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Abstract

Van der Waals (vdW) heterojunctions constructed by vertical stacking two-dimensional
transition metal dichalcogenides hold exciting promise in realizing future atomically thin
electronic and optoelectronic devices. Recently, a Janus WSSe structure has been successfully
synthesized by using chemical vapor deposition, selective epitaxy atomic replacement, and
pulsed laser deposition methods. Herein, based on ﬁrst-principles calculations, we introduce the
structures and performances of MoS2/WSSe vdW heterojunctions with different interfaces and
stacking modes. The vdW heterojunctions possess indirect band gaps for S–S interfaces, while
direct band gaps for Se–S interfaces. Besides, the potential drop indicates an efﬁcient separation
of photogenerated charges. Interestingly, the opposite built-in electric ﬁelds formed in the vdW
heterojunctions with a S–S interface and a Se–S interface suggest different charge transfer paths,
which would motivate further theoretical and experimental investigations on charge transfer
dynamics. Moreover, the electronic property is adjustable by applying external in-plane strains,
accomplishing with indirect to direct bandgap transition and semiconductor to metal transition.
The ﬁndings are helpful for the design of multi-functional high-performance electronic and
optoelectronic devices based on the MoS2/WSSe vdW heterojunctions.
Keywords: MoS2/WSSe vdW heterojunctions, ﬁrst-principles calculations, band engineering,
nano-electronics and opto-electronics
(Some ﬁgures may appear in colour only in the online journal)
carrier mobility [10], and strong light-matter interactions [11].
The above-mentioned electronic and optical properties can be
tuned by layer thickness, external electric/magnetic ﬁeld, and
strains [12–15]. Furthermore, vertical stacked van der Waals
(vdW) heterojunctions, which inherit the intrinsic properties
of the building blocks and create particular applications at the
same time, have been envisioned to play a key role in the area
of optoelectronic functions including photodetection, photovoltaics (PV), light-emitting diodes, water-splitting photocatalysts [2, 16–26], and so on.
Researches on TMDs vdW heterojunctions are mainly
focused on MX2/MX2 and MX2/MXX′ forms (M=Mo,

1. Introduction
Quantum conﬁnement and surface effect endow two-dimensional materials exhibiting unique electronic and optical
properties [1–5]. Two-dimensional transition metal dichalcogenides (TMDs), MoS2, and some of its Janus structures,
almost as thin, transparent, and ﬂexible as graphene [6–8],
have opened the realm of ultrathin and ﬂexible electronic and
photonic applications due to their intrinsic semiconductive
property, including but not limited to direct bandgap [9], high
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W, X, X′=S. Se. Te, X′≠X) [19, 27–31]. These vdW heterojunctions present attractive properties, ultrafast charge
separation in MoS2/MoSe2 [29], long-lived interlayer excitons in MoSe2/WSe2 [28], and negative differential transconductance in MoS2/WSe2 [27], to name a few. Inspired by
the recent fabrication of WSSe monolayer [32, 33], possible
applications of the MoSSe/WSSe vdW heterojunctions in
valleytronics and optoelectronics [34–37] have been reported.
In this work, using density functional theory based ﬁrstprinciples calculation, we systematically investigated the
MoS2/WSSe vdW heterojunctions with S–S interfaces and
Se–S interfaces in AA and AB stacking modes. Though there
are negligible differences in optimized lattice constants and
total energies for all the four vdW heterojunctions, the electronic properties are varied. The vdW heterojunctions with S–
S interfaces are indirect bandgap semiconductors, while those
with Se–S interfaces are direct bandgap semiconductors. The
potential drop between the two layers in the vdW heterojunction induces a built-in electric ﬁeld across the interface,
promoting the separation of the photogenerated electron-hole
pairs. The vdW heterojunctions with S–S interface and Se–S
interface both exhibit appealing optical absorbance properties
in the visible light region with different electron transfer
mechanisms. The electronic properties are notably tuned by
strains, realizing semiconductor-metal transitions.

The optical absorption spectrum was derived by determining the frequency-dependent dielectric tensor matrix using
density functional perturbation theory [44, 45]. The following
equation has been used to get the optical absorption spectrum:
A (w ) = 1 - e-a (w )·Dz

in which
1

a (w ) =

2w
⎡ e12 + e22 - e1⎤2
⎦
c ⎣

describes the absorption coefﬁcient. The ε1 and ε2 are the real
and imaginary parts of the dielectric function, respectively. ω
is the light frequency. c is the speed of light in vacuum. Δz is
the unit-cell size in the z direction.

