronic devices
than In,Se;. Therefore, a 2D ferroelectric configuration of
Ga,03; monolayer analogous to FE-ZB’ In,Se; was initially
proposed in our previous work,>® and extensively studied by
us afterwards.?’ 2° The results show that FE-ZB’ Ga,O5 has a
larger band gap (3.19 eV) than FE-ZB’ In,Se; (1.37 eV) and
exhibits stronger ferroelectricity. Although FE-ZB’ Ga,O; has
a higher potential energy of 0.043 eV per atom than mono-
layer B-phase, it is highly likely to be observed in as-grown
products due to the kinetic trapping effect of bottom-up syn-
thesis methods.”” The FE-ZB’ Ga,0; monolayer exhibits
indirect-to-direct transition of band gap and enhanced elec-
tron mobility by biaxial strain engineering.?® Moreover, the
wide band gap (~3.19 eV) and the intrinsic dipole moment
can promote the spatial separation of electron and hole gen-
erated by photon absorption®® and meanwhile, lead to some
promising applications such as the reusable NO gas
sensor.>®

MoS, monolayer as an important 2D TMDC, has attracted
tremendous attention because of its appreciable semiconduct-
ing band gap of ~1.9 eV and potential application in elec-
tronics and optoelectronics.’** It has been successfully
demonstrated in a recent experiment®* that amorphous 2D
Ga,0; nanolayer (a-Ga,03) can be stacked with layered MoS, to
build a 2D vdW MoS,/Ga,0; heterostructure, and a field effect
transistor (FET) based on such heterostructure has an excellent
non-PN rectification effect. Therefore, MoS,/Ga,O; hetero-
structure consisting of a MoS, monolayer and a FE-ZB’ Ga,03
monolayer is of great research interest and can provide useful
insights to the 2D vdW heterostructures with built-in
ferroelectrics.

In this work, we use state-of-the-art ab initio calculation to
investigate the 2D vdW MoS,/Ga,0; heterostructures. First,
depending on the orientation of out-of-plane polarization of
the FE-ZB’ Ga,03, two dipole models are studied and the most
stable stacking configurations are identified. Second, we sys-
tematically study the structural, electrical and optical pro-
perties of these two stable configurations. A high electron
mobility of MoS,/Ga,031 along the [110] direction is revealed.
The high tunability of the electronic and optical properties can
be achieved by biaxial strain engineering and switching of the
dipole models. Finally, based on the physical properties of the
heterobilayers, we discuss in detail on potential application for
solar energy conversion as a photocatalytic system, and a feas-
ible switching device model controlled by external electric
field.
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2 Methods — computational details

The ab initio calculations were conducted using Vienna Ab initio
simulation package (VASP) code.’® The projector augmented-
wave method was used to describe the interactions between
ions and electrons.*® A plane-wave cutoff energy of 520 eV was
used in structural optimization, while the much higher cutoff
energy of 700 eV was used in static self-consistent calculations.
The hybrid functional of Heyd-Scuseria-Ernzerhof (HSE06)*”*®
with default 25% Hartree-Fock fraction was used throughout
this work including relaxation processes. The atomic force con-
vergence criterion was set to 0.01 eV A™', and the energy conver-
gence of the self-consistent electronic loop was set to 107° eV
per cell in the structural optimization, while 107° eV per cell in
the following static calculations. A I'-centered 9 x 9 x 1 k-mesh
grid was used for sampling the first Brillouin zone. The
Grimme’s scheme (DFT-D3)*° was considered for the vdW cor-
rection. In order to avoid the interaction between layers, 20 A
vacuum thickness is used in the z-axis direction. A linear dipole
correction was introduced to correct the errors introduced by
the periodic boundary conditions. The band structure and
optical properties were analyzed partially with the VASPKIT*®
package. VESTA"! package was used for visualizing the atomic
configurations and charge densities.

