
Accepted Manuscript

Out-of-plane strain and electric field tunable electronic properties and Schottky
contact of graphene/antimonene heterostructure

Huynh V. Phuc, Nguyen N. Hieu, Bui D. Hoi, Le T.T. Phuong, Nguyen V. Hieu,
Chuong V. Nguyen

PII: S0749-6036(17)32189-4

DOI: 10.1016/j.spmi.2017.10.011

Reference: YSPMI 5305

To appear in: Superlattices and Microstructures

Received Date: 15 September 2017

Revised Date: 11 October 2017

Accepted Date: 12 October 2017

Please cite this article as: H.V. Phuc, N.N. Hieu, B.D. Hoi, L.T.T. Phuong, N.V. Hieu, C.V. Nguyen,
Out-of-plane strain and electric field tunable electronic properties and Schottky contact of graphene/
antimonene heterostructure, Superlattices and Microstructures (2017), doi: 10.1016/j.spmi.2017.10.011.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to
our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.

https://doi.org/10.1016/j.spmi.2017.10.011


M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Out-of-plane strain and electric field tunable

electronic properties and Schottky contact of

graphene/antimonene heterostructure

Huynh V. Phuc a, Nguyen N. Hieu a, Bui D. Hoi b, Le T. T. Phuong b,

Nguyen V. Hieu c, Chuong V. Nguyen d,∗

aInstitute of Research and Development, Duy Tan University, Da Nang, Viet Nam

bDepartment of Physics, University of Education, Hue University, Hue, Viet Nam

cDepartment of Physics, Da Nang University of Education, Da Nang, Viet Nam

dDepartment of Materials Science and Engineering, Le Quy Don Technical University,

Ha Noi, Viet Nam

Abstract

In this paper, the electronic properties of graphene/monolayer antimonene (G/m-Sb) het-

erostructure have been studied using the density functional theory (DFT). The effects of

out-of-plane strain (interlayer coupling) and electric field on the electronic properties and

Schottky contact of the G/m-Sb heterostructure are also investigated. The results show that

graphene is bound to m-Sb layer by a weak van-der-Waals interaction with the interlayer

distance of 3.50
◦
A and the binding energy per carbon atom of -39.62 meV. We find that

the n-type Schottky contact is formed at the G/m-Sb heterostructure with the Schottky bar-

rier height (SBH) of 0.60 eV. By varying the interlayer distance between graphene and the

m-Sb layer we can change the n-type and p-type SBH at the G/m-Sb heterostructure. Espe-

cially, we find the transformation from n-type to p-type Schottky contact with decreasing
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the interlayer distance. Furthermore, the SBH and the Schottky contact could be controlled

by applying the perpendicular electric field. With the positive electric field, electrons can

easily transfer from m-Sb to graphene layer, leading to the transition from n-type to p-type

Schottky contact.

Key words: Graphene; Antimonene; DFT calculations; Schottky contact.

1 Introduction

Two-dimensional (2D) materials, such as graphene [1–3], hexagonal boron ni-

tride (h-BN) [4,5], molybdenum disulfide [6,7], phosphorene [8], and antimonene [9,

10] have attracted considerable interest recently due to their unique structural, elec-

tronic, optical and transport properties. In particular, graphene is well-known as a

2D material with one atom thickness, the high carrier mobility of 200 000 cm2/Vs,

and massless Dirac fermions [3]. These extraordinary properties make graphene

a potential material for application in optoelectronic and nanoelectronic devices.

However, the gapless of graphene limits its applications to large-off current and

high on/off ratio electronic devices, such as field effect transistors (FETs). Re-

cently, most stable monolayer antimonene (m-Sb) has been successfully realized

on 3D topological insulators Bi2Te3 and Sb2Te3 [11]. In contrast to graphene, m-

Sb is a semiconductor with a band gap of 1.43 eV at Γ point [12]. The structural,

electronic, magnetic and transport properties of m-Sb have been investigated the-

oretically and experimentally [9, 12–14]. It can be seen that these properties of

m-Sb could be controlled by applying uniaxial and biaxial strains. Thus, m-Sb can

be considered as a potential 2D material for various electronic device applications

including FETs, gas sensors, and solar cells.

