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Two-dimensional (2D) van der Waals heterostructures (vdWHs) have attracted widespread attention in
fundamental materials science and device physics. In this work, we report a novel GaTe/MoS, vdWH and
theoretically investigate the electronic and optical properties based on first-principles calculations. GaTe/
MoS, vdWH possesses an indirect band gap with type-Il band alignment. Meanwhile, the interfacial
charge transfer from MoS, to GaTe can effectively separate electrons and holes. Also, this vdWH shows
improved visible-ultraviolet optical absorption properties compared with those of the isolated GaTe or
MoS, monolayers. More remarkably, the biaxial strain can not only modulate the band gap but also
enhance the optical performance in GaTe/MoS, vdWH. In particular, the tensile strain is more effective

Received 26th May 2020
Accepted 25th June 2020

DOI 10.1039/d0ra04643d for improving the optical absorption in the visible light region. These findings indicate that GaTe/MoS;
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1. Introduction

Since graphene was firstly synthesized experimentally," two-
dimensional (2D) layered materials have received widespread
attention in nanoelectronics and optoelectronic devices for
their excellent physical properties.> So far, a wide variety of 2D
materials have been extensively studied theoretically and
experimentally, such as silicene, stanene, phosphorene,
MXenes, transition metal dichalcogenides (TMDCs), and so
on.>” Inspired by the successful isolation of various 2D mate-
rials, the van der Waals heterostructures (vdWHs) composed of
two 2D materials have attracted intensive research interest,
especially for vdWHs composed of two TMDC monolayers.**°
Various vdWHs with different electronic structures have been
thoroughly studied, and different novel 2D application devices,
such as vertical transistors, solar cells, resonant tunneling
diodes, and photodetectors, have been reported.™™ It is well
known that the function of the vdWHs deepens largely on their
band structures. The separation of electrons and holes into
different layers can avoid electron-hole recombination if the
vdWHs have type-II band arrangement, which is very useful for
the photocatalysis of unipolar electronic devices.”*** Thus, it is
necessary to explore new vdWHs to satisfy the multiple device
design demands.
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vdWH is a promising candidate for nanoelectronics and optoelectronic devices.

Recently, a novel heterostructure composed of group IIIA
monochalcogenides and TMDCs have shown great potential in
optoelectronic applications. For example, Li et al. reported that
a heterostructure composed of GaSe and MoS, can effectively
transport and separate photo-generated charge carriers between
layers, resulting in an excellent photovoltaic response.'> Zhang
et al. found that the band alignment of the InSe/MoS, vdWHs
can be controlled by applying external strain for photo-
catalysis.'® Meanwhile, Lei et al. revealed another novel WTe,/
HfS, vdWHs, in which the electronic features can be modulated
by applying external strain and electric field."” All the above
results indicate that vdWHs composed of 2D mono-
chalcogenides and TMDCs monolayers may have great poten-
tials in practical applications.

TMDCs are promising building blocks for the new vdWHs.
Among those TMDCs, MoS, is one of the very good semi-
conductor materials. MoS, has a direct band gap of 1.8 eV,
a high on/off current ratio of 10% a high carrier mobility of 200
em® V™' 57! at room temperature and outstanding mechanical
properties.*® These properties indicate that 2D monolayer MoS,
has potential advantages in the fields of nanoelectronics and
optoelectronics. On the other hand, the group IIIA mono-
chalcogenides MX (M = Ga or In, X=S, Se, or Te) are emerging
2D materials, which have been aroused great research attention
in future optoelectronic devices."" Among these diverse MX
materials, GaTe monolayer has attracted increasing interest
owing to its excellent structural, electronic, optical and photo-
catalytic properties.”>** The GaTe monolayer has been success-
fully synthesized by using molecular beam epitaxy or vapor
phase deposition methods.>*** Huang et al. found that the GaTe
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monolayer with an indirect-band gap is a potential photo-
catalyst for water splitting, which is a promising solution for
generating clean renewable energy.”® Chitara et al. demon-
strated that GaTe has good thermoelectric properties and high
photo-responsivity (10* A W), which are better than single-
layer graphene.?

