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ARTICLE INFO ABSTRACT

Keywords: In this paper, we design novel ultra-thin graphene/MoSeS and graphene/MoSSe heterostructures and investigate
Graphene systematically their structural and electronic properties as well as the effect due to perpendicularly applied
Janus MoSeS

electric field on the heterostructure. Our results show that the electronic properties of both the graphene (Gr)
and Janus MoSeS monolayer are well kept in the Gr/MoSeS and Gr/MoSSe heterostructures due to weak in-
teraction between them. The interlayer distance between the Gr and Janus MoSeS monolayer is derived to be
3.34 A, whereas the binding energy in the heterostructure is found to be —3 meV per carbon atom, indicating the
weak interactions between the Gr and Janus MoSeS layers. We find that in both Gr/MoSeS and Gr/MoSSe
heterostructures, the Gr becomes a semiconductor with a tiny band gap of about 3 meV, forming between the 7
and 7* bands at the high symmetry K point. The appearance of the fundamental band gap in the Gr makes it
suitable for application in electronics and optoelectronics like as field effect transistors. Furthermore, the Gr/
MoSeS heterostructure forms an n-type Schottky contact with the Schottky barrier height of 0.53 eV at the
equilibrium state. Our results also indicate that the electric field applied perpendicularly to the heterostructure
could control not only the Schottky barrier height, but also the Schottky contact type from the n-type to p-type.
Based on these extraordinary electronic properties of ultra-thin Gr/MoSeS heterostructures, which are expected
to be with applications in nanoelectronic and optoelectronic devices in the future experiments.

Electronic properties
Schottky contact
Electric field

1. Introduction it is required to modify the electronic properties, especially the band

gap of graphene. To date, there are many common way, which can be

Two-dimensional (2D) materials have recently gained significant
interest in the research community due to their unique properties and
wide potential applications in nanoelectronics and optoelectronics. The
popular 2D materials, such as graphene (G) [1,2], hexagonal boron
nitride (h-BN) [3-5], transition metal dichalcogenides (TMDs) [6-10],
single-layer post-transition-metal chalcogenides (PTMCs) [11-15] have
attracted much interest recently. Among these, graphene has been
studied widely owing to its extraordinary properties, such as high
carrier mobility and massless Dirac fermions. However, the lack of a
tiny band gap around the Dirac point of graphene limits its applications
for nanoelectronic and optoelectronic devices. To get around the limit,
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used to open a tiny band gap in graphene, namely strain engineering,
electric field, substrates, and substitutional doping. It is clear both ex-
perimentally and theoretically that under these external conditions, the
graphene becomes a semiconductor with a tiny band gap of about a few
tens up to a few hundreds meV, which makes it suitable for numerous
nanoelectronic and optoelectronic applications.

Very recently, a structurally stable Janus MoSSe monolayer has
been successfully synthesized by breaking the out-of-plane structural
symmetry of MoS, monolayer [16] or by a controlled sulfurization
process based on a MoSe, monolayer [17]. Interestingly, each unit cell
of the Janus MoSSe monolayer consists of three atoms, in which one
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side is Se atom, the other side is S atom, and the Mo atom is sandwiched
between S and Se atomic layers. The crystal of the Janus MoSSe
monolayer differs from those of perfect MoS, and MoSe, monolayers.
This may lead to many new superior properties that MoS, or MoSe, do
exhibit. For example, due to the lack of the reflection symmetry, the
Janus MoSeS monolayer has large in-plane and vertical piezoelectric
effect, making it a great material for nanoscale electronic and energy
applications [18]. Moreover, owing to the difference in the electro-
negativity between Se and S atoms, the Janus MoSeS monolayer has an
intrinsic moment, resulting in the separation of holes and electrons
causing enhanced photocatalytic activity [19]. The electronic and op-
tical properties of the pristine Janus MoSeS monolayer has recently
been investigated by means of the first principles calculations based on
the density functional theory (DFT) [20], which could bring exciting
novel properties and great potential in nanoelectronic and optoelec-
tronic devices. The effect of a biaxial strain on the electronic properties
and the power factor in Janus MoSeS monolayer have also been theo-
retically investigated [21,22]. These studies show that the electronic
properties of the Janus MoSeS monolayer are very sensitive to the
biaxial strain. It is found that the lattice thermal conductivity of the
Janus MoSSe monolayer is lower than that of the MoS, monolayer, but
is higher than that of the MoSe, monolayer [21]. It is well known that
the Janus MoSeS monolayer is a direct semiconductor with the band
gap of 1.56 eV, 2.03 eV, and 2.64 eV, respectively by using PBE, HSE06,
and GoW, functionals [20].

