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The electronic structure and optical properties of the MoS2/WS2 planar heterostructure are

studied based on density functional theory. Compared with single-layer MoS2 and WS2, the

MoS2/WS2 heterostructure has an indirect and very narrow band gap. In the visible region of

the light spectrum, the maximum values of dielectric constant, refractive index and attenuation

coefficient for MoS2/WS2 are shifted to the blue region of the spectrum.

PACS: 73.22.-f, 78.67.-n.
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1. Introduction

Advances in the synthesis of crystals of atomic thickness and experimental methods for deter-

mining various characteristics of such crystals have opened up the possibility of forming various

heterostructures with new functional properties [1, 2]. Vertical and planar heterostructures

(MoS2/WS2 and MoSe2/WSe2) were obtained by chemical vapor deposition of elements. In ver-

tical heterostructures, atomic monolayers combine to form a van der Waals heterostructure, in

which monolayers of several two-dimensional materials are stacked vertically layer by layer. In

planar heterostructures, materials are combined along the layers and atoms interact with each

other through strong covalent bonds. Vertical (van der Waals) heterostructures are interest-

ing for flexible optoelectronic applications. Many distinctive properties and high-performance

devices based on vertical heterostructures have been demonstrated and investigated [1, 3, 4].

Lateral heterojunctions can also lead to new and interesting physical phenomena and appli-

cations. For example, semiconductor monolayers of transition metal dichalcogenides (TMDs)

can serve as building blocks for p-n junctions and other optoelectronic devices [5, 6]. However,

fabricating 2D heterostructures with clean and sharp interfaces required to maintain optoelec-

tronic properties due to interlayer or intralayer coupling remains challenging. These studies

can be useful for applications in optoelectronics, sensoring and quantum information [7–12]. It

should be noted that the tunable band gap, high carrier mobility, high optical absorption and

atomically thin thickness make TMD a suitable material for photodetectors and play a crucial

role in optoelectronic or electronic devices [13]. Monolayers of molybdenum dichalcogenide and

tungsten dichalcogenide are direct-gap semiconductors with band gaps of about 1.8 and 2.05 eV,

respectively. They have many excellent properties, such as high electron mobility, small size,

and unique mechanical properties. By combining different two-dimensional materials together it

is possible to create vertical and lateral artificial materials with amazing structural, physical and

chemical properties. These unique physical and chemical properties make such heterojunctions

even more important than the 2D material itself. Currently, modern experimental setups make

it possible to synthesize both vertical and planar TMD heterostructures with different physical

and chemical properties. Such heterostructures can change the internal electronic properties and
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improve optical absorption, demonstrating new design features. Due to limitations in experi-

mental methods, the properties of such heterostructures have not been fully studied. Theoretical

studies of the optical properties of heterostructures are still missing. The purpose of the pre-

sented work is the quantum mechanical calculation of the band structure, complex dielectric

constant, refractive indices and attenuation of the planar MoS2/WS2 heterostructure.

2. Calculation method

All calculations were performed within the framework of density functional theory (DFT) us-

ing the pseudopotential approach in the Quantum Espresso package. The exchange-correlation

potential is described by the generalized gradient approximation (GGA-PBE). The sampling

of electronic states in the Brillouin zone is approximated by a set of special k points corre-

sponding to the Monkhorst-Park grid (12 × 12 × 1) for MoS2 and WS2 monolayers, as well as

the Monkhorst-Park grid (9 × 9 × 1) for the proposed planar MoS2/WS2 heterostructure. To

minimize interactions between two cells, this supercell heterostructure is separated by a 20 Å

vacuum buffer space in the z direction, which is perpendicular to the plane of the heterolayer.

The equilibrium structure is determined by minimizing the total energy with respect to the

lattice parameters, and the internal parameters of the structure are optimized using the Gel-

man–Feynman force. The minimization process was carried out until the residual forces on the

atoms fell below 0.003 eV/Å.

3. Resuts and Discussion

MoS2 and WS2 monolayers form hexagonal lattices. The lattice constants of MoS2 and WS2
monolayers are aMoS2 = 3.16 Å and aWS2 = 3.15 Å respectively. The mismatch between the crys-

tal lattices of both structures is minimal, so they are ideal for forming a planar heterostructure.

Planar heterostructures are formed from two-dimensional materials by combining them along

layers. In this work, we consider a heterostructure whose supercell size is 3× 3. Figure 1 shows

possible crystal structures of the MoS2/WS2 heterostructure with a 3× 3 supercell. According

to the classification, these structures are designated as (MoS2)2/(WS2)1 and (MoS2)1/(WS2)2,

respectively [13]. We carry out all calculations for the (MoS2)2/(WS2)1 heterostructure.

