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ABSTRACT: Two-dimensional MoSi2N4 is an emerging class of 2D MA2N4
family, which has recently been synthesized in experiment. Herein, we construct
ultrathin van der Waals heterostructures between graphene and a new 2D Janus
MoGeSiN4 material and investigate their interfacial electronic properties and
tunable Schottky barriers and contact types using first-principles calculations. The
GR/MoGeSiN4 vdWHs are expected to be energetically favorable and stable. The
high carrier mobility in graphene/MoGeSiN4 vdWHs makes them suitable for
high-speed nanoelectronic devices. Furthermore, depending on the stacking
patterns, either an n-type or a p-type Schottky contact is formed at the GR/
MoGeSiN4 interface. The strain engineering and electric field can lead to the
transformation from an n-type to a p-type Schottky contact or from Schottky to
Ohmic contact in graphene/MoGeSiN4 heterostructure. These findings provide
useful guidance for designing controllable Schottky nanodevices based on
graphene/MoGeSiN4 heterostructures with high-performance.

The successful exfoliation of graphene (GR) from
graphite1 has opened up a new era for thin-film materials

science, especially nanomaterials. GR possesses many excep-
tional physical and chemical properties, including mass-less
Dirac fermions,2 ultrahigh carrier mobility,3 and a Quantum
Hall effect,4 thus making it quite suitable for high-performance
electronic and optoelectronic nanodevices.5,6 Unfortunately,
GR has a major drawback, which is the absence of an energy
gap at the Dirac point that hinders its application in field-effect
transistors.7 With the development of technical equipment,
scientists developed a lot of effective strategies to control the
electronic properties of materials as well as to open a band gap
in the GR. Recently, to overcome such a limitation in GR,
there have been common strategies, including strain engineer-
ing,8,9 functionalization,10,11 electric field,12,13 defects,14−16 and
constructing van der Waals heterostructures (vdWHs)17−20

and so on. Among those strategies, constructing vdWHs
between GR and other two-dimensional (2D) materials can
offer many advantages compared with the others. For instance,
Aziza et al.21 showed that combination of the GR and 2D GaSe
material can shift the Dirac cone of the GR by 100 meV
toward lower binding energy. Cao et al.22 predicted
theoretically that the GR/PtSSe heterostructure exhibits
different contact types, which depend on the stacking patterns,
interlayer spacing, and electric field. Sun et al.23 predicted the
GR/GaN vdWH and showed that the intrinsic properties of
GR are well preserved in such vdWH.
Very recently, an emerging class of 2D materials, namely

septuple-atomic-layer 2D MA2X4 family, has recently been

synthesized experimentally and predicted theoretically.24

Thanks to its extraordinary properties, such as high strength
and excellent stability, 2D MA2X4 family could become a
potential candidate for future applications. Currently, this
family have received considerable attention from scientific
community.25−27 Motazavi et al.25 investigated the electronic,
mechanical properties, and photocatalytic performances of 2D
MA2X4 monolayers using first-principles calculations. Zhong et
al.26 demonstrated that the electronic properties of bilayer
MA2X4 can be tuned by strain, leading to a transformation
from semiconductor to metal. Very recently, Guo et al.28

predicted a new Janus MoGeSiN4 monolayer with high carrier
mobility and tunable electronic properties. Therefore, in this
letter, we construct the combination between GR and the
Janus MoGeSiN4 monolayer to form GR/MoGeSiN4 and GR/
MoSiGeN4 vdWHs and investigate their interfacial electronic
properties as well as their tunable Schottky barriers and contact
types under strain and electric field. Our results could provide
useful guidance for designing controllable Schottky nano-
devices based on graphene/MoGeSiN4 heterostructures with
high-performance.
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Our calculations in this work were performed within density
functional theory (DFT), which is implemented in the
Quantum Espresso package.29,30 The correlation-exchange
energy and the ion-electron bonding were described using
the Perdew−Burke−Ernzerhof (PBE) functional of the
generalized gradient approximation (GGA)31 and the
projected augmented wave (PAW) pseudopotentials,32 re-
spectively. The energy cutoff of 510 eV is applied for the
geometric optimization and electronic properties calculations.
The atomic structures of considered materials were fully
optimized until the convergence of force and energy of 0.01
eV/Å and 10−6 eV, respectively. The Brillouin zone (BZ)
integration is sampled within a 9 × 9 × 1 k-point mesh. For
avoiding the bonding between the periodic sublayers, we used
a large vacuum thickness of 25 Å. The Heyd−Scuseria−
Ernzerhof hybrid functional (HSE06) is also used to obtain
more accurate value of band gaps. The weak vdW bondings in
heterostructures are described by adding the vdW dispersion in
the DFT-D3 approximation.33 The dipole correction is also
applied for the electronic properties calculations.
The atomic structure and electronic band structure of Janus