∗ Corresponding author.
Email address: chuongnguyen11@gmail.com (Chuong V. Nguyen).
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Currently, vertical heterostructures based on graphene and other 2D materials

are being considered as a novel way to design the graphene-based electronic de-

vices. For example, T. Roy et al. [15] presented FETs using stacked two-dimensional

materials for all of the components, where MoS2 was used as the active channel

material, h-BN as the top-gate dielectric, and graphene as the source/drain and

the top-gate contacts. C. Shih et al. [16] demonstrated a new type of FET device

based on G/MoS2 heterostructure. They showed that the high carrier mobility in

graphene can be combined with the permanent band gap of MoS2. On the theoret-

ical aspect, heterostructures based on graphene and other 2D materials have been

widely studied, such as graphene/MoS2 [17–19], graphene/phosphorene [20, 21],

graphene/h-BN [22, 23]. These vdW heterostructures show many more new prop-

erties far beyond their single components. Additionally, the electronic properties of

these vdW heterostructures are well preserved due to the weak vdW interactions

between graphene and the semiconducting layers.

It is well-known that the study of the electronic properties of the G/m-Sb

heterostructure plays a crucial role in designing the graphene-based electronic de-

vices such as FETs [1, 24]. In the present work, we study the structural and elec-

tronic properties of the G/m-Sb heterostructures using the density functional the-

ory (DFT). The effects of the vertical electric field and interlayer coupling on the

electronic structures and Schottky barrier of G/m-Sb heterostructure are also inves-

tigated. Our results show that due to the weak vdW interactions between graphene

and m-Sb layer, the electronic properties of the G/m-Sb heterostructure are well

preserved upon their contact. In addition, the electronic properties and the Schottky

contacts of the G/m-Sb heterostructure could be controlled by out-of-plane strain

and vertical electric field. Our results provide an useful information for applications

of graphene in nanoelectronic and optoelectronic devices.
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2 Theoretical methods and models

In the present work, we use the density functional theory (DFT) method,

which was implemented in the simulated Quantum Espresso Package [25], to con-

sider the structural and electronic properties of the G/m-Sb heterostructure. The

general gradient approximation (GGA) in the Perdew-Burke-Ernzerhof (PBE) [26]

form is used for the exchange-correlation energy of the interacting electrons with

the frozen-core full-potential projector augmented wave (PAW) method. The ki-

netic cut-off energy of electron wave functions is 500 eV in the calculations. The

(9 × 9 × 1) k-point meshes are used for the Brillouin zone. All structures are re-

laxed with the atomic forces on each ion of less than 0.001 eV/Å. A vacuum layer

of 18 Å is used in the direction normal to the heterostructure, representing the iso-

lated slab boundary condition. It is clear that the traditional DFT method based on

the GGA approximation is known to overestimate the binding in weakly bonded

systems where interactions are mainly of van der Waals type [27, 28]. On the other

hand, much research effort has been devoted to include vdW forces in the studies of

graphene/substrate interfaces [23, 29, 30]. Therefore, to give a better description of

the weak vdW interactions between graphene and m-Sb semiconductor, we choose

the semi-empirical dispersion-corrected DFT-D2 method, which was proposed by

Grimme [28]. This method has also been used successfully in our previous calcu-

lations [19, 31, 32].

The G/m-Sb heterostructure is calculated by using a supercell as shown in

Fig. 1, which consists (1×1) supercell of m-Sb semiconductor and (3×3) supercell

of graphene. The lattice mismatch for the G/m-Sb heterostructure is just less than

1%, which does not affect the main results. The out-of-plane strain is defined as

∆d = d0 − d (Å), where d0 is the interlayer distance after out-of-plane strain.

The out-of-plane strain ∆d varies from -1 Å to +1 Å. The electric field is applied
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Fig. 1. Side (a) and top (b) view of the relaxed atomic structure of G/m-Sb heterostructure,

with the carbon atoms in gray and the antimony atoms in purple. The interlayer distance

between graphene and m-Sb layer after relaxation is denoted by d, Å.

perpendicularly to the G/m-Sb heterostructure with the magnitude varying from

-1.5 V/Å to +1.5 V/Å.

