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Designing a specific heterojunction by assembling suitable two-dimensional (2D) semiconductors has
shown significant potential in next-generation micro-nano electronic devices. In this paper, we study the
structural and electronic properties of graphene—MoS, (Gr—MoS,) heterostructures with in-plain biaxial
strain using density functional theory. It is found that the interaction between graphene and monolayer
MoS, is characterized by a weak van der Waals interlayer coupling with the stable layer spacing of 3.39 A
and binding energy of 0.35 J m™2. In the presence of MoS,, the linear bands on the Dirac cone of
graphene are slightly split. A tiny band gap about 1.2 meV opens in the Gr—MoS, heterojunction due to
the breaking of sublattice symmetry, and it could be effectively modulated by strain. Furthermore, an n-
type Schottky contact is formed at the Gr—MoS, interface with a Schottky barrier height of 0.33 eV,

which can be effectively modulated by in-plane strain. Especially, an n-type ohmic contact is obtained
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up new possibilities for its application and the ohmic contact predicts the Gr—MoS, van der Waals
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Introduction

Based on their extraordinary electrical, optical, chemical and
mechanical properties, two-dimensional (2D) materials have
been widely regarded as crucial ingredients in the fabrication of
next generation of optoelectronics and nanoelectronics func-
tional devices."™ As a typical 2D material, sp>-hybridized gra-
phene is expected to replace mainstream silicon-driven
semiconductors owing to its excellent mobility up to 2 x 10°
em? V7' s~ at room temperature,>” massless Dirac fermions
and remarkable optical transmittance.® However, the gapless
nature and fast carrier recombination of graphene have seri-
ously limited its applications in the field of electronic devices,
especially in the logic circuit. Unlike graphene, monolayer
MoS,, comprising one molybdenum atom with two
surrounding sulfur atoms, has a direct band gap semiconductor
of 1.8 eV.? Meanwhile, the on/off current ratio of MoS, exceeds
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10% making it a broad application prospect in nano-
electronics.'>* However, the relatively low carrier mobility*>**
which mainly arises from the large contact resistance'*** with
metal electrodes, limits its further improvement in device
performance.

Recently, van der Waals (vdW) heterojunctions based on
vertically stacked 2D layered materials have attracted consid-
erable attentions.'**® It is an effective way to open the graphene
band gap through assembling graphene on top of another
function 2D materials,*® since electronic properties of graphene
are very sensitive to substrate interactions in preparation and
synthesis processes.””*" The calculation results have revealed
that bandgap can be opened in graphene, mainly because of the
sublattice symmetry breaking. For instance, the band gap at the
Dirac point in graphene is opened when graphene deposited on
SiC,** h-BN,** and Al,O; (ref. 20) substrates. Besides, the
electronic performances of primeval 2D materials are preserved
in 2D heterojunctions in which the interface are connected by
weak interlayer vdW force without dangling bonds.?® Similar to
the interfaces at traditional three-dimensional (3D) metal-
semiconductor junctions, the interface between graphene and
monolayer MoS, leads to the formation of a Schottky barrier
(SB) caused by the differences in work function. However, the
vdW interface of graphene-MoS, (Gr-MoS,) without dangling
bonds is expected to have a weak Fermi-level pinning effect,
which enables more effective modulation of the SB and yields
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higher carrier mobility than that of 3D metal-MoS, junctions
with fixed SB.>**” Besides, the vdW Gr-MoS, heterojunction is
dynamically  stable®®* and  successfully  synthesized
experimentally,®***> and the electron mobility of the hetero-
junction is comparable to graphene, theoretically.**

On top of that, Gr—-MoS, vdW heterojunction is investigated
here. We investigate the structural optimizations and electronic
characteristics of Gr-MoS, vdW heterojunctions with in-plain
biaxial strain using first-principles calculations with vdwW
correction. An n-type ohmic contact is obtained when a tensile
strain greater than 6% is applied. Meanwhile, a tiny bandgap up
to 1.2 meV of graphene has opened at the Dirac point in the
presence of MoS,, and the bandgap increases to 2.6 meV when
tensile strain increases to 6%. In this present work, a systematic
study of Gr-MoS, heterojunction under in-plane strains is
carried out, which gives an insight into the interface contacts
and electronic properties.