Figure 1. Possible crystal structures of planar MoS2/WS2 heterostructure with a 3× 3 supercell:

(a) – (MoS2)2/(WS2)1 and (b) – (MoS2)1/(WS2)2.

Figure 2 shows the calculated electronic band structure of the planar MoS2/WS2 heterostruc-
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ture. MoS2 and WS2 monolayers are direct gap semiconductors with band gaps of 1.8 eV and

2.0 eV, respectively. It can be seen that the planar heterostructure MoS2/WS2 is an indirect gap

semiconductor with a band gap of approximately 0.59 eV. For a comparative study of the opti-

cal properties of MoS2, WS2 monolayers and the planar MoS2/WS2 heterostructure, we proceed

from calculations of complex dielectric constants [14]. Knowing these values, we calculated the

refractive and attenuation coefficients for these systems. Figure 3 shows the real (a) and imag-

Figure 2. Band structure of the MoS2/WS2.

inary (b) parts of the complex dielectric constant. The dotted lines mark the region belonging

to the visible region of the light spectrum. This region lies in the range of 1.8 ÷ 3.1 eV. As is

known, the real part of the dielectric constant ε1(ω) is included in the expression for electrical

induction and determines the polarization of the medium. It is responsible for storing energy

in the environment. In the visible region of the light spectrum, the real part of the dielectric

constant is greatest for the WS2 monolayer, followed by the WS2 monolayer and then the flat

MoS2/WS2 heterostructure. This suggests that this system can store less energy than the other

two systems. In this spectral region, the maximum values of ε1(ω) for the MoS2 and MoS2/WS2
systems are shifted to the blue region of the spectrum, and the maximum ε1(ω) for the WS2
system is shifted to the red region. Imaginary part of the complex dielectric constant ε2(ω) is re-

Figure 3. The complex dielectric constants of monolayer WS2, monolayer MoS2 and MoS2/WS2 systems.

(a,b) represent the real part and the imaginary part of the dielectric constant, respectively.

lated to the conduction current density and characterizes the energy loss of the electromagnetic
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field in the medium. The discussion above concerning the real part of the dielectric constant

are also true for the imaginary part ε2(ω). When an electromagnetic wave passes through any

medium, some part of the wave will be absorbed. The complex refractive index is defined as [15]

n∗ = n+ ik, (1)

where n∗ is the complex refractive index, n is the real part refractive index, k is the attenuation

index. The refractive and attenuation indices are related to ε1(ω) and ε2(ω) by the following

relations [15]

n =
1√
2

√
ε1 +

√
ε12 + ε22, k =

2n

ε2
. (2)

Using these formulas, we determine the refractive and attenuation indices of the electromagnetic

wave depending on the photon energy. Figures 4 and 5 show the calculated dependences of the

refractive and attenuation indices for all three systems on the photon energy. For the WS2
system in the visible part of the spectrum, the maximum value of the refractive index lies in the

region of low energy values (in the red region), while for the MoS2/WS2 and MoS2 systems the

maximum values lie in the region of high energy values (in the blue region) (see Fig. 4).

Figure 4. Dependence of the real refractive index on photon energy for three systems.

Figure 5. The attenuation index k(ω) of monolayers MoS2, WS2 and MoS2/WS2 heterostructure.
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In the visible light region of the spectrum, the MoS2 monolayer is of greatest importance,

then the MoS2/WS2 heterostructure and then the MoS2 system. For the attenuation coefficient,

in general, the same picture is observed as for the refractive index. The exception is that the

maximum values for all three systems lie in the ultraviolet region of the spectrum.

4. Summary

In this work we investigate the electronic and optical properties of a planar MoS2/WS2 het-

erostructure from ab initio calculations. Based on the density functional theory method, the

band structure, complex dielectric constant, real refractive indices and attenuation indices of

single-layer MoS2, WS2 structures and planar MoS2/WS2 heterostructure are calculated. It

should be noted that during the formation of a planar heterostructure, the nature of the elec-

tronic band structure changes. The heterostructure becomes an indirect gap semiconductor with

a band gap of 0.59 eV. In general, in the visible light region the optical properties (dielectric

constant, real refractive index, and attenuation index) of the (MoS2)2/(WS2)1 heterostructure

are inferior to the WS2 monolayer. For the (MoS2)2/(WS2)1 system, the highest values of di-

electric constant, real refractive index and attenuation index lie in the red region. The results

obtained can be used to interpret experimental data.
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