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By means of first-principles GW calculations, we have studied the electronic structure properties of M X,
(M = Mo, W; X =8, Se, Te) bilayers, including hybrid structures of M X, building blocks. The effect of
spin-orbit coupling on the electronic structure and the effect of van der Waals interaction on the geometry were
taken into account. All the homogeneous bilayers are identified as indirect band-gap materials, with an increase
of the band gap when Mo is changed to W, and a decrease of the band gap when the atomic number of X is
increased. The same behavior is also observed for hybrid bilayers with common chalcogen atoms, while bilayers

with common metal atoms have a direct band gap. Finally, it is shown that due to their particular band alignment,
some heterobilayers enable electron-hole separation, which is of interest for solar cell applications.
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I. INTRODUCTION

Since the celebrated discovery of graphene, two-
dimensional crystals have been the subject of an intensive
research due to their electronic, optical, and mechanical prop-
erties [1]. Layered transition-metal dichalcogenides (TMDs)
are a class of materials in which layers are stacked together
by van der Waals forces [2,3]. They exhibit a large variety
of electronic structures such as metallic, semiconducting, or
superconducting, depending on the coordination and oxidation
states of the metal atom. After it became possible to prepare
them in a monolayer or few layers form by the exfoliation
technique [4] or by chemical vapor deposition [5], there has
been an increasing interest to study the properties of these
materials for nanoscale electronics and photonics applications.
Several distinctive electronic and optical properties, including
a crossover from an indirect gap to a direct gap in the limit
of monolayer thickness [6—8], strong excitonic effects [9,10],
and the possibility of full optical control of the valley and spin
occupation [11,12] have been recently demonstrated for these
materials. When increasing the thickness of the M X, sheets,
they exhibit additional properties not seen in single layers,
where the interlayer interaction, geometrical confinement,
and crystal symmetry play a collective role in defining their
electronic properties [7]. Recently, various basic electronic
components have been fabricated based on MoS, monolayers
and bilayers, such as field-effects transistors (FETs) with a high
mobility, sensors, logic circuits, and phototransistors [13—16].

Also, the isolation of various two-dimensional (2D) mate-
rials, and the possibility to combine them in vertical stacks
has created a new class of van der Waals heterostructures,
and has opened the way to the realization of truly 2D-device
architectures [17]. Such a concept has already proven to be
fruitful for a number of electronic applications in the area
of ultrathin and flexible devices with various functionalities
[18,19]. For example, stacking TMDs or h-BN over graphene
will open a band gap, which allows the fabrication of field
effect transistors with very low OFF currents. Also, the
construction of 2D heterostructures from a semiconducting
layer (MoS,, WS,, or GaSe) sandwiched between graphene
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sheets leads to photovoltaic effects with external quantum
efficiencies as high as 30% [20]. Recently, electronic and mem-
ory devices have been constructed from the graphene/MoS,
system and have displayed remarkable optoelectronic func-
tionalities, including highly sensitive photodetection and gate-
tunable persistent photoconductivity [21-23]. In addition to
FETs, heterojunction diodes have also been constructed using
epitaxial growth of a p-WSe, layer on top of an n-MoSe;
substrate [24].

At the same time, theoretical studies can be very helpful to
understand the properties of stacks of TMD layers, in particular
their electronic structure. For instance, calculations at the
DFT level (using the GGA approximation) have shown that
a M X, bilayer undergoes a semiconductor-to-metal transition
under uniaxial or biaxial compressive strain [25,26]. The
same behavior has also been predicted if an electric field is
applied perpendicularly to the layers [27]. In addition, other
calculations [28,29] using GGA and HSE have studied how
to engineer the band gap of TMDs heterojunctions. However,
standard DFT is not able to provide a realistic value of the band
gap, and therefore some studies have been conducted using
many-body theories. For example, Cheiwchanchamnangij
et al. [30] have used the GW approximation and the Bethe-
Salpether equation to study the optical properties of a MoS,
bilayer, and a good agreement with absorption experiments
was found. Also, Komsa et al. [31] have used the same
approach to study the effect of quantum confinement on the
electronic structure of few MoS, layers.

