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Graphene/MoS; van der Waals (vdW) heterostructures have promising technological applica-
tions due to their unique properties and functionalities. Many experimental and theoretical re-
search groups across the globe have made outstanding contributions to benchmark the proper-
ties of graphene/MoSs heterostructures. Even though some research groups have modeled the
graphene/MoS; heterostructures using first-principles calculations, there exists several discrepancies
in the results from different theoretical research groups and the experimental findings. In the present
work, we revisit this problem by means of first-principles calculations and address the existing dis-
crepancies about the interlayer spacing between graphene and MoS, monolayers in graphene/MoS;
heterostructures, and about the location of Dirac points near Fermi-level. We further investigate the
electronic, mechanical and vibrational properties of the optimized graphene/MoS2 heterostructures
created using 5x5/4x4 and 4x4/3x3 supercell geometries having different magnitudes of lattice
mismatch. The effect of the varying interlayer spacing on the electronic properties of heterostruc-
tures is discussed. Our phonon calculations reveal that the interlayer shear and breathing phonon
modes, which are very sensitive to the weak vdW interactions, play vital role in describing the ther-
mal properties of the studied systems. The thermodynamic and elastic properties of heterostructures
are further discussed. A systematic comparison between our results and the results reported from

other research groups is presented.

I. INTRODUCTION

The proximity of a substrate material is known to sig-
nificantly change the electronic and optical properties of
the widely celebrated graphene.' ® Recently, this partic-
ular issue has been comprehensively investigated, both
theoretically and experimentally, due to promising ap-
plications of graphene-based van der Waals (vdW) het-
erostructures in modern spintronics and optoelectron-
ics industry.®” The advanced material fabrication tech-
niques have enabled us to stack different layers of ma-
terials in a controlled manner, and fabricate the de-
sired vdW heterostructures for targeted applications.
Graphene/MoS; heterostructures are one of the most
prominent vdW heterostructures that have been success-
fully synthesized in laboratory,®'* and are proven to ex-
hibit intriguing physical and chemical properties.'413

Presence of MoS, substrate induces strong spin-orbit
coupling (SOC) of strength ~1 meV in graphene, which
is almost 1000 times larger than the intrinsic SOC of
pristine graphene, and consequently it opens a bandgap
at Dirac point in graphene.'® Recent studies report the
observation of exceptional optical response with large
quantum efficiency, gate-tunable persistent photocon-
ductivity, photocurrent generation, and negative com-
pressibility in graphene/MoS, heterostructures.” 4 Elec-
tronic logic gates, memory devices, optical switches,
energy conversion and storage devices, catalysts,
and nanosensors have already been constructed us-
ing graphene/MoS, heterostructures.®% 131718 Further-
more, graphene/MoSs; heterostructures intercalated with
selected metals have been extensively investigated due
to their extraordinary energy storage capacity and novel

chemical properties.1?-22

Large lattice mismatch and presence of weak vdW in-
teraction between graphene and MoS,; monolayers make
the Density Functional Theory (DFT)?*2* modeling of
graphene/MoSs heterostructures computationally chal-
lenging. Although the lattice mismatch can be mini-
mized by stacking commensurate supercells of graphene
and MoSs monolayers, the correct first-principles deter-
mination of weak non-local vdW interactions remains elu-
sive in graphene/MoS, heterostructures. Various differ-
ent methods have been employed to predict the correct
interlayer spacing between graphene and MoSs; mono-
layers. Using the semiempirical DFT-D2 method of
Grimme?® and 4x4/3x3 (hereafter 4:3) supercell geom-
etry of graphene/MoSy, Gmitra et al.?® have predicted
the interlayer spacing of 3.37 A. They also observed
that the Dirac point of graphene is located close to
the conduction band of MoSs indicating the enhanced
screening and substantial increase in the mean free path
of carriers in the graphene layer.26 Moreover, for the
first time Gmitra et al.?% theoretically demonstrated the
use of graphene/MoSy heterostructures as a platform
for optospintronic devices. Ebnonnasir et al.?” studied
two commensurate graphene/MoS, bilayer heterostruc-
tures constructed using 5x5/4x4 (hereafter 5:4) and
4x4/3v/3x3+/3 supercells of graphene/MoS,. Using the
vdW exchange-correlation functional of Klimes et al.?®
(optB86b-vdW), they predict the interlayer spacing of
3.11 and 3.13 A for 5:4 and 4:3 heterostructure systems,
respectively. Contrary to the report of Gmitra et al.,?8
the Dirac point in ref.?” lies at the Fermi-level for 5:4
geometry and slightly above the Fermi-level for 4:3 ge-
ometry. Shao et al.?! reported an interlayer spacing of