3 Results and discussion
3.1 Structural properties

Before investigating MoS,/Ga,0; heterobilayers, as reference,
the structural properties of the individual MoS, and FE-ZB’
Ga,0; monolayers are reviewed first. The relaxed in-plane
lattice constants of MoS, and Ga,03; monolayers are 3.12 and
3.02 A, respectively, with a lattice mismatch of 3.31%.

There are two different dipole models of the heterobilayer
depending on the dipole direction of the Ga,0; monolayer
(pointing from top to bottom surfaces). Herein we use the
notations, MoS,/Ga,03;1 and MoS,/Ga,03l, to distinguish the
up and down dipole models, respectively, as illustrated in
Fig. 1a and b. The optimized lattice constants of MoS,/Ga,0;
bilayers are a = b = 3.06 A, close to the average lattice constant
of two monolayers.

We consider all six possible high-symmetric stacking struc-
tures for each dipole model (twelve in total) as we have done in
the previous report,”>** and the corresponding models are
shown in Fig. S1 and S2.f We define the stacking sites of the
Ga,0; layer as (1) site A - central O and bottom Ga atoms; (2)
site B - top and bottom O atoms; and (3) site C - top Ga atom.
In this way, the stacking structures of the upper MoS, layer are
labeled with the subscript stacking sites as, for example,
MocS,. Among all the high-symmetric stacking structures,
MoS,/Ga,051-MoS, and MoS,/Ga,03/-MoS, are the most
stable ones, as shown in Fig. 1. Interestingly, both dipole
models have the same vertical stacking arrangements: the
hollow site of MoS, faces the site B of Ga,O3; the S atom faces
the site A; and the Mo atoms faces the site C. The results show

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 The most stable stacking structures of bilayers: (a and c) MoS,/
GayO3t and (b and d) MoS,/Ga;0sz|. The Mo, S, Ga and O atoms are
colored in purple, yellow, green, red, respectively. The directions of
dipole moment are indicated by the orange arrows in (a) and (b). The
black parallelograms indicate the primitive cells in (c) and (d).

that all the stacking configurations with the upper S atoms
right above the lower O atoms are not stable since the same
charged centers get relatively close to each other. The other
configurations have relatively small energy differences of less
than 7 meV per unit cell, as shown in Tables S1 and S2.f We
use MoS,/Ga,0;1 and MoS,/Ga,0;| herein to refer to the two
most stable structures, respectively.

The optimized interlayer distances of the MoS,/Ga,051 and
MoS,/Ga,05] are 2.73 and 2.72 A (vertical distances between
the facing O and S atoms), respectively, and the binding ener-
gies (Epinding) are —42.02 and —44.05 meV A respectively.
The negative binding energies demonstrate the energetic stabi-
lities of the MoS,/Ga,0; heterostructures. We note that the
binding energies in this work are larger than the vdW binding
energy range of ~—20 meV A™> suggested in Refs. 44, 45,
because the hybrid functional and vdW correction adopted
here (see Computational details) are different. Nevertheless,
the interlayer interaction is predominant by vdW interaction,
because the long interlayer distances and only marginal
charge transfers (less than 0.01 e per unit cell) identified by
Bader charge analysis® are both typical for a vdW interaction.
Moreover, the further detailed analyses on the electronic struc-
tures can provide useful information as well.

An ab initio molecular dynamics (AIMD) simulations at
300 K were conducted for (3 x 3) supercells to verify the ther-
mostability of MoS,/Ga,0; heterostructures under relaxed
station and 6% tensile strain.*” As shown in Fig. S3,7 the temp-
erature and total energy of systems during AIMD simulations
fluctuate with small ups and downs, indicating the excellent
thermostability. After 5 ps AIMD calculations at 300 K, the
atoms only have tiny displacements from their original equili-

This journal is © The Royal Society of Chemistry 2022
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brium positions and no structural corruption are observed.
After going through an extra structural relaxation, the distorted
structure can basically return to its original well-symmetrical
structure. Hence, the excellent thermostability is confirmed
for MoS,/Ga,0; heterostructures.

