PHYSICAL REVIEW B 101, 075129 (2020)

Domain-size effect on the electronic properties of two-dimensional MoS2 /WS2
Chandra Shekar Sarap ,* Miftahussurur Hamidi Putra , and Maria Fyta
Institute for Computational Physics, Universität Stuttgart, Allmandring 3, 70569 Stuttgart, Germany
(Received 4 November 2019; revised manuscript received 3 February 2020; accepted 5 February 2020;
published 21 February 2020)
In view of the wreath of potential functionalities two-dimensional (2D) transition-metal dichalcogenides
can offer, we study here tuning pathways of 2D lateral arrangements of structures. Specifically, we have
systematically doped a pristine 2D MoS2 with WS2 domains of varying sizes. The resulting materials made
of MoS2 with WS2 have distinct structural, electronic, and optical properties, which we analyze in detail.
By including spin-orbit coupling in our quantum mechanical calculations, we were able to resolve the band
structure of these lateral structures. Our analysis reveals a decrease in the band gap from MoS2 and WS2 to
MoS2 /WS2 . The results underline the nature and role of the dz2 and dx2 −y2 orbitals in the pristine and hybrid
2D structures, respectively, while indicating the possibility of a charge transfer from W to Mo atoms within the
2D hybrid structures. The dielectric matrix computed using the Bethe-Salpeter equation significantly affects the
imaginary dielectric function and hence the absorption spectra of the lateral structures. In the end, we discuss the
relevance of our work in paving a pathway for a selective tuning of the optoelectronic properties of 2D lateral
heterostructures in view of optoelectronic applications.
DOI: 10.1103/PhysRevB.101.075129
I. INTRODUCTION

Two-dimensional (2D) heterostructures made of transition
metal dichalogenides (TMDCs) [1,2] exhibit unique physical
properties and provide functionalities for nanomaterials and
optoelectronic devices. TMDCs (MX 2 , with M = V, Mo, W,
etc., and X = S, Se, etc.) are quasi-two-dimensional layered
materials with strong interlayer covalent bonding [3], which
are typically produced through liquid-phase exfoliation from
their layered counterparts [4,5]. A TMDC monolayer is composed of a single layer of transition metal atoms (M) embedded between two atomic layers of chalcogenide atoms (X )
in a trigonal prismatic structure. An appropriate combination
of M and X with the suitable lattice arrangement allows a
substantial range of tunable electronic, optical, thermal, and
mechanical properties. Some of the TMDCs exhibit a strong
spin-orbit coupling (SOC) due to the 3d-block contraction of
their orbitals, as revealed by the electronic band structures
of MoS2 , MoSe2 , WS2 , and WSe2 [6]. Another interesting
feature of TMDCs is the crossover from an indirect bandgap semiconductor in the case of multilayers to a direct
gap in the monolayers [7]. This has been directly observed
through photoluminescence experiments on WS2 and WSe2
[7] and through angle-resolved photoemission spectroscopy
for MoSe2 [8]. 2D TMDCs can provide semiconducting
analogs to graphene and could potentially have a variety of
applications including integrated optoelectronic circuits [9]
as a carrier of information [10], in photonic devices [11,12],
hydrogen evolution reaction [13,14], chemical and biological
sensing [15–17], and spintronics [18,19].
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The nanotechnological potential of 2D TMDCs can be
significantly enhanced by combining different metal atoms
and chalcogens to form heterostructures either in a vertical or
a lateral arrangement [20–22]. In the lateral arrangement, the
2D layers are placed next to each other, forming strong covalent bonds [23–25]. Examples of lateral 2D heterostructures
include, but are not limited to, 2H/1T MoS2 , WSe2 /MoS2
p-n junction diodes [26], MoX2 /WX2 nanomaterials [27–29],
WSe2 /MoS2 heterojunctions [30], MoSe2 /HfSe2 heterostructures [31], metallic/semiconducting MoS2 hybrids [32], etc.
These can further tune the properties of single-phase 2D
TMDCs and can show exciting features with respect to band
alignment [33,34], photovoltaic effect [35], transport properties [36], switchable photoresponse [37], etc.
Motivated by all the above characteristics, herein we study
the optoelectronic properties of selected two-dimensional lateral materials. As a representative family, we focus on 2D
lateral arrangements of MoS2 and WS2 . The engineering
and heteroepitaxy of heterostructures made up of the lateral
combination of these two materials have already shown to be
experimentally feasible [38,39]. A selective choice of Mo and
W metal atoms can engineer hybrid materials with tunable
electronic, optical, and thermal properties [21]. To assess
these possibilities, we consider heterostructures in which a
small WS2 domain is embedded within the pristine 2D MoS2 .
A variation of the domain size of the embedded WS2 will
allow a tuning of the optoelectronic properties of the resulting
heterostructure. Our aim is to reveal pathways along which
the properties of 2D lateral arrangements of structures can be
selectively engineered. To this goal, this paper is organized
as follows: We begin with a presentation of the methodology,
continue with the analysis of the results on the properties of
different MoS2 /WS2 2D hybrid structures, and conclude with
a discussion on the relevance of this work toward nanoelectronic applications.
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II. METHODOLOGY

