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ABSTRACT: Artificial van der Waals heterostructures constitute an emerging field that
promises to design systems with properties on demand. Stacking patterns and the
utilization of different types of chemically inert layers can deliver novel materials and
devices. Despite the relatively weak van der Waals interaction, which does not affect the
electronic properties around the Fermi level, our first-principles calculations show
significant changes in the higher conduction and deeper valence regions in the considered
graphene/silicene, graphene/MoS2, and silicene/MoS2 systems. Such changes are linked
to strong out-of-plane hybridization effects and van der Waals interactions. We also find
that the interface coupling significantly affects the vibrational properties of the
heterostructures when compared to the individual constituents. Specifically, the van
der Waals coupling is found to be a major factor for the stability of the system. The
emergence of shear and breathing modes, as well as the transformation of flexural modes,
are also found.
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■ INTRODUCTION

The discovery of graphene,1 an atomically thin layer of
honeycomb C atoms, has inspired much interest not only in
its basic and applied aspects, but also into finding other two-
dimensional (2D) materials with various chemical composi-
tions. This flourishing field has become a new realm for
fundamental and device physics. Besides graphene, there are
other 2D systems with hexagonally arranged atoms, such as
silicene (composed of Si atoms) and germanene (composed of
Ge atoms).2−5 Although these layers exhibit many common
properties, the strong spin−orbit coupling and staggered lattice
distinguish silicene and germanene as unique structures
compared to graphene.6−8 Single-layer transition metal
dichalcogenides, such MoS2 and WSe2, for example, are
another class of 2D materials, in which the d-electrons
interactions give rise to interesting phenomena related to
novel spin, valley, and optoelectronic effects.9,10 Novel
synthesis techniques11 based on chemical methods or
mechanical transfer have contributed toward numerous
applications of such materials in electronics, optics, and sensors
among others.12

A new area of research utilizing layers of different kinds of
2D materials has also emerged.13 Vertically stacking these
chemically inert systems, similar to toy building bricks,
promises to achieve desired properties by design. While strong
chemical bonds are responsible for the in-plane stability of each
layer, the relatively weak van der Waals (vdW) interaction

holds the heterostructure (HS) stack together. Several two-
layered HSs have already been synthesized showing that
experimental advances of different stacking patterns can be
used to achieve a system with an array of different
characteristics.14−18 Recent computational studies of 2D vdW
HSs have also been reported.19−22 These investigations are
typically concerned with the energetic stability of the system
and mainly with the electronic band structures around the
Fermi level, where the energy bands are additive. Theoretical
studies uncovering the evolution of the higher conduction and
lower valence regions are lacking, however. The influence of
interlayer hybridization in vdW HSs is of much interest not
only from a fundamental point of view, but also for practical
applications in view of control and design of desired properties.
Furthermore, interlayer optical coupling involving 2D

transition metal dichalcogenides has been demonstrated
already.23 Such interactions are inevitably connected with the
understanding of changes in the electronic structure due to the
interlayer coupling. Thus, addressing the roles of the dispersive
vdW interactions and the orbital overlap is necessary in order to
provide effective ways of tuning capabilities. Along these lines,
determining universal and material specific hybridization
features would be much desirable. The vibrational properties
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of vdW HSs are also of great interest. Studies of phonon
excitations of homogeneous vdW systems (composed of
graphenes only or MoX2 layers only, where X is the chalcogen
atom) as a function of number of layers have shown there is a
delicate balance between surface vs bulk effects.24−27 The
evolution of acoustic and other low-frequency modes, such as
shear and breathing modes, for a given 2D vdW HS can hardly
be overestimated as such issues are of primary relevance to
thermal conduction.
In this study, using first-principles simulations, we investigate

