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Electronic Structures of Graphene/MoS: Heterostructure: Effects of Stacking
Orientation, Element Substitution, and Interlayer Distance
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Abstract: Effects of stacking orientation, element substitution, and interlayer distance
on electronic structures of graphene/MoS; heterostructures were investigated using first-
principles calculations. The results predicted that the stacking orientation does not take a

crucial role in changing the electronic structures in contrast to element substitution, which
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converts the system from semiconductor to metallic. A bandgap opening originating in a
Dirac band of graphene is found to be governed by the interface distance between
graphene and MoS; layers.
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= INTRODUCTION

Graphene, a stable two-dimensional (2D) material
[ 1 '2] >
significant attention both in experimental and theoretical

with a honeycomb structure has attracted
studies for decades [3]. Graphene has excellent properties
in ultra-high intrinsic mobility and large electrical
conductivity [4], making graphene have many potential
applications in electronic devices, transparent electrodes,
and spintronics devices [1,5]. The low intrinsic spin-orbit
coupling (SOC) strength in graphene further provides an
advantage in spin transports [6]. However, the absence of
bandgap in graphene limits graphene usage in electronics
due to its poor on/off ratio [7]. Although many efforts on
the bandgap opening have been carried out previously in
various ways, such as doping [8-10], creating multilayer
graphene [11], and constructing bilayer graphene that
demonstrates an electrically gate-controlled,
continuously tunable bandgap of up to 250 meV [12],
applying an field [5], and
heterostructures [7,13-16], the understanding of the

electric forming
electronic structure of graphene, e.g., focusing the
bandgap opening, is crucial for making graphene
applicable in a broader area.

Transition-metal dichalcogenide (TMD) is a
desired group of materials due to their outstanding
properties in potential utilization, such as for electronic
devices, optoelectronic devices [17], gas sensing [18] and
energy storage [19]. MoS;,, as a member of TMD, shows
intriguing mechanical and electrical properties [20].
Unlike graphene, two-dimensional MoS, is an excellent
semiconductor with a 1.8 eV bandgap. Meanwhile, the
bulk system has a 1.2 eV indirect bandgap [21-22]. It
further notes that TMD possesses a strong intrinsic SOC
of tens of meV compared to graphene [23]. A direct
bandgap in two-dimensional MoS, could be a solution for
bandgap opening on graphene and become the motivation
to combine both materials as a heterostructure.

For vyears, keen interest has been given to
heterostructure materials [15,24-27]. A number of the
previous studies show exemplary implementations for a
heterostructure of graphene and TMD, for example,
graphene/MoS,, applied to supercapacitors, gas sensors,
spintronic devices, and electrochemical detectors of

Morin [28-29]. Heterostructures of the others,
graphene/MoSe, and graphene/WTe,, are potential
materials in the optoelectronic field [30-31],
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graphene/MoTe, and graphene/WSe; are also beneficial
in photodetector devices [32-33], and graphene/WS; is a
prospective  material for  nanoelectronics and
optoelectronic devices [34-35].

In the present work, we have systematically
performed density functional theory (DFT) calculations
to clarify the effects of the electronic structure of
graphene/MoS, on stacking, element substitution, and
interlayer distance. We find that stacking orientation is
not significantly affecting the electronic structures, which
contrasts with how element substitution and interlayer
distance successfully tune the electronic structures. The
findings are essential to navigating the tuning of
electronic properties of graphene/MoS, heterostructure

since they directly impact practical applications.
m COMPUTATIONAL DETAILS

First-principles calculations using the full-potential
linearized augmented plane-wave (FLAPW) method that
treats a single slab geometry [36-37] were carried out to
investigate the electronic structures of graphene/MoS,.
(GGA) was
employed as exchange correlation [38] and to account for

Generalized gradient approximation
long-range dispersion correction, and the DFT-D2
method was introduced [39]. The core states were treated
fully relativistically, and the valence states were treated
semi-relativistically, where spin-orbit coupling was
incorporated using the second variational method [40].
The LAPW basis with a cutoff of |k+G| < 5.0 Bohr-1 and
muffin-tin (MT) sphere radii of 2.6 Bohr for Mo, 1.9 Bohr
for S, Se, and Te, and 1.2 Bohr for C were used, and lattice
harmonics with angular momenta up to 1 = 8 for Mo and
S, and 6 for C were employed to expand the charge
density, potential, and wavefunctions. A 15 x 15 k-point
mesh was used for self-consistent field (SCF) calculations.
Atomic force calculations fully optimized all the
heterostructures.

