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In this work, we theoretically investigate electronic properties of GaSe/MoS, and
GaS /MoSe; heterojunctions using density functional theory based on first-principles
calculations. The results show that both GaSe/MoS; and GaS/MoSe, heterojunc-
tions are characterized by the weak vdW interactions with a corresponding interlayer
distance of 3.45 A and 3.54 A, and the binding energy of —0.16 eV per GaSe/GaS
cell. Furthermore, one can observe that both the GaSe/MoS,, and GaS/MoSe; het-
erojunctions are found to be indirect band gap semiconductors with a corresponding
band gap of 1.91 eV and 1.23 eV, respectively. We also find that the band gaps of
these semiconductors belong to type II band alignment. A type—II band alignment in
both GaSe/MoS, and GaS/MoSe; heterojunctions open their potential applications
as novel materials such as in designing and fabricating new generation of photovoltaic
and optoelectronic devices. © 2018 Author(s). All article content, except where oth-
erwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5033348

I. INTRODUCTION

Graphene, a two-dimensional (2D) monolayer of carbon atoms, is expected to be a promising
material for applications in nanotechnology due to its impressive physical properties.'~ However,
graphene has no band gap, causing a big problem for applications in electronic devices and semi-
conductor technology.* To recovery this point, in parallel with the efforts on changing graphene’s
properties, an another research field has been intensively gaining in about the past five years that
deals with the single-layer post-transition-metal chalcogenides (PTMCs) MX (M = Ga, X = S, Se)>
and transition metal dichalcogenides (TMDs) MY, (M = Mo, Y = S, Se),!*!> and van der Waals
(vdW) heterostructures formed by two different single-layer crystals stacking on top of each
other.!6-20

Recently, scientists have successfully synthesized some 2D single-layer PTMCs (GaSe, GaS)
and TMDs (MoS,, MoSe,) that have extraordinary physical properties with prospective applica-
tions. Kim and co-workers have synthesized a monolayer MoS, on the copper substrate by using
physical vapor deposition.”! Also, monolayers MoS; and MoSe, have been synthesized by the
liquid exfoliation.?>?* This can be considered as a motivation for scientists to continue studying
these materials. The structural and electronic properties of some TMDs MY, have been investigated
by first-principles.!>?*-27 Effect of strain and external electric field on the electronic and transport
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properties of the TMDs has also studied by different methods.'#?3-3? Also, the effect of high pressure
on electronic structure and thermoelectric properties of some dichalcogenides has been investigated
by first principles calculations.?!-3?

Similar to dichalcogenides, chalcogenides PTMCs (GaSe, GaS) have also attracted much interest
of the research community, including theoretical studies.” 933 Researchers showed that electronic,
transport and optical properties of those chalcogenides are sensitive to external conditions such as
strain or electric field. Currently, numerous nanoelectronic and optoelectronic devices based on GaX
crystals such as photodetector,®* transistors* have been successfully fabricated, opening promising
potential applications in nanoelectronics and optoelectronics.

In parallel with the efforts on graphene-like materials, the study of heterojunctions by combining
two semiconductors has become a hot topic in semiconductor technology.'”*#? On the one hand,
scientists have successfully investigated the heterojunctions made of graphene and other 2D single-
layer semiconductors, such as graphene/h-BN,*!"*> graphene/MoS,,** graphene/MoSe,,***’
graphene/GaSe.**" On the other hand, they have designed some heterojunctions based on 2D mate-
rials, such as PTMC/ PTMC,>'"2 TMD / TMD, 3356 and so on. The studies of these heterojunctions
have found many extraordinary properties not occurring in individual materials.

Recently, scientists have paid their attention intensively to some heterojunctions combined of
chalcogenides GaX and dichalcogenides MoY,.!”:!8 For example, Zhou and his group'” for the first
time have experimentally synthesized GaSe/MoS, heterojunctions by using chemical vapor deposi-
tion method and investigated their optoelectronic properties. The results indicate that the GaSe/MoS,
heterojunctions can be used to open new avenues for the realization of novel 2D nanoelectronic and
optoelectronic devices. However, to design and fabricate such devices, it is important to understand
the interface properties of those heterojunctions. Moreover, it should be noted that the electronic and
transport properties are important properties of materials. If we understand the electronic proper-
ties of materials, we can find many ways for application them in real devices, especially electronic
devices. To be combined layered-semiconductors, heterojunctions may possess new physical prop-
erties are not observed in 2D materials, for example, the appearance of the local energy gap in band
structure far from the Fermi level. These new characteristics might open many ways for applications
in heterostructure-based optoelectronic devices. Therefore, in this study, we consider systematically
the structural and electronic properties of vdW heterostructures formed by the monochalcogenides
MoY; and chalcogenides GaX by using density functional theory (DFT) method to better understand
the physical mechanism in those heterojunctions.