the interface properties of the following 2D HSs: graphene/
silicene (GR/SIL), graphene/MoS2 (GR/MoS2), and silicene/
MoS2 (SIL/MoS2). It turns out that the vdW interaction is of
primary importance for the electronic and vibrational properties
of the studied systems. On one hand, the vdW interaction
together with the orbital overlap leads to nontrivial changes in
the deeper valence and higher conduction regions in terms of
hybridization energy gaps. On the other hand, the vdW
coupling is found to be necessary for the vibrational stability of
the HS, meaning that real phonon dispersion relations are
achieved. The calculations are performed by constructing
supercells with periodic boundary conditions. For this purpose,
several unit cells from each constituent are utilized, which,
however, leads to artificially folded bands in the band
structure.28 Such artificial folding inhibits the discovery of
important features in the electronic properties and makes the
comparison with experimental data difficult. Here we present
the unfolded band structures for each HS projected on the
individual primitive Brillouin zones (BZ). We find that there
are emerging energy gaps in the conduction and valence
regions, which are explained in terms of interlayer hybridization

and vdW effects. The interface phonon properties are also
investigated with acoustic, shear and breathing modes analyzed
in terms of the interlayer interactions and comparisons with the
phonon properties of the individual constituents.

■ RESULTS AND DISCUSSIONS
The calculations are performed using periodic boundary
conditions by constructing a supercell for each considered
system. Because the layered constituents have different bond
lengths and lattice parameters, the supercells consist of several
unit cells of the individual layer. Specifically, the GR/SIL
structure is formed by 9 graphene (18 atoms) and 4 silicene (8
atoms) unit cells, the GR/MoS2 is formed by 25 graphene (50
atoms) and 16 MoS2 (48 atoms) unit cells, and the SIL/MoS2
is formed by 16 silicene (32 atoms) and 25 MoS2 (75 atoms)
unit cells. The particular stacking configurations after relaxation
with respect to the atomic positions and lattice parameters are
shown in Figure 1.
The formation of each vdW HS introduces slight strains in

the 2D layers when compared with the individual, free-standing
constituent. These relative lattice strains are calculated via (aHS
− a)/a, where aHS is the lattice constant of each layer in the HS
(Table 1) and a is the lattice constant of the corresponding
layer with and without the vdW interaction, which is taken into
account via the DF2 functional as discussed in the Computa-
tional Methods. For example, the graphene layer in the GR/SIL
structure is expanded by 0.8%, while the silicene is shrunk by
3.5% when compared with their free-standing counterparts. If
DF2 is included in the simulations, we find that after relaxation
the graphene expansion is slightly higher (1.0%), while the
silicene shrink is slightly less (−3.8%). The respective values for

Figure 1. Atomic representation for the (a) GR/SIL (9-GR; 4-SIL unit cells); (b) GR/MoS2 (25-GR; 16-MoS2 unit cells); (c) SIL/MoS2 (16-SIL,
25-MoS2 unit cells) supercells; and (d) BZ and its characteristic points for GR/SIL. The interlayer separation is denoted as d.

Table 1. Structural Parameters Obtained after Relaxationa

HS GR/SIL GR/MoS2 SIL/MoS2

strain (%) no vdW +0.8/−3.5 +1.0/−2.1 +1.8/−1.0
DF2 +1.0/−3.8 +1.9/−4.0 +3.5/−1.6

aHS (Å) no vdW 2.49/3.73 2.49/3.12 3.94/3.15
DF2 2.50/3.75 2.52/3.15 4.04/3.23

d (Å) no vdW 4.28 4.32 3.98
DF2 3.73 3.54 3.53

ΔE (meV) no vdW −1.28 −0.82 −2.43
DF2 −28.07 −24.67 −34.57

charge transfer (e) no vdW 0.016 0.014 0.276
DF2 0.034 0.046 0.755

aStrain values correspond to lattice expansion (+) or shrinking (−) with respect to the corresponding free layers. ΔE = EHS − (E1 + E2) is the
energy/atom (EHS, total energy for the HS; E1,2, total energy for each layer). The lattice structure constant aHS for each layer from the HS, the
interlayer spacing d, and the charge transfer are also shown.
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the other two HSs can also be found in Table 1. The lattice
changes occurring in each HS can further be quantified by
comparing the nearest neighbor bond lengths, which are given
in Table 2. For example, the C−C distance of 1.425 Å in a
graphene monolayer becomes 1.437 Å when graphene is in the
GR/SIL HS and no vdW interaction is taken into account. This
corresponds to an overall 0.8% stretching denoted by the strain
in Table 1. The other bond lengths are also shown in Table 2.
We note that slight straining in order to achieve a composite
structure with different individual lattices is found in other
systems, such as graphene on Au, Ag, and SiC substrates.29−31