Currently, G-based heterostructures combining the G layer and
other 2D semiconducting layer have received considerable interest,
both experimentally and theoretically, owing to their extraordinary
properties [23-27]. More interestingly, various electronic devices based
on the G-vdW heterostructures have been recently successfully fabri-
cated. Examples are, G/GaSe dual Schottky diode [27], and photo-
detector [26], G/MoS, gas sensor [28], field-effect Schottky barrier
transistor [29], and hybrid phototransistor [30], G/WS, field effect
transistor [31], and so on. These findings suggest the opportunities of
the vdW G-based heterostructures in the next-generation electronics,
which can replace the principal silicon-based devices. Concurrently, the
structural and electronic properties and Schottky contact of many G-
based vdW heterostructures, especially G/TMDs heterostructures, such
as G/MoS, [32-36], G/MoSe, [23,37,38], G/WS, [24,39,40] and G/
WSe, [41-43] heterostructures, have also been investigated both ex-
perimentally and theoretically. However, up to date the structural and
electronic properties of the combination between G and Janus MoSeS
monolayer have not yet been studied systematically.

Therefore, in this paper, for the first time we design new ultrathin
G/MoSeS and G/MoSSe heterostructures and investigate theoretically
their structural, electronic properties and Schottky contact, as well as
the effect of an electric field applied perpendicularly to the hetero-
structure surface on their electronic properties and Schottky barrier
height by means of the density functional theory from first-principles
calculations. The results show that, owing to the weak vdW interactions
between the G layer and Janus MoSeS monolayer, the intrinsic elec-
tronic properties of the G/MoSeS and G/MoSSe heterostructures well
preserve those of freestanding G and Janus MoSeS monolayer. We also
find that both the G/MoSeS and G/MoSSe heterostructures form an n-
type Schottky contact. Furthermore, our calculations also indicate that
an external electric field applied perpendicularly to the heterostructure
surface could control both the Schottky barrier height and Schottky
contacts (n-type and p-type). Our findings show an opportunity for the
G/MoSeS heterostructure in the next-generation electronics to replace
principal silicon-based devices.

2. Computational methodology
In this work, all calculations were performed within the density

functional theory (DFT), which is implemented in the Quantum
Espresso simulation package [44]. In order to describe the exchange-
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correlation energy we used the generalized gradient approximation
(GGA) [45,46] of Perdew, Burke, and Ernzerhof (PBE) [47]. In order to
describe the electron—ion potential, we used the projected augmented
wave (PAW) potential [48]. The kinetic cut-off energy is set to 500 eV
for the plane wave expansion. The first Brillouin zone (BZ) sampling of
12 x 12 x 1 Monkhorst-Pack k—point grid is used to perform geometric
optimization, whereas the BZ sampling of 9 X 9 X 1 k-point grid is used
to perform all the electronic properties calculations. In order to describe
the non-bonding interactions, the DFT-D2 method proposed by Grimme
(DFT-D2) [49] was adopted. In DFT-D2 approximation, the vdW in-
teraction was described by adding a semi-empirical dispersion poten-
tials to the conventional DFT energy. In addition, a large vacuum region
of 20 A is used to avoid artificial interactions with spurious replica
images. All geometric structures are fully relaxed until energy and
forces are converging to 10~° eV and 0.001 eV/A, respectively.