3.37 A for graphene/MoS, 4:3 bilayer system treated
with Klimes et al.?® vdW functional. They found that
the Dirac point is located near the conduction band of
MoSy yet it is within the energy bandgap region. Li et
al.? reported an interlayer spacing of 3.36 A for 4:3
graphene/MoSs bilayer, they also report that the Dirac
point is located above the Fermi-level touching the con-
duction band of MoS, and therefore, indicating charge
transfer between graphene and MoS, layers as reported
by Gmitra, et al.26

Using different ab-initio codes and different implemen-
tation for vdW corrections, several theoretically stud-
ies predicted graphene/MoSs interlayer spacing rang-
ing from 3.11 to 4.32 A [Table S1, Supplemental Mate-
rial30].21,22,26,27,31-34 Algq  different works inconsistently
report distinct location of the Dirac point near Fermi-
level and incoherently argue about the charge transfer
mechanism in this system. However, the experimental in-
vestigations on graphene/MoSs bilayer systems reveal an
interlayer spacing of 3.40 4 0.1 A and suggest no charge
transfer between the layers at equilibrium conditions.?®
Furthermore, although the vibrational, elastic and me-
chanical properties of pristine graphene and MoSs mono-
layers have been thoroughly studied, 36721 a little atten-
tion has been paid to the aforementioned properties of
their heterostructures.32:50

In this work, we revisit the problem of accu-
rate evaluation of weak non-local vdW interactions
in graphene/MoSs bilayer heterostructures using differ-
ent methodologies. We find that the DFT-D22° and
Tkatchenko—Scheffler (DFT-TS)%? methods yield very
good estimate of the interlayer spacing in graphene/MoSs
bilayer heterostructure. =~ We further present a de-
tailed characterization of the electronic and vibrational
(phonons) properties of the graphene/MoS» heterostruc-
tures using DFT-TS method. We have studied the two
most commonly used 5:4 and 4:3 supercell geometries of
graphene/MoSs heterostructures. To resolve the noted
discrepancy about the location of Dirac point in the en-
ergy space, the effect of varying interlayer spacing on the
electronic properties of graphene/MoSs heterostructures
is investigated. Our results indicate that the heat capac-
ity and overall elastic properties of graphene/MoSy het-
erostructures are considerably better compared to that
of the individual monolayers.

II. COMPUTATIONAL DETAILS

Density Functional Theory (DFT)?%2* based first-
principles calculations were carried out using the projec-
tor augmented-wave (PAW) method as implemented in
the VASP code,’®%* using the Perdew-Burke-Ernzerhof
(PBE) parametrized generalized gradient approximation
(GGA) exchange-correlation functional.”> We considered
twelve valence electrons of Mo (4p®, 5s!, 4d®), six va-
lence electrons of S (3s%, 3p*), and four valence elec-
trons of C (2s2, 2p?) in the PAW pseudo-potential. We

consider two commensurate supercell geometries: (i) 5:4
and (ii) 4:3, to minimize the lattice mismatch between
graphene and MoS; layers. A vacuum of thickness larger
than 17 A was added along c-axis to avoid the periodic
interactions. The lattice parameters and the inner co-
ordinates of atoms were optimized until the Hellmann-
Feynman residual forces were less than 1074 eV/ A per
atom, and 10~® eV was defined as the total energy differ-
ence criterion for convergence of electronic self-consistent
calculations. We used 650 eV as the kinetic energy cutoff
of plane wave basis set and a I-type 10 X 10 X 1 k-point
mesh was employed to sample the irreducible Brillouin
zone of heterostructures. DFT-D2 method of Grimme,?>
zero damping DFT-D3 method of Grimme,’% DFT-D3
method with Becke-Jonson damping,3” and Tkatchenko-
Scheffler method (DFT-TS)52 were considered for the
correction of vdW interactions. The phonon calcula-
tions were performed using density functional perturba-
tion theory (DFPT) approach together with DFT-TS
method, and PHONOPY code®® was used for the post-
processing of data. SOC was included in the phonon
calculations. To investigate the effect of uniaxial stress
along c-axis, we varied the interlayer spacing from —4%
(compression) to +4% (expansion). The inner coordi-
nates of all atoms in the strained cell were relaxed only
along = — y directions while maintaining their z coordi-
nates frozen. The PYPROCAR code®” Y was used to plot
the spin-projected electronic bands, and the MECHELAS-
TIC script®! was used to evaluate the elastic proper-
ties of graphene/MoS, bilayer heterostructures. Comple-
mentary calculations were performed using ABINIT2-65
code in order to guarantee that some of the observed
physical properties are independent of the details of the
numerical implementation and the approximations made

to account for core electrons (see Supplemental Mate-
rial®?).