Our subsequent calculations indicate that comparing the
properties of the slightly strained individual layers with the
properties of the fully relaxed ones does not show significant
differences, therefore one concludes that such small lattice
parameters modifications have little effect on the vdW HS
characteristics.
It is further found that the separation between the layers is

affected significantly by the vdW interactions. This distance is
reduced upon taking into account the DF2 functional; the
largest reduction of 0.078 nm occurs for the GR/MoS2 system.
The buckling of silicene as well as the thickness of MoS2 are not
only affected by the vdW interaction, but also by the specific
HS, as can be seen from the thickness, H, of each layer in
Figure S1 and Table S1 in the Supporting Information). The
DF2 correction generally enhances the silicene buckling and
the MoS2 thickness. Graphene also makes a big difference in H
when forming the particular HS, such that H of silicene is
increased by 0.112 Å, while H for MoS2 is increased by 0.086 Å
when compared with their free counterparts (DF2 included in
both cases). Interestingly, the buckling of silicene in its HS with
MoS2 is reduced by 0.036 Å. The role of the vdW interaction is
also significant when considering the energetic stability of each
structure. Our results in Table 1 show that each vdW HS is
much more stable upon the inclusion of the DF2 functional as
the corresponding energy is increased by at least an order of
magnitude. The case of SIL/MoS2 is particularly noteworthy.
The calculations indicate that the vdW interaction results
energetic stability that is 32.14 meV higher as compared to the
case of no DF2. We conclude that such long-range corrections
play an important role for the stability of the layered HS and
must be included in the subsequent analysis.
Our calculations also show there is charge transfer between

the layers in each HS, as can be seen in Table 1, which displays
these values in units of the electron charge (e). Specifically, a
small amount of 0.016 (e) is transferred from graphene to
silicene, which is doubled if the vdW interaction is included.
Graphene donates similar charge amount (0.014 (e)) to MoS2,
which is increased to 0.046 (e) with DF2. In the case of SIL/
MoS2, however, the MoS2 layer transfers 0.276 (e) charge to
the silicene layer, which is increased to 0.755 (e) upon
including DF2.
The electronic structure properties of the different HSs are

also calculated. The different number of unit cells for each layer
used to construct the supercell result in two BZs with different

sizes, as shown in Figure 1d for GR/SIL. The resulting
artificially folded bands are untangled and projected on the
primitive BZs of the individual components. The unfolding
procedure is described in the Computational Methods section
and the results are shown in Figure 2. Considering Figure 2a,

we see distinct Dirac-like bands crossing the Fermi level, such
that the linear bands at the K-points belong to silicene, while
the linear bands at the M-point belong to graphene. Another
set of linear bands for graphene crossing at the Γ-point (barely
visible in the graph) is also present. Comparing with the density
of states results in Figure 3a,b, it is determined that the
electronic structure around EF is essentially a superposition of
the graphene and silicene individual contributions (Supporting
Information) from their out-of-plane π orbitals. Thus, the Dirac
cones for each layer are intact with well-preserved characteristic
linear dispersion.
The electronic structure, however, is significantly altered in

the deeper valence and higher conduction regions. First, one
notes that while the vdW interaction does not affect the
properties close to the Fermi level, its role away from it is much
more pronounced. The inclusion of DF2 results in shifting of
several of the characteristic peaks including those around −4,
−2, and 2 eV regions (Figure 3a). In addition, the band
structure projected on the primitive silicene cell (Figure 2a)
shows that there are several energy gaps of rather significant
magnitude, opened in the conduction region around or below 2
eV. These energy gaps, which are on the order of 0.3−0.05 eV,
occur when strong hybridization between the π-states of C and
Si happens, as evident in Figure 3b. Similar hybridization occurs
in the −2 and −4 eV regions, although the energy gaps are
smaller and they are visible on the GR/SIL band structure