3.2 Electronic properties

The HSE06 band gaps of the relaxed MoS, and FE-ZB’ Ga,0;
monolayers are 2.35 and 3.19 eV, respectively, consistent with
the previous calculations.”®** The in-plane lattice constants
(3.06 A) of the bilayers lead to compressive strain on MoS,
layer, while tensile strain on Ga,O; layer. Generally, it is
expected that this initial strain further results in an opposite
effect on the individual band gaps of the monolayers.
Therefore, the band gap of MoS, in the bilayer system is larger
than that of the relaxed monolayer,** while the counterpart of
Ga,0; will be smaller.?®

As shown in Fig. 2a, M0S,/Ga,0;1 has a direct band gap of
2.63 eV. The valence band maximum (VBM) and conduction
band minimum (CBM) are located at the high-symmetric K
point. MoS, layer contributes the most to the valence band
region near VBM and the conduction band region near CBM,
as indicated by the red-colored bands in Fig. 2a. So MoS,/
Ga,031 belongs to the straddling type-I semiconductor hetero-
structure with very small VB and CB offsets of 0.13 and 0.37
eV, respectively.

The detailed analysis of the projected band structure
reveals that VBM (K) is mainly composed of in-plane Mo-4d,y/
d.»_y» and small fractions of S-3p,/p, orbits, while CBM (K) is
largely composed of Mo-4d,./5s and only trace amount of
S-3py/p. orbits. The detailed orbital occupancy diagram is
shown in Fig. S4.1 The average electrostatic potential curve of
MoS,/Ga,0;1 along the z-axis is shown in Fig. 2c. The vacuum
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Fig. 2 Band structure of (a) MoS,/Ga,0Os1 and (b) MoS,/Ga,Os] hetero-
structures. The VBMs are leveled to zero eV. Averaged electrostatic
potential of (c) MoS,/Ga,0O31 and (d) MoS,/Ga,0z] along the z-direc-
tion. In (a and b), the contribution strength from Ga, O, Mo and S orbitals
are colored in blue, cyan, red and green, respectively.
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potential difference between the upper and lower surfaces of
the bilayer systems (the offset in the electrostatic potential
curve, the A® of MoS,/Ga,051 is 3.26 eV). Compared to the
Ga,03; and In,Se; monolayer, the A® of MoS,/Ga,031 is
slightly lower than that of Ga,O; monolayer (3.47 €V),>® but
still much higher than that of In,Se; monolayer (1.37 eV).>°

As shown in Fig. 2b, MoS,/Ga,03] has an indirect band gap
of 0.07 eV, showing a heavily staggered type-II heterostructure
feature. The VBM is located at the high-symmetric K point con-
tributed by MoS,, and CBM is located at I point contributed
by Ga,0;. Therefore, MoS,/Ga,0;] heterostructure has the
band edges spatially separated by the vdW interlayer gap.
Unlike the MoS,/Ga,0;1 bilayer, the CBM (I') is composed of
Ga-4s/4p, and O-2s/2p, orbitals. The detailed orbital occupancy
diagram is shown in Fig. S5.1 The electrostatic potential curve
of MoS,/Ga,0;] along the z-axis is shown in Fig. 2d, where the
A® of MoS,/Ga,0;/ is 2.58 eV.

The band gap of MoS,/Ga,0;1 and MoS,/Ga,03| have a sig-
nificant difference attributed to the ferroelectric nature of the
FE-ZB’ Ga,0;, which is consistent with the previous obser-
vation in WSe,/In,Se; heterojunction.® Similarly, WSe, and
MoS, belong to paraelectric TMDCs, while both the FE-ZB’
In,Se; and Ga,O; have ferroelectric properties. Comparing
Fig. 2a and b, the energy band of MoS, is pulled up by ~3 eV
relative to Ga,O; in MoS,/Ga,03] due to the change of spon-
taneous dipole direction. Since the dipole direction of the
heterostructure can lead to the significant difference of the
band gaps, a simple switch model can be constructed by apply-
ing an out-of-plane electric field, which will be discussed in
the last section.