3. Results and discussion
3.1. Structural and electronic properties of Janus MoSeS monolayer

Before designing and considering the G/MoSeS and G/MoSSe het-
erostructures, we first investigate the structural and electronic proper-
ties of a single-layer Janus MoSeS crystal at the equilibrium state. Our
calculated lattice parameter of the Janus MoSeS after full relaxation is
a = 3.218 A, that is in good agreement with previous results. It can be
seen that each Janus MoSeS unit cell consists of three atomic layers,
composing of Mo layer sandwiched between the S and Se layers. The
corresponding Mo-Se and Mo-S bond lengths in the Junus monolayer
MoSeS at the equilibrium state are 2.51 A and 2.41 A, respectively. In
addition, the vertical thicknesses of Mo-Se (A), and Se-S (h) are 1.72 A,
and 3.23 A, respectively. It can be seen that these vertical thicknesses
are shorter than that of the MoS, monolayer, but longer than that of the
MoSe, monolayer, resulting in a break of structure symmetry in the
vertical plane. The nature of such a break is due to the difference in
atomic sizes and electronegativities of Se and S atoms in the Janus
MoSeS monolayer.

Fig. 1(a) shows the electronic band structures and partial density of
states (PDOS) for the corresponding MoS,, MoSe, and Janus MoSeS
monolayers at the equilibrium state. One can observe first that all three
MoS,, MoSe, and Janus MoSeS monolayers are semiconductors with
the corresponding band gaps of 1.70eV, 1.52 eV, and 1.49 eV, respec-
tively. These results are in good agreement with previous values [20].
The direct band gap of Janus MoSeS monolayer is contributed by the
valence band maximum (VBM) and the conduction band minimum
(CBM) at the high symmetry K point. Thus the electrons are photo-
excited from the VBM to the CBM directly, making Janus MoSeS
monolayer suitable for the generation of photo-excited electrons and
holes Fig. 1(b).
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Fig. 1. (a) Calculated band structures and partial density of states of Janus
MoSeS monolayer at the equilibrium state. The Fermi level is set to be zero. (b)
Phonon dispersion curves of Janus MoSeS monolayer at equilibrium state.
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Fig. 2. (a) Top view, (b, c) side views of the relaxed geometric structure of G/MoSeS heterostructure.

3.2. Electronic properties and Schottky contact in graphene stacked on
Janus MoSeS monolayer

We now consider the structural and electronic properties of the G
layer stacked on the Janus MoSeS monolayer in its two different
stacking configurations, as shown in Fig. 2. In these heterostructures,
one Se(S) atom is located directly on one C atom, and another Se(S)
atom located on the center of hexagonal C ring atoms. In the first
stacking configuration, the G layer is stacked on the topmost Se layer of
the Janus MoSeS monolayer, namely G/MoSeS heterostructure,
whereas in the other configuration called G/MoSSe heterostructure, the
G layer is stacked on the topmost S layer. The lattice parameter between
the G layer and Janus MoSeS monolayer is larger than 20%. Ad-
ditionally, it also should be noted that the electronic properties of the
Janus MoSeS are sensitive to the strain [22]. Thus, in order to combine
the G layer and the Janus MoSeS monolayer, we choose to keep the
lattice parameter of Janus MoSeS monolayer and fix the lattice para-
meter of the G. Moreover, (4 X 4) cells of G is used to match (3 X 3)
cells of Janus MoSeS monolayer. Our calculated lattice parameter of G/
MoSeS heterostructure is 9.66 A, indicating a small lattice mismatch of
about 2%. After full relaxation, the interlayer distance between the G
layer and the topmost Se layer in the G/MoSeS heterostructure is
3.34 A, and between the G and the topmost S layer in the G/MoSSe
heterostructure is 3.45 A. We find that these interlayer distances are the
same as those in other vdW heterostructures, such as G/WSe, [50], G/
GaN [51], G/MoS; [32,33,36], and so on. Moreover, after the relaxa-
tion, one can observe that both the Mo-Se (A) and Se-S (h) thicknesses
are decreased from 1.72A and 3.23A to 1.68 A and 3.19 A, respec-
tively.