III. RESULTS AND DISCUSSION

In the following sections, we present our results ad-
dressing the structural, electronic, vibrational, and elas-
tic properties of graphene/MoSs bilayers.

A. Crystal structure of graphene/MoS,; vdW
heterostructures

Figure 1 shows the crystal structure of 5:4
graphene/MoS, bilayer heterostructure from two differ-
ent crystal orientations. Since the 5:4 supercell geometry
has lower lattice mismatch compared to that of the 4:3
combination, we decide to discuss the optimized crys-
tal details for the 5:4 geometry here, however, details of
the 4:3 structure are reported in the Supplemental Ma-
terial.3% The lattice parameters of DFT-TS + SOC op-
timized 5:4 bilayer heterostructure are a = b =12.443 A.
In this case, MoSy sheet is being compressed by 0.3%,



whereas the graphene sheet is being stretched by 1.16%
from the optimized pristine cell parameters. Mo-S bond
length is 2.38 A and C-C bond length is 1.44 A. The
thickness of the MoS, monolayer, i.e. the vertical dis-
tance between S-S planes, is 3.13 A. The DFT-TS (D2) +
SOC predicted interlayer spacing (d) between graphene
and MoS; sheets is 3.40 A (3.38 A), which is in excel-
lent agreement with the experimentally reported inter-
layer spacing of 3.40 A.35 However, the interlayer spac-
ing (d) for 4:3 supercell geometry is 3.42 A, which is
slightly larger than the case of 5:4 geometry. This can
be ascribed to the relatively large lattice mismatch be-
tween graphene and MoSs monolayers in 4:3 geometry.
Structural details of 5:4 graphene/MoSy 2D heterostruc-
ture optimized using a number of different vdW methods
(with and without SOC) are given in the Supplemental
Material.3°

B. Electronic structure

Figure 2 shows the electronic bandstructure of 5:4 and
4:3 graphene/MoS, bilayers calculated using DFT-TS +
SOC. The orbital projected electronic bandstructure for
5:4 bilayer heterostructure is given in Fig. 3(a). The
orbitals character of electronic bands of graphene and
MoSs monolayer are well preserved in 5:4 bilayer het-
erostructure. In Fig. 3, one can notice that the elec-
tronic bands forming Dirac cone are coming from C-2p
orbitals, whereas the other conduction and valence bands
near Fermi-level are mainly composed of Mo-4d and S-

FIG. 1. (Color online) Figures (a-b) represent the crystal
structure of 5:4 graphene/MoS; bilayer heterostructure from
two different crystal orientations.

3p orbitals. The direct bandgap between the conduction
band minima and valence band maxima of MoS, at K-
point is ~1.8 eV, which is in excellent agreement with
reported values in the literature.2”:66-69 Dirac point in
5:4 graphene/MoS; bilayer is located at the Fermi-level
and is well-separated from the conduction and valence
bands of MoSs, which is in agreement with the experi-
mental observations reporting no charge transfer between
layers at equilibrium conditions.?® The conduction and
valence bands forming Dirac cone come from the A and
B sublattices of graphene, respectively.

The SOC and proximity effects open a direct bandgap
in graphene of ~0.4 meV. In addition to open a di-
rect bandgap at Dirac point, these effects also yield a
parabolic shape to the linear bands near K-point. An
enlarged view of spin-splitting of bands near K-point
is shown in Fig. 3(b). Some notable features of the
parabolic bands near K-point are: (i) Rashba spin-
splitting due to the broken inversion symmetry and SOC
effects from MoS, layer, (ii) opening of a spin gap and an-
ticrossing of bands due to the intrinsic SOC of graphene,
and (iii) opening of an orbital gap due to the effec-
tive staggered potential arising from the proximity of
MoS, layer.579-72 A recent study’® shows that a topo-
logical phase transition mediated by band-inversion at
K-point can be achieved by utilizing an interlink among
the aforementioned competitive interactions. In particu-
lar, the competition between the SOC effects from Mo-d
orbitals and the intrinsic SOC of graphene when com-
bined with the staggered potential results in topologi-
cally distinct regimes where the bilayer heterostructure
changes phase from a quantum spin Hall insulator to
a normal insulator. In principle, these phases can be
controlled by applying a relative gate voltage between
the layers.” Interestingly, in graphene/WSes bilayer het-
erostructure the band-inversion at Dirac point occurs
naturally, thanks to the strong SOC of WSe, layer, in-
dicating presence of a non-trivial topological phase in
graphene/WSe, bilayer.”> 7475

