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1 Introduction

Two-dimensional van der Waals graphene/
transition metal nitride heterostructures as

promising high-performance nanodevices
Khang D. Pham,?® Cuong Q. Nguyen,*<® C. V. Nguyen, {2 ¢ Pham V. Cuong' and
Nguyen V. Hieu*®

Graphene-based van der Waals (vdW) heterostructures have attracted much attention because they can
enhance the properties of separated materials, possess numerous new phenomena and unusual
properties and improve the performance of devices. Motivated by the successful fabrication of single-
layer transition metal nitrides (TMNs) [Science, 2020, 369, 670], we investigate the interfacial properties
of heterostructures formed by stacking graphene (GR) on two different TMN monolayers, MoGe,;Ny4
(MGN) and MoSi>N4 (MSN). Both the GR/MGN and GR/MSN heterostructures are characterized by weak
vdW interactions, which preserve the intrinsic electronic properties of both the GR and TMN
monolayers. The GR/MGN heterostructure forms an n-type Schottky contact, while a p-type Schottky
contact is formed at the GR/MSN interface. Both the barrier and contact types in the GR/MGN
heterostructure are sensitive to the electric gating and interlayer coupling. The transformation from
an n-type Schottky contact to a p-type one or to an n-type ohmic contact can be achieved in the
GR/MGN heterostructure by applying electric gating. In addition, adjusting the interlayer spacings
between the GR and MGN layers leads to a transition from n-type to p-type Schottky contact.
Our findings demonstrate that the GR/TMN heterostructures can be considered as promising
high-performance nanodevices.

spintronics applications. However, despite their advantages, most
of these 2D materials have some drawbacks that may limit their

Graphene (GR)' and other two-dimensional (2D) materials®®
have attracted considerable interest from the research community
owing to their intriguing properties and wide range of applica-
tions. For instance, an ultrahigh carrier mobility of graphene'®
makes graphene an excellent candidate for nano-electronic
devices, such as field effect transistors'™'* and ultrafast
photodetectors.”® The strong spin-orbit coupling in layered
transition metal dichalcogenides'*"® makes them suitable for
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applications in many high speed nanodevices. For example, the
absence of a sizable band gap in graphene has narrowed its
applications in FETs."' Therefore, opening a band gap in
graphene is one of the most interesting topics in recent years.
Nowadays, there are a lot of methods that can be demonstrated
for band gap opening in graphene, including doping,'®
functionalization'” and creating heterostructures.'*** Among
these, constructing heterostructures by stacking graphene on
the surface of various 2D materials is a powerful strategy to
improve the performance of the graphene-based devices.>*2°
For instance, Sun et al.”’ investigated theoretically the combination
between graphene and blue phosphorene. They showed that
graphene/blue phosphorene possesses a Schottky contact, which
can be tuned by applying an electric field. In addition, the electro-
nic properties of graphene/GaN heterostructures have also been
investigated using density functional theory.”® The transition from
n-type to p-type Schottky contact in graphene/GaN heterostructures
makes them suitable for the design of Schottky devices.
Wang et al*® predicted that the graphene/GeC heterostructure
forms a p-type Schottky contact. Also, this contact can be tuned
into an ohmic contact by changing the interlayer coupling. All these
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results indicate that the graphene-based heterostructures are a
promising candidate for the design of future nanodevices.
In addition, it should be mentioned that graphene-based vdwW
heterostructures can also be synthesized experimentally by
different common strategies, including the transfer method,***"
chemical vapor deposition®” or molecular beam epitaxy.'®
Recently, a new kind of 2D material, transition metal nitride
(TMN), has received more tremendous attention from the
scientific community.**** Very recently, Hong et al.*® successfully
realized a novel 2D MoSi,N,; (MSN) high-quality monolayer
using a chemical vapor deposition (CVD) approach. The atomic
structure of monolayer MSN is composed of a MoN, monolayer
sandwiched by two Si-N bilayers. Furthermore, Mortazavi and
co-workers®* performed first-principles calculations of the sta-
bility and electronic properties of MA,N,, where M stands for a
transition metal, and A represents the Si or Ge atoms. They
showed that all these TMN monolayers can be used for designing
and fabricating optoelectronic and photocatalytic nanodevices
owing to their appropriate band edge positions and strong
visible light absorption. Following these intrinsic properties of
TMN monolayers, we will focus on the structural and electronic
properties of vdW heterostructures, formed by combining GR and
TMN monolayers. Our results demonstrate that the GR/MGN
heterostructure forms an n-type Schottky contact with a barrier
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of 0.63 eV, while a p-type Schottky contact with a barrier of 0.96 eV
is formed at the GR/MSN interface. This implies that the GR/MGN
heterostructure-based nanodevices can provide better performance
than the GR/MSN heterostructure-based devices. The barrier
and contact types in the GR/MGN heterostructure are known to
be very sensitive to the electric gating and interlayer coupling.
Our findings could provide helpful guidance for the design
and fabrication of next-generation electronic devices based on
GR/TMN heterostructures.