Il. COMPUTATIONAL METHOD AND MODEL

In this work, our calculations are performed by using DFT method based on first principles
calculations. The DFT method used in this work is implemented in the Quantum Espresso (PWscf)
simulation package.’’ To describe the core-valence and the electron exchange—correlation inter-
actions, we use the frozen-core projector augmented wave (PAW)>® and the generalized gradient
approximation (GGA)* of Perdew, Burke, and Ernzerhof (PBE) functional,®® respectively. It is
well-known that the traditional DFT methods are unable to describe correctly van der Waals inter-
actions in 2D vdW heterojunctions. Thus, to describe the weak vdW interactions, existing between
GaX and MoY, monolayers, a semi-empirical DFT-D2 method with the London dispersion cor-
rections®! is adopted in the present study. The cut—off energy for the plane-wave expansion and
the convergence of energy are set to be 500 eV and 107> eV, respectively. For relaxation pro-
cess we use 9 X 9 x 1 k point grid, whereas for electronic calculations a 12 x 12 x 1 is used.
The atomic structures are relaxed until the forces are smaller than 0.001 eV/A. To break the inter-
actign between the periodic images of layers in the z direction, we use a large vacuum space of
25 A.

lll. RESULTS AND DISCUSSION

To study the structural and electronic properties of GaSe/MoS, and GaS/MoSe; heterojunctions,
it should be noted that these heterojunctions can be created by stacking different 2D crystals on top
of each other, layer-by-layer. Thus, it is necessary to investigate firstly the structural and electronic



075207-3 Pham et al. AIP Advances 8, 075207 (2018)

TABLE I. The lattice constants, bond thicknesses and band gaps of GaX and MoY, monolayers.

Materials a E, hy hy I 123
GaSe 3.742 2.46 2.324 4.776

GaS 3.612 2.57 2.48 4.65 - -
MoS, 3.181 1.79 - - 1.586 3.17
MoSe, 3.278 1.52 - - 1.664 3.33

properties of separated GaX and MoY; monolayers at the equilibrium state and under strain. The
relaxed lattice parameters of GaSe, GaS, MoS,, and MoSe; monolayers are listed in Table I. After
optimizing the atomic structures, the corresponding lattice constants of GaSe, GaS, MoS,, and MoSe,
monolayers are 3.74 A, 3.58 A, 3.16 A, and 3.29 A, respectively. These values are in good agreement
with previous results.®% 142 In addition, after relaxation the vertical bond distances of Ga—Ga (h),
X-X (h7) in monolayer GaX, and the bond thicknesses of Mo-Y (/1), Y=Y (/2) in monolayer MoY>
are also given in Table L.

Fig. 1 shows the band structures of GaX and MoY, monolayers at the equilibrium state after full
geometric optimization. It can be seen that GaX monolayers are an indirect semiconductors, whereas
MoY, monolayers are direct semiconductors. The indirect band gap of GaSe and GaS monolayers are
formed between the lowest unoccupied state of conduction band locating on the I path and the highest
occupied state of valence band lying on the '-M path, as shown in Figs. 1(a) and 1(b). Our calculated
indirect band gap for GaSe/GaS monolayers is 2.47/2.57 eV. These values are in agreement with previ-
ous results.®” The direct band gap of Mo Y, monolayers is formed between the lowest unoccupied state
of the conduction band and the highest occupied state of valence band locating at the high symmetry
M point, as shown in Figs. 1(c) and 1(d). Our calculated direct band gap for MoS, /MoSe; monolayer is
1.79/1.52 eV, respectively, as listed in Table I. These band gaps are consistent with previous theoretical
results.!462

We now design and discuss the atomic structures and electronic properties of GaSe/MoS, and
GaS/MoSe, heterojunctions. It can be seen from Table I that the lattice mismatch between GaSe and
MoS; monolayers is about 16 %, between GaS and MoSe; monolayer is about 8 %. Thus to combine
the GaSe/MoS, and GaS/MoSe, heterojunctions, we use V3 x V3 cells of GaX monolayers to
match with 2 x 2 cells of MoY, monolayers. The optimized lattice parameters of GaSe/MoS; and
GaS/MoSe; heterojunctions are 6.48 A and 6.26 A, respectively, as shown in Table II. The lattice
mismatch between GaX and MoY; monolayers in both heterojunctions is less than 2 %. In Fig. 2
we show the relaxed atomic structure of GaX/MoY> heterojunctions at the equilibrium state. One
can observe that in both heterojunctions, Mo and Y atoms of MoY, layers are located below the
center of a hexagonal ring formed by the Ga and X atoms of GaX layers. The thicknesses of Ga—Ga,
X-X, Mo-Y, and Y-Y atoms and the interlayer distance between GaX and MoY, layers are also
respectively marked in Fig. 2 by &, [, and d. After fully optimized, our calculated interlayer distances
in GaSe/MoS; and GaS/MoSe, heterojunctions are 3.45 A and 3.54 A, respectively. These interlayer
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FIG. 1. The electron energy band structures of perfect (a) GaSe, (b) GaS, (c) MoS,, and (d) MoSe, monolayers at the
equilibrium state, respectively.
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TABLE II. The lattice constants, bond thicknesses and band gaps of GaSe/MoS; and GaS/MoSe; heterojunctions at the
equilibrium state.

