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A B S T R A C T

Graphene-based van der Waals heterostructures by stacking graphene on other two-dimensional
materials have recently attracted much attention due to their extraordinary properties and
greatly extend the applications of the parent materials. By means of the density functional theory
from first-principles calculations, in this work, the electronic properties and Schottky contact of
the Graphene/InSe heterostructure, together with the effect of strain, are investigated system-
atically. Our results show that in the graphene/InSe heterostructure, graphene is very weakly
bound to the InSe monolayer. Furthermore, we find that due to the sublattice symmetry breaking,
a tiny band gap of 5meV is opened in the graphene/InSe heterostructure, making it suitable for
applications in electronic and optoelectronic devices. Moreover, we also find that the n-type
Schottky contact is formed in the graphene/InSe heterostructure with a very small Schottky
barrier height of 0.05 eV. The Schottky barrier height as well as Schottky contact types in the
graphene/InSe heterostructure could be controlled by vertical strain applied perpendicularly to
the heterostructure. When the interlayer distance between graphene and the topmost InSe
monolayer is smaller than 2.40 Å, one can observe a transformation of the Schottky contact of the
graphene/InSe heterostructure. Our results may provide helpful information for designing novel
high-performance graphene-based van der Waals heterostructures and explore their potential
applications in future nanoelectronic and optoelectronic devices.

1. Introduction

Since its discovery in 2004, graphene (G) has gained remarkable attraction for scientific community owing to its extraordinary
atomic, electronic, optical and transport properties, opening up the possibilities for designing novel generation of high-performance
nanoelectronic and optoelectronic devices [1–4]. However, the lack of a finite band gap makes G unsuitable for designing logic
circuits in electronic devices such as field-effect transistors (FETs) [5]. Thus, in order to use G for application in electronic devices, it
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is necessary to creat its finite band gap. Up to date, there exist many efforts to modify a band gap in G, such as adsorption [6], size
effect [7], functionalization [8].

In parallel with those mentioned efforts, scientists are recently seeking G-related two-dimensional (2D) materials, which can be
used for designing novel high-performance electronic devices. These materials include hexagonal boron nitride (hBN) [9,10],
transition metal dichalcogenides (TMDs) [11–14], phosphorene [15,16]. Very recently, a new type of 2D metal dichalcogenide
materials, indium selenides (InSe) has been synthesized experimentally [17], showing its potential applications [18–20]. It is clear
that in the bulk form, InSe is a semiconductor with a band gap of 1.26 eV [21]. The band gap of InSe crystal decreases with increasing
the number of layers owing to quantum confinement [22,23]. Each unit cell of InSe monolayer consists of four covalently bonded Se-
In-In-Se atoms. The electronic, magnetic and transport properties of InSe crystals with various allotropes such as bulk, monolayer,
and few-layers, have been widely studied both experimentally and theoretically [20,22–24]. For instance, Feng and his co-workers
[19] have demonstrated experimentally FET based on InSe multilayer with a high field effect mobility up to 1000 cm2V−1s−1 at the
room temperature. Lei and his co-workers [18] have introduced a thin film photodetector with a high photoresponsivity of 34.7 mA/
V and a response time of 448 μs. Besides, Debbichi and co-workers [25] have theoretically shown that the band gap of InSe crystal can
be transformed from indirect to direct band gap, making it a suitable material for new technology such as the transistors.

Currently, G-based van der Waals (vdW) heterostructures by stacking the G layer on other 2D materials have received con-
siderable interest owing to their outstanding electronic, optical, and thermodynamic properties, which may not occur in parent
components. Many G-based vdW heterostructures have recently been studied both experimentally and theoretically. To date, the
electronic properties of the combination between G and other metal chalcogenides III-VI compounds, such as G/GaSe [26–28] has
theoretically studied. However, the electronic properties and Schottky contact in G/InSe heterostructure have not yet been studied
theoretically. Furthermore, a vertical G/InSe heterostructure has been fabricated successfully by mechanically stacking 2D crystals
[24]. The results showed that the photodetector based on G/InSe heterostructure has a high photoresponsivity (up to 105 AW−1).
Therefore, it is necessary to study in details the physical properties of G/InSe heterostructure to better understand the physical
mechanisms in the graphene-based 2D vdW heterostructures. In this paper, by means of the density functional theory, we system-
atically investigate the electronic properties of G/InSe heterostructure, as well as the effect of the interlayer coupling on its electronic
properties and Schottky barrier height. The results show a useful information to design and fabricate nanoelectronic and optoelec-
tronic devices based on the G vdW heterostructures.