The direct bandgap at K-point increases almost by
three times (from 0.4 meV to 1.1 meV) in the 4:3
graphene/MoSs bilayer heterostructure. This can be par-
tially attributed to the fact that the 4:3 bilayer inherits
larger lattice mismatch compared to that of the 5:4 bi-
layer, and the interfacial strains often cause variation in
the bandgap. Another interesting feature that we observe
in 4:3 heterostructure is the charge-transfer between the
layers. We notice that the Dirac point of graphene in
4:3 heterostructure is shifted above the lowest conduc-
tion band of MoS,, thus indicating donation of electrons
to the MoS; layer by graphene [see Fig. 2(b)]. Also, the
valence and conduction bands of MoS, layer are shifted
towards lower energies in 4:3 heterostructure. The tun-
ability of Dirac point and the charge-transfer process
between the layers are of central interest for practical
applications.*¥

Notably, MoSs undergoes a direct to indirect bandgap
transition in 4:3 bilayer heterostructure as can be seen
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FIG. 3. (Color online) Figure shows the orbital projected

electronic bandstructure (with-SOC) of 5:4 graphene/MoS2
bilayer heterostructure. Red, green, and orange colors de-
pict projection of C-p, Mo-d, and S-p orbitals, respectively.
(b) Projection of three spin-components on the bands near K
point. Here, horizontal axis ranges from [-0.8, 0.8] X 1074
A~! with center defined at K-point.

in Fig. 2, while the direct bandgap characteristic of
the isolated MoS; monolayer is preserved in the 5:4 bi-
layer. Change from direct to indirect bandgap is ob-
served even with just two layers of MoS, without intro-
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(Color online) Figures (a) and (b) represent the electronic bandstructure of 5:4 and 4:3 graphene/MoS; bilayers

ducing any strain effects.”®"" A recent work investigated
the physical origin of layer dependence in bandstruc-
ture of two-dimensional materials, and concluded that
in addition to the quantum confinement effects, the non-
linearity of exchange-correlation functional plays a cru-
cial role in determining the direct to indirect bandgap
transition in two-dimensional materials.”” In case of the
graphene/MoSy bilayer having minimal strain i.e. the
5:4 bilayer, the gap transition is not present which indi-
cates that the electronic interactions between graphene
and MoSs layer in 5:4 bilayer are subtler than that of
in pristine MoSs bilayer, and hence the transition in the
4:3 bilayer is triggered by the imposed strain to the lay-
ers. This finding is important since it suggests that the
MoSs monolayer supported on graphene can present high
photoluminescence as it was previously found on sam-
ples supported on SiOs,”® and described theoretically in
reference.”

Based on the comparative analysis of 5:4 and 4:3 bi-
layer heterostructures, we argue that the existing contro-
versy regarding the electronic bandstructure could be due
to the inadequate evaluation of weak non-local vdW ef-
fects in these semi-metallic/semi-insulating heterostruc-
tures, and different lattice mismatches that were consid-
ered in the independently reported studies. Since the ef-
fect of biaxial strain, stacking order, and interlayer twist
on the electronic structure of bilayer heterostructures has
already been reported in the literature,”®3 in this work
we investigate the effect of uniaxial stress along c-axis on
the electronic bandstructure of graphene/MoSs bilayer
heterostructures.

Effect of interlayer spacing on the electronic bandstruc-
ture: The effect of interlayer spacing on the electronic
structure of the 5:4 bilayer heterostructure was studied
by performing electronic bandstructure calculations at
four values of interlayer strains, namely =z = -4%, -2%,
+2%, and 4+4%, where positive (negative) values refer
to expansion (compression) from the equilibrium inter-
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FIG. 4. (Color online) SOC calculated electronic bandstruc-
ture of graphene/MoS, bilayer at 4% compression (red) and
4% expansion (blue) near the Fermi level. Circles depict the
bands from C atoms while solid lines depict bands from Mo
atoms. The direction of arrows shows the Sz spin-component.