3.3 Carrier mobility

The carrier mobility not only affects the photocatalytic
efficiency but also plays as one of the most important para-
meters for determining the performance of electronic
devices."****? The calculated electron and hole effective
masses of Mo0S,/Ga,0;1 are 0.43 and —5.52 m, (m, is the free-
electron mass), respectively, along the [110] direction of the
hexagonal cell. The hole effective mass is a factor of ~13 times
larger than that of electron. It can also be seen from the band
structure in Fig. 2a where the curvature of VBM is much flatter
than the CBM counterpart.

Based on the deformation potential theory, the electron
mobility of 2D Ga,0; and MoS, heterostructure was calculated
by:26,50

o eh3 Csp
a kgTm” de(ijC ’

(1)

Hop

where e is the electron charge, 7 is the reduced Planck con-
stant, kg is the Boltzmann constant, T is the room temperature
set to be 300 K, and mygq is the average effective mass. mq can be
calculated by

myg = ,/m y (2)
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and C,p, is the elastic modulus:

1 9’E
Cop =—— 3
b AO 882 ’ ( )

where E is the total energy of the system, ¢ is the lattice strain,
and A, is the in-plane 2D area of the optimized cell. Egp is the
deformation potential constant (dpc), calculated by

Edpe = AEcpum/, (4)

where AEcpy is the energy difference of CBM induced by
lattice strain.

The directions of [110] and [110] in the real space corres-
pond to I'-M and I'-K in the reciprocal space, respectively. As
indicated by the calculated data in Table 1, the electron mobi-
lities of Mo0S,/Ga,051 are about 1.5 times of the ones of MoS,/
Ga,03!l. This is because the lowest conduction band in [110]
and [110] direction of MoS,/Ga,0;| is mainly located on the
Ga,0; layer, while MoS,/Ga,0;1 is mainly located on the MoS,
layer, as shown in Fig. 2, which leads to different effective
mass and deformation potential constant. Even though, the
electron mobility is close to 2000 cm®> V™' s™*, which obviously
exceeds MoS, monolayer (~ 200 cm* V" s7).>!

In order to better observe the influence of CBM in different
layers on the electron mobility, the real-space probability dis-
tribution at CBM of these two heterostructures are shown in
Fig. S6.7 Overlapping wave functions and bonding character-
istics of MoS,/Ga,0;1 are stronger than MoS,/Ga,0;l, which
corresponds to the higher electron mobility.

3.4 Biaxial strain engineering

In 2D materials, energy band structure, electrical and optical
properties can be tuned by applying in-plane strain.****°* This
strain effect has a guiding significance for exploring novel
physics in 2D materials and the applications of flexible
devices.” In this section, we focus on the tunable structural
and electronic properties of the MoS,/Ga,0; bilayers via
biaxial strain engineering.

The band structures of MoS,/Ga,03;1 under biaxial strains
ranging from —6% to 6% are shown in Fig. 3. Not only the
transition from the type-I to type-II heterostructure but also
the indirect-direct transition of the band gap are observed.
From the compressively strained to non-strained state, the
CBM changes from the k-point in between K and I to the high-
symmetry K point as shown in Fig. 2a and 3c. Within the calcu-
lated strain range, we note that the CBM is always contributed

Table 1 Calculated electron mobility pop (cm? V™ s7%) of the MoS,/
Ga,O5 heterostructure along the [110] and [110] directions. Note that all
calculations used the HSE06 hybrid functional.®

m* Eqpe Cop Ha2p
Materials (my) (eV) (J m™?) (em®>Vv~'s™)
MoS,/Ga,0;1 [110] 0.428 —3.198 284.785 3254
MoS,/Ga,0;1 [110] 0.426 —3.194 270.055 3107
MoS,/Ga,0;] [110] 0.417 —4.471 283.141 1761
MoS,/Ga, 03] [110] 0.407 —4.171 268.372 1965