In order to determine the stability of G/MoSeS heterostructure, we
calculate the binding energy per carbon atom as follows:
Ey = [Egs—Eg—Eoses]/n- Here, Egs, Eg, and Ejses are, respectively, the
corresponding total energy of the heterostructure, the freestanding G,
and the Janus MoSeS monolayer, whereas n is the number of carbon
atoms in the calculated heterostructure. Our calculated binding energy
per carbon atom for the corresponding G/MoSeS and G/MoSSe het-
erostructures is —3.51 meV and —3.05meV. These values for the
binding energies indicate that G/MoSeS and G/MoSSe heterostructures
considered here are both stable at the equilibrium state. Moreover, it
can be seen that these binding energies have the same magnitude as the
binding energies per carbon atom in other vdW graphene-based het-
erostructures. Ma et al., for instance, have indicated that the binding
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energy per carbon atom in the G/MoS, and G/MoSe, heterostructures
are —23 meV [32] and —21 meV [37], respectively. They showed that in
all different stacking configurations of G/MoS, and G/MoSe, hetero-
structures, graphene was found to interact very weakly with both the
MoS, and MoSe, monolayers. Zhang and co-workers have found that
the G at the equilibrium state is bound to WS, monolayer in the G/WS,
heterostructure via very weak vdW interaction, with the interlayer
distance of 3.49 A, and the binding energy of —26.8 meV per carbon
atom. According to these results, it can be observed that both the G/
MoSeS and G/MoSSe heterostructures are characterized by the weak
vdW interactions between the G and the MoSeS monolayer.

We next focus on the electronic properties of both G/MoSeS and G/
MoSSe heterostructures as shown in Fig. 3(c) and (d). In order to better
understand the electronic properties of the heterostructure, we calcu-
late the band structures, partial density of states (PDOS), and total
density of states (TDOS) of (4 x 4) supercell of the G layer and (3 x 3)
supercell of the Janus MoSeS monolayer. First, one can observe that
freestanding graphene has a zero band gap, forming a linear Dirac-like
dispersion around the Fermi level. Secondly, we find that (3 x 3) su-
percells of the Janus MoSeS monolayer shows a direct semiconductor
with the band gap of 1.51 eV, forming between the VBM and CBM lo-
cated at the K point, as shown in Fig. 3(b). It means that the band gap of
the (4 x 4) isolated Janus MoSeS monolayer is smaller than that of an
unit cell Janus MoSeS monolayer by 0.01 eV. Moreover, the Fermi level
of the isolated (3 x 3) Janus MoSeS monolayer shifts upward from the
VBM to CBM as compared with (1 X 1) Janus MoSeS monolayer. The
position of the VBM and CBM should be also noted: in comparison with
the band structure of Janus MoSeS monolayer primitive cell, the VBM
and the CBM of Janus MoSeS monolayer in (3 X 3) supercell are folded
from high symmetry K point to another one (I" point). This band folding
was also observed in the (3 x 3) supercell of WSe, monolayer [50] and
WS, monolayer [24].

Fig. 3(c) and (d) shows the projected band structures of G/MoSeS
and G/MoSSe heterostructures at the equilibrium interlayer distance.
Due to the weak vdW interaction between the G and Janus MoSeS
monolayer, the projected band structures of both G/MoSeS and G/
MoSSe heterostructures look just like the sum of the band structures of
freestanding G and the isolated Janus MoSeS monolayer. It means that
the extraordinary electronic properties of both graphene and Janus
MoSeS monolayer are well preserved in those heterostructures. Com-
pared with the band structure of freestanding graphene, we find that a
tiny band gap, about 3 meV and 2 meV, respectively, is opened at the
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Fig. 3. Calculated band structures, PDOS and total DOS of (a) (4 x 4) supercell of freestanding graphene, (b) (3 X 3) supercell of Janus MoSeS monolayer, (c) G/
MoSeS heterostructure and (d) G/MoSSe heterostructure. The Fermi level is set to be zero.