layer distance. Atoms were allowed to relax in the plane
of layers while their vertical coordinates were kept fixed
at each separation. Figure 4 displays the bands (cal-
culated with SOC) corresponding to the four upper va-
lence bands and the four lower conduction bands near
Fermi-level, for separations corresponding to 4% expan-
sion (blue) and 4% compression (red) with respect to the
equilibrium interlayer distance. The effect of diminishing
interlayer distance is that the Mo bands shift to higher
energy values with respect to the Fermi level. Since the
increment is same for conduction and valence bands, the
direct bandgap of MoSs monolayer is not modified, as
can be seen in Fig. 4. At K point of Brillouin zone there
is a spin splitting of Mo valence bands, which is depicted
by arrows in Fig. 4. Such spin splitting is also present in
the Mo conduction bands, however at K point the con-
duction bands maintain the spin-degeneracy. The spin
splitting of Mo valence bands is ~0.2 eV, which remains
constant in the range of studied interlayer separations.
Regarding variation in the direct bandgap at Dirac
point, we find that the gap at Dirac point increases
substantially from ~0.2 meV to ~0.7 meV when going
from 4% expansion to 4% compression. However, other
features of bands were preserved in the case of uniax-
ial strains. At larger compression, ie. at z = -4%,
the p.-orbitals of graphene strongly interact with Mo-
d orbitals, thus resulting larger bandgap at Dirac point.
However, with increasing interlayer separation (z), the
direct bandgap at Dirac point is expected to decrease
systematically and attain the value for isolated graphene.
On the other hand, the direct bandgap of MoS; (at K)
is robust enough to be unaffected by the proximity of
graphene even at 4% compression. Nonetheless, the di-
rect bandgap at I' systematically changes from 2.26 eV
to 2.34 eV with increasing interlayer compression from x
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FIG. 5. (Color online) Figure shows change in the location of
Dirac point for different values of interlayer separations in 5:4
graphene/MoS; bilayer. Ac (Av) represents the magnitude
of energy separation between the Dirac point and the lowest
conduction (valence) band of MoS; layer, as illustrated in the
inset. Green lines depict the bands from MoS2 near K point.
x is the magnitude of the uniaxial strain on the interlayer sep-
aration. The positive (negative) values of x refer to expansion
(compression).

= 4+4% to x = -4%.

Fig. 5 illustrates change in the location of Dirac
point due to the varying interlayer separation between
graphene and MoSy nanosheets. We observe that Dirac
point shifts towards the MoSz valence bands (i.e. increas-
ing A¢) as we increase the compressive interlayer strain
from +4% to -4%. This can be ascribed to the enhanced
electric field effects arising due to the asymmetric inter-
layer potential. Such out-of-plane electric field or gate
bias effects have also been demonstrated to open a gap
at Dirac point in graphene.?4-89

In order to appreciate any possible changes in the elec-
tronic density at the interface, DFT-TS + SOC calcu-
lated charge isosurface has been plotted in Fig. 6. Dif-
ferences from the isolated layers case can be detected for
low values of electronic densities, in fact an overlap be-
tween the charge densities of both monolayers is found
for n=0.007 a.u. at ambient condition (z = 0), which in-
creases with increasing interlayer compression, however,
such charge density overlap is not present for the 4%
expansion, as depicted in Fig. 6. Such charge accumula-
tion between the graphene and MoSs nanosheets aids to
the opening of bandgap at Dirac point, as suggested by
McCann.®* Although uniaxial strains effects were found
to cause notable changes in the electronic properties of
graphene/MoSs bilayers, no significant changes were ob-
served in the Mo-S, S-S and C-C bond lengths due to the
varying interlayer separation in the studied range.
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TABLE 1. Group velocities (v) for transverse acoustic (T'A),
longitudinal acoustic (LA), transverse shear (St), and
longitudinal shear (S1) phonon branches.

Structure vra (m/s) voa (m/s) St (m/s) Si (m/s)
5:4 heterostructure 3877 6626 12484 21801
4:3 heterostructure 4262 6582 12692 20319

C. Vibrational properties of graphene/MoS,
bilayer heterostructures

A thorough understanding of the vibrational properties
of vdW heterostructures is not only important for fun-
damental physics, but it also renders great insights into
the observed mechanical, thermal and electronic prop-
erties in vdW heterostructures. A number of recent
studies have primarily focused on the vibrational prop-
erties of graphene,63%39 graphite,”® transition metal
dichalcogenides (TMDs),%4! and their stacked vdW
heterostructures.??! The interlayer phonon modes that
arise due to the weak vdW interactions are of spe-
cial interest in vdW structures.32:3%41.91.92 Therefore, in
this section we investigate the vibrational properties of
graphene/MoSs 2D heterostructures with a special focus
on the observed interlayer phonon modes in the studied
systems.

Figure 7 shows the phonon spectra, total and atom
projected phonon density of states (PDOS) for 5:4 and
4:3 bilayer graphene/MoSs structures, calculated using
the DFPT approach as implemented in the VASP code.
SOC and DFT-TS vdW corrections were included in the
phonon calculations. We find that all the phonon modes
have positive frequency (except for a very small imagi-
nary frequency near I' which is often present in the the-
oretical calculations for 2D systems due to the inade-
quate numerical convergence close to k=0%%). The pos-
itive phonon frequencies guarantee the thermodynami-
cal stability of the bilayer structures. The three lowest
frequency phonon branches constitute ZA, TA and LA
acoustic modes. We also observe features of the flexural
acoustic mode in the low frequency phonon dispersion
very near the I' point. Flexural modes are particularly
important for 2D systems and have been widely stud-
ied in 2D layered structures.*?> These modes significantly

contribute to the PDOS and are responsible for the large
thermal conductance. Le et al.3? have reported that the
transport due to the flexural excitations is almost ballis-
tic.