Methods

First-principles calculations are carried out using density
functional theory as implemented in the Vienna ab initio
Simulation Package (VASP) with periodic boundary
conditions.**** The projected augmented wave (PAW) method*”
is adopted to describe the ion cores with valence electrons. All
the calculations are carried out using the newly-developed
strongly constrained and appropriately normed (SCAN) meta-
generalized gradient approximation (meta-GGA) density func-
tional®® with rVV10 (the revised Vydrov-van Voorhis nonlocal
correlation functional) for vdW correction.** The SCAN+rvv10
method has offered a good performance for layered-materials
compared with experimental results* and is especially appro-
priate for metal-semiconductor contacts.** The Mo 4s and 4p
electrons are also taken as valence electrons so that each Mo
atom contains 14 valence electrons in the PAW potential. In
addition, the plane-wave energy cut-off is taken as 500 eV, and
the Brillouin-zone integration of 5 x 5 x 1 Monkhorst-Pack
mesh is utilized throughout the geometric relaxations and
electronic structure calculations. All of geometric models are
fully relaxed until achieving the convergence thresholds where
atomic forces and energy difference in the self-consistency
process are less than 0.01 eV A~' and 1 x 10 * eV per atom,
respectively. A vacuum region of 20 A is added and a dipole
correction is applied to avoid spurious interactions between
periodic images of the slab.*” In this work, we also carry out the
spin-polarized calculation. Our results indicate that the Gr-
MosS, interfaces are nonmagnetic.

Results and discussions
Geometry optimization and stability

The optimized lattice constants of graphene and monolayer
MosS, are 2.454 A and 3.167 A (see Fig. S1f in ESI) respectively,
which agree with theoretical and experimental results in liter-
ature.>*>*>* Here graphene is stretched to match the MoS,
lattice. The unit cell of Gr—-MoS, heterojunction is comprised of
5 x 5 primitive cells of graphene and 4 x 4 primitive cells of
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MoS, along the X and Y directions. And these two layers can
nicely match, whose lattice mismatch is 3.01% for the
composed configuration. The equilibrium geometry configura-
tions of the Gr-MoS, heterojunctions are depicted in Fig. 1.

Based on previous experience, Gr-MoS, heterojunctions can
be controlled by an external electric field and vertical strain.*>*¢
In addition, strain engineering is a prominent mean to modu-
late the nature of 2D materials since 2D materials are capable to
withstand much larger strain than their bulk phase. Thus here,
we consider the sensitive response of electronic performances
and geometric properties of Gr-MoS, contacts in the case of in-
plane biaxial compression and tension strains. 2D materials can
be stretched or compressed by depositing or transferring
substrates experimentally, while strain engineering can be
simulated by altering the cell lattice constants and relaxing the
atoms theoretically. Therefore, the biaxial strain ¢ is defined as ¢
= (a — ap)lay = Aa/ay,*” where a, and a are the in-plane lattice
constants of the unstrained and strained systems, respectively.
Thus, if ¢ is positive, the system is endured an in-plane tensile
strain, and vice versa. All of our calculations are performed
under in-plane biaxial strain, and the strains considered here
are all checked within the elastic limit which enable the
deformed structure can be restored to its initial state when the
mechanical strains are removed*® (Fig. S27).

In Gr-MoS, heterojunctions, the equilibrium distances (D)
under different strain (defined as the separation between the C
atom layer and the S atom layer of MoS, close to graphene) are
shown in Table 1, which vary from 3.35 A to 3.45 A with biaxial
strain from —4% (minus indicates a compressive strain of 4%)
to 6% (positive 6 represents 6% tensile strain). It can be seen
that the D decreases with a larger compressive strain and
increases with a larger tensile strain. The variation of D with
strain is opposite to that of common sense, and the main reason
is that the thickness of MoS, varies with strain (as discussed in

Fig. 1 Supercell used to model the Gr—MoS, heterostructure,
comprising 4 x 4 primitive cells of MoS; and 5 x 5 primitive cells of
graphene. Top (a), and side (b) views of relaxed atomic structures of
Gr—MoS; heterostructures. D is the interlayer distance between gra-
phene and MoS,.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Equilibrium distance of Gr—MoS, vdW heterojunction under
different strain

Distance
(A)

