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A B S T R A C T

Graphene based two-dimensional layered materials are attracting wide attention both experimentally and the-
oretically and show many superior properties that individual layers may not hold. In this work, we study the-
oretically the electronic properties of the graphene/WSe2 van der Waals heterobilayer using the first-principle
calculations. Our results demonstrate that the intrinsic electronic properties of graphene and WSe2 monolayer
are quite well preserved due to the weak van der Waals interactions. We find that the graphene/WSe2 hetero-
bilayer forms a p-type Schottky contact with the Schottky barrier height of 0.60 eV and shows a good thermo-
electric material with high Seebeck coefficient at room temperature. Moreover, the p-type Schottky contact of
the graphene/WSe2 heterobilayer can be tailored by inserting WSe2 monolayers to form graphene/WSe2/WSe2
and WSe2/graphene/WSe2 heterotrilayers or by applying electric field perpendicular to the heterobilayer. The p-
type Schottky barrier decreases with the insertion of the WSe2 layers, whereas it can be transformed to the n-type
one when the negative electric field of −1.5 V/nm is applied. The results reveal the physical nature of the van
der Waals heterostructures based on graphene and other two-dimensional transition metal dichalcogenides,
which are helpful in providing a route to design graphene-based high-performance optoelectronic nanodevices,
such as Schottky diodes and interlayer tunneling field-effect transistors.

1. Introduction

In the fourth industrial revolution, it is required for scientists to seek
novel materials with intrinsic extraordinary and promising features,
which are desirable for high-performance nanodevice applications. It is
well known that the performances of nanodevices depend strongly on
the physical and chemical properties of used materials. Looking beyond
this field, graphene (G) and other G-like two-dimensional (2D) mate-
rials such as transition metal dichalcogenides (TMDs) [1-6], hexagonal
boron nitride [7,8], monolayer metal monochalcogenides [9-12],
phosphorene [13-18] and some others [19-25] have received great in-
terests due to their superior properties, thus they are suitable for de-
veloping novel nanodevices. Among these 2D TMDs materials, the 2D

WSe2 material in single-layered and bilayered forms has recently been
synthesized successfully by mechanical exfoliation [26], making it an
excellent candidate to fabricate next-generation nanodevices. Unlike
graphene, WSe2 monolayer is a semiconductor. Its band gap is about
1.63 eV [27], opening at the K point. To date, various optoelectronic
nanodevices, including field-effect transistors (FETs) [28] and light-
emitting diodes (LEDs) [29] based on the WSe2 material have been
fabricated experimentally. Also, theoretical studies have been focused
on controlling the electronic and photonic properties of the WSe2 2D
materials by strain, thickness and layer stacking [30-35]. These studies
showed that the WSe2 2D materials can be a potential material for next-
generation nanodevices.

Currently, van der Waals (vdW) heterostructures based on
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graphene, such as G/GaX (X = Se, S) [36-39], G/TMDs [40-42], G/
phosphorene [43-45] obtained by putting the G layer on the surfaces of
other semiconducting materials have also received considerable atten-
tion in both experimental and theoretical studies. These hetero-
structures can bring many more interesting features for novel applica-
tions in optoelectronic nanodevices which may not hold in the single
layers individually. For instance, using mechanical exfoliation, a FET
device with a high on/off ratio of 103 based on the G and GaSe
monolayer has been successfully fabricated by Kim and co-workers
[37]. Also, Sun and his colleagues demonstrated the preservation of the
intrinsic properties in the G/phosphorene. They also suggested that this
heterostructure forms an n-type Schottky contact and is suitable for
next-generation nanodevices [43]. Recently, there have been many
experimental works on the G/WSe2 heterostructure [46,47]. Two dif-
ferent types of the G/WSe2 heterostructure have been reported ex-
perimentally by Kim and his co-workers [47]. They demonstrated that
such heterostructure is desirable for designing novel high-performance
nanodevices, such as tunneling FETs. Also, based on the G/WSe2 het-
erostructure with a Se/W vacancy defect, a barrister with a large on/off
ratio at room temperature was demonstrated experimentally by Shim
et al. [46]. One also investigated experimentally the band alignment of
the G/WSe2 heterostructure [47]. All these results demonstrated that
the G/WSe2 heterostructure can become a potential candidate for next-
generation devices.