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Band structures (left panels) and band alignment diagrams (right panels) of MoS,/Ga,0Os1 heterostructure with biaxial strains of (a) —6%, (b)
—4%, (c) —2%, (e) 2%, (f) 4%, and (g) 6%. In (a—f), the orange and purple arrows indicate the indirect and direct band gap, respectively.

by the MoS, layer. The VBM is always located at the high-sym-
metry K point. In the tensile strains range from 0% to 6%, the
VBM shifts from MoS, to Ga,0;, which further leads to the
type-I — type-II transition of the bilayer heterostructure.

In contrast, the band structures of MoS,/Ga,0;| under
biaxial strain reveal a type-II — type-III transition, as shown

in Fig. 4. From compressive to tensile strain, the shape of
the VB edge contributed by the MoS, layer changes signifi-
cantly. The I'-point VB edge rises against the K-point VB
edge and becomes the VBM at the biaxial strain of 2%.
Meanwhile, the VBM (I') overlaps with the CBM (I') from the
Ga,0; layer.
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Fig. 4 Band structures (left panels) and band alignment diagrams (right panels) of MoS,/Ga,Os| heterostructure with biaxial strains of (a) —6%, (b)
—4%, (c) —2%, (d) 2%, (e) 4%, and (f) 6%. In (d—f), the black dashed lines indicate the VBM and CBM bands are crossing each other near I" point.
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tance of MoS,/Ga,031 and MoS,/Ga,Os| versus biaxial strains, respect-
ively. In (a), the dashed line and hollow square show the indirect band
gap in the corresponding strain range, while the solid line and square
indicate the direct band gap.

As shown in Fig. 5a, with the biaxial strains changing from
—6% to no strain case, the band gap of MoS,/Ga,0;1 increases
first, reaching the maximum value of 2.57 eV at 0%. Since
both CBM and VBM are contributed by the MoS, layer (see
Fig. 3), the tendency here is expected to be very similar to the
results of the MoS, monolayer under compressive strain.>> The
difference is seen in the tensile strains ranging from 2% to
6%, as the VBM is replaced by the Ga,O; layer. Overall, the
band gap remains to be direct and linearly decrease to 0.8 eV
at 6%. On the contrast, the overall band gap of MoS,/Ga,03|
model changes very little under compressive strain. From 2%
to 6%, the band gap breaks at the I" point where the VBM of
the MoS, is above the CBM of the Ga,O;.

Fig. 5c shows the correlation between the vacuum level
difference (A®) and the biaxial strain. The A® of Mo0S,/Ga,031
remains almost unchanged, which is similar to the result of
Ga,0; monolayer.>® However, the A® of Mo0S,/Ga,0;| changes
much more sensitively with the biaxial strain. Moreover, the
nonmonotonic relation is seen here: the A® of MoS,/Ga,0;|
increases from 2.37 eV to the maximum value of 2.58 eV in the
range of —6% to 0%, and decreases to the minimum value of
2.07 eV at 6%.

The binding energy of MoS,/Ga,0; heterostructure is calcu-
lated by:>**’

EGa2 O3

MoS, /Ga, 0
Ebinding = (E T — Bl

total

—BR)/s ()

MoS, /Ga, 03

where E represents the total energies of the MoS,/

Ga,0; heterostructure, EtGOZ?* and E?ggjz are the energies of
Ga,0; and MoS, monolayer relaxed under certain biaxial
strain, respectively, and S is the in-plane area of the unit cells.
As shown in Fig. 5b, the binding energies fall into approxi-
mated quadratic-inverse curves, because the in-plane area S
increases as a quadratic function of biaxial strain, while the
vdW interaction strength remains almost unchanged to biaxial
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strain. The results also validate the vdW nature of the inter-
layer interaction as discussed in section 1. The interlayer dis-
tance of Mo0S,/Ga,05;1 and MoS,/Ga,03] both show a decreas-
ing trend as expected, shown in Fig. 5d.

