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Heterostructures of transition metal dichalcogenides
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The structural, electronic, optical, and photocatalytic properties of out-of-plane and in-plane heterostructures
of transition metal dichalcogenides are investigated by (hybrid) first principles calculations. The out-of-plane
heterostructures are found to be indirect band gap semiconductors with type-II band alignment. Direct band gaps
can be achieved by moderate tensile strain in specific cases. The excitonic peaks show blueshifts as compared
to the parent monolayer systems, whereas redshifts occur when the chalcogen atoms are exchanged along the
series S-Se-Te. Strong absorption from infrared to visible light as well as excellent photocatalytic properties can
be achieved.
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I. INTRODUCTION

Transition metal dichalcogenide (TMDC, MX2 with M =
Mo, W and X = S, Se, and Te) monolayers are emerging
as promising materials for a wide range of applications,
e.g., in energy storage [1], gas sensors [2], catalysis [3],
field-effect transistors [4], and optoelectronic/photonic devices
[5]. Due to their distinct properties, they also have been put
forward for logic circuits [6] and memory devices [7]. It has
been demonstrated that quantum confinement in MoS2 results
in indirect-to-direct band gap crossover [8] and enhanced
photocatalytic activity [9,10]. In general, the properties of
TMDC monolayers can be tuned by doping [11], alloying
[12], strain engineering [13], stacking [14], and the formation
of superlattices [15]. Optical band gaps ranging from the near
infrared to the visible light region and strong light-matter
interaction enable the development of efficient photovoltaic
devices based on TMDC monolayer heterostructures [16].

In-plane and out-of-plane MoS2-WS2 heterostructures have
been grown and characterized by both Raman and pho-
toluminescence spectroscopy [17]. Excitonic transitions at
1.4 eV in the photoluminescence spectra of the out-of-
plane heterostructures later could not be reproduced and
therefore have been attributed to the substrate [18]. Thickness
and stacking effects on the phonon spectra of MoS2 and
WS2 monolayers and their out-of-plane heterostructures have
been addressed by first principles calculations in Ref. [19].
The heterostructures exhibit indirect band gaps, as do the
corresponding bulk compounds [19,20]. On the other hand,
MoS2-WS2 and MoS2-MoTe2 in-plane heterostructures are
subject to significant modifications of the electronic properties
as compared to the corresponding pure monolayer systems
[21,22].

The Coulomb interaction in TMDC monolayers results
in strongly bound excitons [23]. While in bulk TMDCs the
excitons have binding energies of less than 100 meV, e.g.,
40 meV in MoS2, in the monolayer systems these energies
can be ten times larger [11]. This offers new opportunities for
exciton engineering and paves the way to optoelectronic appli-
cations. Engineering the generation, dissociation, transfer, and
recombination of excitons by the formation of heterostructures
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is also of fundamental importance in photovoltaics [24].
Long-lived interlayer excitons in out-of-plane MoSe2-WSe2

heterostructures have been reported recently in Ref. [25].
Indeed, similar lattice parameters allow the creation of a
variety of TMDC heterostructures with very few structural
defects [26]. However, despite their technological relevance
[27] and various results from first principles calculations
[28–30], the properties that can be expected from such
systems are still under debate. In particular, the nature of
the band gap (direct versus indirect) of the MoSe2-WSe2 and
MoTe2-WTe2 heterostructures is not settled [31]. In the present
work, we therefore provide an accurate description of the
electronic structure in terms of hybrid functional calculations.
In addition, we present a comparative study of excitonic effects
in TMDC heterostructures and analyze possible applications
in photocatalysis.

II. COMPUTATIONAL DETAILS

We employ density functional theory in the projector
augmented plane wave scheme [32]. Using the Perdew-Burke-
Ernzerhof (PBE) functional, we relax the heterostructures
taking into account the van der Waals interaction by the
empirical dispersion correction proposed by Grimme [33].
This procedure yields good agreement with experiments with
respect to the interlayer distance. The plane wave cutoff is set
to 500 eV and the atomic positions are relaxed until the forces
have converged to 10−3 eV/Å and the energy to 10−4 eV.
�-centered Monkhorst-Pack k-meshes are employed for inte-
grating the Brillouin zone. We use for the structural relaxation
6 × 6 × 2 and 6 × 6 × 1 k-meshes for the out-of-plane and
in-plane heterostructures, respectively, which are refined to
12 × 12 × 4 and 12 × 12 × 1 for the optimized structures.
A vacuum layer thicker than 16 Å prevents artifacts of the
periodic boundary conditions in the out-of-plane direction.
The effect of spin-orbit coupling is significant for both Mo
and W and hence is taken into account in all calculations.