2. Computational methodology

In the present work, all of our geometric optimization and electronic properties of the G/InSe heterostructure are performed by
using first principles calculation based on density functional theory (DFT), that implemented in the simulated Quantum Espresso
package [29]. The generalized gradient approximation (GGA) of Perdew-Burk-Ernzerhof (PBE) scheme was used to describe the
exchange and correlation potential. Additionally, the projected augmented wave (PAW) potential [30] was also used to describe the
electron–ion potential. For the plane wave expansion, the kinetic cut-off energy of 500 eV is used in this work. In order to obtain the
geometric lattice parameters of all considered systems, we use the first Brillouin zone (BZ) sampling with 12×12×1 Mon-
khorst–Pack k–point grid, and the BZ sampling with 9× 9×1 k-point grid to perform all the electronic properties calculations. In the
present work, the DFT-D2 method proposed by Grimme (DFT-D2) [31] was adopted for describing correctly the non-bonding in-
teraction, existing in the heterostructure. Notice that a semi-empirical dispersion potential was added to the conventional DFT energy
in the DFT-D2 method. To avoid artificial interactions with spurious replica images we used a large vacuum region of 20 Å. All
geometric structures are fully relaxed until energy and forces are converging to 10−6 eV and 0.001 eV/Å, respectively.

3. Results and discussion

Firstly, we design the atomic structure of combining G/InSe heterostructure by using a (2×2) supercell of the InSe monolayer
with 8 In atoms and 8 Se atoms and a (3×3) supercell of G with 36 C atoms. The combining G/InSe heterostructure after full
geometric relaxation is illustrated in Fig. 1. Notice that in this work, we have considered various stacking configurations of the G/InSe
heterostructure. Our results showed that the stacking configuration considered here of the G/InSe heterostructure is the most en-
ergetically favorable configuration owing to its lowest total energy. It is well known that electronic properties of InSe monolayer are
very sensitive to other external conditions, such as strain [32], thus to design the G/InSe heterostructure we keep the lattice para-
meters of InSe monolayer fixed, and stretch the lattice parameters of G layer. The lattice mismatch between InSe layer and G layer in
the G/InSe heterostructure is small of about 3%. Such small lattice mismatch has no significant effect on the electronic structure
[33,34]. Our calculated equivalent interlayer distance d between graphene layer and the topmost InSe layer is 3.34 Å. We find that
this distance is in the same order of magnitude as the interlayer distances in other vdW G-based heterostructures, such as G/P
[35,36], G/WSe2 [37], G/MoS2 [38,39], G/ZnO [40]. Thus, the interaction between G and InSe in the G/InSe heterostructure is a
typical vdW interaction. Moreover, in order to determine the stability of the G/InSe heterostructure, we also calculate its binding
energy as follows: = − −E E E E N[ ]/b G InSe G InSe/ , where EG InSe/ , EG, and EInSe are the total energy of the G/InSe heterostructure, the
freestanding G, and the isolated InSe monolayer, respectively. N is the number of carbon atoms in the heterostructure. Our calculated
binding energy per carbon atom in the G/InSe heterostructure is −40meV. It is interesting to note that the value of such binding
energy has the same order of magnitude as that in other vdW graphene-based heterostructures, such as G/P [35,36], G/WSe2 [37], G/
MoS2 [38,39], G/ZnO [40]. From the above mentioned point, one can conclude that in the G/InSe heterostructures, the G is bound to
the InSe monolayer by the weak vdW interaction.
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In addition, in order to study systematically the electronic properties of G/InSe heterostructure, we calculate the band structures
of the freestanding G and the isolated InSe monolayer, as shown in Fig. 2(a) and (b), respectively. It can be seen that at the
equilibrium state, the freestanding G has a zero band gap with the linear dispersion, which crosses the Fermi level at the high
symmetry Dirac K point. Unlike graphene, the InSe monolayer is an indirect semiconductor with a band gap of 1.54 eV, forming
between the conduction band minimum (CBM) at the Γ point and the valence band maximum (VBM) at the Γ–K path, as shown in
Fig. 2(b). This result is in good agreement with the previous results [23,32,41,42]. The projected band structure of the combining G/
InSe heterostructure is shown in Fig. 2(c). We find that in comparison with the band structures of the freestanding G and the isolated
InSe monolayer, the electronic band structure of the G/InSe heterostructure seems to be a sum of those. It means that the electronic
properties of the G/InSe heterostructure are well preserved upon contact. The reason is due to the weak vdW interaction, occurring
between the G and InSe layers in the G/InSe heterostructure as we have mentioned above. Moreover, we find that in the freestanding
form, InSe monolayer is a p-type semiconductor, whereas it becomes an n-type semiconductor in the G/InSe heterostructure. The
nature of this transformation can be explained via the position of Fermi energy level, corresponding to the CBM and VBM of the G/
InSe heterostructure. One can observe that the Fermi level in the G/InSe heterostructure shifts upwards from the VBM to the CBM of
the InSe semiconductor, resulting in a transformation from the p-type to the n-type behavior.