3 Results and discussion

To study the electronic properties of the composing G/m-Sb heterostructure,

we first recall the lattice constants of pristine graphene and m-Sb. Our calculations

show that the equilibrium lattice parameters for pristine graphene and m-Sb are

2.461 Å and 4.125 Å, respectively, which are in good agreement with previous

results [2, 33]. We also investigate the electronic properties of pristine graphene

and m-Sb at the equilibrium state. In Fig. 2(a,b) we show the band structures and

projected density of states (PDOS) of C and Sb atoms in pristine graphene and

m-Sb, respectively. It is shown that graphene has a cone-like band structure with

linear dispersion near the Dirac point making the gapless in pristine graphene, as

shown in Fig. 2(a). In contrast, pristine m-Sb is an indirect band gap semiconductor

with a band gap of 1.20 eV, which is in good agreement with previous theoretical

calculations [12, 33].

We now study the electronic properties of G/m-Sb heterostructure. In Fig. 2(c)
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Fig. 2. Band structure and projected density of state of C, Sb atoms in (a) freestanding

graphene, isolated monolayer antimonene (b), and the van der Waals graphene/antimonene

heterostructure (c). The Fermi level is set to be 0 eV.

we show the band structure and PDOS of C and Sb atoms in the G/m-Sb het-

erostructure at the equilibrium state. It should be noted that the equilibrium inter-

layer distance after relaxation between graphene and Sb layers is 3.50 Å which

is in consistent with previous calculations in 2D vdW heterostructures such as

G/As [30], G/MoS2 [17], G/P [21], and G/g-GaN [34]. This interlayer distance

is much larger than the sum of the covalent radii of C and Sb atoms. Thus, the in-

teraction between graphene and m-Sb layer is characterized by a weak vdW bond.

To establish the stability of G/m-Sb heterostructure, we also calculate the bind-

ing energy per carbon atom in G/m-Sb system, Eb, which can be calculated as:

Eb = [EG/m−Sb − (EG + Em−Sb)]/NC , where EG/m−Sb, EG, and Em−Sb are the

total energy of the combined G/m-Sb heterostructure, pristine graphene, and pris-
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tine m-Sb, respectively; and also NC is the number of the carbon atoms in the

heterostructure. The calculated value of Eb = −39.62 meV is in good agreement

with the available results of 2D vdW heterostructures [17, 21, 30]. The negative

binding energy also demonstrates a weak vdW interaction between graphene and

m-Sb surface.

Fig. 3. Band structure and PDOS of C, Pb atoms in the G/m-Sb heterostructure at different

interlayer distance (a) ∆d = −1.0 Å, (b) ∆d = −0.5 Å, (c) ∆d = +0.5 Å, and (d)

∆d = +1.0 Å. In all case of the interlayer distance the Fermi level is set to be 0 eV.

From Fig. 2(c) we can see that the composed band structure of the G/m-Sb

heterostructure seems to be a simple sum of those of each component. The Fermi

velocity at the Dirac point of graphene in the G/m-Sb heterostructure is preserved

owing to a weak vdW interaction between graphene and m-Sb surface. It means

that the weak vdW interaction gives a minor influence on the electronic band struc-

ture of graphene. Additionally, in comparison with the electronic band structure of
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pristine m-Sb (Fig. 2(b)), we can see from Fig. 2(c) that the Fermi level of the m-Sb

layer in the G/m-Sb heterostructure moves up to the conduction bands of semicon-

ducting m-Sb. This shift can be explained by the presence of the charge transfer

from graphene layer to the m-Sb layer upon the bonding, shifting up the Fermi

level close to the conduction band of the semiconducting m-Sb.

Fig. 4. The dependence of the n-type and p-type SBH on the interlayer distance (a) and

vertical electric field (b).

Interestingly, it can be found that a Schottky contact could be formed between

semi-metallic graphene and semiconducting m-Sb, which is similar to the cases of

composing graphene with other semiconductors, such as G/SnS [35], G/As [30],

and G/g-GaN [34]. The Schottky contact plays an important role in the device

performance. The Schottky barrier height (SBH) is one of the most important

measures of metal/semiconductor system. Thus, it is important to calculate the

SBH of G/m-Sb heterostructure. Based on the Schottky-Mott model [36] for the

metal/semiconductor heterostructure [37], the n-type Schottky barrier is defined by

ΦB,n = EC − EF , where EC is the conduction band minimum (CBM) and EF

is the Fermi energy level, respectively. The p-type Schottky barrier is defined by

ΦB,p = EV − EF , where EV is the valence band maximum (VBM). Note that the

sum of the n-type and p-type Schottky barrier is approximately equal to the band
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gap of the semiconductor, i.e., ΦB,n + ΦB,p ≈ Eg(m-Sb). Our calculated work

function (the energy difference between the vacuum level and the Fermi level) of

graphene is WG = 4.3 eV, that is very close to the electron affinity (the energy

difference between the vacuum level and the CBM) of the m-Sb semiconductor

(χ = 4.20 eV). For the G/m-Sb heterostructure we find a n-type Schottky contact

with the SBH of 0.60 eV.