The main objective of the current paper is to provide a tuning of the optoelectronic properties of MoS2 /WS2 -based lateral 2D arrangements. To this end, quantum-mechanical simulations within the density-functional theory (DFT) [40,41]
were performed. An accurate frozen-core full-potential projector augmented-wave pseudopotential, as implemented in
VASP [42,43], was considered. All self-consistent calculations were performed using the Perdew-Burke-Ernzerhof generalized gradient approximation [44]. The k-space integrals
and the plane-wave basis functions were converged to 1 meV
per atom. A Monkhorst-Pack k-point mesh (2 × 2 × 1) was
employed for the Brillouin zone integration for a 6 × 6 × 1
supercell. A 450 eV energy cutoff was taken for the wave
functions. The lattice vectors, as well as the atom coordinates,
were relaxed with the tolerance of less than 0.01 eV/Å on
each atom. The SOC was included through the noncollinear
spin-polarized method, as implemented in VASP. Note that
the inclusion of the SOC lowers the band gap and reveals the
energy splitting in the band structure for the pristine MoS2
and WS2 . It is also expected that the influence of the SOC will
become stronger with the inclusion of more of the heavier W
atoms into the MoS2 structure. From the total energy obtained
from DFT, we have calculated the cohesive energy per atom
(Ecoh ) for the 2D hybrid structures, through the formula
Ecoh =

[Etot − ni Ei ]
,
n

(1)

where Etot and Ei correspond to the total energy of the
system and the energy of the individual elements in the same
supercell, respectively. The index i denotes the type of atoms
(Mo, W, or S) and n represents the total number of atoms in the
supercell. For the optical properties, we have used the model
Bethe-Salpeter scheme (mBSE) [45,46]. This method avoids
the evaluation of the screened Coulomb interactions but instead uses an analytic model. Moreover, the characteristic
spectral features from mBSE can be qualitatively reproducible
with that of full GW + BSE calculations [47,48].
We have considered lateral quasi-single-layer structures
simulated using supercells with an orthorhombic lattice. Periodic boundary conditions have been applied and the supercell
includes 216 atoms and a vacuum layer of 15 Å, extending
along the z axis to avoid the spurious coupling effects between
the periodic images of the structures. The size of the supercell
was chosen to assure no size dependence of the results and
was also based on benchmarks of similar lateral 2D structures
[32]. We have considered an orthorhombic lattice instead of a
hexagonal lattice to understand the heterojunction of Mo and
W atoms along the lateral phase, as well as the role of small
domains of dopants. This choice is based on a recent work,
which has envisaged exciton pairing and photoluminescence
features in vertical and lateral heterostructures of MoS2 /WS2
by considering an orthorhombic lattice [28]. As these previous
studies mainly focus on the growth of the lateral heterostructures made of MoS2 and WS2 and their characterization, they
do not directly provide results on properties similar to the one
investigated here. It has also been shown that orthorhombic
heterostructures show similar properties to their hexagonal
counterparts without revealing any structural defects [34]. In

