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Abstract. Double-layer heterostructures were studied. The energetic influence of the quasi-
two-dimensional materials (MoS, and WSe,) on the electrical properties of graphene was
simulated. Electron density functional (DFT) implemented into VASP program was chosen to
take into account van der Waals forces. Interlayer distances were determined for the systems
studied by suitable electron density functional (DFT-D2). The distance is 3.50 A for WSe,/G
and 3.45 A for MoS,/G respectively. Energy band structures were calculated; the influence of
electric field on band structure being taken into account. A quantum-mechanical simulation
was performed for determining dielectric permittivity, absorption coefficient, reflected index,
Brewster angle and the critical angle.
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1. Introdiction
Isolated graphene has a zero bandgap [1]. Two dimensional materials can be used for solving
this problem. Graphene, having a zero band gap width, is a semimetal in the standard
configuration in terms of conductivity [2]. This limits the possibility of its effective use as
elements for designing micro- and nanoelectronic instrument structures. There are
technological and constructive solutions that allow increasing the band gap width. In this
case, graphene films become a semiconductor. In particular, for obtaining the band gap in
graphene it is proposed to form:

graphene nanoribbons, the band gap being created due to quantum limitations [2];

structure from several layers (heterostructure) [3];

use doped and strained graphene [4];

influence by an external electric field on a multilayer graphene [5].
It is possible to control effectively the properties of graphene using dependence of its
electronic characteristics on the energy influence of another material. Thus, graphene can be
used as a structural element of a field-effect transistor.

Transition metal dichalcogenides (TMD) possess interesting properties that render them
attractive for electronic applications similar to graphene. Molybdenum disulphide (MoS,) is a
semiconductor with a bulk band gap of about 1.2 eV. Its band gap can be modulated as a
sample thickness decreases. The finite value of the band gap is the key advantage of
molybdenite compared to graphene [6]. Combination of graphene and molybdenum in a
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heterostructure can lead to an interesting effect when the heterostructure components
complement each other. In Ref. [7] the graphene/MoS,/graphene heterostructures were
studied. It was shown that such materials have better photon absorption properties, because of
the enhanced light-matter interactions by the single-layer MoS,.

Tungsten diselenide (WSe,) is a layered TMD semiconductor having the band gap of
about 1.2 eV [8]. The WSe, band structure transforms from indirect to direct gap in the
monolayer limit [9]. Some graphene-based heterostructures retain high charge carrier mobility
together with the appearance of semiconductor properties in graphene. This makes it possible
to use such systems in many areas of nanoelectronics [10].

The purpose of this study is to investigate the electronic energy spectrum of graphene
and transition metal chalcogenides being is a component of the heterostructures. The
dependence of the electronic and optical properties of graphene and TMD on the energetic
influence on each other is studied based on the results of quantum mechanical simulations.

2. Computational details

Our calculations are based on the density functional theory (DFT). The projector-augmented
wave (PAW) potentials [11] and Perdew—Burke—Ernzerhof (PBE) functional [12] were used.
The exchange—correlation potential was described through the local density
approximation (LDA) [13]; Hubbard correction for 3d electrons of Mo and We (U = 5 eV)
were employed. The cutoff energy of 480 eV and 5x5x1 k-point grids were determined by a
fine grid of gamma-centered method [14] in the Brillouin zone. The valence electron
configurations for Mo, S, We, Se and C were 4d'%5s*5p?, 3s5°3p*, 5d'°6s%6p? and 5s°5p°,
respectively. The heterostructures were built from 3 unit cells of MoS; and 4 unit cells
of C (MoS,/G), as well as from 3 unit cells of WSe; and 4 unit cells of C (WSe,/G). The
atomic structures were relaxed until the forces on all unconstrained atoms were smaller than
0.01 eV/A. The vacuum layer of 15 A along z direction was constructed to eliminate the
interaction with spurious replica images.

The investigated heterostructures are the systems in which strong covalent bonds in a
plane form atomic layers that are held together by weak van der Waals forces. [15]. So at the
first stage, for the adequate description of physical processes in the heterosystems, the
electron density functional was chosen through the use of VASP (Vienna Ab-initio
Simulation Package) software package [16]. DFT-D3 method of Grimme [17] was used to
account for long-range van-der-Waals interaction between monolayers. Structural figures and
charge density drawings were produced by VESTA package [18].

3. Results and Discussion

The supercell method was used to create heterostructures. At first the total energy
optimization was performed for relaxation of unit cells of investigated materials. The unit
cells of MoS; and graphene were replicated by 3 and 4 in each crystallographic direction,
respectively. Just the same procedure took place for WSe,/graphene heterostructure. The
lattice mismatch of created heterostructures was about 3.01 percents for MoS,/G and
1.15 percents for WSe,/G. The shape and volume of supercells were considered to be
unchangeable at self-consistent calculations. The calculated interlayer distances are 3.50 A for
WSe,/G and 3.45 A for MoS,/G; they are shown in Figure 1.

Non-self-consistent calculations were carried out along the lines between the high
symmetry points K-I'-M-K of the first Brillouin zone. The energy dispersion of graphene
sheet in heterostructure is similar to that of a pristine graphene, i.e. the zero band gap is
conserved (Fig. 2).