3.5 Optical properties

In order to further study the photon absorption capacity of
MoS,/Ga,0; bilayers, we calculated their absorption spectra
under different strains. The absorption coefficient a(E) can be
obtained by:**

a(E) = @ { [(812 + 822)1/2—81} }1/2’

where o is the photon frequency, ¢; and ¢, are the real and
imaginary parts of the dielectric function, respectively, E is the
photon energy, and c is the speed of light. As shown in Fig. 6a
and b, MoS,/Ga,0; bilayers have excellent photon absorption
capability under ultraviolet light range. Under tensile strain,
the enhanced light absorption is observed in the visible-light
range (1.63-3.1 eV). This is owing to gap narrowing at the
same k point, which can be observed in Fig. 3 and 4. Under
tensile strain, MoS,/Ga,0;] has around 5% adsorption coeffi-
cient in the infrared region (0.7-0.5 eV) owing to the broken
band gap of the heterostructure. Under strain conditions,
MoS,/Ga,0;] has a good photon absorption ability ranging
from infrared to ultraviolet region, ensuring its potential appli-
cation in the field of optoelectronic devices. We also calculated
the squared transition dipole moment (P?),*® as discussed in
Fig. S7.

(6)

3.6 Photocatalytic and electrical applications

So far, we have systematically studied the structural, electronic
and optical properties of the two stable configurations of the
ferroelectric MoS,/Ga,0; heterobilayers. Several unique and
desired features, such as small interlayer lattice mismatch,
large electron mobility, highly tunable band alignment and
optical absorption, can lead to promising utility of the hetero-
bilayers in the field of photocatalytic and electronic devices.
More essentially, the intrinsic ferroelectrics will add new possi-
bility of enhanced performance and controllability, which we
will discuss in detail in this section.

3.6.1 Photocatalytic water splitting. One promising appli-
cation of the 2D vdW materials is photocatalytic water splitting

25 MoS,/Ga,0, 1 25+ MoS,/Ga,0;, |

-6%
-4%
15 2%
0%
2%
4% 4%
6% 6%

st 3
2 é& %
i A . Ll
00 05 10 15 20 25 30 35 40 00 05 10 15 20 25 30 35 40
Energy (eV) Energy (eV)

20 - -6%
-4%
5L 2%
0%
2%

Absorption coefficient (%)
Absorption coefficient (%)

Fig. 6 Optical absorption spectra of (a) MoS,/Ga,Oz1 and (b) MoS,/
Ga,03/| heterostructures. The visible-light range is labeled from 1.63 to
3.1eVin (a) and (b).
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for industrial green energy.”®° The reaction mechanism relies
on the efficient generation, separation and transportation of
photo-excited electron-hole pairs.®* With the assistance of the
intrinsic ferroelectrics and the good photon adsorption
capacity as discussed in section 3.5, here we propose the MoS,/
Ga,03/| as a promising water-splitting platform.

As shown in Fig. 7a, in the MoS,/Ga,03| system, the real-
space probability distributions (squared wavefunction) of VBM
(K) and CBM (I') locate on the different layers. In opposite, the
VBM (K) and CBM (K) of the MoS,/Ga,051 are both located on
MoS, layer (Fig. S87). This result is in good accordance with
the analyses of the band structure (Fig. 2). This long-distance
spatial separation between the VBM and CBM can result in
long-lifetime electron-hole pair which is favorable for further
water-splitting reaction.*