vdWHs composed with MoS, and GaTe have great potential
applications based on their distinct properties. Especially,
Wang et al recently experimentally fabricated GaTe/MoS,
vdWHs by mechanical exfoliation and targeted transfer
method, which shows a high photovoltaic and photo-detecting
performance.”” Therefore, it is interesting to theoretically
understand the physical properties in GaTe/MoS, vdWHs. In
this work, by using the first-principles calculations, we investi-
gate the physical properties of GaTe/MoS, vdWHs, including
the geometric structure, electronic and optical properties, etc.
The structure of the article is as follows: the theoretical calcu-
lation methods are shown in Section 2, the results analysis is
given in Section 3, and a conclusion is listed in Section 4.

2. Methods

First-principles calculations are performed by using the density
functional theory (DFT) approach as implemented in the
Vienna ab initio Simulation Package (VASP) code with the
projector-augmented-wave (PAW) method.*** For the exchange
and correlation energies, the generalized gradient approxima-
tion (GGA) in the form of Perdew-Burke-Ernzerhof (PBE)
functional is adopted.*® The DFT-D2 method advanced by
Grimme is used to describe the weak vdW interaction between
the two monolayers in all calculations.*” The first Brillouin-zone
sampling of 5 x 5 x 1 and 9 x 9 x 1 k-points generated by
Monkhorst-Pack scheme®® are used for geometric optimization
and optical property calculations, respectively. The vacuum
layer is set to 20 A along the Z direction to avoid the interactions
induced by the periodic effects. To find a balance between
accuracy and efficiency, a 400 eV cut-off energy has been
adopted in all calculations. The convergence of the total energy
is considered achievable until the energy is less than 10~ eV
and the Hellmann-Feynman force on each atom is 0.01 eV A",
It should be pointed out that Mo-based and Te-based materials
show the strong spin-orbital couplings (SOC),**** however, we
mainly focus on the effects of the strain forces on the band
structure and the optical properties in GaTe/MoS, hetero-
structure in this work, so SOC is not included in the following
calculations.

In order to study the optical absorption property of GaTe and
MoS, monolayers as well as the GaTe/MoS, vdWH, the dielectric
constant formula need to be obtained. The frequency depen-
dent complex dielectric function is formed by adding the real
and imaginary parts as follows,

é(0) = &1(w) + igx(w) 1)

The imaginary part ¢,(w) can be obtained by summing up
enough empty band states by the following formula,**
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where Q stands for the volume, « and ( are the Cartesian
components, e, and eg are the unit vectors, v and ¢ represent
matrix elements of the transition from the valence band state
(%) to the conduction band state (u.), € « and €, denote for
the energy of the conduction and valence band respectively. The
real part ¢ (w) is derived from the Kramers-Kronig equation,*
™ e AW
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where P represents the principal value of the integral. From
these two parts of the dielectric functions, the absorption
coefficient «(w) can be obtained by using the following
formula.*®
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3. Results and discussion

Before studying the properties of the GaTe/MoS, vdWH, we first
consider the structural and electronic properties of the GaTe
and MoS, monolayers. The GaTe monolayer has the hexagonal
lattice with a repeating unit of Te-Ga-Ga-Te sequence via
covalent bonds, and the calculated lattice parameters are a =
b =4.13 A. The bond lengths of the Te-Ga and Ga-Ga bonds are
dre-ga = 2.71 A and dg,_g. = 2.47 A, which agree with the
previous theoretical and experimental results.”> MoS, mono-
layer also presents hexagonal structures, and the intralayer
atoms are sandwiched in the order of S-Mo-S. The lattice
constants of MoS, are a = b = 3.17 A, which agree with the
reported literatures.™ In order to minimize the lattice mismatch
value of the vdWH of 1.51%, we utilized a 2 x 2 GaTe supercell
and a v/7 x v/7 MoS, supercell to construct the GaTe/MoS,
vdWH.