2 Computational methods

All calculations in this work are performed through density
functional theory (DFT), which is implemented in the simulated
Quantum Espresso package.’®*” The Perdew-Burke-Ernzerhof
(PBE) functional in the framework of the generalized gradient
approximation (GGA®®) is used to describe the correlation—
exchange energy. Whereas, the projected augmented wave (PAW)
pseudopotentials®® are adopted to describe the ion—electron
bonding. The energy cutoff is calculated to be 500 eV for all
calculations, which were fully optimized. The convergence for
force and energy are chosen to be 1072 eV A™* and 107° eV,
respectively. The Brillouin zone (BZ) integration is sampled
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Fig. 1

(a—c) Top, side and front views of the relaxed atomic structure of MoA,;N4 (A = Ge, Si) monolayers. The band structures of (d) MGN and (e) MSN

monolayers calculated by the PBE and HSEO6 methods. The Fermi level is set to be zero. The phonon dispersion curves of (f) MoGe,N,4 and (g) MoSi>N4

monolayers.
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within a 9 X 9 x 1 k-point mesh. For avoiding the bonding
between the periodic sublayers, we set a large vacuum thickness
of 25 A. The Heyd-Scuseria-Ernzerhof hybrid functional (HSE06)
is also used to obtain more accurate value of the band gap.
The weak vdW bondings in heterostructures are described by
adding the vdw dispersion in DFT-D3 approximation.*® Dipole
correction was applied in all the calculations.

3 Results and discussion

The atomic structure of MoA,N, (A = Ge, Si) monolayers is
illustrated in Fig. 1(a-c). One can observe that both the
MoGe,N, (MGN) and MoSi,N, (MSN) monolayers have the
same space group of P6m1 with a hexagonal crystal. The crystal
of MoA,N, monolayers is composed of a MoN, monolayer
sandwiched by two buckled A-N bilayers. This indicates that
the MoA,N, monolayers consist of 7 layers, including 4N layers,
2Si layers and 1Mo layer. The thickness of the MoA,N, mono-
layer is 10.60 A in the case of A = Ge and 10.12 A with A = Si. The
optimized lattice parameters of the MGN and MSN monolayers
are 3.01 A and 2.90 A, respectively. These values are in good
agreement with the previous reports.>* Both the MGN and MSN
monolayers possess indirect semiconductors. The calculated
band gaps of MGN and MSN are 1.03/1.42 eV and 1.81/2.38 eV,
respectively, obtained from the PBE/HSE06 method. One can
observe that the indirect band gaps of the MGN and MSN

GR
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monolayers are formed by the valence band maximum (VBM) at
the I' point and the conduction band minimum (CBM) at the
K point. Furthermore, both the PBE and HSE06 methods
predict the same trend in the band structures of the considered
monolayers expect for the band gap values. In addition, we find
that the band gap value of the MSN monolayer calculated by the
PBE method is closer to the experimental report of 1.94 eV.*
Therefore, we further perform all the next calculations using
the PBE method. The calculated phonon dispersion curves of
both these monolayers shown in Fig. 1(f) and (g) confirm their
dynamic stability owing to the lack of negative frequencies at
the I" point.