As for models, graphene/MoS, heterostructures
with two different later-stacking orientations, namely, Cs
stacking for C atoms stacked on the top of S atoms and
Cuo stacking for C atoms stacked on the top of Mo atoms,
as illustrated in Fig. 1. These stacking orientations were
considered based on the previous study which analyzed

the most stable stacking for bilayer MoS, [41]. The
structural periodicity in graphene and MoS; layers sets
with two ratios, 1:1 and 4:3, i.e., the 1:1 heterostructure
consists of 1 x 1 cell of both graphene and MoS, while
the 4:3 heterostructure is 4 x 4 of graphene and 3 x 3 of
MoS,. For the element substitution, then, three
graphene/TMD consisting  of
graphene/MoS,, graphene/MoSe,, and graphene/MoTe,,

heterostructures,

respectively, were considered. Finally, the dependence of
interlayer distance between graphene and MoS; in the
heterostructure was analyzed by varying the distance
from 2.6 to 3.6 A.

m  RESULTS AND DISCUSSION
Effect of Stacking Orientation

We first confirmed that the calculated lattice
constants of single monolayers of graphene and MoS,
are 3.16 and 2.46 A, respectively, which agree with the
previous works [42]. Fig. 1 displays the optimized 1:1
and 4:3 heterostructures of graphene/MoS; for the C;
and Cy, stackings. In the 1:1 heterostructure, for both C;
and Cy, stackings, the bond lengths of C-C in the
graphene layer and Mo-Mo atoms in the MoS; layer are
1.73 and 3.09 A, respectively, and the interlayer distances
between graphene and MoS; layers are 3.38 A. Even in
the 4:3 heterostructure, the interlayer distances in the Cs
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Fig1. Top view of arrangements of graphene/MoS,
heterostructure: (a) 1:1 heterostructure with Cs stacking,
(b) 1:1 heterostructure with Cy, stacking, (c) 4:3
with Cs and (d) 4:3
heterostructure with Cy, stacking. Purple, yellow, and

heterostructure stacking,

brown balls represent Mo, S, and C atoms, respectively

Dian Putri Hastuti et al.



142

and Cy, stackings are 4.47 and 3.50 A, respectively, and
the present results correspond to the previous works [43-
44]. Despite the change in the stacking orientations, the
structural properties remain the same.

Fig. 2 shows the calculated band structures and
(DOSs) of the 1:1 and 4:3
heterostructures in the Cs and Cy, stackings. The identical

densities of states
feature of the Dirac cone in the band structures and DOSs
can be seen in each heterostructure regardless of the
stackings. The bandgap at K in both stackings is
distinguishable, as shown in the figure, where the
bandgaps of the Cs and Cy, stackings are 19 and 8.5 meV.
The total energy in the Cy, stacking for the 1:1
heterostructure is slightly lower than that in the C; one by
only 0.872 meV/cell. It occurs in the 4:3 heterostructure,
where the total energy of Cy, stacking is lower than that
on the C, by 0.54 meV/cell.

Fig. 3 shows the charge density plot for Cy, and Cs
stacking orientation for an optimized 1:1 structure. To
identify the presence of charge transfer between layers, we
calculated the total charge for each atom for MoS, and
graphene as a unit cell and the total charge for MoS,-
graphene as a heterostructure and compared the values,
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which later showed no differences.

The physical origin of the bandgap that emerged in
the graphene/MoS; is due to the hybridization between
the graphene and MoS; layers, where weak interaction
bonds the layers, proven by no charge transfer between
both layers. Thus, the stacking orientation does not
affect their electronic structures qualitatively, as both
have identical band structure and does not change the
character of the material. However, stacking orientation
changes the band structure quantitatively as the band
gap differs from each other. This result also corresponds
to the previous study, which studied the 5:4 and 4:4
heterostructures [45].
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Fig 2. Charge density for optimized 1:1 structure (a) Cyo
stacking orientation and (b) Cs stacking orientation. The
yellow color shows positive charges
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Fig 3. Calculated band structures and DOSs of graphene/MoS, heterostructures under different structure

arrangements: (a) 1:1 structure with Cs stacking orientation, (b) 1:1 heterostructure with Cy, stacking orientation, (c)

4:3 structure with C; stacking orientation, and (d) 4:3 structure with Cy, stacking orientation. The insets show a

bandgap at K in each structure
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Effect of Element Substitution

We next present the results for three different
heterostructures, graphene/MoS,, graphene/MoSe;, and
graphene/MoTe,, to examine the effect of element
substitution. As for the graphene/MoS,, we chose the Cy,
stacking with the lowest total energy. The calculated
for the three
heterostructures are given in Table 1, and the band

interlayer distances and bandgaps
structures are shown in Fig. 4. From the calculated band
structures, we observe that the bandgap in the Dirac cone
at K of each system variates in nominal values. The
graphene/MoTe, show a metallic characteristic. Enlarged
pictures along the G-M-K-G direction show that the
Dirac cone for the graphene/MoTe; is shifting toward the
valence bands.