The converged PBE wave functions are used as start-
ing points for hybrid functional Heyd-Scuseria-Ernzerhof
(HSE06) calculations [34]. Due to the high computational
costs associated with this method the k-mesh here is not
refined. In addition, we employ the GW0 approach, where
the HSE06 single particle energies and wave functions are
used to calculate the quasiparticle energies. The HSE06 wave
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FIG. 1. (Color online) Out-of-plane heterostructures for different
stackings.

functions are also used to solve the Bethe-Salpeter equation
(Tamm-Dancoff approximation) in order to study the optical
spectrum. We take into account the 10 highest valence and
10 lowest conduction bands for calculating the excitonic
eigenstates.

III. RESULTS AND DISCUSSION

In our out-of-plane heterostructures we use the in-plane lat-
tice constants obtained by optimization of the involved mono-
layer systems. Moreover, we approximate the orthorhombic
structure of WTe2 as hexagonal for the sake of comparison
with the other compounds. Since the electronic structure is very
sensitive to the layer stacking [31], we study various choices;
see Fig. 1. A: the X atoms of one monolayer are located on top
of the M atoms of the other layer, similar to the most stable
phase of bulk TMDCs [35]. B: the M atoms are located on top
of each other, which is the second layer stacking known from
bulk TMDCs. C: the two monolayers are shifted laterally so
that on-top positions are avoided. The binding energy, given
by the total energies of the heterostructure and the two isolated
monolayer systems,

E = EMoX2-WX2 − EMoX2 − EWX2 , (1)

shows that stacking A is favorable in each case; see Table I.
Therefore, this situation is studied in the following. By its only
slightly higher energy, stacking B should still be accessible in

TABLE I. Formation energy and interlayer distance for the out-
of-plane heterostructures.

Stacking A MoS2-WS2 MoSe2-WSe2 MoTe2-WTe2

E (eV) − 0.20 − 0.26 − 0.38
d (Å) 6.16 6.48 6.94

Stacking B MoS2-WS2 MoSe2-WSe2 MoTe2-WTe2

E (eV) − 0.18 − 0.24 − 0.32
d (Å) 6.20 6.62 7.20

Stacking C MoS2-WS2 MoSe2-WSe2 MoTe2-WTe2

E (eV) − 0.14 − 0.20 − 0.24
d (Å) 6.29 6.65 7.30
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FIG. 2. (Color online) Band structures of the out-of-plane het-
erostructures obtained using the PBE (left) and HSE06 (right)
functionals. The black dashed conduction bands are obtained under
strain; see the text for details.

experiment, whereas stacking C is practically not relevant. The
interlayer distances obtained for stacking A turn out to be in
agreement with experimental values of MoS2 (6.15 Å), WS2

(6.16 Å), MoSe2 (6.45 Å), and WSe2 (6.49 Å) bilayer systems
[35].

The PBE band structure in Fig. 2 (top left) shows that
the MoS2-WS2 heterostructure has an indirect band gap with
the valence band maximum (VBM) at the � point and the
conduction band minimum (CBM) at the K point, in agreement
with experiment [18] and theoretical reports [19]. In contrast
to the experimental situation [25], the MoSe2-WSe2 and
MoTe2-WTe2 heterostructures show direct band gaps; see
Fig. 2 (middle and bottom left) and Ref. [31]. The PBE
functional also underestimates the band gap values [25]; see
Table II. In order to improve the accuracy, we therefore use
the HSE06 functional. The results in Fig. 2 (right) show for all
heterostructures the expected indirect band gap. The larger the
M-X bond length, the smaller the splitting of the bonding and
antibonding states and thus the band gap [36]. Hence Table II
demonstrates significant potential for band gap engineering by
stacking TMDC monolayers. In general, mechanical strain is
one of the most prominent approaches to manipulate the band
structure [37]. Indeed, we find for moderate in-plane tensile
strain of 0.75% (MoSe2-WSe2) and 1.5% (MoTe2-WTe2) a
shifting of the CBM to the K point, i.e., a direct band gap;
see the black dashed conduction bands in Fig. 2 (right). On
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TABLE II. Band gaps and splittings of the valence and conduction
bands for the out-of-plane heterostructures.

PBE MoS2-WS2 MoSe2-WSe2 MoTe2-WTe2

Eg (eV) 1.2 1.0 0.7
�VB (meV) 342 324 278
�CB (meV) 3 21 37

HSE06 MoS2-WS2 MoSe2-WSe2 MoTe2-WTe2

Eg (eV) 1.7 1.5 1.1
�VB (meV) 364 354 304
�CB (meV) 22 43 63

GW0 MoS2-WS2 MoSe2-WSe2 MoTe2-WTe2

Eg (eV) 2.1 1.8 1.3

the other hand, the MoS2-WS2 heterostructure maintains its
indirect band gap nature under any reasonable tensile strain.

