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Abstract

In this work, we construct an ultrathin graphene/MoS, nanocomposite and investigate
systematically its electronic, optical and mechanical properties using first-principles
calculations based on density functional theory. Our results show that graphene and MoS;
layers in their corresponding graphene/MoS; nanocomposite are bonded mainly via the
weak van der Waals forces, which are not enough to modify the intrinsic properties of the
constituent monolayers, thus the electronic properties are well preserved. Moreover, the
optical and mechanical properties of the graphene/MoS, nanocomposite are enhanced as
compared with those of individual constituent graphene and MoS, monolayers. The
maximum of absorption intensity can reach up to 2.5x10° cm™. Moreover, the Young’s
modulus of nanocomposite increases up to 487.2 N/m?. These findings demonstrate that the
formation of the graphene/MoS; nanocomposite could effectively be used to enhance the
electronic, optical and mechanical performances of both graphene and MoS, monolayers.
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1. Introduction

Since the discovery in 2004 by Geim and co-workers, graphene [1] has become one
of the materials that have attracted both theoretical and experimental scientists due to its
extraordinary physical properties. However, the application of graphene to technology,
especially in the field of electronic and optoelectronic devices, still faces certain
difficulties, in which the cause may be due to graphene having zero energy gap [2] and
incompatibility between graphene and silicon electronic components. So far, there are
many different ways to change the electronic states of graphene, i.e., to open the energy
gap near the Fermi level in graphene: (i) the size effect leads to the opening of the energy
gap in the nanoribbons; (ii) lateral effects and defects; (iii) doping and functionalism
effects: spurious and functional atoms can change the material properties; (iv) layer
(thickness) effect: the electronic structure depends strongly on the number of layers.
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In parallel with finding a way to overcome this limitation of graphene, a new
research direction has emerged strongly in the last five years. That is looking for
alternative materials. This new research has focused on 2D materials such as
phosphorene, antimonene, transition metal dichalcogenides (TMDs), and
monochalcogenides, etc. Unlike graphene, these 2D materials are semiconductors with
interesting properties and they become a potential candidate for applications in
nanotechnology, such as photodetectors [3, 4], field effect transistors (FETS) [5],...
These application potentials have prompted scientists to continue to study the
outstanding electronic and transport properties of these materials and to explore their
application potential for designing high-performance optoelectronic nanodevices.

An another method currently being investigated is the creation of vdW layered
nanocomposites from 2D materials, thereby allowing for a better control of the
electronic and mechanical properties of the constituent monolayers. Nanocomposites of
2D materials are stacked to create large electric fields originating from the difference in
work function. Previously, Qiu and co-workers have investigated the optical properties
of graphene/MoS; heterostructure by using the density functional theory [6]. Also, the
mechanical properties of graphene/MoS, heterostructure have been studied by
molecular dynamics simulations [7]. In addition, experimental and theoretical studies
have shown that the extraordinary electronic properties of the constituent materials are
preserved due to the weak vdW interaction between layers in the nanocomposites. First
of all, we can mention the successful hybridization between graphene and a variety of
other 2D semiconductor materials such as graphene/MoS; [8, 9], graphene/phosphorene
[10], graphene/GaSe [11], etc. using different methods both experimentally and
theoretically. Besides, hybridization between two-dimensional materials such as
arsenene/CsN [12], GaS/MoS; [13] is increasingly being considered. It can be seen that
in these vDW nanocomposites, researchers have discovered some interesting properties
that do not exist in individual constituent monolayers. For vdW nanocomposites, the
vdW interactions between monolayers can keep the system stable even though the vdW
interaction is very weak and this vdW force has little effect on the electronic properties
around the Fermi level. These above studies show the great potential applications of
monolayer 2D materials and their vdW nanocomposites in future nanodevices.

Therefore, in this work, we construct an ultrathin graphene/MoS; nanocomposite
and systematically investigate its structural, electronic, optical and mechanical
properties using first-principles calculations based on density functional theory (DFT).
Our findings provide an opportunity for graphene/MoS, nanocomposite in the next-
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generation nanoelectronic and optoelectronic devices, which could use to replace
traditional silicon-based devices.