Dirac point of graphene at the G/MoSeS and G/MoSSe heterostructures,
as shown in the insets of Fig. 3(c) and (d). Thus, the G becomes a
semiconductor with a tiny band gap, forming between the 7 and =*
bands at the high symmetry K point. The appearance of the funda-
mental band gap in the G makes it suitable for application in electronics
and optoelectronics, such as FETs. A tiny opening band gap in the G also
suggests that the electron mobility in the considered heterostructures is
almost unchanged from that in the freestanding G. This finding in-
dicates that the Janus MoSeS monolayer can be considered as a po-
tential substrate for designing graphene-based vdW heterostructures.
The nature of band gap opening in the G is due to a symmetry breaking
of the sublattices A and B for two carbon atoms in each graphene unit
cell. In order to better understand the physical mechanism of the band
gap opening in our G/MoSeS and G/MoSSe heterostructures, we use the
tight-binding (TB) model analysis, in which the linear dispersion
around Fermi level of graphene can be calculated as follows:
E (k) = /A% + (hvpk)?, where k is the wave vector relative to the Dirac
point, vr is the Fermi velocity, and A is the on-site energy difference
between the two A and B sub-lattices of the G. The + signs correspond
to conduction bands and valence bands, respectively. For the free-
standing G, the on-site energies of the two A and B sub-lattices are
identical (A = 0), resulting in the zero band gap and the linear dis-
persion relation near the Dirac point. For the G/MoSeS and G/MoSSe
herostructures, the charge redistribution breaks the equivalence of the
two graphene sub-lattices, giving rise to a non zero band gap, E; = 2A.

It should be noted that in order to design novel high-performance
nanoelectronic devices based on these G/MoSeS and G/MoSSe hetero-
structures, it is required to maintain graphene’s high carrier mobility in
these heterostructures. It is well known that the effective mass for
electrons (m,") and holes (m;;) of graphene is closely related to its carrier
mobility as u = er/m*. Therefore, in order to estimate the carrier mo-
bility of the heterostructure, we further calculate its effective mass. The
effective mass of electron/hole is calculated by fitting parabolic func-
tions to the VBM and CBM of the heterostructure for the wave vector as
follows: m* = h(8%E (k)/dk?)~L. Here, k is wave vector and # is Planck’s
constant. At the equivalent interlayer distance, the effective mass for
electrons and holes at the I' Dirac point for the G/MoSeS hetero-
structure is very small of 1.17 X 1072 my, and 1.28 X 1072 my,, respec-
tively. These small effective masses for electrons and holes indicate that
considered heterostructures here can maintain a high carrier mobility,
which makes them suitable material for application in high speed na-
noelectronic and optoelectronic devices.

As mentioned above, both the G/MoSeS and G/MoSSe hetero-
structures show a metal-semiconductor contact, formed between the
metallic G and semiconductor Janus MoSeS monolayer. We find that a
Schottky contact can be observed in these metal-semiconductor het-
erostructures. Based on the Schottky-Mott model [52] at the metal/
semiconductor heterostructures [53], an n-type Schottky barrier is de-
fined as the energy difference between the Fermi level (Er) and the
conduction band minimum (Ecpy), ®p, = Ecpy—Er. Similarly, a p-type
Schottky barrier is defined as the energy difference between the Fermi
level (Er) and the valence band maximum (Eygy), @, = Ep—Eypy. Note
that the sum of the n-type and the p-type Schottky barriers is approxi-
mately equal to the band gap of the semiconductor, that is
®p, + Pp, & Eg. It is well known that the Schottky barrier height (SBH)
of the metal-semiconductor heterostructure affects strongly on the
current flow. Thus, it is necessary to know the SBH of both the G/MoSeS
and G/MoSSe heterostructures. We find that an n-type Schottky contact
is formed in both the G/MoSeS and G/MoSSe heterostructures. Our
calculated n-type SBH in the G/MoSeS and G/MoSSe heterostructures
are 0.53 eV and 0.07 eV, respectively. It should be noted that the band
gap and the SBH of the metal-semiconductor heterostructures could be
controlled by applying electric field perpendicular to its surface or by
varying its interlayer distance [24,54-57]. For example, Hu and co-
workers [54] have indicated that by applying electric field and varying
interlayer distance, one can control the n-type Schottky barrier height
of the G/MoS, heterostructure. Moreover, they have found the trans-
formation of Schottky contact from the n-type to p-type when the ap-
plied positive electric field is larger than 0.6 V/A. This transition was
also observed in the G/WS, heterostructure with electric field applied
perpendicularly to the surface [24]. Furthermore, our previous calcu-
lations on the G/MoS, and G/GaSe heterostructures also indicate that
their electronic properties and Schottky barrier could be modulated by
an out-of-plane strain and electric field [36,57,58]. Therefore, we be-
lieve that the electronic properties, such as band gap opening and
Schottky barrier in the G/MoSeS and G/MoSSe heterostructures, also
could be controlled by applying electric field perpendicular to the
surface or by changing the interlayer distance between the G and the
nearest-neighbor layer of Janus MoSeS monolayer. The transition from
the n-type to p-type Schottky contact plays an important role in de-
signing a new generation of graphene-based electronic Schottky de-
vices.