The calculated optimized interlayer distances for the
three heterostructures are given in Table 1. The three
heterostructures have different values of the optimized
interlayer distances, where the graphene/MoS, has the
most significant distance of 3.38 A compared to those in
the graphene/MoSe, (3.28 A) and graphene/MoTe,
(3.19 A). Alongside the optimized interlayer distance, the
calculated bandgaps located on the Dirac cone in
graphene are also given in Table 1. Meanwhile, the
graphene/MoS; has the lowest bandgap of 8.5 meV, while
graphene/MoSe; increases to 15 meV due to the interlayer
reduction. For the graphene/MoTe,, where the interlayer
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distance further decreases, the system becomes metallic,
and the energy state of the Dirac cone shifts to 0.8 eV
below the Fermi level.

For further analysis, we calculated the projected
density of states (PDOS) as shown in Fig. 5. Based on
these graphs, we can see that the orbitals which have
significant contributions to valence and conduction
bands are d orbitals attributed in Mo.

Table 1. Calculated interlayer distance (d) and bandgap
(AE) of optimized graphene/MoS,, graphene/MoSe,,
and graphene/MoTe; heterostructure

Elements d (A) AE (meV)
graphene/MoS, 3.38 8.5
graphene/MoSe, 3.28 15
(a)3 (b) 3¢ (c) 3
2 2 2
8, s ° 18°
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Fig4. Calculated PDOS of (a) graphene/MoS,, (b)
graphene/MoSe,, and (c) graphene/MoTe,. Different

E-Er (eV) E-Er (eV)

color of plotting shows different orbital. Blue and purple
represent the s and p orbital for C, S, Se and Te atoms,
and red represents the d orbital for Mo atoms
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Fig 5. Calculated electronic structures of graphene/TMD heterostructures: (a) graphene/MoS,, (b) graphene/MoSe,,
and (c) graphene/MoTe;. Enlarged figures of Dirac bands are shown at the top of the figures. Zero energy sets to the
top of the valence band in (a) and (b), and that in (c) sets to Fermi level
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Fig6. Binding energy (Ez) variation for 1:1

graphene/MoS; heterostructure concerning the interlayer
distance. The dashed gray vertical line indicates the
optimized interlayer distance with the lowest binding
energy of -22 meV
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Fig 7. The calculated band gap of 1:1 graphene/MoS;
heterostructure as a function of interlayer distance. The

dashed grey vertical line portrays the optimized interlayer
distance of the system at 3.38 A with a band gap of
8.5 meV

Effect of Interlayer Distance

In a comprehensive analysis of interlayer distance,
binding energy (Es) between the graphene and MoS,
layers was calculated by Es = Evjc — (Em + Eg), where Eyyg,
Em, and Eg are the total energies for the graphene/MoS,,
monolayer MoS,, and monolayer graphene, respectively.
The results are shown in Fig. 6. At an optimized interlayer
distance of 3.38 A, the calculated Egp reaches its lowest
value of -22 meV, which corresponds with the previous
work [46].

The dependence of interlayer distance on the
bandgap at the K point in the graphene/MoS; is shown in

Indones. J. Chem., 2023, 23 (1), 140 - 147

Fig. 7, where the interlayer distance varies from 2.6 to
3.6 A. As seen in the figure, at the optimum state of
3.38 A of interlayer distance, the bandgap is 8.5 meV.
The band gap is found to decrease when the interlayer
distance increases gradually. Thus, widening interlayer
distance between graphene and MoS; layers diminishes
the orbital hybridization between the layers, leading to a
pure graphene-like electronic structure with no
bandgap.

m CONCLUSION

We performed a first-principles calculation to
investigate the effects of the electronic structures of
graphene/MoS; heterostructure on stacking orientation,
element substitution, and interlayer distance bonded
through weak van der Waals interaction. We find that
the electronic structures of graphene/MoS; are unlikely
to be affected by stacking orientation. On the other
hand, element substitution modifies the electronic
properties, transforming the system to a metal
characteristic. At last, the bandgap opening originating
from the Dirac band in the graphene/MoS, may be tuned
by the interlayer distance modification.
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