However, these studies have not been generalized to other
type of bilayer systems. In particular, the electronic structure
properties of M X, bilayers (with M being either Mo or
W and X =S, Se, or Te), including heterobilayers (also
called here hybrid structures), have not been investigated
systematically using the GW approximation, which is the
purpose of the present publication. Our paper is organized
as follows. After a description of the computational details,
we will present our results concerning the electronic structure
of the homogeneous bilayers, followed by the properties of the
heterobilayers. In the last part, we offer our conclusions and
perspectives.
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FIG. 1. (Color online) Perspective view of a transition metal
dichalcogenide hybrid system stacked in an AB fashion. Transition
metal atoms are in blue or gray color and chalcogenide atoms are in
yellow.

II. COMPUTATIONAL METHODS

Our first-principles calculations have been performed with
the projector-augmented wave (PAW) scheme as implemented
in the VASP [32,33] code. The Perdew-Burke-Ernzerhof (PBE)
[34] parametrization of the generalized gradient approxima-
tion (GGA) is used for the exchange-correlation potentials with
aplane-wave cutoff of 400 eV anda 12 x 12 x 1 k-point mesh.
The van der Waals interactions are taken into account through
a dispersion correction as proposed by Tkatchenko-Scheffler
(DFT-TS) [35] and recently implemented in VASP [36]. For
a given TMD layer, several polymorphs are known, but only
the 2H form was considered here since it is the most stable
one according to previous work [37]. Also, the AB stacking,
i.e., when the X atoms of one layer are on top of the metal
atoms of the other layer, as presented in Fig. 1, was chosen
as it is the energetically favored configuration over the AA
stacking [26]. Also, only systems with a small lattice mismatch
were investigated in our study, which exclude for instance
MoTe,/MoS, and WTe,/WS, bilayers. The two-dimensional
slab geometries were set up with a vacuum space of about 20 A
to ensure decoupling between periodically repeated systems.
Then each system was fully relaxed with residual forces
smaller than 0.001 eV/A. These ground-state calculations were
then used to compute the quasiparticle band structure with the
GW approximation. 352 bands were used in the summation
over bands in the calculation of the polarizability and the
self-energy and a cutoff of 150 eV was used for the size of
the polarizability matrices. Also, 100 frequency points were
used for the integration over frequency in the calculation of
the self-energy. The spin-orbit interaction was included both
at the DFT and GW levels.

III. RESULTS AND DISCUSSION

The list of investigated M X, bilayer systems, their struc-
tural parameters, and their calculated quasiparticle band gap
are presented in Tables I and II, together with the available
experimental data. As shown in Table I, the calculated
lattice parameters of the homogeneous structures are in good
agreement with the experimental values of the corresponding
bulk systems, and the interlayer distances (measured as the
chalcogen-chalcogen distance along the stacking direction)
differ only slightly from the experimental data. These two
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TABLE I. In plane lattice parameters a, interlayer distances d
(in A), and quasiparticle band gaps (in eV) of homogeneous M X,
bilayers. For comparison, the experimental (exp) values for the
geometry of the corresponding bulk crystal are also presented. Ay is
the splitting at the valence band maximum at the K point.

Bilayers aca  dexp d  dey [38] Ay

EgGoWoJrsoc Egexp

MoS, 316 3.16 292 298 0.18 1.83(I'-A) 1.6[7]

MoSe, 3.29 330 3.06 3.07 021 1.67(I'-A)
MoTe, 3.52 352 338 349 024 1.32(K-A)
WS, 3.17 3.15 3.01 3.02 040 2.06(T-A)
WSe, 329 328 3.14 314 047 1.76 (K-A)
WTe, 352 3.52 345 - 049 1.33(K-A)

parameters are compared to the bulk values due to absence
of experimental data for the bilayers. The results are also
in good agreement with previous calculations on bulk MoS;
using the same method [36]. Our calculated quasiparticle
band gaps are reported in Table I along with the measured
photoluminescence gap [7] for the MoS, bilayer. For MoS,, the
GW band gap is found to be larger by ~0.2 eV in comparison
with the experimental value and in good agreement with the
previous calculations [30,31]. This overestimation is mainly
due to excitonic effects [30], which are not included at the GW
level of theory. According to our calculations, all the M X,
bilayers present indirect band gaps, in contrast to the direct
gap of the corresponding monolayers. For a given X, the band
gap of a WX, compound is slightly larger than the band gap of
the corresponding M X, compound, and the magnitude of the
band gap decreases when going from sulphide to the telluride
due to the decrease in ionicity.