Therefore, in the present study, we construct an ultrathin G/WSe2
heterobilayer and G/WSe2/WSe2 and WSe2/G/WSe2 heterotrilayers by
inserting WSe2 monolayer above G layer or below the WSe2 part of the
G/WSe2 heterostructure. Our study focuses on the electronic properties
of these sandwich heterostructures. Effects of the weak vdW interac-
tions and external electric field on the electronic properties and the
Schottky barrier of the G/WSe2 heterostructure are also investigated in
this study.

2. Computational methods

All the calculations are performed using density functional theory
(DFT) and realized using Quantum Espresso code [48] with the plane-
wave method. The generalized gradient approximation (GGA)–Perdew-
Burke-Ernzerhof (PBE) method is utilized for describing the exchange
correlation potential [49]. The complex electron-ion interactions are
treated by ultrasoft pseudopotential (USPP) method for geometric op-
timization, energy calculations, and electronic properties. The DFT-D2

method with Grimme correction [50] is employed to describe the long-
range weak vdW interactions between single-layered materials. Also,
the kinetic energy of 500 eV is used for geometric optimization and
energy calculations and a grid of 9 × 9× 1 k-point mesh is used for the
sample in the Brillouin zone (BZ). The optimization processes are
considered to be converged when the atomic forces are converged to
0.001 eV/Å and the convergence threshold is set to be 10−6 eV. A
vacuum space of 20 Å is applied to avoid any interaction between
periodic images.

It should be noted that the conventional PBE method under-
estimates the band gap and Schottky barrier height of the hetero-
structures, but the Heyd-Scuseria-Ernzerhof (HSE) method may give
more corrected results. Unfortunately, in this work, the hybrid function
HSE and the many body GW methods are not still considered to correct
these issues of the heterostructure due to the tremendously computa-
tional costs. We emphasize that our goal here is not to determine pre-
cise bandgaps and Schottky barrier heights but to illustrate the beha-
viors of Schottky contacts tuning by external electric fields and to
uncover the underlying physics. Moreover, the PBE method is good at
predicting correct trends and physical mechanisms, which possesses a
guiding function for future experimental studies.

3. Results and discussion

At first, the atomic structure of the freestanding G and monolayer
WSe2 is fully relaxed to obtain the equivalent structural parameters.
The lattice parameters of the freestanding G and monolayer WSe2, re-
spectively, are 2.47 Å and 3.32 Å. These results are in good agreement
with previous experimental reports [51,52]. Thus, to construct the
heterostructures based on the G and WSe2 2D materials, we use (4 × 4)
graphene cells and (3 × 3) WSe2 cells. The lattice constant of the G/
WSe2 heterobilayer after relaxation is calculated to be 9.96 Å, implying
a small lattice mismatch of only 0.8 %. In addition, we also consider the
G/WSe2 heterostructure with a 30° twist angle (by rotating the upper
layer 30° about the z axis with the lower layer G being fixed), but the
calculated binding energy is much larger than that of without rotation.
It is well-known that the lower the value of the binding energy, the
more stable the structure of the heterostructure. Hence, we only choose
the most stable structure as an object of concrete research in our work.
The atomic and electronic band structures of the (4 × 4) supercell of G,
(3 × 3) supercell of WSe2 monolayer, and (3 × 3) supercell of bilayer
WSe2 are illustrated in Fig. 1. One can observe that the pristine (4 × 4)

Fig. 1. (a–c) Top and side views of the atomic structures of the (4 × 4) supercell of graphene, (3 × 3) supercell of monolayer WSe2, (3 × 3) supercell of bilayer
WSe2, respectively and (d–f) their corresponding band structures. The Fermi level is set to be zero. The inset in Fig. 1 (d) shows the linear Dirac-like dispersion around
the Fermi level at the Dirac K point of graphene.
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supercell of the G is a semimetal (a zero band gap) with Dirac-like
dispersion relationship around the Fermi level at the K point. While the
(3 × 3) supercell of WSe2 monolayer and bilayer are semiconductors
with the band gap of 1.67 eV and 1.22 eV, respectively. These results
are in good agreement with previous reports [53-55]. Thus, we can
emphasize that the DFT-PBE method provides sufficiently reliable re-
sults. In addition, for the (1 × 1) unit cell of WSe2 monolayer, the
valence band maximum (VBM) is located at the K point [56,57].
Whereas, for the (3 × 3) supercell of WSe2 monolayer, due to band
folding effects, the VBM shifts to the Γ point as shown in Fig. 1 (b). The
reason is that the inequivalent K and K’ points are folded and coupled
into the same Γ point when the (3 × 3) WSe2 monolayer supercell is
applied. This effect was also observed in the (3 × 3) supercell of Janus
MoSeS monolayer [58].