3.349
3.383
0 3.392
2 3.417
4 3.439
6 3.453

Strain (%)

Fig. S7). The typical covalent bond length of C-S is about 1.81 A
while the sum of vdW radii of C and S is 3.56 A, therefore, typical
vdW interaction can be expected between graphene and MoS,
during the strain process. The typical vdW interaction character
is further confirmed by binding energies. Here, the binding
energy (E;,) between graphene and MoS, is defined as Ej, = (Eior
— Egr — Ewmos,)/A, where Eqy, Egr, and Eyos, are the total energies
of Gr-MoS, heterojunction, isolated graphene and MoS, layer,
respectively; and A is the surface area of the supercell. The
calculated Ej, values are in the range of —0.347 and —0.362 ]
m ™2, which suggests that MoS, is physiosorbed on graphene,
just like graphene-SnS* and graphene-WSe,,*® whose binding
energies are 0.281 and 0.260 ] m ™2 close to typical vdW inter-

stratification —0.3 J m 2.

Electronic property

The energy band structures of monolayer MoS, and pristine
graphene are checked initially, as plotted in Fig. 2a. It shows
that the monolayer MoS, is a direct bandgap semiconductor at
the K point with a band gap of 1.75 eV via the SCAN+rVvV10
functional, while the graphene has no distinguishable bandgap
and manifests as metallic character with 7 band (bonding) and
7* band (antibonding) cross at the Dirac point at the hexagonal
corner of the graphene's Brillouin zone, which agrees with

View Article Online
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previous theoretical studies.*** More details can be drawn from
the partial density of states (PDOS) in Fig. 2b. In freestanding
graphene, the half-filled 2p, orbitals of carbon atoms perpen-
dicular to the planar form the 7 band and 7* band, which touch
at the Dirac point exactly at the Fermi energy, consistent with
the energy band results. For MoS,, it can be seen that the
bottom of the conduction band is mainly contributed by Mo-4d
orbitals and the top of the valence band is contributed by Mo-
d and S-p orbitals. Also, Mo-d and S-p orbitals are hybridized
with each other near the top of the valence band.

The band diagram of Gr-MoS, heterostructure is shown in
Fig. 2a. As expected, the energy band of the heterojunction is
nearly a simple linear superposition compared with the energy
bands of graphene and MoS,, because of the weak vdW force and
small lattice mismatch, which further proves that both the semi-
conducting nature of MoS, and the semi-metal performance of
graphene with a Dirac cone are basically well preserved. Addi-
tionally, relative to the pristine MoS, monolayer, bandgap of the
MoS, in Gr-MoS, heterojunction is increased by 0.08 eV, mean-
while, the direct band gap at K points transforms into indirect with
valence band maximum value (VBM) places in the I" point and the
conduction band minimum (CBM) remains in the K point. The
transform from direct to indirect bandgap in MoS, is due to effects
of graphene action on MoS, orbital contributions, as detailed in
Fig. S3.1 At the same time, Fermi level of the MoS, in the heter-
ostructure moves upward around 0.50 eV from the VBM to the
CBM, which means that an n-type Schottky barrier is formed in the
heterostructure. Obviously from the PDOS of Mo-d and S-p orbitals
in Gr-MoS, heterojunction in Fig. 2b, the Fermi level is close to
CBM which also proves the formation of n-type Schottky barrier at
Gr-MosS, interface. Notably, for graphene, a minimal band gap of
1.2 meV arises at the K point, which is owing to the sub-lattice
symmetry breaking and interlayer force between the separated
layers, which is similar to the heterostructure organized of gra-
phene and other monolayer materials, graphene-SnS,* graphene-
h-BN,* and graphene-WSe, (ref. 50) et al.
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1.5 1.5 4
| = i 2
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Fig. 2 (a) Band structures of 5 x 5 graphene sheet with the blue lines,

4 x 4 MoS,; monolayer with the purple lines, and 5 x 5 Gr-4 x 4 MoS,

heterojunction with the blue point represents the projected band of graphene, and the purple lines represent MoS,. (b) Partial density of states

(PDOS) of C-2p, orbitals in isolated graphene, Mo-4d and S-3p orbitals
set to be zero.