Without including spin-orbit coupling in the calculation,
all the homogeneous bilayers have an indirect band gap
with the valence-band maxima (VBM) located at I" and
the conduction-band minima (CBM) at A (along the I'-K
direction, data not shown). Due to the interlayer hopping, the
valence bands are splitted in two groups of double degenerated
bands. Also, the interlayer interaction acts more at I than
at K due to the different localisation of the wave function
at these points [39]. As the chalcogen atom changes from
S, Se, to Te the magnitude of the splitting increases due to
the increased interlayer coupling [40]. However, when SO
coupling is included, the band structures are modified (see

TABLE II. Calculated lattice parameters a, interlayers distances
d, and quasiparticle band gaps E, of TMDs heterobilayers using
GGA and Gy W, with SO coupling. A, is the value of the spin orbit
splitting at the top of the valence bands.

Bilayers Acal d ASU EgGO Wo+soc
WS,-MoS, 3.16 297 0.32 1.96 (T'-A)
WSe,-MoSe; 3.29 3.10 0.30 1.67 (K-A)
WTe,-MoTe, 3.49 3.42 0.26 1.31 (K-A)
MoSe,-MoS, 322 2.99 0.17 1.25 (K-K)
MoTe,-MoSe, 3.40 3.19 0.20 1.13 (K-K)
WSe,-WS, 3.23 3.08 0.41 1.26 (K-K)
WTe,-WSe, 3.40 3.28 0.40 1.12 (K-K)
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FIG. 2. (Color online) Band structure of MoS, (a) and MoTe,
(b) bilayers: black lines and red dots represent the GGA and G, W,
calculation with SO coupling, respectively. The Fermi level is put
to zero, the band gap is indicated by an arrow and the vertical lines
indicate the positions of high-symmetry points.

Fig. 2 for MoS; and MoTe, bilayer band structures), with
a downshift of the lowest conduction band along K-I" by
~50 meV and an upshift of the valence band maximum at
the K point. As a result, the energy band gap of MoTe,, WSe,
and WTe; bilayer changes from I'-A to K-A.

The band splitting Ay, at the top of the valence bands at the
K point of the considered homogeneous bilayers are reported
in Table I. The value of Ay, in the bilayer is due to both SO
and interlayer couplings. As shown in Table I Ay, lies in the
range ~0.2-0.49 eV depending on the size of the TM atom.
The calculated Ay, are in good agreement with the splitting
observed in the photoluminescence spectra of a MoS,; bilayer
with amagnitude of ~0.2 eV [7] and of WS, and WSe; bilayers
with a magnitude of ~0.4 eV [41].

Turning now to heterobilayers (see Table II), we have
distinguished two groups: the first group is with common
chalcogen atoms (called X-common bilayers), and the sec-
ond group is with common TM atoms (called M-common
bilayers). For common chalcogen atoms, the in-plane lattice
constant of the M X, monolayers are very close to each
others, while they differ slightly more for common TM atoms.
Also, the lattice parameters and interlayer distances of M-
common heterobilayers are almost equal to the average of the
homogeneous bilayers values. For X-common heterobilayers,
the interlayer distances correspond to a value close to the
average of the corresponding homogeneous bilayers. Also, all
the X-common systems studied here present an excellent in
plane lattice matching, indicating that they can be used for
building heterojunction diodes [26].

As shown in Table II, the bilayers of the X-common group
have an indirect band gap, which gradually decreases as the
atomic number of the chalcogen atom increases, similar to
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FIG. 3. (Color online) Band structure of WS,-MoS, (a), WSe,-
MoSe, (b), WTe,-MoTe, (c) heterobilayers: black lines and red dots
represent GGA and Gy W, calculation with SO coupling, respectively.
The Fermi level is put to zero, and band gap is indicated by an arrow.
The vertical lines indicate the positions of high-symmetry points.

what is observed for single layers. Without SO coupling (data
not shown), the band gap remains indirect with a VBM located
at I' and a CBM located at A. However, when SO-coupling
is included, the degenerated valence bands are splitted into
nondegenerated states around the K point, a behavior which is
observed for all the considered heterobilayers. Then, the VBM
of the MoSe,-WSe, and the MoTe,-WTe, bilayers are changed
from I" to K while the CBM remains at A. As seen in Fig. 3,
the DFT and Gy W, band structures differ for the MoS,-WS,
bilayer, since DFT gives a CBM located at K while the GW
approximation puts it at A.