We now construct three vdW types of heterostructures. They are (i)
the G/WSe2 heterobilayer by putting G on top of WSe2 monolayer; (ii)
the G/WSe2/WSe2 heterotrilayer by stacking G on top of WSe2 bilayer;
(iii) the WSe2/G/WSe2 heterotrilayer by sandwiching G between two
WSe2 monolayer. These structures are displayed in Fig 2. After re-
laxation, we can obtain the interlayer distance d1 between the G layer
and the first WSe2 and the interlayer distance d2 between the G layer
and the second WSe2 layer, as illustrated in Fig. 2. These values are
listed in Table 1. FromTable 1, we can see that the interlayer distance
between the G and WSe2 layers in the G/WSe2 heterobilayer is d1 =
3.46 Å. This interlayer distance in the G/WSe2/WSe2 heterotrilayers
[Fig. 2 (b) is d1= 3.52 Å. Compared with other vdW G-based hetero-
structures, such as G/GaSe [38,59,60], G/MoS2 [61,62], G/phos-
phorene [43,63], these structures are typical vdW heterostructures
where the weak vdW interactions are dominated in the considered
structures. For example, Padilha et al. [63] showed that the equilibrium

interlayer distance of the G/phosphorene heterostructure is 3.45 Å.
Pierucci et al. [62] demonstrated that the vdW equilibrium interlayer
distance of G/MoS2 heterostructure is about 3.40 Å. Our calculations
also indicate that, in the case of the WSe2/G/WSe2 heterotrilayer [Fig. 2
(c)], the G–top WSe2 and G–bottom WSe2 distances are respectively
d1= 3.41 Å and d2= 3.42 Å as listed in Table 1. This also demonstrates
that, in the WSe2/G/WSe2 heterotrilayer, all interactions between
graphene and two WSe2 layers are the weak vdW interactions. More-
over, the vertical thickness of the perfect WSe2 monolayer is 3.350 Å,
and it increases to 3.359 Å upon the formation of the G/WSe2 hetero-
bilayer. For the perfect WSe2 bilayer, the vertical distance of the
tungsten atoms between different layers is 6.340 Å, and it increases to
6.348 Å and to 10.201 Å upon the formation of the G/WSe2/WSe2 and
the WSe2/G/WSe2 heterotrilayers, respectively.

To examine the interlayer coupling and the stability in these sys-
tems, we further determine the binding energy as:
Eb=(Ehetero− EG− nEWSe2)/N, where Ehetero, EG, and EWSe2 are the
total energies of the heteromultilayers, the freestanding G, and the
isolated WSe2, respectively. n denotes the number of WSe2 layers in the
systems and N is the number of carbon atoms in the supercell. The
calculated results are also listed in Table 1. As we can see, the G/WSe2/

d1 d1

d2

d2

d1

(a) (b) (c)

Fig. 2. Top view and side view of optimized structures of (a) G/WSe2 heterobilayer, (b) G/WSe2/WSe2 and (c) WSe2/G/WSe2 heterotrilayers, respectively. Black balls
stand for carbon atoms, yellow and blue ones stand for Se and W atoms in the first WSe2 layer, whereas green and violet ones stand for Se and W atoms in the second
WSe2 layer.

Table 1
The interlayer distances d1 and d2, binding energy Eb, and n-type SBH ΦB,n and
p-type SBH ΦB,p of the considered systems.

d1, Å d2, Å Eb, meV/C atom ΦB,n, eV ΦB,p, eV

G/WSe2 3.46 - − 55.92 1.06 0.60
G/WSe2/WSe2 3.52 9.87 − 56.14 0.74 0.46
WSe2/G/WSe2 3.41 3.42 − 29.14 1.08 0.54
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WSe2 heterotrilayer has the lowest binding energy per carbon atom as
compared with that of other heterostructures. Indeed, one can observe
that all these heteromultilayers have a negative binding energy. It in-
dicates that these systems are energetically stable and can be synthe-
sized easily in experiment. Moreover, those binding energies have the
same order of magnitude as other vdW heterostructures, such as G/
phosphorene (Eb = 60meV) [63], G/MoSe2 (Eb = 53meV) [64], G/
MoS2 (Eb = 58.1meV) [65]. Therefore, the weak vdW interactions are
dominated in these heterostructures, similar to other 2D vdW graphene-
based heterostructures. Also, these considered heterostructures are
feasible in experiments due to the lower binding energies.