We now construct the atomic structure of vdW heterostructures
between GR and MGN (MSN) monolayers. Due to the difference
in the lattice parameters between GR and MGN (MSN)
monolayers, we use a supercell, which consists of a (2 x 2)
GR and a (v3 x v/3) MGN (MSN). The optimized lattice
parameters of GR/MGN and GR/MSN heterostructures are
4.97 A and 4.87 A, respectively. This indicates that the lattice
mismatch in the GR/MGN and GR/MSN heterostructures is
1.80% and 1.65%, respectively. The top and side views of the
optimized atomic structures of GR/MGN and GR/MSN are
illustrated in Fig. 2. In this stacking configuration, one nitrogen
atom in the MSN layer is located directly below the center of the
GR hexagonal ring and another nitrogen atom is placed directly
below the carbon atom. After the geometric optimization, the
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(a) Top and side views of the optimized atomic structure of GR/MGN (GRM/MSN). Yellow balls represent the carbon atom. Cyan, violet and green

balls stand for the nitrogen, silicon and molybdenum atoms, respectively. The projected band structures of (b) isolated GR, (c) the GR/MGN
heterostructure and (d) an isolated MGN monolayer. (e) The band diagram and (f) the charge density difference of the GR/MGN heterostructure.
The yellow and cyan regions represent the charge accumulation and depletion, respectively. The isosurface of the charge density difference is set to be

Ix107%e A3
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interlayer spacing between the GR and the topmost nitrogen
layer is obtained, which is 3.38 A for GR/MGN and 3.16 A for
GR/MSN.

We now investigate the electronic properties of both the GR/
MGN and GR/MSN heterostructures, as depicted in Fig. 2 and 3,
respectively. The projected band structures of isolated (2 x 2)
GR, GR/MGN and isolated (v/3 x v/3) MSN are displayed in
Fig. 2(b-d). The isolated GR preserves the dispersion Dirac cone
around the Fermi level. However, this cone is shifted from the
K point in perfect graphene into the M point in its supercell
form owing to the band folding effect."’ This effect was also
observed in other graphene-based heterostructures.**?
In addition, the isolated MGN and MSN monolayers exhibit
n-type and p-type doping semiconductors, as illustrated in
Fig. 2(d) and 3(c), resspectively. The strained MGN and MSN
monolayers are direct semiconductors with the size of the band
gaps of 2.16 eV and 2.45 eV, respectively. The electronic band
structures of GR/MGN and GR/MSN are displayed in Fig. 2(c)
and 3(b), respectively. The electronic band structures of GR,
MGN and MSN monolayers are well preserved in their
combined heterostructures. This finding shows that the combined
GR/MGN and GR/MSN heterostructures can have the intrinsic
properties of monolayers.

In order to confirm the structural stability of such hetero-
structures, we further establish the binding energy as follows:

Evawn — EGr — EMGN/MSN

Ey, = N (1)

here, E,qwn is the total energy of the combined GR/MGN or

GR GR/MSN MSN

Energy (eV)

p-type Schottky contact
,

vaW gap

p-type semiconductor

Fig. 3 The projected band structures of (a) isolated GR, (b) the GR/MSN
heterostructure and (c) an isolated MSN monolayer. (d) The band diagram
and (e) the charge density difference of the GR/MSN heterostructure.
The yellow and cyan regions represent the charge accumulation and
depletion, respectively. The isosurface of the charge density difference is
settobe 3 x 107* e A3,
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GR/MSN heterostructure. Eggr, Emgn and Eygy are the total
energy of isolated GR, MGN and MSN monolayers, respectively.
N = 8 stands for the number of carbon atoms in the calculated
supercell of the heterostructures. The binding energy of the
GR/MGN and GR/MSN heterostructures is calculated to be
—49.14 meV per C atom and —24.86 meV per C atom, respectively.
One can find that these values are comparable with those in other
graphene/2D heterostructures,** which are typical weak vdW
interactions. This indicates that both the GR/MGN and GR/MSN
heterostructures are mainly characterized by the weak vdW inter-
actions rather than chemical bonding. The weak vdW interactions
in the GR/TMN heterostructures result in the formation of the
weak Fermi level pining at the interfaces.

More interestingly, when the contact of GR/MGN and
GR/MSN is formed, it tends to the formation of the Schottky
or ohmic contact at the interface. One can observe from the
projected band structures of GR/MGN (see Fig. 2(c)) and
GR/MSN (see Fig. 3(b)) that the Fermi level of the GR layer lies
between the VB and CB of semiconducting MGN and MSN
layers, resulting in the formation of a Schottky contact in both
the GR/MGN and GR/MSN heterojunctions. Due to the weak
vdW interactions, the Schottky contact in such heterostructures
is characterized by the Schottky barrier of n-type and p-type,
which can be established by the Schottky-Mott rule*’ as
follows: @, = Ecg — Er and @, = Ep — Eyg. The band diagrams
of the GR/MGN and GR/MSN heterostructures are displayed in
Fig. 2(e) and 3(d), respectively. The calculated @, and &, for the
GR/MGN heterostructure are 0.63 eV and 1.54 eV, respectively,
while they respectively are 1.49 eV and 0.96 eV for the GR/MSN
heterostructure. This demonstrates that the GR/MGN forms the
n-type Schottky contact because the @, barrier is smaller than
that of @, while the GR/MSN heterostructure forms the p-type
Schottky contact with the @,, barrier enlarged compared to the
&,,. In addition, one can find that the Schottky barrier at the
GR/MGN interface is smaller than that at the GR/MSN interface,
demonstrating that GR/MGN heterostructure-based nano-
devices can provide better performance than the GR/MSN
heterostructure-based devices.