3. Results and discussions
Considering that the bulk MoS2 in a 2H phase is the most
common form in nature and the monolayer MoS2 in 1H phase
is a semiconductor with a direct bandgap character, the
monolayer MoS2 and WSSe in the following discussion are
both in 1H phase. As shown in ﬁgure 1, there are two different interfaces for MoS2/WSSe vdW heterojunction, S–S
interface, and Se–S interface, respectively. Four conﬁgurations with different interfaces and stacking modes were
investigated, named as S–S-AA, S–S-AB, Se–S-AA, and Se–
S-AB. For the AA stacking structure, the anions in the top
monolayer material are right over the anions in the bottom
monolayer material, resulting in a honeycomb structure. It is
different for the AB stacking structure with the anions in the
top monolayer material pointing to the cations in the bottom
monolayer material. Since the monolayer MoS2 and WSSe
have been successfully fabricated in experiment [9, 32, 33],
the structure stability is not discussed here. The lattice constants show negligible differences for all the four vdW heterojunctions. The interlayer distances vary from 3.05 Å (S–SAB) to 3.71 Å (Se–S-AA), indicating weak vdW interactions
at the interface. AA stackings have larger interlayer distances
(3.64 Å for S–S interface and 3.71 Å for the Se–S interface),
mainly due to the repulsive electrostatic interaction between
the anions at the interface. The positive binding energies
presented in table 1 indicate that the four MoS2/WSSe vdW
heterojunctions are all stable.
The electronic structures of the four vdW heterojunctions
are presented in ﬁgure 2. The four vdW heterojunctions are all
type-Ⅱ heterojunctions. It is interesting to note that the vdW
heterojunctions with S–S interfaces are indirect bandgap
semiconductors (ﬁgures 2(a) and (b)) with the valence band
maximum (VBM) locating at the Γ point and the conduction
band minimum locating at the K point. However, the vdW
heterojunctions with Se–S interfaces are direct bandgap
semiconductors (ﬁgures 2(c) and (d)) and their CBMs and
VBMs reside at the K point. The calculated band gaps are
summarized in table 1. The VBM positions of the S–S-AA,
S–S-AB, Se–S-AA, Se–S-AB heterojunctions relative to the
vacuum level of the WSSe layer are −5.62 eV, −5.40 eV,
−6.47 eV, and −6.48 eV, respectively. The band gaps are all

2. Methods
All the calculations were performed by using ﬁrst-principles
calculations based on density functional theory as implemented in the Vienna Ab initio Simulation Package (VASP)
with the projector-augmented wave method [38, 39]. A planewave basis with a cutoff energy of 500 eV was used [40]. The
structures were fully relaxed with an energy convergence
threshold of 10−6 eV and residual forces of less than
10−2 eV Å−1. The gamma-centered k point sampling of
15×15× 1 was adopted. The heterojunctions are combined
with 1×1 MoS2 stacking on 1×1 WSSe. All the conﬁgurations are fully relaxed with the Perdew–Burke–Enzerhof
exchange-correlation functional. The strains considered in
this work are all in-plain biaxial strains. Heyd–Scuseria–
Ernzerhof (HSE06) hybrid functional was adopted to get
more accurate band structure and optical absorbance [41]. The
optb88 corrections were used to consider the vdW interactions between the two layers in the systems [42]. The dipole
corrections perpendicular to the interfaces of the vdW heterojunctions were considered [43]. The electronic potential
was obtained by averaging the potential values by the number
of grid points perpendicular to the z direction.
The binding energy is used to estimate the stability of the
vdW heterojunctions, with the following deﬁnition:
Eb = EMoS2 + EWSSe - EMoS2 / WSSe

in which the EMoS2, EWSSe, and EMoS2/WSSe are the total
energies of monolayer MoS2, WSSe, and the MoS2/WSSe
vdW heterojunction, respectively.
2
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Figure 1. Top and side views of the geometric structures for MoS2/WSSe vdW heterojunctions with S–S interfaces, Se–S interfaces, and AA,
AB stackings (from left to right).
Table 1. Lattice parameters, binding energies, band gaps, and electron transfers for the four MoS2/WSSe vdW heterojunctions.

Lattice constant (Å)
Interlayer distance (Å)
S/Se–S distance (Å)
Binding energy (meV)
Eg_dir (eV)
Eg_indir (eV)
Electron transfer (|e|)