addition, the discovery of a different than hexagonal lattice
phase of MoTe2 has revealed unique magnetic and superconductive features paving the way to fabricate different phases
of TMDCs for various optoelectronic applications [49].
Our results capture the anisotropy induced by doping with
W atoms, but do not include any edge or image effects, particularly at higher concentrations. We begin with the relaxed
structures of the pristine single-phase 2D MoS2 and WS2 and
their simple lateral arrangement shown in Fig. 1(a). The latter
involves a lateral combination of two equal parts of MoS2 and
WS2 , which are covalently bonded forming an interface. We
refer to this in the following as MoS2 /WS2 . To investigate
the influence of the tungsten atoms in the MoS2 material, we
also study 2D lateral hybrid structures which are composed of
small WS2 domains embedded into the 2D MoS2 matrix. This
will allow us to reduce the band gap in contrast to the MoS2
domains. We systematically replace the Mo with W atoms so
that the resulting material remains planar.
This approach of varying the concentration of the W
atoms allow us to observe the variation in the properties of the 2D material moving from the single phase
MoS2 to the MoS2 /WS2 structural arrangement. Specifically, we begin with the optimized MoS2 structure and
dope this with W atoms having a concentration ranging
from 4.17% to 100%. Initially, three Mo atoms are replaced with three W atoms (4.17% W concentration), forming a hexagonal ring of (WS2 )3 . Subsequently, we have
increased the W concentration by replacing eight (11.11%
W concentration), ten (13.89%), and twelve (16.67%) Mo
with W atoms forming MoS2 /(WS2 )8 , MoS2 /(WS2 )10 and
MoS2 /(WS2 )12 domains. These resemble pyrene-, perylene-,
and coronenelike fragments. Based on this similarity, we
label the resulting hybrid structures with MoS2 /hexWS2 ,
MoS2 /pyrWS2 , MoS2 /peryWS2 , and MoS2 /coroWS2 , respectively, and present their optimized geometries in Fig. 1(b).
III. RESULTS AND DISCUSSION
A. Structural properties

In order to closely follow the influence of an increasing WS2 region within MoS2 , we begin with the structural
analysis of all the pristine and hybrid structures depicted in
Fig. 1. The respective bond lengths after optimization are
summarized in Table I. Pristine MoS2 and WS2 are found
to be in agreement with previous studies [50]. As both Mo
and W belong to the same group in the periodic table, no
significant difference in the bond lengths is observed for the
hybrid structures. As a result, no lattice mismatch is noticed
upon doping. A detailed inspection of the bond lengths shows
that in all structures these remain almost the same within
the second decimal digit. The largest, but still very small,
variations can be observed in the Mo-S and W-S bonds, which
are the ones close to the interfaces of MoS2 and WS2 in their
lateral arrangement. Observation of the Mo-Mo and W-W
bonds at the third digit does not show a monotonic trend with
respect to the concentration of the W atoms.
The smallest Mo-Mo distance, though, is found for a W
concentration of 50%. Apparently, there are other factors that
determine the bond lengths, as, for example, the configurational differences of the WS2 domains within the MoS2
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FIG. 1. Optimized geometries of the (a) pristine MoS2 , WS2 , and their lateral MoS2 /WS2 arrangements and (b) including small
WS2 domains: hexagonal-WS2 (MoS2 /hexWS2 ), pyrene-WS2 (MoS2 /pyrWS2 ), perylene-WS2 (MoS2 /peryWS2 ), and coronene-WS2
(MoS2 /coroWS2 ). The black circular regions denote the WS2 structure embedded in the MoS2 matrix. In the lower right panel, the regions
corresponding to the (coro-1)WS2 , (coro + 5)WS2 , and (coro + 9)WS2 are indicated by the highlighted atoms and the respective arrows. The
latter sketch the regions corresponding to the coro + 5 and coro + 9 structures (see discussion in text). The Mo, W, and, S atoms are colored
in cyan, green, and yellow, respectively. The same color coding for the atoms will be used throughout.