MoGeSiN4 monolayer are depicted in Figure 1. The optimized
lattice constant monolayer MoGeSiN4 is calculated to be 2.95
Å. One can observe from Figure 1a,b that the atomic structure
of monolayer MoGeSiN4 consists of three parts, in which a
MoN2 layer is sandwiched between two different Si−N and
Ge−N layers in the both side. The different Si−N and Ge−N
layer-structure in the both sides may result in the existence of
novel properties compared to MoSi(Ge)N4 monolayer.
Indeed, monolayer MoGeSiN4 possesses an indirect band
gap of 1.436 eV/2.124 eV obtained by PBE/HSE06, as
depicted in Figure 1c. The valence band maximum (VBM) is
located at the Γ point, while the conduction band minimum is
at the K point. Both the PBE and HSE06 predict the same
behavior of the Janus MoGeSiN4 monolayer. Thus, we further
use the PBE method to calculate all properties of the
considered systems. The phonon dispersions of monolayer
MoGeSiN4 are depicted in Figure 1d. The phonon spectrum of
Janus MoGeSiN4 monolayer consist totally of 21 branches,
including 3 acoustical and 18 optical ones composed by seven
atoms in the unit cell. Both the longitudinal (LA) and
transversal acoustic (TA) branches are linear near the Γ point,
while the out-of-plane acoustic (ZA) branch deviates from
linearity. Interestingly, all the frequencies of monolayer
MoGeSiN4 are positive, confirming the dynamical stability of
such monolayer.
We further consider the vdWHs that formed between GR

and monolayer MoGeSiN4. Due to the difference in Ge−N

and Si−N layer-structures on opposite side of the monolayer
MoGeSiN4, it tends to the formation of two different stacking
patterns, namely GR/MoGeSiN4 (GR/Janus-MGSN) and
GR/MoSiGeN4 (GR/Janus-MSGN) heterostructures, as de-
picted in parts a and b of Figure 2, respectively. In the GR/

Janus-MGSN vdWH, the GR layer is located above on top of
the Ge−N layers, whereas in the GR/Janus-MSGN vdWH, the
GR layer is placed on top of Si−N layers. We used a supercell,
consisting of ×3 3 Janus MoGeSiN4 unit cells and 2 × 2
unit cells of the GR layer to build the GR/MoGeSiN4 vdWHs.
The lattice mismatch of such vdWHs is small of 1.2%. The
ground state of both GR/Janus-MGSN and GR/Janus-MSGN
vdWHs is obtained by optimizing their structural geometries.
The interlayer spacings of the GR/Janus-MGSN and the GR/
Janus-MSGN vdWHs at the equilibrium state are calculated to
be 3.27 and 3.33 Å, respectively. It is obvious that these values
of interlayer spacings are comparable to those in other GR-
based vdWHs, including the GR/phosphorene,34 GR/
Ga2SSe,

35 GR/GeC,36 which are typical vdW interactions.
This finding suggests that the weak vdW interactions are
mainly dominated in our considered GR/MoGeSiN4 vdWHs.
Furthermore, to verify the stability, we calculate the binding

energy for both GR/Janus-MGSN and GR/Janus-MSGN
vdWHs as below:

Figure 1. (a) Top and (b) side views of the optimized monolayer MoGeSiN4. (c) Band structures and (d) phonon spectrum of monolayer
MoGeSiN4.