To discuss the stacking pattern effects in the GaTe/MoS,
vdWH, four kinds of possible stacking configurations are
considered, which are shown in Fig. 1. Te atom locates at the
top site of S atom, Te atom locates at the top site of Mo atom, Ga
atom locates at the top site of S atom, Ga atom locates at the top
site of Mo atom, respectively. All the configurations are
completely relaxed. It is clear that both GaTe and MoS, mono-
layers maintain their original structures without significant
deformations. In order to compare the relatively structural
stability of GaTe/MoS, vdWH, we calculate the binding energies
E}, between the GaTe and MoS, monolayers from the formula Ej,
= Etotal — Egate — Emos,, Where Egotal, Egate and Eyos, are the total
energies of GaTe/MoS, vdWH, the pristine GaTe and MoS,
monolayers, respectively. The calculated binding energies for
the four different stacking conformations are —13.58 meV,
—16.65 meV, —12.32 meV and —16.28 meV, respectively. The
calculated results indicate that GaTe and MoS, monolayers can
form thermodynamically stable GaTe/MoS, vdWHs. Among
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Fig.1 The top and side views of four stacking patterns of the GaTe/MoS, vdWHs. Pink, green, purple and yellow balls represent Ga, Te, Mo and S
atoms, respectively.

monolayers is 3.56 A, which is defined as the interlayer height
difference between the nearest Te (top-layer) and Mo (lower-
layer) atoms. In the following studies, only the most stable
configuration is considered.

them, it is found that the binding energy will be the lowest when
the Te atom locates at the top site of Mo atom, which means
that this stacking pattern is the most stable one. Meanwhile, the
optimized equilibrium distance between GaTe and MoS,
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Fig. 2 Band structure and PDOS of (a) 2 x 2 GaTe monolayer, (b) v/7 x v/7 MoS, monolayer, and (c) GaTe/MoS, vdWH, respectively.
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Fig. 2(a) and (b) present the electronic band structures of the
isolated GaTe and MoS, monolayers. One can observe that both
GaTe and MoS, monolayers are semiconductors. The GaTe
monolayer, as shown Fig. 2(a), has an indirect band gap of
1.42 eV. Its conduction band minimum (CBM) locates at the I’
point, while its valence band maximum (VBM) locates at the I'-
M path in the two-dimensional hexagonal Brillouin zone. In
contrast, the MoS, monolayer has a direct band gap of 1.75 eV,
which is coming from both the CBM and VBM at the K point.
After combining GaTe and MoS, monolayers together, we plot
the band structures of GaTe/MoS, vdWH, which are shown in
Fig. 2(c). Based on the orbital characteristics, the band struc-
tures are plotted by using different colors. It can be seen that the
CBM and the VBM of the vdWH are contributed from the MoS,
and GaTe layers, respectively. Thus, this GaTe/MoS, vdWH has
an indirect band gap of 1.26 eV with an inherent type-II band
alignment, namely, in which both the valence and the
conduction band edges of the GaTe monolayer are higher in
energy than the corresponding bands of the MoS, monolayer.
The type-II band alignment can effectively promote the spon-
taneous separation of the electron-hole pairs and make it
a good candidate for various optoelectronics and solar energy
conversion devices. Additionally, to get deep insight into the
electronic properties of these system, we further examine their
density of states (DOS). As depicted in Fig. 2(c), the projected
DOS (PDOS) of GaTe/MoS, shows that the CBM mainly derives
from the Mo-4d and S-3d of MoS,, whereas the VBM mostly
contains the 4p orbitals of Ga and 5p orbitals of Te in GaTe,
which further reveal the type-II characteristics of the vdWH.