In Fig. 4 we present the electrostatic potential along the z direction
of the G/MoSeS and G/MoSSe heterostructures. One can clearly observe
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Fig. 4. The electrostatic potential of (a) G/MoSeS heterostructure and (b) G/MoSSe heterostructure along the z direction.

Graphene/MoSeS

Graphene/MoSSe

¢

Fig. 5. Top view (a, b) and side view (c, d) of the charge density difference of
G/MoSeS and G/MoSSe heterostructures at the equilibrium state with the iso-
value of 10~* eV/A. Red and green isosurfaces correspond to the accumulation
and depletion of electronic densities. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this
article.)

that in both the G/MoSeS and G/MoSSe heterostructures, the G layer
has a deeper electrostatic potential than that of the Janus MoSeS
monolayer. The calculated difference in electrostatic potential between
the G and the Janus MoSeS monolayer is very large, about 20 eV, across
the heterostructure surface. This large potential drop (the difference in
electrostatic potential between graphene and Janus MoSeS monolayer)
indicates strong electrostatic field across the heterostructures, and thus
may considerably impact the carrier dynamics and charge injection in
the heterostructures. Although the interaction between the G layer and
the Janus MoSeS and MoSSe monolayers in the considered hetero-
structures here is the weak vdW interaction, however, the charge
density can be redistributed in the G/MoSeS and G/MoSSe hetero-
structures, forming an interface dipole. Notice that an interface dipole
formed by the charge redistribution can shift the electronic levels from
their original positions, leading to a deviation from the Schottky-Mott
limit [59-61]. Thus, it is necessary to understand the mechanism of the
charge distribution and charge transfer between the G layer and the
Janus MoSeS (MoSSe) monolayer, which can be visualized by the
charge density difference (CDD), as shown in Fig. 5. The charge density
difference in these heterostructures can be calculated as follows:
AP = Protero™PPranuss where Pheteror Pgs and Pranus are the charge den-
sities of the corresponding heterostructure, freestanding graphene, and
isolated Janus MoSeS monolayer, respectively. One can observe that the
charge is transferred from the G layer to the Janus crystal in both
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stacking configurations of the heterostructures at the equilibrium state.
Moreover, the charge density is redistributed in the G/MoSeS and G/
MoSSe heterostructures, resulting in a formation of the electron-rich
and hole-rich regions. Furthermore, the charge is depleted in the gra-
phene layer and accumulated in the topmost of the Janus MoSeS and
MoSSe layer, indicating that the charge transferred from the G layer to
the Janus layer.

We next try to explore the effect of electric field (Ejqq) on the
electronic properties and Schottky barrier of the G/MoSeS hetero-
structure. Recently, to improve the performance of the G-based elec-
tronic devices, it is common to use electric field. Thus, it is necessary to
study the effect of the Ej;q on the physical properties of graphene-based
heterostructure. In the present study, an electric field is applied per-
pendicularly to the heterostructure surface along the z direction, as
shown in Fig. 6(a). Note that the direction of the Ejyq from the gra-
phene layer to the Janus MoSeS monolayer is defined as the positive
direction. We find that a positive electric field more than 1.5 V/nm can
induce the transformation of the Schottky contact of the G/MoSeS
heterostructure from the n-type to the p-type. On the other hand, the G/
MoSeS heterostructure keeps an n-type Schottky contact under with
negative applied electric field. The dependence of the SBH of the G/
MoSeS heterostructure on the strength of the electric field is illustrated
in Fig. 6(b). One can clearly observe that with increasing the strength of
an electric field the n-type SBH increases linearly, whereas the p-type
SBH decreases. The n-type SBH of the G/MoSeS heterostructure in-
creases from 0.31 eV to 0.53 eV and then to 0.75 eV with the increasing
strength of the electric field from —1.5eV/nm to 0 V/nm and then to
+1.5V/nm, respectively, whereas the p-type SBH decreases from
1.16 eV to 0.94 eV and then to 0.72eV. It can be seen that when the
strength of the applied electric field is larger than +1.5V/nm, the n-
type SBH is larger than that of the p-type, resulting in a transition of the
Schottky contact from the n-type to the p-type. It indicates that an
electric field applied perpendicularly to the G/MoSeS heterostructure
could control not only the SBH but also the Schottky contacts (n-type
and p type).