Vertical electric field has little effect on the band gap WSe,/G and MoS,/G. The
heterostructures have a direct band gap under influence Egieq of 0.15 V/A. Analysis of the
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results showed that the vertical external electric field can regulate charge transfer between
monolayers and graphene.
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Fig. 2. Band structure of graphene on MoS; substarate (a) and on WSe, substarate (b)

A quantum-mechanical simulation was performed to determine the dielectric
permittivity for a heterostructure consisting of graphene monolayer and MoS,. The change in
the real part of the dielectric permittivity indicates relaxation dispersion at frequencies
corresponding to energy values from 0 to 3.5 eV; this type of dispersion is characteristic for a
dipole and migration polarization mechanisms. Furthermore, the resonance dispersion occurs
in the range from 3.5 to 9.5 eV, i.e. the ion and electronic polarization mechanisms are the
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main (Fig. 3). The sharp difference between the real part of the dielectric permittivity in the
range from 0 to 0.7 eV and the range from 1.0 to 8.0 eV is caused by the significant
contribution of crystal lattice vibrations in comparison with the other components of the
dielectric permittivity.
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Fig. 3. Frequency dependence of the permittivity: imaginary (im) and real (re) constituents
(MoS,/ graphene)

Optic properties of the heterostructure were also simulated. Dispersion, having no sharp
characteristic peaks on the dependence of absorption coefficient on frequency, was observed
in the entire infrared and visible light range. The peak is observed at 8.5 eV. Consequently,
the absorption increases only in the region of the far ultraviolet (Fig. 4). The heterostructure is
optically transparent across the entire frequency spectrum. The refractive index in the visible
light range is in the range from 1.12 to 1.5.
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Fig. 4. Frequency dependence of the absorption coefficient (MoS,/ graphene)

Analogous simulation was done for a heterostructure consisting of a graphene
monolayer and WSe,. The sharp difference between the real part of the dielectric permittivity
in the range from 0 to 0.5 eV and the range from 0.5 to 8.0 eV is caused by the significant
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contribution of crystal lattice vibrations in comparison with other components of the dielectric
permittivity. The change in the real part of the dielectric permittivity points relaxation
dispersion at frequencies corresponding to energy values from 0.5 to 7.0 eV; this type of
dispersion being characteristic for a dipole and migration mechanisms of polarization.
Furthermore, the resonance dispersion occurs in the range from 7.0 to 9.5 eV, i.e. the ion and
electronic polarization mechanisms are the main ones (Fig. 5).
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Fig. 5. Frequency dependence of the permittivity: imaginary (im) and real (re) constituents
(WSe,/ graphene)

Optic properties of the heterostructure were also simulated. Dispersion, having no sharp
characteristic peaks on the dependence of absorption coefficient on frequency, was observed
in the entire infrared and visible light range. The peak is observed at 8.75 eV. Consequently,
absorption increases in the region of the far ultraviolet (Fig. 6). The heterostructure is
optically transparent across the entire frequency spectrum. The refractive index in the visible
light range is in the range from 1.21 to 1.43.

Brewster's angle and the critical angle were calculated for both investigated structures in
the visible light range; they are given in Table 1.
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Fig. 6. Frequency dependence of the absorption coefficient (WSe,/ graphene)
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Table 1. Brewster's angle and the critical angle

Structure Brewster's angle, degree Critical angle, degree
MoS, / graphene 50.45 - 54.09 46.46 -50.46
WSe, / graphene 49.98 — 54.87 44,79 -57.21

The incidence angle, at which light reflected from a surface is perfectly polarized, is in
the range from 50.45 to 54.09 for 2 / graphene heterostructure, and in the range from 49.98 to
54.87 for WSe2 / graphene heterostructure. The total internal reflection occurs in the ranges
of 46.46-50.46 and 44.79 -57.21 for MoS, / graphene and WSe; / graphene heterostructures
respectively.

4. Conclusions

Bilayered heterostructures of WSe,/G and MoS,/G have been theoretically simulated. Energy
dispersion of graphene sheet in heterostructure has similar character to the pristine graphene.
Vertical electric field (0.15 V/A) weakly effects on the band gap WSe,/G and MoS,/G and
can regulate charge transfer between monolayers and graphene. Utilization of Efield would
lead to the realization of electronic properties engineering of the materials. A quantum-
mechanical simulation was performed to determine the dielectric permittivity for a
heterostructures. The peak in the dispersion of the absorption coefficient is observed at 8.5 eV
for graphene monolayer and MoS; and at 8.75 eV for second heterostructure. The refractive
index in the visible light range is in the range from 1.12 to 1.5 for investigated structures.
Angle of incidence at which light that is reflected from the surface is perfectly polarized is in
range from 50.45 to 54.09 for MoS, / graphene heterostructure, and is in range
from 49.98 — 54.87 for WSe, / graphene heterostructure. The total internal reflection occurs
can be observed in ranges from 46.46-50.46 and 44.79 -57.21 for MoS, / graphene
and WSe, / graphene heterostructures respectively.
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