Fig. 3(a) shows the electrostatic potential of the GaTe/MoS,
vdWH at equilibrium distance along the z-direction in its
stacking configurations. It can be seen that there is a large
electrostatic potential difference between MoS, and GaTe, in
which the MoS, has a deeper potential than that of the GaTe
monolayer. Such different electrostatic potential phenomenon
indicates the presence of strong electrostatic field, which may

View Article Online
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largely influence the carrier dynamics and charge injection. The
difference in electrostatic potential indicates the charge trans-
fers from the higher potential layer to the deeper potential layer.
Thus, it is apparent that electrons are likely to be driven from
the MoS, layer to the GaTe layer, resulting in the enrichment of
holes in MoS, and the accumulation of electrons in GaTe. To
deeper understand the innate character of the charge transfer in
the GaTe/MoS, vdWH, we also investigate the charge density
difference, which is calculated as Ap = pyetero — PGaTe — PMos,-
The results are shown in Fig. 3(b). Here pyecero is the total charge
density of GaTe/MoS, vdWH, pgare and pyos, are the charge
densities of the GaTe monolayer and MoS, monolayer, respec-
tively. The difference in charge density clearly indicates that by
forming the electron-rich and hole-rich regions, the charge
density is redistributed. And from Fig. 3(b), it can be clearly seen
that the electrons transfer from MoS, to GaTe, where the red
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Fig. 4 Adsorption coefficients of the GaTe monolayer, MoS, mono-
layer, and GaTe/MoS, vdWH.
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(a) Electrostatic potential along z-direction of the GaTe/MoS, vdWH. The red and blue lines represent the MoS, and GaTe. (b) Charge

density distributions of the GaTe/MoS, vdWH at the equilibrium state. The red and blue area represent the electron accumulation and depletion,

respectively. The isosurface value is set to be 0.0003 V AL
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area represents the accumulation of electrons and the blue area
represents the depletion of electrons.

In order to achieve efficient applications in optoelectronic
vdWH materials, we calculated the optical properties for the
isolated GaTe and MoS, monolayers as well as GaTe/MoS,
vdWH. In Fig. S1 in the ESI,f we calculate the dielectric
constants ¢(w) of the system and we found that the GaTe/MoS,
vdWH has the largest dielectric constant compared with that of
the monolayers in the visible region. As shown in Fig. 4, it is
noted that both GaTe and MoS, monolayers can absorb visible
light (1.6 eV < E < 3.1 eV). Meanwhile, it is clear that the optical
absorption of the GaTe monolayer is poor and its response to
visible light needs to be improved, while the absorption coeffi-
cient of MoS, monolayer is higher than that of GaTe. Through
the combination of GaTe and MoS, monolayer, the GaTe/MoS,
vdWH shows significant enhancement in both visible light and
ultraviolet region. And the enhancement of optical absorption
can be realized by the fact that the interlayer coupling interac-
tion between the monolayers causes the band gap reducing and
the charge transfer. Thus, constructing a vdWH is one of the
effective methods to enhance light absorption efficiency.
Generally, the GaTe/MoS, vdWH has great development
potential in optoelectronic devices, especially in the ultraviolet
region.

Recently, many studies have shown that applying external
strain is an effective approach to tune electronic properties of
2D materials.” In order to further understand the influence of
the mechanical strain (compressive and tensile strain) of the
vdWH on the electronic properties, we apply biaxial strain (—9%
= & = 9%) to the system. By changing the lattice parameters, the
in-plane biaxial strain on the GaTe/MoS, vdWH is simulated
and calculated with the formula ¢ = [(@ — ao)/ao] x 100%, where
ao and a represent the lattice parameters of unstrained and
strained of the vdWH, respectively. The variation of the band
gaps of the monolayers and GaTe/MoS, vdWH with different
strains is shown in Fig. 5 and in Fig. S2 in the ESL7 It is clearly
that for the GaTe/MoS, vdWH, when the compressive strain