2. Computational models and methods

In the present work, we study the structural, electronic, and mechanical properties
of the graphene and MoS,; monolayer through first-principles calculations based on
DFT. This method recently is encoded in the simulation QUANTUM ESPRESSO
software [14]. The electron-ion interaction and the exchange-correlation energy were
described by the projected augmented wave (PAW) method and generalized gradient
approximation (GGA) within the Perdew-Burke-Ernzerhof (PBE) functional [15],
respectively. All the geometric optimization and electronic properties calculations were
performed with kinetic energy cut-off for wavefunctions of 35 Ry and for charge
density of 350 Ry, respectively. Moreover, to describe the weak interactions,
encapsulating in layered materials, we use the dispersion corrected DFT-D2 method
[16]. The dipole correction has also been added in all calculations. The geometric
optimization is performed within the energy and force convergence of 10° eV and
10 eV/A, respectively. A 9x9x1 Monkhorst-Pack k-point mesh in the Brillouin zone
(BZ) was used in all our GGA-PBE. A large vacuum thickness of 30 A is employed to
separate the spurious interactions between the periodic images.

Over the past ten years, many schemes have been proposed for incorporating vdW
interactions into DFT calculations, such as non-local van der Waals density functional
(vdW-DF) scheme proposed by Dion and semi-empirical long-range dispersion correction
(DFT-D) proposed by Grimme. In this work, we have used DFT-D2 method to describe
the weak interaction, which dominated between Graphene and MoS; monolayers. The
advantage of DFT-D method is its simplicity, reliability and stability. Our calculations
and the calculations of other groups show that for layered vdW heterostructures, the
DFT-D scheme predicts the correct results. Therefore, we chose this scheme to consider
the weak interaction in the G/MoS; vdWH owing to its reliability and stability. In
addition, in my view, both non-local van der Waals density functional scheme and semi-
empirical long-range dispersion correction work well for layered vdW heterostructures
[17-19]. The vdW-DF slightly understated lattice parameter values, and DFT-D slightly
overestimated. Generally, the results were similar. It can be assumed that when using the
vdW-DF scheme, the distance will be slightly smaller, and the binding energy is slightly
larger. In the DFT-D2 method, the total energy of system can be obtained by:
E.=E + Egigp = Exs_prr + Evow » Where Exs.prr is the total energy of systems by

Kohn-Sham formula, and Edisp is the dispersion corrected total energy that includes the
weak vdW forces and it can be calculated as follows [16]:

tot — —KS-DFT
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3. Results and discussion

Tab. 1. Optimized lattice constant a (A) and bond lengths d (A) of freestanding graphene and
MoS; and graphene/MoS; nanocomposite. Interlayer distance D between graphene and MoS;
in nanocomposite is presented in the last column.

Materials a dcc dmo-s D
Graphene 2.461 1.425 - -
MoS; 3.183 - 2.410 -
Graphene/MoS; 12,518 1.387 2.415 3.43

Before constructing the graphene/MoS, nanocomposite, we check the lattice
constants of both graphene and MoS, monolayers at the ground state. Our calculated
lattice constants of graphene and MoS; are 2.461 A and 3.183 A, respectively, which
are in good agreement with previous theoretical and experimental reports [20-23].
It demonstrates that our calculated methods used in this work are reliabe. We further
construct the atomic structure of graphene/MoS; nanocomposite by stacking graphene
above on top of MoS; monolayer. The optimized lattice parameters of the
graphene/MoS; nanocomposite are listed in Tab. 1. Due to large difference in the lattice
constants between graphene and MoS;, thus, to built the graphene/MoS;
nanocomposite, we use a large supercell, containing of (5x5) unit cells of graphene and
(4x%4) unit cells of MoS, monolayer. The overall lattice mismatch in the graphene/MoS;
nanocomposite is calculated to be 3.08%, which insignificantly affects the main results.
The atomic structure of the combined graphene/MoS, nanocomposite is depicted
in Fig. 1.
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Fig. 1. (a) Top view and (b) side view of the relaxed atomic structures of the graphene/MoS;

nanocomposite. D stands for the equilibrium interlayer distance between the graphene

and the topmost S layer in the MoS; part.

The interlayer distance D between graphene and the topmost S layer of the MoS;
part after the geometric optimization structure is obtained to be 3.43 A. This value of
the interlayer distance is comparable with that in other typical van der Waals (vdW)
graphene-based nanocomposite, such as graphene/phosphorene (3.43 A) [10],
graphene/WS; (3.49 A) [24], graphene/GaN (3.315 A) [25] and so forth. It indicates that
the graphene/MoS; nanocomposite is typical vdW system, where the weak vdW forces
are mainly contributed. Furthermore, to check the structural stability of the
graphene/MoS; nanocomposite, we calculate its binding energy as follows:

Eb _ Enanocomposne igraphene EMos2 (3)
Here, Enanocomposite, Egraphene, and Ewmos2, respectively, are the total energies of the
graphene/MoS; nanocomposite, isolated graphene and MoS; monolayer. A is the
in-plane surface area of the nanocomposite. The calculated binding energy of the
graphene/MoS, nanocomposite is calculated to be —8.29 meV/A2 The “-” sign of the
binding energy demonstrates that the graphene/MoS; nanocomposite is stable at the
ground state with the equilibrium interlayer distance of 3.43 A. Thus, the weak vdwW

interactions dominate between graphene and MoS; layers, suggesting that MoS;
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material can be used as an ideal substrate for graphene with their intrinsic electronic
structures undisturbed. Our obtained results are consistent with the calculated result for
bilayer graphene [26].
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Fig. 2. Band structures of isolated (a) graphene (b) MoS; monolayers and (c) combined graphene/MoS,
nanocomposite. The inset in Fig. 2(c) is the band gap, opened in the graphene at the Dirac K point.
The electronic band structures of the isolated graphene, MoS,; monolayers and
their graphene/MoS, nanocomposite are depicted in Fig. 2. One can observe from
Fig. 2a that the graphene has a linear relation at the Dirac K point, resulting in the gap-
less semiconductor. On the contrary, MoS, monolayer displays a direct band gap
semiconductor, forming between the valence band maximum (VBM) and conduction
band minimum (CBM) at the K Dirac point, as illustrated in Fig. 2b. When the
graphene/MoS; nanocomposite is formed, one can clearly observe that its electronic
band structure seems to be a combination of that of the individual constituent graphene
and MoS, monolayers. It indicates that the electronic properties of both graphene and
MoS, monolayers are well preserved in their combined graphene/MoS, nanocomposite.
The Dirac cone at the K point of graphene is preserved in such nanocomposite,
suggesting that its intrinsic electronic characteristics are maintained. More interestingly,
we find that when the graphene/MoS; nanocomposite is formed, a tiny band gap of
10 meV has opened at the Dirac point of graphene, making it suitable for designing
next-generation high speed optoelectronic nanodevices, such as field-effect transistor, as
illustrated in Fig. 3. The mechanism of such band gap, opening in graphene is due to the
symmetry breaking of the sublattice’s graphene. This behavior was also confirmed by
the experimental report [8, 27].
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Fig. 3. Schematic model of field-effect transistor based on the graphene/MoS, hanocomposite.

More interestingly, when the graphene/MoS; nanocomposite is formed, it creates
the metal/semiconductor contact, resulting in the formation of the Schottky or Ohmic
contact. It should be noted that the performance of nanodevices depends on the
formation of the Schottky or Ohmic contact in the metal/semiconductor contact.
Depending of the position of the Fermi energy level, as depicted in Fig. 2c, we can find
that the graphene/MoS, nanocomposite forms the Schottky contact. According to the
Schottky-Mott rule [28], the Schottky barrier height of the n-type and p-type Schottky
contact can be obtained as: ®gn = Er — Evem, and ®gp = Ecam — Er, Where Evem, Ecem
and Er, respectively, are the positions of the VBM, the CBM and the Fermi level of the
graphene/MoS; nanocomposite. Our calculated ®gp the graphene/MoS; nanocomposite
is 0.49 eV, which is slightly smaller than the ®gp of 1.24 eV, indicating that the
nanocomposite forms the n-type Schottky contact at the ground state. It should be noted
that the Schottky contact in the graphene/MoS, nanocomposite is very different from
traditional metal-semiconductor Schottky one. One is that graphene is adsorbed
physically on MoS; monolayer without dangling bonds. In addition, the n-type Schottky
barrier height of the graphene/MoS, nanocomposite is still smaller than
that in other graphene-based nanocomposites, such as graphene/GaN [29],
graphene/phosphorene [30]. It indicates that the Schottky devices based on the
graphene/MoS; nanocomposite will predict to present a better performance than those
based on the graphene/GaN and graphene/phosphorene.

Furthermore, the optical absorption of the nanocomposite is so crucial for the
efficient utilization of the solar energy efficiency. We hence calculated the optical
absorption spectra as a function of the photon energy. The optical absorption coefficient
o) is calculated as follows:
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Fig. 4. Optical absorption of the graphene/MoS; nanocomposite.