In order to provide a more in-depth view of the charge transfer between the G and InSe layers, in Fig. 3 we show the electrostatic
potential and the charge density difference of the G/InSe heterostructure at the equilibrium interlayer distance =d 3.34 Å along the z-
direction. One can firstly observe from Fig. 3(a) that the G layer has a deeper electrostatic potential than that of the InSe layer,
resulting in a large potential drop across the z-direction of the heterostructure. A large potential drop across the z-direction of the
considered heterostructure here is 26.5 eV. In addition, it should be noted that a large potential drop in the G/InSe heterostructure
affects strongly on the carrier dynamics and charge injection and thus may affect on the performance of the graphene-based na-
noelectronic devices. When graphene stacked on the InSe monolayer, one can observe that the charge is redistributed in the G/InSe
heterostructure. Thus, it is necessary to understand the charge transfer mechanism and the effect of the interface dipole in the G/InSe
heterostructure. In Fig. 3(b and c) we present the charge density difference between the G layer and InSe layer in the considered
heterostructure. The charge density difference can be visualized as follows: = − −ρ ρ ρ ρΔ G InSe G InSe/ , where ρG InSe/ , ρG, and ρInSe,
respectively, are the charge densities of the G/InSe heterostructure, the freestanding G layer, and isolated InSe monolayer. We find
that at the equilibrium interlayer distance d=3.34 Å, charge accumulated in the InSe layer, and depleted in the G layer, indicating

Fig. 1. (a) Top view and (b,c) side views of the relaxed atomic structure of the G/InSe heterostructure.
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that charge transferred from the G layer to the InSe monolayer.
Interestingly, we find that the Schottky contact type can be formed in the G/InSe heterostructure. Based on the Schottky–Mott

model, which was presented earlier by Bardeeen [43] for metal/semiconductor heterostructure, an n-type Schottky barrier height
(SBH) defining by ΦB n, can be calculated by the energy difference between the Fermi level, EF , and the CBM, ECBM , that is

= −E EΦB n CBM F, . Whereas, a p-type SBH defining by ΦB p, is calculated as the energy difference between the EF and the VBM, that is
= −E EΦB p F VBM, . For the semiconducting InSe, we find that the sum ΦB n, and is approximately equal to the Eg. At the equilibrium

state, the G/InSe heterostructure forms an n-type Schottky contact with a very small SBH of 0.05 eV. The p-type SBH of the G/InSe
heterostructure is 1.48 eV. Moreover, the work function of graphene is calculated as 4.56 eV, while the electron affinity of the InSe
monolayer is calculated to be 4.55 eV. It indicates that the work function of the G is very close to the electron affinity of InSe
monolayer, forming an n-type Schottky contact. Additionally, a tiny band gap of 5meV is opened around the Fermi level of the G in
the G/InSe heterostructure, making it suitable for application in electronic devices.

We next investigate the effect of the interlayer distance on the electronic properties and the Schottky barrier of the G/InSe
heterostructure. It should be noted that the vertical strain applied perpendicularly to the heterostructure, which has widely used to
control the electronic properties and Schottky contact of the vdW heterostructures, can be easily achieved by experimental techni-
ques. Thus, the study of the effect of vertical strain on their properties of the G/InSe heterostructure plays an important role for
designing novel high-performance Schottky devices in the future. The vertical strain is applied by varying the interlayer distance d. In
Fig. 4(a) we present the dependence of the SBH on the interlayer distance d. We find that the SBH of the G/InSe heterostructure can
be controlled by changing the interlayer distance d. It can be seen from Fig. 4(a) that with decreasing the interlayer distance d, the n-
type SBH increases, whereas the p-type SBH decreases. Moreover, when the interlayer distance d is smaller than 2.40 Å, the n-type
SBH becomes larger than that of the p-type, resulting in a transition of the Schottky contact from the n-type to the p-type. It implies
that the vertical strain d can control not only the SBH but also the Schottky contact types. Fig. 4(b) we present the electrostatic
potential of the G/InSe heterostructure as functions of the interlayer distance d. One can observe that with decreasing the interlayer
distance d more electrons are transferred from the G layer to the InSe layer, resulting in an enhancement of the interlayer interaction
between the G layer and InSe layer in the G/InSe heterostructure.