© 2023 The Author(s). Published by the Royal Society of Chemistry

in isolated MoS, and Gr—MoS; heterojunction. The Fermi energy level is
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Work function (WF) is a central factor that determines the
charge distribution upon the interface. Here, the calculated WF
of graphene is about 4.59 eV, which agrees well with experi-
mental measured value 4.50 eV** and previous theoretical
results of 4.73 eV,> while the monolayer MoS, has an electron
affinity energy (EAE) of 4.32 eV and an ionization energy (IE) of
6.07 eV. Since graphene's WF 4.59 eV locates within the band
gap of MoS, and is closer to the EAE of MoS, (4.32 eV), when
graphene layer contacts with MoS, layer, electrons in the gra-
phene layer spontaneously flow to the MoS, layer, so that elec-
trons accumulate on the MoS, side, and leave behind the
aggregated holes in the graphene layer. Therefore, compara-
tively speaking, the Fermi level is expected to rise in MoS, which
will promote the formation of an n-type Schottky barrier, while
the Fermi level of the graphene is reduced correspondingly and
the Dirac point is going to be higher than the Fermi level in the
graphene after stacking.

The charge transfer condition at Gr-MoS, interface is
confirmed in electron density redistribution in Fig. 3, which
further visualizes the interface coupling between the graphene
and MoS, layers. The electron density difference,Ap(x, y, z), is an
effective tool to analyze the bonding at Gr-MoS, interfaces
which is defined as the difference of the electron density
distribution of the composite full system and the isolated
subsystems:

1)

Ap = Prot — PGr — PMoS,»

where pio, par, and pyos, are electron density of the Gr-MoS,
junction, the free-standing graphene and the MoS,, respec-
tively. As described in Fig. 3a and b, the Ap mainly localized
around the Gr-MoS, interface, the blue and red area represent
the depletion and accumulation of electrons, with respect to
pristine graphene and MoS,, respectively. It is clear that elec-
trons accumulate at MoS, layer, while the side of the graphene
shows electrons depletion, illustrating that electrons migrate
from graphene layer to MoS, layer. So that a built-in electric
field with the orientation from the positive charges

a)

QU AR AR R
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accumulated graphene to the negative charged MoS, will be
constituted in the heterostructure, which ultimately leads to the
generation of an interface dipole, AV** in Gr-MoS, hetero-
junction, since the other important factor causing interface
dipole, metal-induced gap states (MIGS), is almost negligible in
2D Gr-MosS, junctions as shown in PDOS in Fig. 2b, and band
structure in Fig. 2a, the band structure of MoS, is clearly iden-
tifiable and remains semiconducting characteristics without
MIGS.

According to Poisson equation, the interface dipole AV and
electron density distribution Ap satisfies the following relation:
&

AV = e()—AjﬂzAp(x, v, z)dxdydz, (2)
In which z is the distance from the middle of the Gr-MoS,
interface and A is the contact area. In density functional theory
(DFT) calculation with a slab model, AV can be alternately ob-
tained as the difference between the asymptotic values of the
electrostatic potential difference in the vacuum with an
expression:

AV = War-Mos, — War, (3)
where W, and Wgrmos, are the work function of the graphene
and the graphene covered by MoS,. The existence of interface
dipole makes the Schottky barrier deviate from the Schottky-
Mott limit and promotes the formation of Fermi-level pinning
effect. However, the AV is just 0.066 eV in Gr-MoS, hetero-
junction (shown in Fig. S41), which means small interface
coupling and extremely weak Fermi-level pinning effect. On the
other hand, the Schottky barrier at Gr-MoS, interface also
proves this point. The n-type Schottky barrier height (SBH) is
0.33 eV (Fig. 4c) at Gr-MoS, interface which is approximately
equal to the difference (0.27 eV) between graphene work func-
tion (W, = 4.59 eV) and MoS, electron affinity energy (4.32 eV).
Hence, the SBH basically obeys the Schottky-Mott limit, in
which the SBH is obtained by band alignment of the non-
interacting subsystems.

b 0.15
Gr-MoS,
0.10
=
°<\’: 0.05
5}
SN
’[;]‘ 0.00 -
N’
Q.
<
-0.05
-0.10
045 L N L N
10 15 20 25 30

Z(A)

Fig. 3 (a) 3D electron density redistribution of Gr—MoS, heterostructure. The isosurface refers to isovalues of 1 x 107> e A~>. (b) The plane-
averaged electron density difference Ap(z) along the z-direction perpendicular to the Gr—MoS; interfaces. Red (blue) region represents electron
accumulation (depletion). The region of interface is indicated by two dotted black lines representing the surface-atom-layers of carbon and

sulfur.
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Fig. 4 Projected band structures of MoS, in Gr—MoS, heterojunction with strain from —4% (a) to 6% (f). The red point represents the projected
band of MoS,, and the size of the point represents the weight. The blue double arrows represent the Schottky barrier height.