2.0

—=— MoS,

—o— GaTe
—4— GaTe/MoS,

1.54

1.04

Band gap(eV)

0.5

0.0 T T T T T T
-8 -6 -4 -2 0 2 4 6 8

Biaxial strain(%)

Fig. 5 Effects of strain on the band gaps of GaTe and MoS, mono-
layers and the GaTe/MoS, vdWH. Here, positive strain and negative
strain represent tensile and compression, respectively.
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changes from —9% to —2%, the band gap monotonically
increases; when the strain changes from —2% to 9%, the band
gap monotonically decreases. And for tensile and compressive
strains in excess of 9%, the GaTe/MoS, vdWH has undergone
a semiconductor-to-metal transition, which means that the
vdWH has adjustable conductive and transmission properties.
Additionally, the band gap variation of GaTe monolayer and
MoS, monolayer as a function of strain exhibits a similar trend
compared with those in the GaTe/MoS, vdWH.

For optical properties, a relative change occurs after applying
the biaxial strain. From Fig. 6(a), we can see that the optical
absorption coefficients in visible region increase as the tensile
strain increases. That is to say, the optical absorption in low
energy region widens, especially in the visible regions. In the
visible spectrum, the results show that the tensile strain causes
ared shift of the spectrum. It is well known that when the optical
band gap is small, less energy can be used to excite photoelec-
trons. In Fig. 6(a), the optical band gap of the GaTe/MoS, vdWH
is significantly reduced after the strain is applied, and the light
absorption is enhanced in the visible light region. This shows
that we can use lower energy to excite the photoelectrons in the
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lno 7+ —0 :
= 1% |
s 6 2% 1
= 3% !
g ° %
S 4l 7%
= 9% 1
-2 sl I
£ |
S |
2 2} |
< 1
1k
0
0 1 2 3 4 5

Energy(eV)
(a)

12 Infrared

Visible

-1

Absorption coefficient (105 cm™)
)
(=}

oo
T

-1%
-2%
-3%
-5%
-7%
-9%

Energy(eV)
(b)

Fig. 6 The optical adsorption spectrum of GaTe/MoS, vdWH under (a)
tensile and (b) compressive strains.
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heterostructure compared to the non-stressed. And similarly, in
Fig. 6(b), it can be seen that the compressive strains significantly
enhance light absorption in the ultraviolet region. Thus, the
tensile and compressive strain have opposite effects on the
optical absorption coefficient in the ultraviolet region. The
tensile strains increase the optical absorption coefficients in
infrared and visible regions, however, the compressive strain
increase the optical absorption coefficients in ultraviolet region.
Overall, these results indicate that the optical properties of the
vdWH can be effectively tuned by biaxial strain.

4. Conclusions

In summary, we have investigated the structural, electronic, and
optical properties of GaTe/MoS, vdWH through first principles
calculations. Our results show that such GaTe/MoS, vdWH is
characterized by the weak vdW interactions between the GaTe
and MoS, monolayers. GaTe/MoS, vdWH exhibits an indirect
band gap semiconductor with type-II band alignment, in which
the electrostatic potential and charge difference also indicate
the charge transfer from MoS, layer to GaTe layer. Simulta-
neously, the GaTe/MoS, vdWH shows enhanced optical
absorption properties in the visible light region and the near
infrared and UV regions compared with those in the mono-
layers. In addition, the band gaps and optical properties of the
vdWH can be monotonically adjusted through reasonable
strains, which indicates that its application prospects in elec-
tronic devices exceed other current 2D materials. In particular,
large normal strains can make the system change from semi-
conductor to metal. Also, for optical properties, tensile strain
increases the light absorption coefficient in the infrared and
visible light regions, while compressive strain increases the
light absorption coefficient in the ultraviolet region. These
characteristics, tunable electronic structure and optical prop-
erties in GaTe/MoS, vdWH bring new opportunities for basic
research and applications of high-performance nanoelectronic
and optoelectronic devices.
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