structure. Based on these observations, the stability of the
hybrid structures is investigated by computing the cohesive
energy per atom (given in Table I), which provides a qualitative view on the stability of the doped systems. The cohesive
energies of pristine MoS2 and WS2 are −5.110 and −5.693
eV/atom, showing a high stability of WS2 and is in agreement
with previous studies [51]. Interestingly, the cohesive energies
of the MoS2 /WS2 hybrid structures are found to gradually
increase with the increase of the tungsten concentration. The
respective cohesive energies range from −5.134 to −5.402
eV/atom lying within their pristine counterparts. This could
indicate the stability of the doped structures and their practical
feasibility.

TABLE I. Cohesive energies (Ecoh ) in eV/atom and bond lengths
in Å of the pristine and hybrid heterostructures of MoS2 and WS2
with increasing W concentration (CW ). Cw is given as a fraction of
W atoms over the total W and Mo atoms (in %). The bond lengths
between all types of atoms are given, as is self-explained from the
respective labels.
Structure
MoS2
WS2
MoS2 /WS2
MoS2 /hexWS2
MoS2 /pyrWS2
MoS2 /peryWS2
MoS2 /coroWS2

Cw

Ecoh

0
100
50
4.17
11.11
13.89
16.67

−5.110
−5.693
−5.402
−5.134
−5.175
−5.191
−5.207

Mo-Mo Mo-S S-S W-W W-S
3.184
−
3.182
3.185
3.185
3.185
3.186

2.412
−
2.415
2.420
2.412
2.413
2.412

3.186
3.190
3.186
3.185
3.183
3.186
3.186

−
3.190
3.186
3.185
3.187
3.183
3.185

−
2.421
2.421
2.418
2.422
2.420
2.420

B. Electronic characteristics

We next probe the electronic properties of the 2D structures
through their electronic density of states (DOS), partial charge
densities, and band structures. The partial charge densities
are calculated at specific energies from the corresponding
orbitals. The total DOS, as well as the projected DOS (PDOS)
of the Mo, W, and S valence orbitals, and the electronic band
gaps of the pristine structures and their hybrid arrangements
are depicted in Figs. 2 and 3. The electronic band gap decreases from MoS2 to WS2 , consistent with previous theoretical studies. As expected, due to the inherent limitations
of the GGA functional, the exact experimental values are not
reproduced [52], but the trends can be recovered. A further
decrease of the band gap in MoS2 /WS2 can be observed.
The PDOS reveal that the d orbital of the transition metal
contributes more at the valence band (VB) and conduction
band (CB) than the p orbital of the sulfur atom. Accordingly,
no strongly localized states arising from the S atoms can be
observed at the edges of the two bands. This would mean
that the edges of the VBs and CBs are dominated by states
coming from the Mo/W d orbitals. Further, this also denotes a
delocalization of the respective wave functions, well defining
the electronic band gap.
For MoS2 /hexWS2 , MoS2 /pyrWS2 , and MoS2 /peryWS2
shown in Fig. 3, the band gap is similar to that of pristine
MoS2 . The band gap for MoS2 /coroWS2 , though, is equivalent to that of pristine WS2 . To understand the variations
in the band gap due to doping with W, we have explored
additional lateral arrangements. We have replaced Mo atoms
in MoS2 /coroWS2 with W atoms forming structures, which
are labeled as MoS2 /(coro-1)WS2 , MoS2 /(coro + 5)WS2 ,
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FIG. 2. Projected density of states (PDOS) for the pristine MoS2 and WS2 and their lateral MoS2 /WS2 . The contributions of the valence
orbitals for the Mo, W, and S atoms are shown. The arrows point to the electronic band gap with its value also shown.