Table 2. Nearest Neighbor Distances in Each Layer

monolayer GR/SIL GR/MoS2 SIL/MoS2

distance (Ǻ) no vdW DF2 no vdW DF2 no vdW DF2 no vdW DF2

C−C 1.425 1.430 1.437 1.444 1.439 1.456
Si−Si 2.278 2.306 2.234 2.249 2.310 2.378
Mo−S 2.413 2.487 2.399 2.441 2.408 2.458

Figure 2. Band structures for (a) GR/SIL projected on the SIL BZ;
(b) GR/MoS2 projected on the GR BZ; (c) GR/MoS2 projected on
the MoS2 BZ; (d) SIL/MoS2 projected on the MoS2 BZ. The opening
of some energy gaps due to interlayer hybridization are circled in red.
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projected on the primitive cell of the graphene BZ (Supporting
Information).
The electronic structure of the other two HSs exhibits similar

features. Figure 2b−d and Figure 3c−f show that again the
energy bands and DOS are a superposition of the contributions
from the graphene (silicene) and MoS2. While the correspond-
ing Dirac bands cross EF, MoS2 is a conventional semi-
conductor with parabolic dispersion and no states around EF.
We find that the MoS2 in the GR/MoS2 HS is an indirect gap
semiconductor with a gap of 1.6 eV along the K−Γ path. MoS2
from SIL/MoS2 has a direct gap of the same magnitude at the
K-point. Although the magnitude of the energy gap of the free
MoS2 layer (a direct gap semiconductor) is not affected due to
the particular HS (Supporting Information), it is concluded
that the role of the graphene is more prominent as compared to
silicene. Specifically GR/MoS2 resembles the situation of two-

layer MoS2 system, which also exhibits similar transition to an
indirect semiconductor when compared to the individual
layer.10

The vdW interaction is also important for the GR/MoS2 and
SIL/MoS2 systems. The inclusion of the DF2 function leads to
shifting of the DOS peaks toward the Fermi level when
compared to the DOS peaks with no DF2 corrections (Figure
3c,e). These shifts are more pronounced for the deeper valence
and higher conduction regions. Further inspection of the
electronic structure shows that significant hybridization due to
the out-of-plane overlapping orbitals leads to strong mod-
ifications farther away from EF. Figure 2b−d show the opening
of several energy gaps as large as 0.3 eV along several directions
of the graphene and silicene bands in the (−4,−2) eV region.
Similar situation is observed for the conduction range around
or below 2 eV. These effects are due to hybridization of the p-
orbitals (graphene or silicene) and the d-orbitals (MoS2) as
indicated from the DOS results (Figure 3d,f). The strong out-
of-plane character is quite prominent in these HSs similar to
the case of GR/SIL. It is interesting to note that recent
experimental studies32 have investigated the energy band
structure of GR/MoS2, where ARPES measurements reveal
that indeed the DOS for the individual constituents around the
Fermi level is preserved, while energy gaps due to orbital
hybridization occur deeper in the valence region, similar to the
simulations results found here.
Understanding the vibrational properties is also important in

building a complete picture of the unique interface character-
istics of the vdW heterostructures. Recent studies have
investigated graphene/h-BN systems, stacked 2D transition
metal dichalcogenides, and few layer graphene structures.33−37

Much of the emphasis in these reports has been on the layer
breathing modes, since such vibrations are specific to a
structure with two or more stacked layers. It has been shown
that breathing mode vibrations have relatively low frequencies
and they can be Raman or Infrared active.34,35 Characteristic
energetic shifts of these breathing modes in terms of number of
layers comprising the system have also been reported.34

In this study, we focus on the vibrational properties of GR/
SIL and GR/MoS2 structures. Figure 4 summarizes our results
for the phonon bands and associated total and atomically
resolved phonon DOS for each case. It turns out that the vdW
interaction is quite prominent here. Specifically, without taking
into account the DF2 functional, there are imaginary frequency
branches which indicate that the GR/SIL and GR/MoS2
systems are unstable. Taking into account the vdW coupling

Figure 3. (a) Total DOS for free graphene, free silicene, GR/SIL with
and without DF2. (b) Projected DOS for the p and pz orbitals for
graphene and silicene in the HS. (c) Total DOS for free graphene, free
MoS2, GR/MoS2 with and without DF2. (d) Projected DOS for the p
and d orbitals for graphene and MoS2 in the HS. (e) Total DOS for
free silicene, free MoS2, and SIL/MoS2 with and without DF2. (f)
Projected DOS for the p and d orbitals for silicene and MoS2 in the
HS.