Next to the three acoustic modes there exists the in-
terlayer shear and breathing phonon modes. These vi-
brational modes describe the relative displacement of
graphene sheet with respect to the MoSs sheet in tan-
gential (in-plane) and perpendicular (out-of-plane) direc-
tions. From the crystal symmetry, we expect two shear
phonon modes and one breathing phonon mode as illus-
trated in Fig. 7(e). The breathing phonon mode is of
particular importance since it is very sensitive to the in-
terlayer vdW interaction and its count (N — 1) increases
with increasing number of layers (N) in a multilayer 2D
vdW heterostructure. Depending upon N, these low fre-
quency modes can be Raman-active and/or IR-active.!
In 5:4 (4:3) graphene/MoS; bilayer, the frequency of the
two shear modes and one breathing phonon mode at I
point is 9.53 (6.45), 11.75 (8.69) and 63.75 (65.54) cm ™1,
respectively. Note that the frequency of the breathing
phonon mode is almost 10 times larger than that of the
shear phonon modes. Moreover, the breathing phonon
mode has almost zero dispersion in the phonon spectra
near I'. These interlayer phonons modes play a vital role
in understanding different underlying scattering mecha-
nisms in layered 2D structures, and are very sensitive to
the vDW interactions.

The characteristic group velocity of the transverse
acoustic (T'A), longitudinal acoustic (LA) and interlayer
shear phonon modes is given Table I. Our results are in
good agreement with a recent work reported by Le al.??
The atom resolved PDOS spectra reveals that all Mo, S
and C atoms contribute to the acoustic modes, whereas,
high frequency optical modes (> 500 cm~!) have contri-
bution only from the C atoms [see Fig. 7(d)]. Although
the acoustic phonons mainly govern the heat transfer pro-
cess, the optical phonons provide various scattering chan-
nels which could reduce the acoustic phonon life-times
through acoustic-optic phonon scattering mechanisms.”*
A very low lattice thermal conductivity is expected in
graphene/MoSs heterostructures along the vertical stack-
ing direction due to the weak vdW bonding. The pres-
ence of multiple phonon band crossings in the phonon
spectra (see Fig. 7) calls for a detailed investigation of



5:4 heterostructure Interlayer modes

4:3 heterostructure Interlayer modes

(b)

80
1600
— — L 4 60
< 1200 n E = F/
g £ 1200 = I
S, S, < 1 [
oy iy B S 40, [
2 5 8005 =l
o g" R | r/ 1
8 8 I \\ “ ” /l ]
= I C 420 ! ]
400 i \ i
. o ¥
M r K MM T K
(©) (d)
2.5 [T T T | T T T | T T T | T T T | T T ] — T T | T T T | T T T | T
o 3 £ — Mo ]
— 2F = = — S _
— o ] = -
E L sE i =h
E “E ] g " |‘ |
g 1F = % - 1: \ . ]
> F 3 g .~ ‘0T
n 1 N
© o0sf i 9 \ rT
r . a \ T ,I 1
0 E (A R WA AN TN WA TN N W TR N AN NN SO T N1 1 ] A I | |h ‘| - T - | I T R R \\
0 200 400 600 800 1000 800 1200 1600
TIK] Frequency [em™]

(e)

Shear mode

FIG. 7.

Shear mode

Breathing mode

(Color online) Figures (a) and (b) show the calculated phonon dispersion of 5:4 and 4:3 graphene/MoS; bilayer

heterostructures, respectively. An enlarged view of the interlayer phonon modes, i.e. two shear modes (red solid lines) and

one breathing mode (green solid line), is depicted next to each phonon spectra.

Three dotted blue lines represent three

acoustic phonon modes (ZA,TA, LA). (c) Calculated specific heat. (d) Atom projected phonon density of states (PDOS)for
4:3 heterostructure. A similar spectra with slight variation in frequencies was obtained for 5:4 heterostructure. (e) A schematic
illustration of longitudinal shear, transverse shear and breathing interlayer phonon modes in graphene/MoS; bilayer.

the lattice thermal conductivity in graphene/MoSs het-
erostructures.