The orbitally weighted HSE06 band structures for the
out-of-plane heterostructures in Fig. 3 show that the CBM
at the K point is due to the Mo d3z2−r2 states, while the
VBM at the � point is due to the W d3z2−r2 states. This kind
of localization of the VBM and CBM in different regions
of the heterostructure spatially separates electron-hole pairs
(type-II band alignment), which is useful for light detection
and harvesting, because no additional material is needed for
this purpose [22,38]. TMDC bilayers do not possess this
property, so that an external electric field is required to achieve
a type-II band alignment [39]. Moreover, strong spin-orbit
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FIG. 3. (Color online) Orbitally weighted HSE06 band structures
of the out-of-plane heterostructures, taking into account the spin-orbit
coupling.

TABLE III. Splittings of the valence and conduction bands in
TMDC monolayers.

PBE MoS2 MoSe2 MoTe2 WS2 WSe2 WTe2

�VB (meV) 143 179 205 409 460 465
�CB (meV) 2 22 36 4 8 46

HSE06 MoS2 MoSe2 MoTe2 WS2 WSe2 WTe2

�VB (meV) 156 193 220 439 510 512
�CB (meV) 20 44 67 15 54 60

coupling results in significant valence and conduction band
splittings (�VB/CB), see Table II, where the value of �CB

obtained for the MoSe2-WSe2 heterostructure agrees well with
the experiment [25]. In each case, the splittings are stronger
than in the pristine MoX2 monolayer and weaker than in the
pristine WX2 monolayer; see the monolayer results in Table III.
We note that the HSE06 functional tends to overestimate �VB

in TMDC monolayers [40], which is likely to be the case
for heterostructures as well. The fact that the Mo d3z2−r2

states dominate at the CBM explains why the �CB values
of the heterostructures are close to those of the corresponding
MoX2 monolayers. The possibility to engineer the valence and
conduction band splittings by means of the composition of a
heterostructure is important for the field of spintronics, since
these quantities are related to the spin relaxation time.

We further have calculated the imaginary part of the
dielectric function, ε2(ω), of the monolayer systems and
heterostructures by solving the Bethe-Salpeter equation. The
results in Fig. 4 show that the optical transitions are dominated
by excitons. For monolayer MoS2 excitonic peaks are observed
at 1.65 eV and 1.85 eV, while for monolayer WS2 they appear
at 1.66 eV and 2.15 eV, in agreement with experiment [14,41]
and previous calculations [23]. Figure 4 shows a systematic
redshift of the excitonic peaks as the chalcogen atom becomes
heavier. We obtain exciton binding energies of 0.95 eV for
MoS2, 0.70 eV for MoSe2, 1.04 eV for WS2, 1.01 eV for
WSe2, 0.80 eV for MoTe2, and 0.66 eV for WTe2 monolayers.
Differences to Ref. [23] (1.03 eV for MoS2, 0.91 eV for MoSe2,
1.04 eV for WS2, 0.90 eV for WSe2, and 0.71 eV for MoTe2

monolayers) can be explained by the less accurate calculation
method used by these authors. The experimental exciton
binding energy of WS2 (reported values vary between 0.32 eV
[42] and 0.83 eV [43]), on the other hand, is overestimated by
at least 25% and a similar deviation applies also to MoSe2, for
which a value of 0.55 eV has been measured [44].

The excitonic peaks are shifted to 1.78 eV and 1.94 eV in the
case of the MoS2-WS2 heterostructure, in agreement with pho-
toluminescence spectroscopy [17,18]. We find no extra exci-
tonic peak at 1.4 eV, which supports the conjecture of Ref. [18]
mentioned before. For the MoSe2-WSe2 heterostructure the
excitonic peaks at 1.40 eV and 1.70 eV also appear in the
photoluminescence spectrum [25], while for the MoTe2-WTe2

heterostructure no experimental data are available for compari-
son. Figure 4 demonstrates strong modifications of the excitons
in the heterostructures with respect to the parent monolayer
systems. Interlayer excitons previously have been reported for
molecular donor/acceptor interfaces in the context of organic
photovoltaics [45,46]. They have smaller optical dipoles than
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FIG. 4. (Color online) Imaginary part of the dielectric function
of the out-of-plane (black) and in-plane (red) heterostructures as
compared to the parent monolayer systems.

intralayer excitons and longer recombination lifetimes (about
one order of magnitude) of nanoseconds, which are useful
in optoelectronics and laser applications. Indeed, we obtain
smaller exciton binding energies of 0.40 eV, 0.36 eV, and
0.34 eV for the MoS2-WS2, MoSe2-WSe2, and MoTe2-WTe2

heterostructures, respectively, than for the monolayer systems.
In order to study grain boundaries in TMDC monolayers,

we address the in-plane heterostructure shown in Fig. 5, which

W

Mo
S/Se/Te

FIG. 5. (Color online) In-plane heterostructures.
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FIG. 6. (Color online) Band structures of the in-plane hetero-
structures obtained using the PBE (left) and HSE06 (right) func-
tionals.