and MoS2 /(coro + 7)WS2 . These represent the replacement
of a single W atom with a single Mo atom, five Mo atoms
with five W atoms, and seven Mo atoms with seven W atoms,
respectively, in MoS2 /coroWS2 . The replaced Mo/W atoms
at various sites in MoS2 /coroWS2 and the respective areas of
the embedded coroWS2 structures can be clearly inferred from
Fig. 1. The resulting electronic band gaps are summarized in
Table II. Inspection of Table II reveals a change in the electronic band gap (Egap ) beyond a W concentration of ∼15%.
Below this concentration, the Egap is similar to that of pristine
MoS2 . Above 15% and up to a W concentration of 24%,
the Egap remains constant. A further decrease is observed for
higher W concentrations and reaches the lowest value when
the W concentration reaches that of the Mo atoms (50%). This
can be explained based on the fact that the wave functions of

the electrons bound to the dopant atoms start to overlap as
the concentration of the dopants increases. The dopants also
create allowed shallow states in the band gap. Thus, depending
on the amount of doping, more bands are generated through
which the electronic band gap is tuned in the hybrid materials.
Overall, distinct properties varying from those of their parent
structures can be observed for doping concentrations between
15–50%. For WS2 , having W concentration of 100%, the band
gap increases again, but below that of the pristine MoS2 and
it is probably based on the fact that no dopants are present in
the material. Accordingly, there is no overlapping of dopant
wave functions with those of the parent material that can lower
the band gap, as discussed above. Thus, our study clearly
reveal the possibilities for tuning the electronic features of
MoS2 /WS2 hybrid structures by systematically doping the
parent material.
In order to further analyze the electronic behavior of the 2D
materials, we obtain a deeper insight into the influence of the
interfaces through the partial charge densities corresponding
to the VB and CB. These are depicted in Fig. 4 for the pristine
materials and the MoS2 /WS2 . It can be clearly seen that in the
pristine MoS2 , the highest contributions to the partial charge
densities in the VB and CB comes from the dz2 orbital. At first
sight, this contradicts previous studies [34,53], which have
shown that the VB of MoS2 has a dx2 −y2 /dxy character. In
order to clarify this, we have calculated the contribution of all
TABLE II. The variation of the band gap (Egap ) from the pristine
MoS2 and WS2 to their lateral arrangements with respect to the
concentration of W atoms.

Structure

FIG. 3. Projected density of states (PDOS) for different
MoS2 /WS2 lateral hybrid arrangements with a varying WS2 content,
as denoted by the labels. The contributions of the valence orbitals for
Mo, W, and S are shown. The arrows point to the electronic band gap
with its value also shown.

MoS2
h − WS2
MoS2 /pyrWS2
MoS2 /peryWS2
MoS2 /(coro − 1)WS2
MoS2 /coroWS2
MoS2 /(coro + 5)WS2
MoS2 /(coro + 9)WS2
MoS2 /WS2
WS2
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No. of
W atoms

W concentration
(%)

Egap (eV)

0
3
8
10
11
12
17
21
36
72

0
4.17
11.11
13.89
15.28
16.67
23.61
29.17
50
100

1.642
1.642
1.642
1.642
1.601
1.601
1.601
1.561
1.521
1.601
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FIG. 4. Partial charge densities of the VB and CB for the pristine MoS2 and WS2 and the hybrid MoS2 /WS2 . Each panel shows a top and
side view of the structures.