Figure 2. (a, c) Top view and (b, d) side view of the optimized
atomic structures of (a, b) GR/Janus-MGSN and (c, d) GR/Janus-
MSGN vdWHs. The violet balls stand for carbon atoms. The blue,
red, green and cyan balls represent the nitrogen, germanium,
molybdenum, and silicon atoms, respectively.
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Here, EvdWH, EGR, and EMoGeSiN4
, respectively, are the total

energy of combined vdWH, isolated GR, and MoGeSiN4
monolayers. NC is the number of carbon atoms in the
supercell. As listed in Table 1, the binding energies of GR/
Janus-MGSN and GR/Janus-MSGN vdWHs are calculated to
be −46.21 and −37.43 meV/C atom, respectively. The
negative sign in the binding energy indicates that both the
GR/Janus-MGSN and GR/Janus-MSGN vdWHs are expected
to be energetically favorable and stable. Thus, they can be
easily exfoliated in future experiments by different ap-
proaches.21,37,38 Moreover, we find that the obtained values
of binding energies are in the same order of magnitude as other
typical vdW systems,39,40 confirming the weak vdW characters
of such vdWHs.
The projected band structures of the GR/Janus-MGSN and

the GR/Janus-MSGN vdWHs are illustrated in Figure 3. The
band structures of isolated GR and MoGeSiN4 monolayers are
also plotted for comparison. We find that the electronic band
structures of both the GR and MoGeSiN4 monolayers are well
preserved in the GR/Janus-MGSN and GR/Janus-MSGN
vdWHs. The Dirac cone feature of the GR layer and

semiconducting nature of MoGeSiN4 monolayer are main-
tained. Furthermore, one can observe from the band structure
of isolated GR in Figure 3a that the Dirac cone is shifted from
the K to the M point. The reason for such a change is due to
the band folding effect in the graphene supercell.41 Upon
contacting GR and MoGeSiN4 monolayers, we can observe
many interesting phenomena that may not exist in single
constituent monolayers. For instance, we find that the
formation of vdWH between GR and MoGeSi4 monolayers
tends to formation of a tiny band gap in GR, as listed in Table
1. The reason for such band gap is due to the symmetry lattice
breaking, which was also observed in other GR-based
vdWHs.21,35 This band gap will open up the possibility of
GR in high-performance field-effect transistors. Furthermore,
to prove that the GR/MoGeSiN4 vdWHs are perfectly suitable
for high-performance nanodevices, it is necessary to check the
carrier mobility of such vdWHs. For the 2D systems, the
carrier mobility is closely related to the effective mass as μ =
eτ/m*. Therefore, we establish the effective masses for both
electrons (me*) and holes (mh*), which can be obtained from
the CBM and VBM of GR near Dirac point as follows:

* =
ℏ

× ∂
∂m
E k
k

1 1 ( )2

2 (2)

Table 1. Calculated Interlayer Spacing (D, Å), Binding Energy (Eb, meV/C Atom), GR Opened Band Gap (Eg, meV), Schottky
Barriers (eV), and Contact Types in GR/MoGeSiN4 vdWHs for Different Stacking Patterns

vdWH D Eb Eg ΦBn ΦBp me*/m0 mh*/m0 contact types

GR/Janus-MGSN 3.17 −46.21 25 0.63 1.13 4.21 × 10−3 5.69 × 10−3 n-type ShC
GR/Janus-MSGN 3.33 −37.43 18 1.03 0.74 8.34 × 10−3 10.02 × 10−3 p-type ShC

Figure 3. Projected band structures of (a) isolated GR, (b) GR/Janus-MGSN, (c) GR/Janus-MSGN, and (d) isolated MoGeSiN4 monolayer. Red
and blue lines represent the contributions of GR and MoGeSiN4 layers, respectively. The Fermi level is marked by the dashed line and is set to be
zero. (e) Band diagram of GR/Janus-MGSN and GR/Janus-MSGN vdWHs. Charge density difference in (f) GR/Janus-MGSN and (g) GR/Janus-
MSGN vdWHs. Yellow and cyan regions represent the charge accumulation and depletion, respectively. The value of isosurface of the charge
density difference is set to be 2.5 × 10−3 e Å−3.
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where ℏ is the Planck contact and k stands for the wave vector.
Our calculated me* and mh* for GR/MoGeSiN4 vdWHs are
listed in Table 1. One can find that these values of effective
mass for both electrons and holes are very tiny, which confirm
that the GR/MoGeSiN4 vdWHs own high carrier mobility.
Thus, they can be potential candidate for application in high-
speed nanodevices.
More interestingly, depending on the position of the GR