The optical absorption coefficient of the graphene/MoS, nanocomposite is
displayed in Fig. 4 along with that of the individual constituent graphene and MoS;
monolayers. We can find that the graphene/MoS; nanocomposite exhibits a large
absorption coefficient than the graphene and MoS> monolayers. The maximum of
absorption intensity can reach up to 2.5x10° cm™. In addition, one can observe that the
optical band gap of the graphene/MoS; nanocomposite is still smaller than that of the
individual constituent graphene and MoS; monolayers. It is well-known that the optical
absorption coefficient of MoS; is quite small, this leads to difficulties in the application
of MoS: in optoelectronic devices. The formation of two-layer heterostructures based on
MoS; to achieve a high absorption coefficient, as in the case of graphene/MoS;, has
brought new prospects for the application of MoS; in the optoelectronics.

We now turn to consider the mechanical properties of the graphene/MoS;
nanocomposite. We first calculate the elastic stiffness constants Cj; by using the stress-
strain relationship and the elastic moduli. As above-mentioned, the graphene/MoS;
nanocomposite has the hexagonal structure, thus we further consider only the values of
C11 = C2, C12, and Ces in the graphene/MoS; nanocomposite. The layer modulus of 2D
system, including graphene/MoS nanocomposite can be calculated as follows:

1
7/2D = E[Cu + C12]
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From this point, the average Young’s modulus (E), Poisson’s ratio (v) and shear
modulus (G) can be calculated as follows:
:C121_C122 : U:ﬁ; G :CGG

C11 C11

E

Tab. 2. Calculated elastic stiffness constants (N/m), Young’s modulus (N/m),
and Poisson’s ratio of the graphene/MoS; nanocomposite along
with those of isolated graphene and MoS; monolayers.

Layer Young’s | Poisson’s
2D systems Cu Ciz Ceo | modulus | modulus ratio
Graphene 356.3 62.3 150.5 209.3 345.4 0.17
MoS; 131.2 39.2 46.3 85.2 119.5 0.34
Graphene/MosS, 512.3 | 1134 | 2003 | 312.85 | 487.2 0.22
nanocomposite

One can observe from Tab. 2 that the elastic properties of the graphene/MoS;
nanocomposite are enhanced in comparison with those of the constituent isolated
graphene and MoS, monolayers. More interestingly, we can find that the elastic
properties of such nanocomposite seem to be a combination of those of the constituent
monolayers. Therefore, we can conclude that when the graphene stacked on the MoS; to
form the graphene/MoS; nanocomposite, its elastic properties, including layer and
Young’s modulus are better than that of each individual monolayer, making it
promising candidate for multifunctional nanodevices.

4. Conclusions

In conclusion, we have constructed an ultrathin graphene/MoS; nanocomposite and
investigated its electronic, optical and mechanical properties using first principles
calculations. We find that in the graphene/MoS, nanocomposite, the intrinsic properties
of both graphene and MoS; layers are well preserved because of the weak vdW
interactions, dominating between graphene and MoS, monolayers. The graphene/MoS;
nanocomposite exhibits the enhanced electronic, optical and mechanical properties as
compared with those of individual constituent graphene and MoS; monolayers.
These findings provide an opportunity for the graphene/MoS; nanocomposite in the
next-generation nanoelectronic and optoelectronic devices, which can be used to replace
principal silicon-based devices.
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NGHIEN CUU CAC TINH CHAT BIEN TU, QUANG HOC
VA CO TINH CUA VAT LIEU NANO COMPOSITE GRAPHENE/MoS;

Tém tdt: Trong bai bao nay, ching t6i mé phéng va nghién cizu céc tinh char dién tir,
quang hoc va co tinh ciia hé vdt liéu mang moéng nano graphene/MoS; siz dung ly thuyét phiém
ham mdt do. Két qua nghién cizu cho thdy liee fuong tac yéu van der Waals giira cac 16p vat liéu
gii cho hé vt liéu nanocomposite graphene/MoS; bén viing va khong gay phéa huiy céc tinh chat
dién tir noi tréi cua graphene va MoS; don 16p. Bén canh d@é, chiing téi thay rang cac tinh chat
quang hoc va co tinh cua graphene va MoS; dugc tang cuong trong hé vt ligu nanocomposite.
Hé s6 quang hdp thu toi da ciia hé 6 thé dat 2,5x10°cm™. Trong khi d6, mé dun dan hoi Young
cua hé nanocomposite nay tang lén t6i 487,2 N/m?. Céc két qua nghién ciu ndy chi ra rang su
hinh thanh hé vt liéu mang méng nanocomposite cua graphene va MoS; la phuong phdp hiéu
dung dé tang cuong c&c tinh char dién tir, quang hoc ciing nhuw co tinh ciia cac vat liéu tiem
nang graphene va MoSo.

Tir khoa: Vat liéu nanocomposite graphene/MoS,; cac vat liéu hai chiéu; phuong phap
phiém ham mat do.
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