Furthermore, to understand the charge transfer mechanism
in these heterostructures, we calculate the charge density
difference as: Ap = pyawn — PGr — Pmcn/msN, WheEre puawm,
Pcr, and pumen/msn, respectively, are the total energy of the
GR/MGN or GR/MSN heterostructure, isolated GR and
MGN/MSN monolayers. The yellow and cyan regions represent
the electron gain and loss, respectively, as illustrated in Fig. 2(f)
and 3(e). This demonstrates that the charges are accumulated
in the MGN and MSN layers, whereas they are depleted in the
GR layer. The Bader charge analysis demonstrates that there are
only 0.003 e transferred from the GR layer to the MGN and MSN
layers.

Furthermore, we investigate the ability to modify the Schottky
barrier and contact in the heterojunction formed between
GR and MGN or MSN monolayer by adjusting the interlayer
coupling or applying electrical gating. Due to the lower Schottky
barrier of the GR/MGN heterostructure compared to GR/MGN,
we further focused on the GR/MGN heterostructure. We believe

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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Fig. 4 The projected band structure of the GR/MGN heterostructure
under different strengths of electric field, ranging from (a) —0.3 V A™%, to
(b) —02 VA () 01V AT (d) +01 V AL (e) +0.2 V A and (f)
+0.3V A7 The Fermi level is set to zero. The red and blue lines represent
the contributions of the GR and MGN layers, respectively.

that the same trend will occur in the GR/MSN heterostructure.
The electronic structures of GR/MGN heterostructures under
different strengths of electric gating are depicted in Fig. 4. The
electric gating is applied along the z direction of the hetero-
structure with the range from —0.3 V A~ to +0.3 VA. From
Fig. 4(a—c), we observe that applying negative electric gating
leads to the shift in the Fermi level of graphene from the CB
to VB of the semiconducting MGN layer. This implies that the
negative electric gating tends to an increase in the n-type barrier,
whereas the p-type barrier has decreased accordingly. The linear
variation in the Schottky barrier of the GR/MGN heterostructure
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is depicted in Fig. 5(a). Due to such linear change of the Schottky
barrier, the n-type barrier is larger than the p-type one when the
electric gating is more negative than —0.3 V A™". This indicates
that the transformation from n-type to p-type Schottky contact
can be achieved at the GR/MGN interface when the negative
gating is applied. Consequently, the Fermi level of graphene is
shifted upwards from the VB to the CB of the semiconducting
MGN layer if the positive gating is used, as depicted in Fig. 4(d-f).
This implies that the positive gating tends to a decrease in the
n-type barrier, while the p-type barrier increases accordingly, as
depicted in Fig. 5(a). Following the linear decrease in the n-type
barrier, we can find that such a barrier can reach a zero or
negative value when the gating is more positive than +0.46 VA~
This finding shows that the n-type Schottky contact in GR/MGN
can transform into an n-type ohmic contact when the positive
electric gating of +0.46 V A" is applied. Therefore, we can
conclude that both the Schottky barrier and contact types of
the GR/MGN heterostructure are very sensitive to the external
electric gating with the transformation from n-type Schottky
contact to the p-type one or to n-type ohmic contact.