To better describe the effect of the electric field on the electronic
properties of the G/MoSeS heterostructure, in Fig. 6(c-f) we present the
band structures of the G/MoSeS heterostructure under different
strengths of the applied electric field. As compared with the band
structure of equilibrium G/MoSeS heterostructure (Epqq) = 0V/nm),
we find that by applying negative electric field the Fermi level shifts
upwards from the VBM to CBM of the Janus MoSeS monolayer, re-
sulting in a/an decrease/increase in the n-type/p-type SBH of the G/
MoSeS heterostructure, as illustrated in Fig. 6(c). Thus, the G/MoSeS
heterostructure still keeps the n-type Schottky contact when negative
electric field is applied. When positive electric field is applied, we find
that the Fermi level is downshifted from the CBM to VBM of the Janus
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Fig. 6. (a) The schematic diagram of the G/MoSeS heterostructure under applied electric field perpendicularly to the heterostructure; (b) The dependence of the SBH
in G/MoSeS heterostructure as a function of Epeq; The band structures and PDOS of the G/MoSeS heterostructure under different strengths of electric field of (c)
—1V/nm, (d) 0V/nm, and (e) +1 V/nm, respectively. The Fermi level is set to be zero.

MoSeS monolayer, resulting in an/a increase/decrease in the n-type/p-
type SBH, as shown in Fig. 6(e). When positive electric field is larger
than +1.5V/nm, a transition of the Schottky contact from the n-type to
the p-type was observed in the G/MoSeS heterostructure. The p-type
SBH under electric field of +1.5V/nm is 0.72eV. The transition be-
tween the n-type and p-type Schottky contacts plays an important role
in designing the novel Schottky devices based on G/MoSeS hetero-
structure with the dynamic switching between them. Finally, it should
be noted that due to the linear dependence of both the n-type and p-type
SBH on the Ejyq4, the n-type or p-type SBH can be made zero or negative
under large Ej.q strength. This zero or negative n-type/p-type SBH in-
dicates a transformation between the Schottky contact and Ohmic
contact in the G/MoSeS heterostructure. However, such large strength
of an electric field may not easily be introduced by experiments.

4. Conclusions

In summary, we have systematically investigated the structural and
electronic properties of the G/MoSeS and G/MoSSe heterostructures by
using density functional theory. The effect of the electric field applied
perpendicularly to the surface on the electronic properties and Schottky
barrier of the G/MoSeS heterostructure has also been studied. The re-
sults show that owing to the weak vdW interaction between the G layer
and the Janus MoSeS monolayer, the electronic properties of the G/
MoSeS heterostructures are well kept. At the equilibrium state, the in-
terlayer distance between the G layer and the topmost MoSeS layer is
3.34A, and the binding energy per carbon atom is —3 meV. Upon
contact, graphene becomes a semiconductor with a tiny band gap of
3 meV, making graphene suitable for application in the next generation
electronic and optoelectronic devices. Furthermore, the G/MoSeS het-
erostructure forms an n-type Schottky contact with the Schottky barrier
height of 0.53 eV at the equilibrium state. Our results also indicate that
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the electric field applied perpendicularly to the heterostructure could
control not only the Schottky barrier height, but also the Schottky
contact type from the n-type to p-type. Based on these extraordinary
electronic properties of ultra-thin G/MoSeS heterostructures, which are
expected to be with great applications in nanoelectronic and optoe-
lectronic devices in the future experiments.
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