Heterostructure a Eg hy hy d I I
GaSe/MoS,; 6.48 1.91 243 4.90 3.45 1.58 3.15
GaS/MoSe, 6.26 1.23 2.48 4.72 3.54 1.79 3.58

distances are are in the same order of value with those in other 2D heterojunctions, such as Pbl, / BN,%3
MoS,/As,** GaS/GaSe,’' SnS,/Pbl,,% MoS;/WS,,% MoS,/MoSe,®’ heterojunctions.

Furthermore, to evaluate the system stability, we also calculate the binding energy of both
GaSe/MoS, and GaS/MoSe; heterojunctions. The binding energy of the GaX/MoY; can be cal-
culated as follows: Ej = [Egax/MoY, — EGax — EMoY,1/n, where Egaxmoy,, EGax, and Epoy, are the
total energies of combined GaX /MoY > heterojunctions, isolated GaX, and MoY, monolayers, respec-
tively. n is the number of GaX cells in the heterojunctions, which equals to three. Our calculated bind-
ing energies per GaX cell in both GaSe/MoS; and GaS/MoSe; heterojunctions are about —0.16 eV.
This negative binding energy indicates that both GaSe/MoS; and GaS/MoSe; heterojunctions are
stable at the equilibrium state. Moreover, we find that the binding energy of GaX/MoY, hetero-
junctions is the same as the binding energy of other 2D vdW heterojunctions, such as SnS;/Pbl;,%
MoS,/WS,,% CoN/WS,,% P/Mo0S,% heterojunctions.

We now consider the electronic properties of both GaSe/MoS, and GaS/MoSe, heterojunc-
tions. In Fig. 3 we show the electron energy band structure of the (V3 x V3) GaSe monolayer,
(2 x 2) MoS, monolayer, and the projected GaSe/MoS, heterojunction. It can be seen that the
(V3 x V3) GaSe monolayer has a direct band gap of 2.46 eV, formed between the valence band
maximum (VBM) and the conduction band minimum (CBM) located at the I" point, as shown in
Fig. 3(a). On the other hand, the (2 X 2) MoS; monolayer has an indirect band gap of about 1.79 eV,
that is formed between the VBM locating on the I" point and the CBM lying on the M—K path, as
shown in Fig. 3(b). When the GaSe/MoS, heterojunction is composed, one can observe that this
heterojunction has a type-II staggered gap band alignment with an indirect band gap of 1.91 eV.
This indirect band gap is formed by the VBM of GaSe monolayer locating on the I'-M path and the

GaX/MoY, heterostructure

AELE S S G €
]
¢ PLPTTL

FIG. 2. (a) Top view and (b, c) side views of the atomic structure of GaX/MoY, heterojunctions at the equilibrium state.
d stands for the interlayer distance between S and Se layers.
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FIG. 3. Calculated band structures and partial density of states (PDOS) of (a) (V3 x V3) GaSe monolayer, (b) (2 X 2) MoS;
monolayer, and (c) projected GaSe/MoS; heterojunction, respectively. The Fermi level is set to zero and marked by the dotted
line.

CBM of MoS;, monolayer locating on the M—K path, as shown in Fig. 3(c). It should be noted that
a type—II staggered gap band alignment plays an important role in optoelectronic devices, there sep-
arate the free holes and electrons spontaneously. Moreover, it can be seen from Fig. 3 that when
GaSe/MoS, heterojunction is composed, the Fermi energy level is shifted downward from the
CBM to the VBM of MoS; monolayer and shifted upward from the VBM to the CBM of GaSe
monolayer.