We further consider the electronic properties of the heterobilayer
obtained by putting the G layer on the WSe2 monolayer and check how
the weak vdW interactions, dominating in the G/WSe2 heterobilayer
affect its electronic properties. In Fig. 3 (a) we present the projected
band structure of the G/WSe2 heterobilayer. First, it is clear that the
band structure of the G in the heterobilayer is quite well preserved with
the linear Dirac-like dispersion around the Fermi level at the Dirac K
point. In addition, we find that a small band gap of 8.9 meV opens in
the G/WSe2 heterobilayer around the Fermi level at the K point. No-
teworthy, an opening band gap of 8.9 meV of graphene is significantly
lower than kBT (26 meV) at room temperature. It suggests that the
original electronic nature of both G and WSe2 monolayer is quite well
preserved upon binding, conserving all the properties of the parent
materials, a significant character for designing novel diodes based on
2D vdW heterostructures. Secondly, the WSe2 part in the heterobilayer
keeps a semiconducting behavior with a direct band gap at the Dirac Γ
point. The band gap of the WSe2 part is 1.67 eV. This value is almost
unchanged as compared with that of the isolated WSe2 monolayer.
Thirdly, it can be seen that the band structure of the heterobilayer
seems to be a merging between the band structures of the G layer and
isolated WSe2 layer owing to the large interlayer distances d1 and d2
and the negative value of the binding energies. This implies that the G/
WSe2 heterobilayer can include the greatest intrinsic properties of both
G and WSe2 layers. The similar results were also observed in other G-
based heterostructures, such as G/GaSe heterostructures [59,60]. Thus,
we believe that in the near future the G/WSe2 can be used to fabricate
high-performance nanoelectronic devices such as FETs. Moreover, in
order to check the thermoelectric properties of such G/WSe2 hetero-
bilayer, we further calculate its Seebeck coefficient, as illustrated in
Fig. 3 (c). The Seebeck coefficient of the G/WSe2 heterobilayer shows
that it has a good thermoelectric material with high Seebeck coefficient
at room temperature. However, in order to use the G/WSe2 hetero-
bilayer as a component of FETs, it is very important to evaluate the
strength of the Schottky barrier height (SBH), existing at the metal/
semiconductor interface. Therefore, we next try to explore the contact
types and the strength of the Schottky barrier at the G/WSe2 interface,
which represents a metal/semiconductor heterostructure. According to
the Schottky-Mott rule [66], the n-type SBH (n-SBH) is calculated by
ΦB,n= EC− EF, and the p-type SBH (p-SBH) is ΦB,p= EF− EV, where

EC, EV and EF are respectively the conduction band minimum, valence
band maximum in the WSe2, and the Fermi level of the G. As we can see
from Table 1, the n-SBH and p-SBH of the heterobilayer, respectively,
are 1.06 eV and 0.60 eV, showing that the p-type Schottky contact is
formed in such heterobilayer. These Schottky barrier heights are
smaller than those in other vdW heterostructures, such as G/GaSe [60],
G/MoSe2 [64].

Although the interactions between the G and WSe2 layers are very
weak, there may be a small band bending ΔV across the heterobilayer.
The nature of the formation of the band bending is due to the difference
in the work function between the G and heterobilayer. To calculate the
band bending, forming across the heterobilayer, we present in Fig. 3 (b)
its band alignment. We can see that the band bending across the het-
erobilayer is calculated by the difference in the work function of the
heterobilayer (WH) and G layer (WG), that is ΔV=WH−WG. Our
calculated work function of the G and the heterobilayer, respectively, is
4.56 eV and 4.83 eV. It means that the band bending ΔV is 0.27 eV.
From this point, we can calculate the p-SBH as
ΦB,p= IWSe2 − (ΔV+WH), where IWSe2 is the ionization potential of the
WSe2 semiconductor. Therefore, based on the above discussion, we find
that the SBH of the heterobilayer is mainly affected by the interface
dipole and the band bending, existing in the heterobilayer due to the
difference in the work function of the heterobilayer and the G.