In order to have a deeper insight to the electronic properties of the G/InSe heterostructure under vertical strain, we further
consider its band structures under different strains, as shown in Fig. 5. It can be seen that with increasing the interlayer distance d
from 2.40 Å to 4.28 Å, the Fermi level shifts upwards from the valence band to the conduction band of the semiconducting InSe,
resulting in a decrease in the n-type SBH of the G/InSe heterostructure from 0.82 eV to 0.01 eV, respectively. Similarly, with

Fig. 2. Calculated band structures and projected density of states in (a) freestanding G, (b) isolated InSe monolayer, and (c) G/InSe heterostructure.
The Fermi level is set to be zero. The red and black lines in Fig. 2 (c) correspond to the projected bands of graphene and InSe layer in the G/InSe
heterostructure, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this
article.)
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increasing the interlayer distance, the Fermi level moves upwards from the valence band to the conduction band of the semi-
conducting InSe, resulting in an increase in the p-type SBH of the G/InSe heterostructure. The corresponding p-type SBH of the G/InSe
heterostructure at the interlayer distance of 2.40 Å, 3.34 Å, and 4.28 Å is 0.71 eV, 1.48 eV, and 1.52 eV, respectively. Additionally, we
find that at the interlayer distance d=2.40 Å, the n-type SBH becomes larger than that of the p-type in the G/InSe heterostructure. It
means that a transformation of the Schottky contact in the G/InSe heterostructure from the n-type to the p-type was observed when
the interlayer distance d is smaller than 2.40 Å. The nature of this transformation can be understood as follows: when the interlayer
distance decreases, the interaction between the G and InSe layers in the G/InSe heterostructure is stronger, resulting in more
electrons transfer from the G layer to the InSe layer. With increasing the interlayer distance to 4.28 Å, the n-type SBH decreases to
0.01 eV, whereas the p-type SBH increases to 1.52 eV. Although the n-type SBH of the G/InSe heterostructure decreases to a very

Fig. 3. (a) Electrostatic potential of the G/InSe heterostructure along the z-direction and (b) top and side views of the charge density difference of
the G/InSe heterostructure along the z-direction at the equilibrium state. Red and blue isosurfaces correspond to the accumulation and depletion of
electronic densities. The isovalue is set to be 2× 10−4 e/Å3. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 4. The dependence of (a) the Schottky barrier height and (b) the electrostatic potential on the interlayer distance of the G/InSe heterostructure.
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small of 0.01 eV when the interlayer distance increases to 4.28 Å, however, it is challenging to observe the transition from Schottky
contact to the Ohmic contact in the G/InSe heterostructure by applying only vertical strain. Thus, with increasing the interlayer
distance d, the G/InSe heterostructure keeps an n-type Schottky contact, but it is transformed to a p-type Schottky contact when the
interlayer distance d is smaller than 2.40 Å. This transformation of the Schottky contact in the G/InSe heterostructure from the n-type
to the p-type plays an very important role for designing the Schottky devices based on the G/InSe heterostructure.

4. Conclusions

In summary, we have investigated systematically the electronic properties and Schottky contact of the vdW graphene-based
heterostructure by combining the graphene and the InSe monolayer using DFT calculations. Our results showed that the interaction
between the graphene and the InSe monolayer is the weak vdW interaction, with the interlayer distance between the graphene and
the topmost InSe monolayer of 3.34 Å, and the binding energy of−40meV per carbon atom. Additionally, the G/InSe heterostructure
represents a metal/semiconductor heterostructure and forms an n-type Schottky contact with a small SBH of 0.05 eV. The effect of
vertical strain applied in the G/InSe heterostructure by varying the interlayer distance d has also been considered. The results showed
that the vertical strain can modulate both the SBH and the Schottky contact types in the G/InSe heterostructure. A transformation
from the n-type Schottky contact to the p-type one was observed in the G/InSe heterostructure when the interlayer distance d is
smaller than 2.40 Å.
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