Additionally, the energy band gap of the MoS,/Ga,0;| is
too small for the minimum chemical potential difference
(~1.3 eV) between Hydrogen Evolution Reaction (HER) and
Oxygen Evolution Reaction (OER). However, with the intrinsic
polarization, the vacuum potential difference, A®, between
upper and lower surfaces is as large as 2.58 €V, as indicated in
the band diagram (upper panel of Fig. 7b). When photons are
adsorbed by MoS,/Ga,03] to generate electron-hole pairs,
excited electrons will be further accelerated when transferring
to the CB on the bottom surface of Ga,0; because of the built-
in polarization. Hence, smaller photon energy is required to
excite electron-hole pairs, therefore greatly enhancing the use
of photon energy in the infrared region. Therefore, A® can act
as an auxiliary booster for photoexcited electrons and effec-
tively reduce the photocatalyst’s band gap required for water
splitting.®>°

We further illustrate this boosting effect by aligning the
vacuum levels, as shown in the lower panel of Fig. 7b. In this
way, the origin of the energy difference between effective CBM
and VBM of MoS,/Ga,0;| consists of band gap energy and
A®. As clearly shown, the effective CBM of MoS,/Ga,0;] is
higher than the reduction level of hydrogen ion (—4.44 eV,

(a) (b) P
A®=258eV
5 ;
o | 250, S o 1
b W3 v 1 |0 O
A 3626V} AR 8.
;./ &% Lo CBM S vem
= et a V:
) e v
3626V} PO
o ; D AR B 6.27eV
HH: 444eV‘ | 1
f R i i g O/H.0 (567 eV
] 10 20 30 o JE—
Z(A) VBM
Fig. 7 (a) The real-space probability distribution of VBM and CBM

bands of the MoS,/Ga,0s] heterostructure along the z-direction. (b)
Band alignment of the MoS,/Ga,Os| heterostructure with different
vacuum levels (upper panel) and aligned vacuum levels (lower panel). In
(a), the insets show its real-space probability distribution of CBM (I') and
VBM (K), respectively, with the same isosurface level at 2.57 x 1078 e per
Bohr®. In (b), the black solid lines represent the water redox potentials at
—4.44 eV and —5.67 eV.*?
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under pH = 0) and the effective VBM is lower than the oxi-
dation level of oxygen (—5.67 eV, under pH = 0), satisfying the
required conditions of water splitting. The relationship
between water reduction-oxidation (Redox) potential and pH

value can be further determined by:**°°

Eyi ju, = —4.44 €V + pH x 0.059 eV, (7)
and

Eo, /1,0 = —5.67 eV + pH x 0.059 eV. (8)

Therefore, MoS,/Ga,0;] bilayer system meets the water
redox potential difference with an excellent pH tolerance
ranging from pH = 0 to pH = 13.2 and even more acidic
environment.

Since photogenerated electrons and holes are distributed
separately in Ga,03; and MoS,, as a result, the recombination
process is suppressed. Compared with other photocatalytic
water-splitting materials,*>®® MoS,/Ga,0;] system has stron-
ger optical harvesting in the infrared region, more efficient
charge separation, and faster transportation/mobility of both
electron and hole to reach higher solar-to-hydrogen (STH)
efficiencies. In order to meet the requirements of practical
application, the STH efficiency of photocatalysts is required to
be at least above 10%.%” The STH efficiency of photocatalytic
water splitting for 2D material with vertical intrinsic ferroelec-
trics is calculated as®®

_ AG f; P(hw)/hwd(hw)
st = Jo. P(hw)d(hw) —O—AGDJ;: P(hw)/hwd(hw)

(9)

where P(hw) is the AM1.5 solar energy flux at the photon
energy of hw, AG is the potential difference of 1.23 eV for
water splitting, E, is the band gap of the materials, A® is the
electrostatic potential difference between the vacuum levels at
the two respective surfaces of the bilayer systems, and E rep-
resents the energy of the phonon that can be actually used for
water splitting (more detailed information about E and the cal-
culations of STH efficiency can be found in ref. 68). Hence, the
calculated STH efficiency of MoS,/Ga,03| reaches up to 30.5%,
which provides convincing theoretical proof that MoS,/Ga,03|
is highly efficient photocatalysts for overall water splitting.