The specific heat (Cy) was determined from the
phonons for both 5:4 and 4:3 bilayer heterostructures,
and is shown in Fig. 7(c). Graphene/MoS; bilayer
heterostructures exhibit very large heat capacity com-
pared to that of the constituent monolayers.*>** Due to
the large Debye temperature of graphene (~1000 K),*3

the heat capacity of heterostructures approaches to its
Dulong-Petit limit at high temperatures near ~1000 K.
Below 1000 K it follows the T3 power law due to the dom-
inant contribution from the lattice vibrations. The larger
phonon density of states in 5:4 bilayer can be accounted
for the large heat capacity compared to that of in 4:3
bilayer. Due to their high heat capacity and outstand-
ing cycling stability, graphene/MoS; heterostructures are
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IV. ELASTIC PROPERTIES

The knowledge of elastic properties not only provides
deep insights in understanding the nature of vdW in-
teractions in graphene/MoSs vdW heterostructures, but
it is also essential for practical applications of such
heterostructures in modern technology. Therefore, we
have systematically evaluated the elastic stiffness con-
stants (C};) for 4:3 and 5:4 bilayer heterostructures using
the stress-strain relationship as implemented in VASP
code,?35* and further determined various elastic moduli
using MECHELASTIC script.5n% The C;; values of het-
erostructures are converged better than 2.0 N/m by in-
creasing the k-mesh size. Due to the hexagonal crystal
geometry of system, only C11(= Caz), C12, and Cgg val-
ues are relevant. The 2D layer modulus, a quantity that
represents the resistance of a nanosheet to stretching, can
be calculated for hexagonal systems using equation:*®

1
¥?P = 5[011 + Ch2] (1)

Average 2D Young’s modulus (F), Poisson’s ratio (v),
and shear modulus (G) can be obtained using following
expressions:

g Ch=Ch

Ci1
2
v = 012/C11, ( )

G = Cgg.

Table IT shows a list of the calculated elastic mod-
uli for graphene/MoS;y bilayer heterostructures, isolated
graphene and MoSs monolayers. Our data are in ex-
cellent agreement with the reported values in literature
from theoretical and experimental studies. We notice
that although isolated graphene and MoSs monolayer in-
herit complimentary physical properties, their combina-
tion mitigates the adverse elastic properties of each in-
dividual constituent providing a novel platform to engi-
neer their properties. We notice that the C;; values for
graphene/MoS, bilayers are roughly arithmetic sum of
the Cj; values for isolated graphene and MoSs monolay-
ers. Overall elastic properties of bilayer heterostructure
are better compared to that of the constituent mono-
layers. Notably, the elastic stiffness constants (except
Ceg) attain lower values (i.e. elastic softening) in 5:4 bi-
layer compared to that of in 4:3 bilayer. The following
two reasons are primarily responsible for the observed
elastic softening: (i) The 5:4 bilayer inherits lower lat-
tice mismatch than 4:3 bilayer, therefore it suffers lesser

in-plane strain energy, and thereby reduces the effective
elastic stiffness, and (ii) the nonlinear elastic response
of the constituent monolayers.*>*6 The coefficient of the
second-order term in the nonlinear elastic response is gen-
erally negative for most of the materials, which leads to a
decrease (increase) in the elastic stiffness at large tensile
(compressive) strains.*> In 5:4 bilayer, the graphene sheet
undergoes a tensile strain of ~1.2%, whereas graphene
sheet undergoes a compressive strain of ~1.4% in 4:3
bilayer heterostructure. On the other hand, the larger
interlayer spacing and hence lesser vdW energy (]0.15]
eV/atom) in 4:3 bilayer could be held accountable for
lower shear elastic modulus compared to that of in 5:4
bilayer (vdW energy =~ |0.17| eV /atom).

We further study the intrinsic strength, bending mod-
ulus, and buckling phenomenon in graphene/MoSs het-
erostructures. The intrinsic strength (0;,¢) can be esti-
mated using the Griffith’s proposal: g, ~ %.46’97 From
values listed in Table II, one can notice that the intrin-
sic strength of bilayer heterostructures is considerably
larger than that of the isolated monolayers. The bending
modulus (D) for a 2D nanosheet can be calculated using

equation:*”

En?
b=fa—wy )

where, h is the thickness of the nanosheet. Accurate
determination of A is uncertain because of the electronic
configuration along the normal direction, which is subject
to change under deformation. Due to this uncertinity, D
could acquire different values depending upon the chosen
h. However, the lower estimate of D can be calculated us-
ing the absolute thickness of the nanosheet. For example:
the absolute thickness of graphene is 0.6 — 0.8 A, and
for MoS; is ~3.13 A (see Fig. 1). Considering the abso-
lute thickness of graphene/MoS, 5:4 bilayer heterostruc-
ture (h = 3.13+3.40+0.75%% = 7.28 A), the obtained D is
121.2 eV. The experimental value of h for graphene/MoSs
heterostructures lies in range 10 — 11 A 14179599 For p
=10.5 A, obtained D = 252.2 eV. The reported D values
(lower estimates) for graphene and MoS, monolayers are
~1.2 eV and 9.61 eV.*7 It is worth to note that although
it is easier to bend an isolated graphene and MoSs mono-
layer, their combination yields very large bending energy
due to its multilayer atomic structure, which offers more
interaction terms restraining the bending motion.