S–S-AA

S–S-AB

Se–S-AA

Se–S-AB

3.22
3.64
3.64
171
1.71
1.59
−0.002

3.23
3.05
3.56
228
1.66
1.33
0.0002

3.22
3.71
3.71
172
1.00
—
0.004

3.23
3.15
3.66
225
1.09
—
0.009

relatively smaller than those of pristine monolayer MoS2
(∼2 eV [46, 47]) and WSSe (∼2.13 eV [48]). The CB and VB
mainly contributed by orbitals from different layers further
conﬁrm the weak vdW interaction between the two
monolayers.
Due to the different electronegativity of S and Se atoms,
there is electron transfer between the two layers even though
the interlayer interaction is weak. The Bader charge analysis
reveals that the electron losses of the monolayer WSSe are
−0.002, 0.0002, 0.004, and 0.009 e for S–S-AA, S–S-AB,
Se–S-AA, and Se–S-AB heterojunctions, respectively. The
electron loss can be used to explain the reason for the smaller
bandgap in the vdW heterojunction with Se–S interface than
that with S–S interface. For the vdW heterojunction with Se–
S interface, the electron loss from the WSSe layer to the MoS2
layer results in the upward shifts of the valence band and the
downward shifts of the conduction band, thus a smaller
bandgap. On the contrary, the heterojunctions with the S–S
interface have larger band gaps.
In the S–S-AA vdW heterojunction, an electrostatic
potential drop ΔΦ around 0.75 eV is observed from the MoS2
monolayer to the WSSe monolayer. The electrostatic potential
drop direction indicates that electron transfer from MoS2 to

WSSe occurs, matching well with the Bader charge analysis.
The potential drop between the two layers induces a large
built-in electric ﬁeld across the interface, pointing from MoS2
to WSSe. However, there is a built-in electric ﬁeld pointing
from the WSSe layer to the MoS2 layer due to an opposite
potential drop direction (ﬁgure 3(b)) for the Se-S-AA vdW
heterojunction.
The built-in electric ﬁeld plays a crucial role in separating
the photogenerated electron-hole pairs, which is beneﬁcial for
photocatalytic applications. Figures 3(c) and (d) illustrate the
electron transfer mechanism for the S–S-AA vdW heterojunction and the Se–S-AA vdW heterojunctions respectively.
In the two vdW heterojunctions, due to the intralayer
absorption, the electrons from the valence band of MoS2
(WSSe) would excited to the conduction band of MoS2
(WSSe), leaving holes at the valence band and electrons at the
conduction band of MoS2 (WSSe). Next, for the S–S-AA
vdW heterojunction, the built-in electric ﬁeld promotes the
photogenerated electrons (holes) to migrate to the MoS2
(WSSe) layer. However, the built-in electric ﬁeld in the Se–SAA vdW heterojunction facilitates the electrons transition
from the conduction band in the MoS2 layer to the valence
band in the WSSe layer, probably resulting in a direct
3
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Figure 2. Projected band structures of the four MoS2/WSSe vdW heterojunctions (a) S–S-AA vdW heterojunction, (b) S–S-AB vdW

heterojunction, (c) Se–S-AA vdW heterojunction, (b) Se–S-AB vdW heterojunction. The red and blue circles present the contributions from
the MoS2 layer and the WSSe layer, respectively. X1, X2, Y1, and Y2 are the intralayer transition paths related to the ﬁrst two optical
absorption peaks.

high-efﬁciency photovoltaic and photocatalytic devices.
Therefore, we investigated the optical-absorption performance of the vdW heterojunctions with the two interfaces in
an AA stacking mode. As displayed in ﬁgures 3(e) and (f),
both of the two vdW heterojunctions exhibit excellent light
absorption performance in the visible region and the nearultraviolet region. Two high peaks around 2.35 and 2.72 eV
indicate a great potential to be used in photovoltaic and
photocatalytic devices.
The optical properties of the heterojunctions are due to
the response of the system to a time-dependent electromagnetic perturbation. The optical complex dielectric

Z-scheme photocatalyst. Considering that the photocatalytic
mechanism is a balance of the built-in electric ﬁeld, Coulomb
repulsion, and potential difference at the interface [49], further theoretical and experimental investigations are required
to determine the exact photocatalytic mechanism in the
MoS2/WSSe heterojunction with different interfaces, such as
the competition between the photogenerated carrier relaxation
and recombination, and ex and in situ irradiated x-ray photoelectron spectroscopy characterization of the charge carrier
migration.
The ability to harvest solar light, especially the
visible and near-infrared regions, is required to produce
4
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Figure 3. (a) and (b) Electrostatic potentials of the S–S-AA and Se–S-AA vdW heterojunctions along the z direction. (b) and (d) Possible

schematic diagrams of the S–S-AA and Se–S-AA vdW heterojunctions. (e) and (f) Optical absorption spectrum of the S–S-AA and Se–S-AA
vdW heterojunctions.