Figure 4. Phonon dispersion and density of states (total and atomically resolved) for (a) GR/SIL and (b) GR/MoS2. Schematics of the shear and
breathing modes are also given.
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leads to removing the imaginary frequency branches (Figure 4)
stabilizing each HS.
The three lowest frequency modes starting at the Γ-point

constitute the acoustic branches, which are compared to the
corresponding acoustic branches of the individual layers
(Supporting Information). It is noted that unlike bulk materials,
flexural modes are particularly important for surface systems as
they have the lowest frequency dispersion and they are
nonlinear with respect to the wave vector. The role of such
vibrations in single graphene, silicene, and MoS2 has been
recognized in many reports with theoretical and experimental
consequences.38−40 Flexural modes have a large contribution to
the phonon DOS and they are responsible for the thermal
conduction (even up to room temperature) for the individual
graphene, silicene, and MoS2. Such vibrations are dominated
mainly by boundary scattering as the phonon−phonon
scattering is relatively weak. The transport due to flexural
excitations is almost ballistic with a characteristic frequency
dispersion f = Dq2. Our simulations show that for graphene D =
3.45 × 10−6 m2/s, for silicene D = 2.77 × 10−6 m2/s, and for
MoS2 D = 4.68 × 10−6 m2/s along the Γ−M direction
(Supporting Information).
The transverse and longitudinal acoustic modes have linear

dispersion with characteristic group velocities displayed in
Table 3. Comparing the phonon band structure for the

individual layers helps understand the thermal conduction
properties of the individual 2D systems. Phonon modes for
graphene are higher than those of MoS2 and silicene (by a
factor of ∼3) indicating that the corresponding graphene
vibrations carry more energy. This is an important factor
contributing to the graphene large thermal conductivity. On the
other hand, the frequency gap between the acoustic and optical
regions in silicene and MoS2 forbids many phonon scattering
mechanisms indicating that the acoustic vibrations are
protected. Further examination of the dispersion shows that
the GR/MoS2 flexural modes have departed from the quadratic
wave vector dispersion and the frequency is f ∼ qx, where x =
1.45. At the same time, this type of vibrations for the GR/SIL
system display a linear q-dependence along Γ−M (q − small).
It is interesting to compare with other studied vdW structures.
For example, for N ≤ 5 stacked graphenes the flexural modes
are f ∼ qx where 1 ≤ x ≤ 2 (x = 1 for N = 5).35 While GR/
MoS2 exhibits this intermediate flexural dispersion (x = 1.45),
the flexural mode has acquired linear dispersion in GR/SIL.
The departure from the f ∼ q2 behavior is associated with
transitioning of the system from an elastic 2D layer to less
elastic system which is not strictly two-dimensional.35

The results for the transverse and longitudinal acoustic
modes in terms of their group velocities are also given in Table
3. Comparing the obtained values, one finds that νTA,LA for the
GR/SIL and GR/MoS2 HSs are significantly lower (by an order
of magnitude) than the corresponding values of the free

graphene. At the same time, while νTA for the considered HSs is
larger than νTA for the free silicene and MoS2 components, the
opposite trend is found for νLA for the HSs, which are slightly
larger than νLA for the individual silicene and MoS2.
Nevertheless, there is a general phonon softening in the GR/
SIL and GR/MoS2 systems which contributes to the decrease
of the thermal conductivity. In addition, the phonon modes
density distribution for the HSs increases when compared to
the individual components, which means that the probabilities
for scattering processes is also increased. As a result, the
scattering phonon time is going to be reduced resulting in a
decreased thermal conductivity.
Besides the acoustic vibrations, there are other low lying