d orbitals of the Mo atom to the PDOS (results not shown).
These reveal that at the edge of the VB, the contribution
comes from the dz2 , the dx2 −y2 , and the dxy orbitals. Indeed,
further inspection of the partial charge densities (and their
2D contours) show that the features of the VB resemble
more that of a C3 symmetry on the xy plane, instead of a
spherical symmetry. This broken symmetry arises from the
contribution of the dx2 −y2 orbitals. Besides, the partial charge
densities show some directionality (compare side view of
charge density for MoS2 and WS2 in Fig. 4) arising from the
dx2 −y2 and dxy orbitals. These features are combined with a
less stronger dz2 character as seen in the CB. The additional
contribution of the dz2 orbital together with that of the dx2 −y2
and dxy orbitals has indeed been reported earlier [54]. In the
pristine WS2 , the largest contribution in the VB comes from
the dx2 −y2 orbital, while the dz2 orbital contributes more to
the CB, as reported earlier [34,54]. In principle, since the VB
maximum (at the K point) is of a dx2 −y2 and dxy character [55],
the VB at the  point is dz2 . In the case of MoS2 /WS2 , the VB
is localized around the W atoms, while the CB is localized
on Mo atoms and slightly on the W atoms at the interface.
These results indicate variations in the case of the other hybrid
structures for which the partial charge densities are given in
Fig. 5. For MoS2 /hexWS2 , the partial charge densities of the
VB and CB are controlled by the dz2 orbital. However, for
MoS2 /pyrWS2 , MoS2 /peryWS2 and MoS2 /coroWS2 , the VB
is delocalized at the WS2 domain with the major contribution
arising from the dx2 −y2 orbital of the W atoms. The CB is
localized on the Mo atoms with the large contribution arising
from the dz2 orbital. In order to search for a more quantitative
explanation on the variations of the VB and CB, we have
also checked the differences in the contribution of the d
orbitals to the DOS corresponding in both MoS2 and WS2
as a function of the W concentration. The results for all
lateral arrangements studied here did not show a specific trend
with the W concentration. Actually, the CB corresponding to
the 5d orbitals of W revealed an almost monotonic decrease
with the W concentration, apart from the case of the WS2 .
While, the VB of these orbitals seems more complex and
no clear trend could be observed. Note, that a classification

in dz2 , dx2 −y2 , etc. is quantitatively not very exact within the
SOC context, where different d states mix and only the total
angular momentum is important. We have chosen, though, to
use this classification to provide a qualitative understanding
of the underlying mechanisms. Overall, the distribution of

FIG. 5. Partial charge densities of the VB and CB of
the MoS2 /hexWS2 , MoS2 /pyrWS2 , MoS2 /peryWS2 , and
MoS2 /coroWS2 hybrid structures. Each panel shows a top and
a side view of the structures.
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FIG. 6. Electronic band structures of the pristine MoS2 and WS2 and the hybrid MoS2 /WS2 . The results for (a) a broader range of k-point
directions (unit cell calculations) and (b) the  → Y direction (6 × 1 × 1 calculations) are shown. The numbers correspond to the spin-orbit
splitting energies, VB/CB . In (c), contributions of the d orbitals on the VBM and CBM energy levels in the pristine structures and their lateral
arrangements are sketched. The energy values of the VBM and CBM edges are also given.

the electron density on the Mo atoms and across the WS2
domain indicates a charge transfer from the W to the Mo
atoms. As an additional measure, the 2D slice (xy plane of the
lattice) of partial charge densities (results not shown) reveal
that the VB and CB of the pristine MoS2 and WS2 show
high electron density accumulation around the Mo and W
atoms and a depletion close to the S atoms. At the interface
regions, the electron density is more localized on the Mo
atoms in both the VB and CB. Similar to MoS2 /WS2 , the
charge densities of the other hybrid structures show a charge
accumulation around the W and Mo atoms in the VB and
CB, respectively. Interestingly, the Mo atoms at the interfaces
possess a higher electron density in the VB, again indicating
a possible charge transfer from the W to the Mo atoms. The
spontaneous electron-hole separation in MoS2 /WS2 can also
provide the basis for highly efficient photocatalysts.
In view of using the hybrid materials discussed here for engineering the VB and CB splittings in the field of spintronics,
we move to the investigation of the band structure of these
materials. In order to understand the nature of splitting, we
calculate the band structure by including the SOC correction.
The band structures for the unit cell of pristine MoS2 and WS2
in Fig. 6(a) reveal a direct band gap with the valence band
maximum (VBM) and conduction band minimum (CBM)
being located between the  and Y points. Moreover, a
strong SOC results in significant spin-orbit splitting energies
(VB/CB ), which agree well with the previous theoretical
studies on a hexagonal unit cell [19,56] and are close to the
experimental results (VB of MoS2 and WS2 being 130 meV