Fermi level with respect to band edges of the MoGeSiN4, the
combination of vdWHs between GR and MoGeSiN4 leads to
the formation of either Schottky (ShC) or Ohmic (OhC)
contact. The band diagram of GR/MoGeSiN4 vdWHs is
depicted in Figure 3e. It should be noted here that there have
been numerous strategies to explain the Fermi level pinning in
the metal−semiconductor heterostructure, including metal-
induced gap states formed in the semiconductor and an
interface dipole formed by the charge redistribution. However,
in this work, we consider the 2D metal−2D semiconductor

heterostructure, which is mainly characterized by the weak
vdW interactions. Owing to the weak vdW interactions, they
lead to absence of Fermi level pinning in GR/MoGeSiN4
vdWHs. Thus, we use the Schottky−Mott rule42 to determine
the Schottky barriers (SB) in GR/MoGeSiN4 vdWHs as
follows:

Φ = −E EBn CBM F (3)

Φ = −E EBp F VBM (4)

At the equilibrium interlayer spacing, the n-type SB (ΦBn)
and p-type SB (ΦBp) of GRJanus-/MGSN vdWH are 0.63 and
1.13 eV, respectively. The ΦBn is smaller than the ΦBp,
indicating that GR/Janus-MGSN vdWH forms the n-type ShC
with the SB of 0.63 eV. On the other hand, the ΦBn of GR/
Janus-MSGN vdWH is calculated to be 1.03 eV, and it is still
larger than the ΦBp, which is calculated to be 0.74 eV. It
implies that GR/Janus-MSGN vdWH forms the p-type ShC

Figure 4. Projected band structures of (a) GR/Janus-MGSN and (b) GR/Janus-MSGN vdWHs under electric field of (i) −0.4 V/Å, (ii) −0.2 V/Å,
(iii) +0.2 V/Å, and (iv) +0.4 V/Å. (v) Variation of SB in (a) GR/Janus-MGSN and (b) GR/Janus-MSGN vdWHs as a function of electric field.

Figure 5. Projected band structures of (a) GR/Janus-MGSN and (b) GR/Janus-MSGN vdWHs under different interlayer spacings of (i) −0.4 Å,
(ii) −0.2 Å, (iii) +0.2 Å, and (iv) +0.6 Å. (v) Variation of SB in (a) GR/Janus-MGSN and (b) GR/Janus-MSGN vdWHs under different interlayer
spacings.
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with the SB of 0.74 eV. Therefore, depending on the stacking
patterns, the GR/MoGeSiN4 vdWHs can form n-type ShC or
p-type ShC at the ground state. This finding is very crucial for
designing novel Schottky devices based on GR and MoGeSiN4
materials.
Furthermore, we examine the charge transfers and charge

redistribution in GR/MoGeSiN4 interface by establishing the
charge density difference as follows:

ρ ρ ρ ρΔ = − −r r r r( ) ( ) ( ) ( )vdWH GR MoGeSiN4 (5)

where ρvdWH(r), ρGR(r), and ρMoGeSiN4
(r) are charge densities of

combined vdWH, isolated GR and MoGeSiN4 monolayers,
respectively. The charge density difference of GR/Janus-
MGSN and GR/Janus-MSGN vdWHs are depicted in parts f
and g of Figure 3, respectively. Yellow and cyan regions
represent the charge accumulation and depletion, respectively.
The charges are mainly accumulated in the side of MoGeSiN4
layer for both vdWHs, whereas they are depleted in the side of
GR layer. It indicates that the MoGeSiN4 layer gains electrons
and the GR layer losses electrons, implying that the electrons
are transferred from GR to the MoGeSiN4 layers. Bader
analysis shows that there is about 0.04 e and 0.03 e transferring
from GR to Janus-MGSN and Janus-MSGN layers for the GR/
Janus-MGSN and GR/Janus-MSGN vdWHs, respectively.
As is well-known that the electronic properties, including

band structures, SBs and contact types of GR-based vdWHs
can be controlled by suitable conditions, such as strain
engineering and electric field. The controllable SBs and contact
types in GR/MoGeSiN4 vdWHs are one the most important
challenges to improve the performance of nanodevices.
Therefore, we further investigate the effects of strain
engineering by adjusting the interlayer spacings and electric
field. It is obvious that the interlayer spacings in 2D systems
can be adjusted experimentally either by thermal annealing43