frequency modes specific for stacking HSs. The two linear-like
modes starting at f = 0.085THz for GR/MoS2 are the shear
modes (Figure 4) with velocities shown in Table 3. The
corresponding shear modes for GR/SIL start at two different
frequencies, 0.117 THz and 0.135 THz, at Γ with linear
velocities in Table 3. In both cases, νS1,S2 have similar values to
νTA,LA of single graphene. The next branch of the HSs
constitutes the breathing mode vibrations, characterized as an
optical mode, where the two layers move along a perpendicular
to the layers direction. Figure 4 shows that the breathing starts
at 2.11THz frequency for the GR/SIL systems, while the same
type of branch is found at 0.51 THz at the Γ-point for the GR/
MoS2 system.
The calculated phonon dispersion properties show that

graphene exhibits superior thermal transport because their low
energy acoustic modes can carry much more energy as
compared to the ones for free silicene or MoS2. The thermal
conduction capabilities, when compared with free graphene, are
also worsened when considering graphene vdW HSs, and the
acoustic phonon softening is of importance here. The
transformation of the flexural modes and the appearance of
shear and breathing modes, however, may be useful for probing
other fundamental characteristics of the HSs.

■ CONCLUSIONS

Our investigation clearly demonstrates that the graphene and
silicene Dirac-like electronic properties of the vdW HSs around
the Fermi level are preserved, while MoS2 may exhibit direct to
indirect semiconducting behavior. At the same time, the
interlayer hybridization results in the opening of several gaps in
the higher conduction and lower valence regions. Such gaps
may have a common behavior as they occur for all studied
systems but for different energy ranges. This diversity suggests
an approach for tuning optical transitions in a particular layer
by simply choosing a suitable component for the HS.
Furthermore, the vdW interaction determines the vibrational
stability of the HSs. The flexural modes depart from the
characteristic q2 dependence for the individual layers and the
emergence of shear and breathing modes is demonstrated. By
showing how the vibrational properties evolve, one can
potentially control the heat transfer in 2D systems,

■ COMPUTATIONAL METHODS
The first-principles simulations, reported in this work, are performed
at the Density Functional Theory (DFT) level using the Vienna ab
initio simulations package (VASP).41,42 The DFT Kohn−Sham
equations are solved through the projector augmented wave (PAW)
formalism43 with a plane wave basis set and periodic boundary
conditions. The exchange-correlation energy is described by the
Perdew−Burke−Ernzerhof (PBE) functional.44 For all calculations, we

Table 3. Velocities of Transverse Acoustic (TA),
Longitudinal Acoustic (LA), and Shear (S1, S2) Branches

structure νTA (m/s) νLA (m/s) νS1 (m/s) νS2(m/s)

GR/SIL 3706 7854 13 162 20 093
GR/MoS2 4385 7053 11 075 16 189
graphene 12 192 20 612
silicene 4891 8561
MoS2 3726 6150
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have used a plane wave cutoff of 600 eV and Brillouin zone sampling
of 15 × 15 × 1 k-mesh for relaxation and density of states (DOS)
calculations, and 25 × 25 × 25 k-mesh for obtaining the energy band
structures. Atomic and cell variables are simultaneously relaxed with an
energy relaxation criteria of 10−5 eV until residual forces are found to
be less than −10−3 eV/Å.
The long ranged vdW interaction is of key importance for holding

together the 2D HSs.45 Here, we use the vdW-DF2 functional
implemented in VASP. This is a seamless way to take into account
long-range electron correlation effects according to the Langreth−
Lundqvist scheme.46 The vdW−DF2 nonlocal functional has been
extensively utilized for electronic structure calculations involving 2D
and 3D materials, in which vdW interactions may be present. Phonon
frequency spectra of the examined structures are obtained using the
PHONOPY package.47,48 With a sufficiently large relaxed supercell,
finite atomic displacements with an amplitude of 0.01 Å are
introduced. The atomic forces within the supercell are calculated
using VASP followed by phonon frequency calculations from the
dynamical matrix represented in terms of the force constants.
The unfolded band structures are obtained using BandUP,49 a state-

of-the-art code that enables obtaining a primitive cell representation of
a system simulated via the DFT supercell approach described above.
Being able to generate an unfolded band structure projected on the
particular primitive cell for each layered component of the vdW HS is
an important advantage. It provides common ground when
comparisons with experimental data obtained via angle-resolved
photoemission spectroscopy (ARPES), for example.
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