[57] and 400 meV [7], respectively). The band gap for the
unit cell of the pristine MoS2 and WS2 is 1.600 and 1.538 eV,
respectively. Furthermore, the band structure for the 6 × 1 × 1
supercell is shown in Fig. 6(b). The band gap for the pristine
MoS2 and WS2 , and the lateral MoS2 /WS2 are found to be
1.599, 1.541, and 1.514 eV, respectively. A direct band gap is
found for the hybrid structure, which can realize applications
involving tunable optical absorption and photolumeniscence.
The analysis on the fat bands of the projected band structure
(results not shown) provides the specific d orbital contributions at the VBM and CBM. Figure 6(c) shows the VBM
and CBM energy levels and the d-orbital contributions for the
pristine structures and their lateral arrangement. Note, that we
reduce the contribution of specific d states to a single level in
this graph, having in mind that the wave function of a certain
energy level includes the contributions from the coefficients of
the various orbitals. In pristine MoS2 and WS2 , both dxy and
dx2 −y2 orbitals contribute to the VBM, while the CBM can be
mainly attributed to the dz2 orbitals. Additionally, VB at  has
found to be of a dz2 character for both MoS2 and WS2 . This
reveals that the VB of MoS2 in Fig. 4 is made of a contribution
from orbitals of a dz2 character. In the case of MoS2 /WS2 , the
dxy and dx2 −y2 orbitals of W contribute to the VB, while the dz2
orbital of Mo contributes to the CBM. Due to the Mo and W
character of the band edges between the  and Y points, the
effect of the chalcogen atom on these states is very small.
For MoS2 /WS2 , though there is a notable decrease in the
band gap with respect to the pristine structures, the changes in
the splitting energies are not that significant. Indeed, the VB
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FIG. 7. The real [ε1 (ω), top panel] and the imaginary [ε2 (ω),
bottom panel] parts of the dielectric function for the pristine MoS2
and WS2 , and the MoS2 /WS2 structure, as denoted by the legends.

in the VBM and CBM lie rather between the splitting energies
of the pristine WS2 and MoS2 , respectively. This behavior
is related to the reduced heavy atom effect of the W atoms
in MoS2 /WS2 in contrast to WS2 . Accordingly, the VBM
preserves the character of the WS2 material, while the CBM
preserves that of the MoS2 structure. Overall, the large difference in the spin-orbit splitting of the VB, and as a result in the
separation of the VBM and CBM states, could be proven very
useful for spin- and valleytronic applications.
C. Optical properties

In order to assess the use of the hybrid 2D materials in
other applications, such as photocatalysis where the efficiency
in absorbing light is of fundamental interest, we move to the
optical properties of these materials. As representatives, we
calculate the dielectric function of the structures. This can
describe well the optical response of the material to an electromagnetic radiation and can reflect the band-structure characteristics. Specifically, the real part of the dielectric function
reflects the slowing down of light in the material, while the
imaginary part strongly links to the loss of energy or absorption of light in the material. Herein, we have calculated the
real (ε1 ) and imaginary parts (ε2 ) of the dielectric function for
the pristine MoS2 and WS2 , as well as the hybrid MoS2 /WS2
using the mBSE method within the dipole approximation for
the 6 × 1 × 1 supercells. We do not provide results for all
lateral arrangements investigated here, as the aim was to show
the two “extreme” cases, the initial pristine material and the
material with the same concentration of both Mo and W. This
provides important evidence on the qualitative changes in the
dielectric function in these type of materials. The results are
presented in Fig. 7. As a first comment, the dielectric spectra
for these structures show a strong absorption in the visible
and near-IR region. The main peak is found in the low-energy
region, 1–3 eV, for both the pristine structures and their lateral
arrangements. Although differences in the peaks are observed,
all spectra lie in the same energy ranges, denoting that the