M -common heterostructures have a direct band gap at the
K point (see Fig. 4) with a value obtained with the GW

Energy (eV)

FIG. 4. (Color online) Band structure of WSe,-WS, (a), MoSe,-
MoS, (b), MoTe,-MoSe, (c) heterobilayers: black lines and red
dots represent GGA and GoW, calculations with SO coupling,
respectively. The Fermi level is put to zero, and band gap is indicated
by an arrow. The vertical lines indicate the positions of high-symmetry
points.
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FIG. 5. (Color online) Partial densities of states of WS,-MoS,
(top), MoSe,-MoS, (bottom), showing type-II alignment.

approximation in the range ~1.1-1.3 eV (see Table II). For
some M-common bilayers, a direct band gap is observed
only when the SO coupling interaction is taken into account:
without SO coupling (data not shown), MoSe,-MoS, and
MoTe,-MoSe, bilayers have an indirect bandgap from I" to
K and from M to K, respectively, whereas the WSe,-WS, and
WTe,-WSe, heterostructures exhibit a direct band gap with
or without SO coupling. Similarly to M X, single layers, the
splitting at the top of the VBM of the M X, heterobilayers
comes from SO coupling as a result of the missing inversion
symmetry [42]. The value of Ay, (the splitting at the VBM) is
reported in Table II for all the heterobilayers studied here. For
X-common bilayers, the value of Ay, increases when going
from S to Te due to the decreasing distances between the
chalcogen atoms, while for M-common bilayers, A, increases
with increasing the TM atomic number.

According to our calculated density of states, the top of
the VBM and the bottom of the CBM belong to different
layers, as shown for example in Fig. 5 for the WS,-MoS,
and the MoSe;-MoS, heterobilayers. In both cases, we find
that the MoS, monolayer behaves as the electron acceptor
and the other layer acts as the electron donor, which is in
agreement with previous discussions [43,44] on the band
alignment of M X, monolayers. This is further proven by
looking at the charge density at the K point (which corresponds
to the minimum direct gap) for the VBM and the CBM.
As seen in Fig. 6 for the WS,-MoS, and the MoSe,;-MoS;
bilayers, the charge density at the CBM state is found to
be mainly localized on the MoS, monolayer (around the
Mo atoms), while the VBM state belongs to the second
monolayer and is more uniformly distributed among the atoms.
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FIG. 6. (Color online) Charge separation at the interface of WS,-
MoS; (a) and MoSe,-MoS, (b) heterobilayers. For each figure, the
left part corresponds to the top of the highest valence band at the
K point and the right part corresponds to the bottom of the lowest
conduction band at the K point.

This particular electronic structure, with the valence-band
maximum belonging to one layer and the conduction-band
minimum belonging to an other layer allows, in principle, an
efficient electron-hole separation, which is crucial for solar
cell applications [45]. This was shown previously for the case
of WS,-MoS, [46] but according to our calculations, the same
mechanism is expected to happen with all the heterobilayers
studied here, except the WSe,-WTe, in which the electrons
and holes are localized on the same layer.

IV. SUMMARY

In summary, we have performed first-principles GW
calculations to study the electronic structure of M X, bilayers
(with M being either Mo or W and X =S, Se, or Te),
including heterobilayers. In all our calculations, van der Waals
interaction and spin-orbit coupling were included in order
to get accurate results. All the homogeneous bilayers are
identified as indirect band-gap semiconductors. In the case
of heterobilayers, X-common bilayers have an indirect band
gap whereas the M-common bilayers have a direct band gap.
For both homo- and heterobilayers, the band gap depends
significantly on the atomic species, and when Mo changed to
W the band gap is increased, while when the atomic number
of X increases, the band gap decreased. Also, due to the band
alignment, the M X, heterobilayers can be potentially used as
charge separators for solar-cell applications.
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