Effects of in-plane strain

Sequentially, sensitive responses of electronic performances in
Gr-MoS, heterostructure in case of in-plane biaxial compres-
sion and tension strains are evaluated. Especially the Schottky
barriers at Gr-MoS, interfaces as indicated by the project band
structures of MoS, in heterojunctions are shown in Fig. 4. By
assembly with graphene substrate, the direct band gap of
monolayer MoS, transforms to indirect and an n-type Schottky
barrier forms at Gr-MoS, interface with absence of strain in
Fig. 4c. It is observed that with compress strain changes from
2% to 4% in Fig. 4a and b, the VBM and CBM of MoS, keep at
the high symmetry point K, manifesting as a direct band gap.
Simultaneously, the Ex moves downward to the VBM of MoS,,
creating n-type Schottky barriers. However, with tensile strain,
the VBM in MoS, shifts from K to I', the CBM keeps at the high
symmetry point K, resulting an indirect band gap. When tensile
strain varies from 2% to 6%, the Fermi level gradually moves
towards the CBM of MoS,, representing a reduction in the n-
type Schottky barrier of heterostructure, as illustrated in
Fig. 4(d-f). Relatively speaking, although the energy difference
from VBM to the Fermi level also decreases with tensile strain, it
is always significantly greater than that of CBM to the Fermi
level, thus the system vigorously preserves the contact of n-type.
It is worth noting that the n-type Schottky barrier turns to ohmic
contact at a tensile strain of 6%. It could be speculated that the
certain biaxial strain is not only conducive to the occurrence of
conversion for the contact types, but also the modulation of the
Schottky barrier heights.

The band structures of Gr-MoS, heterojunction are shown in
Fig. 5. Since the effective masses are closely associated with

© 2023 The Author(s). Published by the Royal Society of Chemistry

carrier motion capacity, therefore the effective mass of gra-
phene in this heterostructure is firstly considered to check
whether the superior carrier motion capacity of graphene is
maintained. The electron mobility is inversely proportional to
the effective mass, which is described as: u = et/m*, where u is
electron mobility, e is the electron charge, m* is the effective
electron mass, and 7 is the relaxation time. For semiconductors,
both electrons and holes contribute to carrier mobility, there-
fore, the effective masses of holes (m;,) and electrons (m;) of the
heterostructure are calculated. The effective masse of electrons
and holes are determined by matching parabolic functions to
the band structure of CBM and VBM for the wave vectors:**>®

i (62E(K))

—1

e (4)
Herein, 7 is the simplified Planck constant and & represents the
wave vector. The effective mass values of electron and hole at
the K point are simulated to be 2.57 x 10> m, and 2.58 x 10>
m, respectively in Fig. 5¢ with absence of strain, where m, is the
mass of the free electron. For carriers, this lower effective
masses at the time of preparation contributes to their mobility,
which anticipates that this kind of heterostructure is suitable
for high performance electronic and optoelectronic
applications.

As shown in Fig. 5c, the energy band of graphene remains
linear near the Dirac point, while the Fermi level in the heter-
ojunction is shifted and lied slightly below the Dirac point of
graphene. This is because electrons transfer from graphene to
MoS, which is consistent with the charge transfer results
(Fig. 3). In addition, since the small quantity of charge transfer

RSC Adv, 2023, 13, 2903-291 | 2907
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d

Fig.5 Band structures of the Gr—MoS; heterostructure under different strain. The blue, and red lines stand respectively for bonding w-band and
antibonding t*-band of graphene. (a)—(f) represent the strain of —4%, —2%, 0%, 2%, 4%, and 6%, respectively. Detailed information of Dirac Point
is shown. The Fermi level is set to zero and marked by black dotted lines.

at Gr-MoS, interface, the Fermi level shift is small, according
with the vdW characteristics between graphene and MosS,.
When tensile strain is applied, the charge transfer between
graphene and MoS, increase gradually (as shown in Fig. S51), so
that the Fermi level gradually moving away from the Dirac point
(Fig. 5d-f).