with compressive strain or by inserting hexagonal BN dielectric
layers under tensile strain.44 The projected band structures
alongside with the variation of SBs with tunable electric fields
and interlayer spacings are depicted in Figure 4 and Figure 5.
From Figure 4, we can observe that the SBs of both GR/Janus-
MGSN and GR/GSGN vdWHs change linearly with the
electric field. Here, the electric field is applied along the z
direction of vdWHs and it points from the GR to the
MoGeSiN4 layers. Under the positive electric field, the ΦBn
increases, while the ΦBp decreases accordingly. Thus, for GR/
Janus-MSGN, the p-type ShC is still maintained because of the
reduction/enlargement of ΦBp/ΦBn under positive field. When
the positive field is about +0.4 V/Å, the ΦBp of GR/Janus-
MSGN vdWH is reduced to be approximately zero. It indicates
that the GR/Janus-MSGN vdWH owns the p-type OhC. For
the GR/Janus-MGSN vdWH, the transformation from n-type
to p-type ShC can be achieved when the positive field is larger
than +0.2 V/Å. On the other hand, the negative field leads to
an enlarged ΦBp and reduced ΦBn. It demonstrates that the
GR/Janus-MGSN vdWH keeps the n-type ShC under negative
electric field, whereas the transformation from p-type ShC to
n-type one can be achieved in GR/Janus-MSGN vdWH at the
negative field of −0.15 V/Å. For the GR/MGSN vdWH, the n-
type ShC can be transformed into n-type OhC when the
negative electric field is smaller than −0.4 V/Å.
To have a deeper understanding of the electric field effect on

the electronic properties of such vdWHs, we further plot their
band structures under different electric fields, as depicted in

Figure 4ii−v. One can find that the Fermi level is shifted
downward from the CBM to the VBM of MoGeSiN4 within
the electric field ranging from −0.4 to +0.4 V/Å. Such change
in the position of Fermi level results in the change in the SBs
and the contact types in the GR/MoGeSiN4 vdWHs, including
the transformation from n(p)-type to p(n)-type ShC or from
ShC to OhC.
The effects of interlayer spacings on electronic properties

and contact types of GR/MoGeSiN4 vdWHs are depicted in
Figure 5. The strain is applied by adjusting the interlayer
spacing with ΔD = D − D′, where D′ is the strained interlayer
spacing. The ΔD < 0 represents the compressive strain,
whereas the ΔD > 0 indicates the tensile strain. For the GR/
MGSN vdWH, we find that the tensile strain tends to a
reduction in ΦBn, whereas the ΦBp has increased accordingly.
The opposite change is observed under the negative electric
field. At the compressive strain of ΔD < −0.45 Å, we find that
the ΦBp is smaller than the ΦBn. In this case, the GR/MGSN
vdWH owns the p-type ShC. Thus, the n-type to p-type ShC
transformation is observed when the compressive strain of ΔD
< −0.45 Å is applied. The nature of the change in SBs and
contact types can be described by analyzing the electronic
band structures, as depicted in Figure 5ii−v. The tensile strain
leads to upshifted Fermi level toward the CBM of MoGeSiN4,
whereas the compressive strain tends to downshift the Fermi
level toward the VBM. The similar behavior of electronic
properties is also observed in GR/MSGN vdWH under
compressive and tensile strains. The transformation form p-
type to n-type ShC can be achieved in GR/MSGN vdWH at
the tensile strain of ΔD > 0.3 Å. Therefore, it is possible to
tune the SBs and contact types in GR/MoGeSiN4 vdWHs by
varying the interlayer spacings.
In summary, we have constructed the vdW heterostructures

between graphene and a new 2D Janus MoGeSiN4 material
and investigated their interfacial electronic properties and
tunable Schottky barriers and contact types using first-
principles calculations. The GR/MoGeSiN4 vdWHs are
featured by the weak vdW interactions, which are expected
to be energetically favorable and stable. Thus, they can be
easily exfoliated in future experiments. The high carrier
mobility in GR/MoGeSiN4 vdWHs makes them suitable for
high-speed nanoelectronic devices. Furthermore, our results
predict that the GR/MoGeSiN4 vdW heterostructure owns
either n-type or p-type Schottky contact depending on the
stacking patterns. Both the Schottky barriers and contact types
in GR/MoGeSiN4 vdWHs can be adjusted by strain
engineering and electric field, which tend to the transformation
from n-type to p-type Schottky contact or from Schottky to
Ohmic contact. These findings provide useful guidance for
designing controllable Schottky nanodevices based on
graphene/MoGeSiN4 heterostructures with high-performance.
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