Similarly, we also calculate the electronic band structures and the projected density of states
(PDOS) of (V3 x V3) GaS monolayer, (2 X 2) MoSe, monolayer, and composed GaS/MoSe,
heterojunction, as shown in Fig. 4. One can observe firstly that the (V3 x V3) GaS monolayer is an
indirect semiconductor with a band gap of 2.57 eV, forming between the VBM locating on the I'-K
path and the CBM locating on the I' path, as shown in Fig. 4(a). Also, from Fig. 4(b) we find that
(2 x 2) MoSe; monolayer has an indirect band gap of 1.52 eV, forming between the CBM located
at the K point and VBM locating at the I" point. By composing the GaS/MoSe; heterojunction, one
can observe that the GaS/MoSe, heterojunction is a semiconductor with a direct band gap, which is
contributed by both the VBM and the CBM appearing at high symmetry I point. Our results show that
the VBM and CBM are resulted from different GaS and MoSe, monolayers. As compared to the band
structures of GaS and MoSe; monolayers, the VBM and CBM of GaS/MoSe; heterojunction are
contributed from the VBM of MoSe; monolayer and the CBM of GaS monolayer, respectively. In this
case, the GaS/MoSe, heterojunction possesses a type—II band alignment. Our calculated direct band
gap of GaS/MoSe; heterojunction is 1.23 eV, which is smaller than that of both GaS and MoSe,
monolayers. This decrease in the band gap of GaS/MoSe; heterojunction can be understood by
analyzing in details the position of the Fermi level, which is shifted upward from the valence band to
the conduction band of GaS and MoSe; monolayers, forming a type—II staggered gap band alignment.
A type~II band alignment in both GaSe /MoS; and GaS/MoSe; heterojunctions makes their potential
applications as novel materials to fabricate and design novel photovoltaic and optoelectronic devices.
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monolayer, and (c) projected GaS/MoSe; heterojunction, respectively. The Fermi level is set to zero and marked by the dotted

line.

In Fig. 5, we show the electrostatic potential of GaSe/MoS, and GaS/MoSe; heterojunctions at
the equilibrium state along the z direction. One can observe that the electrostatic potential difference
between MoS; and GaSe layers is large, in which GaSe monolayer has a deeper potential than that of
MoS; monolayer. This large potential drop across the GaSe/MoS; heterojunction indicates a strong
electrostatic field, and may considerably impact the carrier dynamics and charge injection. In contrast,
the electrostatic potential of GaS and MoSe, monolayers is the same. The difference in electrostatic
potential indicates the charge transfers from the layer with a higher potential to the layer with a
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FIG. 5. The electrostatic potential of (a) GaSe/MoS; and (b) GaS/MoSe; heterojunctions at the equilibrium state along the

z direction.
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GaSe/MoS, GaS/MoSe,

FIG. 6. (a) Top view and (b) side view of the charge density difference in GaSe/MoS; heterojunction long the z direction.
(c) Top view and (d) side view of the charge density difference in GaS/MoSe, heterojunction along the z direction.

deeper potential. Thus, it is obvious that electrons likely transfer from MoS, layer to GaSe layer in
the GaSe/MoS, heterojunction.

For deeper understanding physical mechanism of the charge transfer between GaX and MoY,
layers in the corresponding GaX/MoY heterojunctions we further consider their charge density
difference at the equilibrium state along the z-direction. These results are illustrated in Fig. 6.
The charge density difference in the composed heterojunctions is calculated as Ap = phetero — PGaX
— PMoY,> Where phetero, PGax,> and pMmoy, are the charge densities of GaX/MoY> heterojunctions,
GaX monolayer, and MoY; monolayer, respectively. One can observe that there are no charge trans-
fer between two GaX and MoY, layers. However, we found an evident charge redistribution in the
interlayer space of the heterojunctions, as shown in Fig. 6. It can be seen that in both GaSe/MoS, and
GaS/MoSe, heterojunctions, the charge is accumulated at the topmost S/Se layer of MoS;/MoSe,
monolayers, and is dissipated at the second Se/S layers of the GaSe/GaS monolayers. It indicates
that the charge redistribution is mainly attributes to the electrostatic repulsion.

IV. CONCLUSION

In conclusion, we have investigated systematically the atomic structures and electronic properties
of GaSe/MoS, and GaS/MoSe; heterojunctions using the density functional theory. The results
show that both GaSe/MoS; and GaS/MoSe; heterojunctions are characterized by the weak vdW
interactions with the corresponding interlayer distance of 3.45 A and 3.54 A, respectively and the
binding energy of —0.16 eV per GaSe/GaS cell. Furthermore, both GaSe/MoS,, and GaS/MoSe;
heterojunctions are found to be indirect band gap semiconductors with the corresponding band gap
of 1.91 eV and 1.23 eV, respectively. We found that these heterojunctions show an indirect band gap
with the type-II band alignment. A type-II band alignment in both GaSe/MoS, and GaS/MoSe,
heterojunctions makes their potential applications as novel materials to fabricate and design novel
photovoltaic and optoelectronic devices.
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