As we have mentioned above, SBH affects strongly the performance
of nanoelectronic devices. Thus, we now investigate the possibilities to
improve the devices performed by controlling the SBH of the hetero-
bilayer. We first try to control the SBH by inserting WSe2 monolayer
into the heterobilayer. The inserted WSe2 monolayer can locate below
the WSe2 part of heterobilayer, forming the G/WSe2/WSe2 hetero-
trilayer, as shown in Fig. 2 (b), or above on the G layer, forming a
WSe2/G/WSe2 heterotrilayer, as shown in Fig. 2 (c). The projected band
structures of the G/WSe2/WSe2 and WSe2/G/WSe2 heterotrilayers are
illustrated in Fig. 4 (a) and Fig. 4 (b), respectively. As compared with
the G/WSe2 heterobilayer, both heterotrilayers form the p-type
Schottky contact. However, we find that the p-SBH decreases from 0.60
eV in the G/WSe2 heterobilayer to 0.54 eV in the WSe2/G/WSe2 het-
erotrilayer and to 0.46 eV in the G/WSe2/WSe2 heterotrilayer, respec-
tively, as presented in Fig. 4 (c). Thus, the SBH in the G/WSe2 het-
erobilayer can be controlled by inserting WSe2 monolayer. Indeed, one
can observe that in both forming heterotrilayers, the linear Dirac dis-
persion around the Fermi level is well kept. Thus, we believe that high
carrier mobility can be obtained in these heterotrilayers and the in-
sertion of WSe2 monolayer is an effective way to modulate the SBH of
the G/WSe2 heterobilayer. Moreover, it can be seen that in both het-
erotrilayers, the intrinsic properties of the G are well preserved with the
linear dispersion around the Fermi level at the Dirac K point. These
results demonstrate that a high carrier mobility can be achieved in
these heterotrilayers.

Furthermore, it is well known that the charge redistribution and the
charge transfer in these heteromultilayers can be obtained by

Fig. 3. (a) Projected band structure and (b) band alignment and (c) the Seebeck coefficient of the G/WSe2 heterobilayer.
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visualizing the charge density difference, which is calculated as
Δρ= ρH− ρG− nρWSe2. Note that the ρH, ρG and ρWSe2 are the charge
densities of the heteromultilayer, graphene, and WSe2 monolayer, re-
spectively. The number of the WSe2 monolayers in the hetero-
multilayers is denoted by n (n=1,2). The charge density difference in
the heteromultilayers is visualized in Fig. 5 by two different areas, in
which the red area represents the depletion of electrons, whereas the
green area represents the accumulation of electrons. It is obvious that in
the heteromultilayers, charges are depleted on the WSe2 area and ac-
cumulated on the G area. Moreover, we find that in the G/WSe2 het-
erobilayer, there is only a small amount of charge transfer of 0.072 e
between the G layer and the WSe2 layer. This fact implies that the in-
homogeneous onsite energy of the carbon atoms in the G layer is in-
duced by the charge transfer between the G and WSe2 layers. On the
other hand, the onsite energy of carbon atoms depends on the charge
redistribution in the G layer. One can see from Fig. 5 (a) that the
electron density around the two adjacent carbon atoms of the G layer is
no longer equivalent in the G/WSe2 heterobilayer. As a consequence,
the charge redistribution in the G layer disrupts the degeneracy of the
degeneracy of the π and π* bands near the K point, resulting in the
semiconducting character. Thus, we conclude that the inhomogeneous
onsite energy of the carbon atoms is induced not by the charge transfer
between the G and the WSe2 layer but by the inhomogeneous charge
distribution in the G layer caused by the WSe2 monolayer.

Recently, it is well known that applying an external electric field
(Eext) is a common approach to improve the performance of nanode-
vices. Thus, it is interesting to consider the effect of applied Eext on the
electronic properties and the SBH of the G/WSe2 heterobilayer. In order

to see the how the Eext affects on the electronic properties of the G/
WSe2 heterobilayer, in Fig. 6 we present the SBH variation and pro-
jected band structures of such heterobilayer under the different strength
of Eext. In Fig. 6 (a), we illustrate the schematic model of the Eext to the
heterobilayer surface. The Eext, directing from the WSe2 to the G layers
is defined as the positive direction. With the presence of the Eext, we
find that both the n-SBH and p-SBH are also changed linearly, as shown
in Fig. 6 (b). The n-SBH increases linearly with increasing the strength
of the positive Eext and decreases with increasing the strength of the
negative Eext. Contrary to the n-SBH, the p-SBH reduces with increasing
the strength of the positive Eext and raises up with increasing the
strength of the negative Eext. As we have mentioned above, at the
equilibrium state, the G/WSe2 heterobilayer forms the p-type Schottky
contact. It also demonstrates that the p-SBH is smaller than the n-SBH in
the heterobilayer in the absence of the Eext. However, as we can see
from Fig. 6 (b) the p-SBH is larger than the n-SBH in the heterobilayer
when the strength of the negative Eext is larger than 1.5 V/nm, as de-
fined by the orange area. The heterobilayer, in this case, is transformed
to the n-type Schottky contact. It demonstrates the transformation of
the Schottky contact in the G/WSe2 heterobilayer from the p-type to the
n-type when the negative Eext exceeds − 1.5 V/nm. The mechanism of
the variation of the SBH in the heterobilayer under Eext is related to the
change of the band bending.