function consists of ‘interband’ and ‘intraband’ contributions.
Due to the depolarization effects [50], the ‘interband’
absorption gives a negligible contribution, and the optical
absorption as shown in ﬁgures 3(e), (f) thus mainly contributed by the intraplane transition of MoS2 and WSSe. Even
though the two MoS2/WSSe heterojunctions with different
interfaces have different band structures around Fermi energy,
their optical absorptions are almost the same in the visible
light region. There are three peaks in the optical absorption
spectra in the visible light range for both heterojunctions. The
ﬁrst two peaks are contributed by the intralayer transition X1
and X2 (or Y1 and Y2, shown in ﬁgures 2(a), (c)), while the
third one is resulted from a superposition of multiple transition paths at different k points.
Interestingly, the potential drop can effectively be tuned
by external strains, as depicted in ﬁgure 4. For all the four
studied systems, a linear decreasing of the potential drop with
strain is observed. This phenomenon suggests that external
compressive strains enhance the built-in electric ﬁeld, and
thus improve the electron-hole separation performance.
External strains on two-dimensional semiconductors
inﬂuence not only the electrostatic potential drop but also
other electronic properties and thereby optical properties.
Next, we investigated other electronic properties responses to
biaxial strains ranging from −8% to 8%. The negative values
mean compressive strains, while the positive ones mean
tensile strains. Figure 5 gives the bandgap variation under
different strains. The bandgap variation for all the four vdW
heterojunctions shows the same trend from compressive

Figure 4. Potential drop for the four vdW heterojunctions under

biaxial compressive and tensile strains.

strains to tensile strains. With the decreasing of compressive
strains, the value of the bandgap increases. The bandgap
reaches its maximum at ∼4% compressive strain, and then it
decreases gradually. The heterojunctions tend to have a direct
bandgap at −2% strain. Although the vdW heterojunction
with the S–S interface and AB stacking is still a semiconductor, the direct and indirect bandgap difference is only
91 meV. Thus, a direct bandgap can be expected at around the
−2% compressive strain. At large tensile strains, the heterojunctions change from semiconductors to metals. For
5
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Figure 5. Indirect (blue) and direct (red) band gaps for the four vdW heterojunctions under biaxial compressive and tensile strains (a) S–S-AA

vdW heterojunction, (b) S–S-AB vdW heterojunction, (c) Se–S-AA vdW heterojunction, (b) Se–S-AB vdW heterojunction.

Figure 6. Band structure variations of the S–S-AA vdW heterojunction under biaxial compressive and tensile strains.

strains, demonstrating that applying external strains can
effectively modulate the band structures of the MoS2/WSSe
vdW heterojunctions. The external strain effect can be
achieved in an experiment by applying external load or stress
on the heterojunction, bending, or the lattice mismatch
between the heterojunction and the substrate [51–54].
To elucidate the band structure evolution of MoS2/WSSe
heterojunction with S–S–AA interface under various strains,
we calculated the charge density distributions of the heterojunction on four key sites (ﬁgure 7), CB (Γ–K), CB (K), VB
(Γ), and VB (K). Therein, CB (Γ–K), CB (K), VB (Γ), and
VB (K) are the conduction band between high symmetry

example. The vdW heterojunction with the Se–S interface and
AB stacking is metal under 6% strain.
Taking the vdW heterojunction with S–S interface and
AA stacking as an example, ﬁgure 6 presents more clearly
about the band structure variation under biaxial tensile and
compressive strains. From compressive strains to tensile
strains, the CBM moves down to get close to the Fermi level,
resulting in a smaller and smaller bandgap. During this variation process, the CBM changes from a point between Γ and
K to K point. In addition, the VBM moves from the K point to
the Γ point. The change of the CBM and VBM positions
leads to an indirect-direct-indirect band gap transition under
6
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Figure 7. Top and side views of the charge density distributions of the S–S-AA vdW heterojunction on CB (Γ–K), CB (K), VB (Γ), and

VB (K).

point Γ and K, conduction band at K point, valence bands at
Γ and K points, respectively. As can be seen, the charge
density distributions at CB (Γ–K) mainly contributed by inplane 3d-orbitals of W atoms, and that at CB (K) contributed
by both in-plane and out-plane orbitals. While the charge
density distributions at VB (Γ) mainly contributed by the outplane d2z orbital of W atoms, and that at CB (K) mainly
contributed by the in-plane 3d-orbitals of W atoms. According to previous literature, different orbitals have different
responses to strain, and the band evolution under strain results
from the competition between the electron-ion interaction and
the electron-electron interaction [55]. Qualitatively, the orbitals interaction at CB (Γ–K) is larger than that at CB (K),
resulting in a larger response of the band at CB (Γ–K) to the
strain, and the band goes up as strain increases. Similarly, a
larger orbital interaction occurs at VB (K) than that at VB (Γ),
and the band goes down asstrain increases.

Different photocatalyst mechanisms may exist in the
MoS2/WSSe heterojunctions with different interfaces, which
need further theoretical and experimental validations. The
heterojunctions show excellent ability to absorb solar energy
in the visible region, indicating good optical absorption performance. All the MoS2/WSSe vdW heterojunctions experience indirect-direct-indirect transitions from compressive
strains to tensile strains, and transit to metals under large
tensile strains. The as-demonstrated MoS2/WSSe vdW heterojunctions can thus be used as promising candidates for
designing the next generation nanoelectronic and optoelectronic devices.
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