PHYSICAL REVIEW B 101, 075129 (2020)

range of optical response of these structures is similar. The
dielectric spectra of the lateral hybrid structures appear to be
a superposition of those of the pristine MoS2 and WS2 . For
the pristine MoS2 , excitonic peaks are observed at 1.72 and
2.44 eV, while for the pristine WS2 , the peaks are observed
at 1.52, 1.88, and 2.56 eV, in agreement with experiments
and previous calculations [18,28,56]. For MoS2 /WS2 , the
excitonic peaks are observed at 1.56, 1.80, and 2.48 eV.
Note that the peak values of both the pristine and the heterostructures allow absorption of a significant percentage of
the visible light. Overall, the dielectric spectra also reveal
that the shape and the intensity of the peaks of MoS2 /WS2
depend on the arrangement and bonding of the Mo and W
atoms, indicating that the electronic transitions are different
from the pristine MoS2 and WS2 . These features are exactly
mapped through the small shifts in the peaks. In the end,
the lateral arrangement of 2D structures retains the dielectric
characteristics of the parent pristine structures in the whole
energy range. However, the peaks of different intensities result
in a different phase lag and a different damping of the light
in the heterostructures as compared to the pristine structures
at the same frequencies. These characteristics (phase lag and
damping) can be tuned through the concentration of W atoms
in the heterostructures. In any case, this tuning will only be
possible within the range defined by the parent structures as
shown in the figure. This indicates the use of other dopants
that can shift the optical response of the resulting doped
lateral materials to other energies allowing the realization of
additional applications.
IV. CONCLUSIONS

In summary, we have presented the structural, electronic,
and optical properties of the pristine MoS2 and WS2 and their
lateral arrangements using quantum mechanical calculations.
A series of 2D structures representing MoS2 /WS2 with embedded domains of WS2 of varying sizes in the basal plane
of MoS2 have been investigated. We have considered concentrations of W atoms ranging from 0% to 50%. Subsequently,
we have evaluated the differences in the structural properties
and the electronic band gaps of all structures. The band gaps
for the pristine structures are in agreement with the literature.
We have revealed a direct band-gap material in the case of
MoS2 /WS2 and have provided the splitting energies of the
VBM and CBM. Each of these have been assigned to either
the MoS2 or the WS2 part of the material. The charge densities
of the materials clearly indicate an electron-hole separation
and a possible charge-transfer mechanism from tungsten to
molybdenium. In the end, we have presented the components
of the dielectric functions and the excitonic peaks, showing a
variation in the 2D lateral materials with respect to the pristine
structures within the visible light region.
Overall, our study provides a clear pathway for tuning
the electronic and optical properties of 2D heterostructures
made of transition-metal dichalcogenides. We could show
that an appropriate choice of the atomic concentration and a
systematic doping can modify the properties of the resulting
structure. Accordingly, a proper concentration of the dopant
will bring the electronic properties of the material closer
or further away to those of its pristine counterparts. This
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choice also controls the different orbital character of the
partial charge densities, which strongly affects the transport
properties of the material. A different choice of the tungsten
concentration will give rise to different peak intensities in the
dielectric functions, but within the same energy range of the
pristine materials. Accordingly, the parent materials can be
tuned to lead to a different slowing down of the absorbed
light and a different damping of its energy within the resulting
materials. However, shifting the dielectric response of these
to a different energy window can be obtained only by the
use of dopants, different than the elements of the parent
pristine materials. In addition, the use of a symmetry other
than the hexagonal, leading to similar structural and electronic
properties offers additional possibilities for the fabrication of
other, stable or metastable, phases of TMDCs. In the end,
we could demonstrate the use of MoS2 /WS2 types of lateral
arrangements as useful platforms for nanoelectronics applications. Through our approach, it is possible to systematically

tune the properties of a 2D heterostructured material to either
induce properties or enrich the functionalities of the pristine
parent 2D TMDCs.
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