The effects of the Eext on the band structures of the G/WSe2 het-
erobilayer are presented in Figs. 6 (c–e). By analyzing the position of
the VBM and CBM of the WSe2 part related to the EF of the G layer, one
can observe that a negative Eext makes the CBM/VBM of the WSe2 part
closer/farther to the EF of the G, as shown in Fig. 6 (c). It means that the

Fig. 4. Projected band structure of the G/WSe2 heterobilayer with the insertion of the WSe2 monolayer to form the (a) G/WSe2/WSe2 and (b) WSe2/G/WSe2
heterotrilayers. (c) The distribution of the n-SBH and p-SBH in the heterobilayer and heterotrilayers.

(a) (b) (c)

Fig. 5. Charge density difference with an isosurface of 10−3 e/Å of the (a) G/WSe2 heterobilayer, (b) G/WSe2/WSe2 and (c) WSe2/G/WSe2 heterotrilayers, re-
spectively. The depletion and accumulation of electrons are defined by the red and green regions, respectively.

P.T.T. Le, et al. Diamond & Related Materials 94 (2019) 129–136

133



p-SBH/n-SBH of the heterobilayer increases/decreases by applying ne-
gative Eext. We can see that a negative Eext smaller than− 1.5 V/nm will
make a transition from the p-type to the n-type Schottky contact in the
G/WSe2 heterobilayer. This finding indicates that the G/WSe2 hetero-
bilayer can be used for the future Schottky electronic devices. Contrary
to a negative Eext, a positive Eext makes the VBM/CBM of the WSe2 part
closer/farther to the EF of the G, as illustrated in Fig. 6 (e). In the case of
increasing the strength of a positive Eext, the p-SBH decreases, whereas
the n-SBH increases. The p-SBH of the heterobilayer under the positive
Eext of 2 V/nm decreases down to 0.29 eV from 0.60 eV at the equili-
brium state. When the strength of a positive Eext is larger than 2 V/nm,
it can be reduced and become zero, indicating a transformation from
Schottky to Ohmic contact, that is due to the linear dependence of the p-
SBH. Our results demonstrate that not only the SBH but also the
Schottky contact type can be tuned efficiently by applying the external
electric field in vdW G/WSe2 heterostructure, which may provide a
promising route to design tunable Schottky diodes based on the G/WSe2
heterostructure in the related experimental studies.

4. Conclusion

In summary, we have investigated the electronic properties of the
G/WSe2 vdW heterostructure using the first-principle calculations. We
find that the G layer interacts weakly with the WSe2 monolayer via the
weak vdW interactions with a small amount of charge transfer and both
the intrinsic electronic properties of the G and WSe2 monolayers are
quite well preserved in the G/WSe2 heterobilayer. At the equilibrium
interlayer distance of 3.46 Å, the G/WSe2 heterobilayer forms the p-
type Schottky contact with the Schottky barrier of 0.60 eV and shows a
good thermoelectric material with high Seebeck coefficient at room
temperature. The Schottky barrier of the G/WSe2 heterobilayer can be
tuned by inserting WSe2 monolayer to form G/WSe2/WSe2, and WSe2/
G/WSe2 heterotrilayers or by applying electric field perpendicular to
the heterobilayer. The p-type Schottky barrier of the G/WSe2 is 0.60 eV
and it equals respectively to 0.54 eV and 0.46 eV in the case of the G/
WSe2/WSe2 and WSe2/G/WSe2 heterotrilayers. When the G/WSe2

heterobilayer is subjected to the positive electric field, a transition from
the p-type to n-type Schottky contacts occurs at −1.5 V/nm, then to
Ohmic contacts at −2 V/nm. These results not only provide the fun-
damental insights of the G/TMDs and TMDs/G/TMDs heterostructures
but also a route to design high-performance optoelectronic nanode-
vices, such as G/WSe2, WSe2/G/WSe2 Schottky diodes and interlayer
tunneling FETs similar to the G/BN and G/WS2 hetero-
structures [67,68].
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