From the knowledge of quantities D and E, one can
study the buckling phenomenon and estimate the critical
buckling strain (e.) using the Euler’s buckling theorem:*”

TELE @

where, L is the length of 2D nanosheet. For isolated
graphene, MoS, monolayer, and graphene/MoSy 5:4 bi-
layer heterostructure, we obtain following expressions:



TABLE II. List of the DFT-TS + SOC calculated elastic moduli (in N/m units) for graphene/MoS, bilayer heterostructures,

isolated graphene and MoS2 monolayer.

Cn C2 Shear modulus (=Css )  Layer modulus  Young’s modulus  Poisson’s ratio
graphene/MoS, bilayer (4:3)  500.0  109.7 194.0 304.2 395.0 0.22 This work
graphene/MoS, bilayer (5:4)  492.4 83.6 203.2 286.4 427.0 0.17 This work
graphene/MoS; bilayer - - - - 467+48 - Ref.*® (Exp.)
358.9 65.1 146.9 212.0 347.1 0.18 This work *
352.7  60.9 145.9 206.6 342.2 0.17 Ref.*® (Theory)
graphene 358.1  60.4 148.9° 209.3" 348.0 0.17 Ref.* (Theory)
- - - - 342440 0.17 Ref.*® (Exp.)
- - - - 349412 - Ref.”® (Exp.)
132.3 32.8 49.5 82.5 124.1 0.25 This work®
MoS, 1284 326 47.9° 80.5" 120.1 0.25" Ref.”" (Theory)
130 40 45> 85" 117.7° 0.29 Ref.*0 (Theory)
- - - - 123 0.25 Ref.”® (Exp.)

* Elastic properties of isolated monolayer were calculated using VASP(PBE), and converged to less than 1.0 N/m by increasing k-mesh size.

P Estimated from the data reported in the reference.

2.2
6Cg'r‘aphene — *ﬁ,
o 48.9
€cM S2 = _ﬁ7 (5)
¢ graphene/MoSy _ _ 179.2
‘ R

Here, L is in A units. For the same length samples,
the critical buckling strain for graphene/MoS, 5:4 bilayer
heterostructure (MoSs monolayer) is more than eighty
(twenty) times larger compared to that of in graphene.
Therefore, graphene/MoSy bilayer heterostructures are
more robust for in-plane structural deformations and do
not buckle easily compared to the individual constituent
layers. Hence, in this respect, graphene/MoS, bilayer
heterostructures are better fit for practical applications.

V. CONCLUSIONS

We reported a comparative study of different DFT
vdW methods for modeling of 2D graphene/MoSs
vdW heterostructures. We find that the DFT-D2 and
Tkatchenko—Scheffler (DFT-TS) methods appropriately
describe the weak vdW interactions and predict the
interlayer spacing accurately in graphene/MoS; vdW
heterostructures. The predicted interlayer spacing using
DFT-D2 and DFT-TS methods are 3.38 A and 3.40 A,
respectively, which is in excellent agreement with the
experimental data (3.40 + 0.1).3% The electronic band-
structure analysis of 5:4 and 4:3 graphene/MoS, bilayers
using DFT-TS reveals that the Dirac point of graphene

is shifted upwards above the Fermi-level and is located
near the conduction bands of MoS; sheet, yielding
a considerable charge-transfer process in 4:3 bilayer,
whereas the Dirac point lies in the bandgap region in
5:4 bilayer indicating no charge-transfer between the
constituent layers. We find that the location of Dirac
point can be shifted by tuning the interlayer spacing
between the graphene and MoSs sheets. The vibrational
spectra of 5:4 and 4:3 graphene/MoS, bilayers reveals
the presence of interlayer shear and breathing phonon
modes in the bilayers. These interlayer phonons modes
play a vital role in understanding different underlying
scattering mechanisms in layered 2D structures. The
graphene/MoSs bilayer heterostructures possess large
heat capacity, and exhibit much better elastic and
mechanical properties compared to that of the isolated
constituent monolayers.  Elastic stiffness constants,
elastic moduli, intrinsic strength, bending modulus,
and buckling phenomenon for isolated graphene, MoSs
monolayer, and graphene/MoS, bilayer heterostructures
have been discussed along with a comparison with the
available data in the literature.
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