Next, we consider the effect of interlayer spacing on the
contact barriers and types of GR/MGN heterostructure. The
variation of the Schottky barrier of the GR/MGN heterostructure
as a function of interlayer spacing is depicted in Fig. 5(b).
We find that with decreasing the interlayer spacings from
4.28 A to 2.78 A, the @, increases from 0.33 eV to 1.16 eV,
respectively, while the @, decreases accordingly from 1.85 eV to
0.94 eV. It should be noted that the binding energy of the
GR/MGN heterostructure at the interlayer spacing of 4.28 A is
calculated to be —13.75 meV per C atom, confirming the
structural stability of such heterostructure. Interestingly, we
find from Fig. 5(b) that when the interlayer spacing is shorter
than 2.8 A, the &, is shorter than the @,, indicating the
transformation from an n-type Schottky contact to a p-type one
in the GR/MGN heterostructure. The projected band structures
of the GR/MGN heterostructure under different interlayer
spacings are depicted in Fig. 6. With increasing interlayer

(b) 24 T T T T

1.8 1
% |
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o -~ ®, |
o - Eg
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Fig. 5 The variations of the n-type and p-type barriers of the GR/MGN heterostructure as a function of (a) electric field and (b) interlayer spacing.
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(e) 4.28 A. Red and blue lines represent the contributions of GR and MGN layers in their GR/MGN heterostructure.
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spacing, the Fermi level of the GR layer moves upwards from the
VB to the CB of the semiconducting MGN layer. In this way, the
&, increases with the increasing interlayer spacing, whereas the
@, decreases accordingly. At the interlayer spacing of 2.78 A the
Fermi level of the GR layer is closer to the CB than the VB of the
MGN layer, demonstrating the the GR/MGN heterostructure
forms a p-type Schottky contact. Therefore, by adjusting the
interlayer spacing between the GR and MGN layers in the
GR/MGN heterostructure, the transformation from n-type to
p-type Schottky contact can be achieved. It should be noted that
the underlying mechanism for the transition for the transition
from n-type to p-type Schottky contact or to ohmic contact under
electric field and strain engineering can be established by
analyzing the charge transfers between GR and MGN layers.
For instance, when the interlayer spacing is decreased, the
interactions between the GR and MGN layers are strengthened.
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Fig. 7 The projected band structures of the GR/MGN heterostructure

under different in-plane biaxial strains of (a) —6%, (b) —3%, (c) +3% and

(d) +6%. (e) The evaluation of the Schottky barrier of the GR/MGN

heterostructure as a function of in-plane biaxial strain.
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Thus, more electrons will transfer from the GR layer to the MGN
layer. This transportation leads to the shift of the GR’s Fermi
level closer to the VBM of the MGN layer, thus leading to the
transition from an n-type Schottky contact to a p-type one.

The effect of in-plane biaxial strain on the contact barrier
and contact type of the GR/MGN heterostructure was also
investigated. One can observe from Fig. 7 that the electronic
properties, including the Schottky barriers and contact types of
the GR/MGN heterostructure are significantly changed under
biaxial strains. The p-type barrier of the GR/MGN heterostructure
is decreased with the strain range of —6% to 6%. Whereas, the
n-type barrier of the GR/MGN heterostructure is increased when
the compressive biaxial strain is smaller than —2%. This barrier
is continuously decreased when the large compressive strain is
applied. On the other hand, the tensile biaxial strain leads to a
decrease in the n-type Schottky contact. When the tensile strain
reaches +6%, the n-type Schottky barrier reaches 0 eV, implying
that the GR/MGN heterostructure transforms from an n-type
Schottky contact to an n-type ohmic contact. The above results
show that both the contact barriers and contact types of the
GR/MGN heterostructure can be controlled by applying in-plane
biaxial strains.

4 Conclusions

We have investigated systematically the electronic properties of
heterostructures formed between GR and transition metal
nitrides, including MoGe,N, and MoSi,N, monolayers. The
weak vdW interactions in the GR/TMN heterostructures preserve
the intrinsic electronic properties of both the GR and TMN
monolayers. We found that the GR/MGN heterostructure forms
an n-type Schottky contact with a barrier of 0.63 eV, while a
p-type Schottky contact with a barrier of 0.96 eV is formed at the
GR/MSN interface. Both these heterostructures are structurally
stable, and thus, they can be fabricated easily in a recent
experiment. The barrier and contact types in the GR/MGN
heterostructure are known to be very sensitive to the external
conditions, including external electric gating and interlayer
coupling. The transformation from an n-type Schottky contact
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to a p-type one or to an n-type ohmic contact can be achieved in
the GR/MGN heterostructure under applying electric gating.
In addition, adjusting the interlayer spacings between the GR
and MGN layers leads to a transition from n-type to p-type
Schottky contact. Our findings could provide helpful guidance
for the design and fabrication of next-generation electronic
devices based on GR/TMN heterostructures.
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