realizes the largest possible concentration of grain boundaries.
The structure optimization yields only minor deviations from
the pristine monolayers (W-X bond length changes by less
than 1%) due to the structural similarity between MoX2

and WX2. All the in-plane heterostructures have direct band
gaps, see Fig. 6, with the VBM and CBM at the K point.
Although the nature of the band gap is correctly described by
the PBE functional, the HSE06 functional improves its size
and yields values in the visible range of the solar spectrum;
see Table IV. Since PBE and GW0 calculations substantially
under and overestimate the band gaps of the monolayer

TABLE IV. Band gaps and splittings of the valence and conduc-
tion bands for the in-plane heterostructures.

PBE MoS2-WS2 MoSe2-WSe2 MoTe2-WTe2

Eg (eV) 1.5 1.3 0.8
�VB (meV) 273 311 332
�CB (meV) 14 11 10

HSE06 MoS2-WS2 MoSe2-WSe2 MoTe2-WTe2

Eg (eV) 2.0 1.7 1.2
�VB (meV) 283 324 337
�CB (meV) 24 22 20

GW0 MoS2-WS2 MoSe2-WSe2 MoTe2-WTe2

Eg (eV) 2.8 2.4 1.6
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(H2O/O2) potentials.

systems, respectively, we analyze in the following our HSE06
results.

We find contributions of both Mo and W to the CBM and
VBM and thus a fundamentally different scenario than for the
out-of-plane heterostructures (i.e., no type-II band alignment).
The situation is also different to the MoS2/BN heterostructure,
where the energetic separation between the MoS2 and BN
states is much larger [12]. The heavier the chalcogenide atom
the smaller the band gap, similar to the out-of-plane het-
erostructures. According to Table IV, the valence and conduc-
tion band splittings of the in-plane heterostructures are inter-
mediate between those of the parent monolayer systems, which
again opens the possibility of band structure engineering.

The optical properties of the in-plane heterostructures are
addressed in Fig. 4 (red color). For all cases the excitonic peaks
show blueshifts (the second peak being more pronounced)
as compared to the out-of-plane heterostructures. The ex-
citon binding energies (0.64 eV, 0.56 eV, and 0.34 eV for
MoS2-WS2, MoSe2-WSe2, and MoTe2-WTe2, respectively)
lie in between those of the corresponding out-of-plane het-
erostructures and monolayer systems, reflecting again reduced
Coulomb interaction. For the MoTe2-WTe2 heterostructure, in
particular, a strong excitonic peak is observed in Fig. 4 near
the optimal band gap of 1.4 eV for solar energy harvesting.

To investigate the photocatalytic properties of our het-
erostructures, we determine the energies of the VBM and CBM
by means of the Mulliken electronegativity [47,48],

EVBM = χ − Eelec + 0.5Eg and ECBM = EVBM − Eg,

(2)

where EVBM and ECBM are the edge potentials, χ is the geo-
metric mean of the electronegativies of the constituent atoms,
and Eelec = 4.5 eV is the standard electrode potential on the
hydrogen scale. The values of χ are 5.42 eV for MoS2-WS2,
5.22 eV for MoSe2-WSe2, and 4.99 eV for MoTe2-WTe2.
Figure 7 summarizes the edge potentials obtained by HSE06

and GW0 calculations. For the MoS2-WS2 and MoSe2-WSe2

out-of-plane heterostructures EVBM is higher than the H2O/O2

potential (1.23 eV) [47], showing that H2O can be oxidized
to O2. Moreover, the GW0 results for ECBM are lower than
the H+/H2 potential (0 eV), showing that H+ can be reduced
to H2. The results are similar for the corresponding in-plane
heterostructures, suggesting that they are likewise useful for
photocatalysis. Both MoTe2-WTe2 heterostructures can reduce
H+ to H2 but fail to oxidize H2O to O2.

IV. CONCLUSION

We have investigated the structural, electronic, optical, and
photocatalytic properties of transition metal dichalcogenide
heterostructures. The stacking order of minimal energy has
been determined for the out-of-plane hetrostructures, which
show indirect band gaps with type-II band alignment. Moder-
ate tensile strain can be used to induce direct band gaps in the
cases of the MoSe2-WSe2 and MoTe2-WTe2 heterostructures.
All in-plane heterostructures have direct band gaps without
type-II band alignment. Optical spectra demonstrate that
bound excitons are responsible for the first optical transitions
in all heterostructures, where the excitonic binding energies
compare well to the available experimental data. Strong
absorption of solar light makes the materials interesting for
photovoltaic applications. In addition, both the out-of-plane
and in-plane MoS2-WS2 and MoSe2-WSe2 heterostructures
are suitable for photocatalysis.
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