A tiny band gap of 1.2 meV for graphene in Gr-MoS, heter-
ostructure is opened at the Dirac point due to sublattice
symmetry breaking, shown in Fig. 5c. Based on the m-electron
tight-binding (TB) approximation of graphene, the dispersion
relation near the Fermi level can be approximated as:

E(k) = £1/ 4% + (hwgk)?, (5)

oo
—
o

— C p, in Gr-MoS,

PDOS (V)

(38

Energy (eV)

where k is the wave vector related to the Dirac point, vy is the
Fermi velocity, 4 is the on-site energy difference between the
two sub-lattices of graphene, and the signs + correspond to the
conduction band and the valence band, respectively. For
a freestanding graphene monolayer, the on-site energies of two
sub-lattices are identical (4 = 0), resulting in a zero-band gap
and the linear dispersion relation near the Dirac point. For the
Gr-MoS, heterostructure, the charge redistribution breaks the
equivalence of two graphene sub-lattices and the symmetry of
graphene is reduced, therefore graphene can lower the total free
energy of the system by opening up a band gap at the Dirac
point.”” Thus, the opened band gap of graphene in the Gr-MoS,
heterostructure is non-zero as E; = 24.%%%

b)

30+
20}

10}

Energy (eV)

Fig. 6 Partial density of states (PDOS) of (a) C-p, orbitals in isolated graphene and in Gr—-MoS, heterojunction; and (b) C-p,, S-p, and Mo-
d orbitals in Gr—MoS, heterojunction. The Fermi energy level is set to be zero.
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The C-p, orbitals in isolated graphene and Gr-MoS, hetero-
junction are displayed in Fig. 6a, and it is obvious that the CBM
and VBM at Dirac point are both contributed by the C-p, orbital
electrons in both systems. In comparison with freestanding
graphene, the PDOS of the C-p, orbitals in heterostructure are
more local. Furthermore, the PDOS of C-p,, S-p, and Mo-
d orbitals in Gr-MoS, heterojunction are shown in Fig. 6b,
and a weak hybridization is formed between the C-p, of gra-
phene and S-p orbitals of the MoS,, as marked by a green circle.
Therefore, after the deposition of MoS,, the symmetry of gra-
phene is broken, and the interaction of C-p, and S-p in the
direction perpendicular to the interface give rise to out-plane
sp® orbitals in graphene, the bonding 7 and anti-bonding 7*
bands repulse each other, forming an energy gap at Dirac
point.®>®" As tensile strain is applied, the interaction between
MoS, and graphene becomes stronger, a larger band gap has
been opened. Additionally, a maximum gap of 2.6 meV is ob-
tained when 6% tensile strain is imposed.

Conclusions

In conclusion, the structural optimizations and electronic
characteristics of Gr-MoS, vdW heterostructure are explored
under the applied in-plane biaxial strains through first-
principles calculations. The heterostructure is formed by the
weak interlayer coupling with the typical vdW binding energy of
0.35 ] m~% In Gr-MoS, heterojunctions, the electronic band
structure of graphene and MoS, are preserved well, with an n-
type SBH of 0.33 eV is obtained at the equilibrium state with
absence of strain, which may be effectively adjusted via
imposing the in-plane biaxial strains. Especially, the n-type
Schottky contact transform to ohmic contact when the tensile
strain is greater than 6%. In contrast to metal-MoS, contacts,
the Gr-MoS, interface presents a negligible interface dipole,
implying that the SBH at the interface can be obtained from the
freestanding layers by aligning the vacuum levels. The linear
Dirac-like dispersion relation around the Fermi level of gra-
phene is still preserved in Gr-MoS, interface. In addition, a tiny
band gap of 1.2 meV of Gr-MoS, interface is opened at the Dirac
K-point of graphene, and the bandgap increase to 2.6 meV when
6% tensile strain is applied. The appearance of the energy band
gap of graphene has opened up new possibilities for using it in
graphene-based device applications. Moreover, in-plane strain
can be used as an effective means to regulate the Schottky
barrier.
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