Moreover, to readily control the “ON” and “OFF” states of
the reaction, we will demonstrate a switching mechanism
based on the polarization reversal transition of the Ga,0O; layer
via external electric field.

3.6.2 Field controlled switch. One unique structural tran-
sition of the FE-ZB’ III3-VI, monolayer is polarization reversal
transition.”®?” The stacking position of the central-layer anion
is changed from site A to C (see Fig. 1) thus the out-of-plane
polarization of the whole monolayer is reversed. Moreover, the
transition barrier and the relative stabilities of the two dipole
models can be tuned via external electric field.

As shown in Fig. 8a, with different electric fields along the
z-axis ranging from —4.0 to 8.0 V nm ™" (positive value pointing
downwards) with 1.0 V. nm™" in step, the energy difference
between the MoS,/Ga,0;1 and MoS,/Ga,0;3| configurations,

Nanoscale, 2022, 14, 5551-5560 | 5557
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Fig. 8 (a) The calculated energy difference under vertical external electric fields. The energy of relaxed MoS,/Ga,Os1 is set to be 0 eV for the left

axis. AE of the right axis is the energy difference between MoS,/Ga,031 and MoS,/Ga,0s] under the same electric field. The vertical lines represent
the positions of the highest points of the two curves, respectively. (b) A switching device model under an applied electric field. The black arrow indi-
cates the applied electric field. The cyan circles indicate the electrons under "ON” state.

AE, changes linearly with the electric field. The vertical dashed
lines shown in Fig. 8a represent the positions of the highest
points of the two curves, the corresponding electric fields are
also consistent with the electrostatic potential differences (A®
in Fig. 2c and d). The calculations show that an electric field
of 8 V. nm™" will result in an energy difference of up to 0.272
eV per unit cell. According to Boltzmann distribution, the ratio
of two phase populations at equilibrium can be estimated by:

" _ exp [~AE/ksT),

5 (10)

where nt and n| are the population of MoS,/Ga,0;1 and
MoS,/Ga,03l, respectively, AE is the energy difference, kg is
the Boltzmann constant and T is the temperature. The esti-
mated population ratio of two opposite polarization states is
about 1/34000 at 300 K. Therefore, we further propose a
switching device model as illustrated in Fig. 8b. By applying
bias at the gate (G), the FE-ZB’ Ga,0; monolayer goes through
the polarization reversal transition to the energetically favor-
able state, for example, from MoS,/Ga,0;1 to MoS,/Ga,0s].
Meanwhile, the band alignment of the heterobilayer changes
from straddling type-I to heavily staggered type-II (see Fig. 2),
and also the photocatalytic and electrical properties are dis-
tinctly switched. Finally, it is worth noting that this switching
mechanism can be further coupled with in-plane strain engin-
eering to achieve more precise tunablity.

4 Conclusions

In summary, we have systematically studied the electrical and
optical properties of the 2D vdW MoS,/Ga,0; heterostructures
with two dipole models through first-principles calculations.
MoS,/Ga,03tand MoS,/Ga,0;| exhibit different types of band
alignment (straddling type-I and staggered type-II) at their
relaxed states. The heterostructure types of MoS,/Ga,0; can be
precisely engineered in a moderate range of biaxial strain. By
applying strain to MoS,/Ga,03, it still has a suitable band gap
and excellent optical absorption capacity ranging from visible
light to ultraviolet light, ensuring promising applications in
flexible electrical and optical devices. For MoS,/Ga,0;| hetero-

5558 | Nanoscale, 2022, 14, 5551-5560

structure (type-II), larger spatial separation of the valence and
conduction band edges and excellent optical absorption
ranging from infrared to ultraviolet region under biaxial strain
are favorable for water-splitting reaction. With the assistance
of a modest electric field, there is a distinct state transition
between MoS,/Ga,0;1 and MoS,/Ga,0;|, guaranteeing the
practical usage of such heterogeneous bilayers with intrinsic
ferroelectrics.
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