Fig. 5. (a) Plane-averaged electrostatic potentials and (b) the binding energy per carbon

atom of G/m-Sb heterostructure at different values of interlayer coupling d.

We next investigate the effects of interlayer coupling and vertical electric field

on the electronic properties and Schottky contact of the G/m-Sb heterostructure.

Fig. 3 shows the electronic band structures and PDOS of C, and Sb atoms in the

G/m-Sb heterostructure at the different interlayer distances. With the increasing in-

terlayer distance d from 3.50 Å to 4.50 Å the Fermi level moves up to conduction

bands from valence bands of semiconducting m-Sb, leading to the decrease of n-

type SBH from 0.60 eV to 0.25 eV, and to the increase of the p-type SBH from

0.65 eV to 0.94 eV, respectively. On the contrary, with the decreasing interlayer

distance from 3.5 eV to 2.5 Å, the Fermi level moves down to valence bands of the

m-Sb semiconductor, leading to the increase/decrease of the n-type/p-type SBH

from 0.60 eV/0.65 eV to 1.02 eV/0.38 eV, respectively. These results also indicate

the transition from a n-type to a p-type Schottky contact with the decreasing in-
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terlayer distance. The dependence of the n-type and p-type SBH on the interlayer

distance is illustrated in Fig. 4(a). Our results also show that the interlayer coupling

has different effects on the charge density. For example, the more interlayer dis-

tance decreases, the more electrons transfer from graphene to m-Sb layer, shifting

down the Fermi level to the valence band at the G/m-Sb heterostructure. Whereas

the more interlayer distance increases, the more electrons transfer from m-Sb layer

to graphene layer, shifting up the Fermi level to the conduction band at the G/m-Sb

heterostructure. In Fig. 5(a) we present the plane-averaged electrostatic potentials

of the G/m-Sb heterostructure at different values of interlayer coupling d. As the in-

terlayer distance decreases, the increased interaction between graphene and m-Sb

layers enhances the charge transfer. The variation of the binding energy per car-

bon atom at the G/m-Sb heterostructure as a function of the interlayer distance d

is shown in Fig. 5(b). The results show that the G/m-Sb heterostructure achieves

the most stable state at the interlayer distance of 3.5 Å which presents the lowest

binding energy.

The electronic band structures of the G/m-Sb heterostructure at different ver-

tical electric fields are shown in Fig. 6. Compared with the band structure of the

G/m-Sb at the equilibrium state d = 3.5 Å shown in Fig. 2(c), it can be seen that

when the negative vertical electric field increases from 0 V/Å to -1 V/Å, the Fermi

level moves up gradually from the valence band to the conduction band of the m-

Sb semiconductor, leading to a decrease/increase in the n-type/p-type SBH at the

G/m-Sb heterostructure from 0.60/0.64 eV to 0.25/0.99 eV, respectively. On the

other hand, with the positive vertical electric field increases from 0 V/Å to +1 V/Å,

the Fermi level moves down from the conduction band to the valence band of the

m-Sb semiconductor, leading to a increase/decrease in the n-type/p-type SBH of

the G/m-Sb semiconductor from 0.60/0.64 eV to 1.23/0.06 eV, respectively. This

means that the positive electric field can be used to control the transformation from
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Fig. 6. Band structure and PDOS of C, Pb atoms in van der Waals graphene/antimonene

heterostructure under different interlayer distance of -1.0 eV/Å (a), -0.5 eV/Å (b), respec-

tively, and under positive electric field of +0.5 eV/Å (c), +1.0 eV/Å (d), respectively. The

Fermi level is set to 0 eV.

a n-type to a p-type Schottky contact. The reason for this transformation can be ex-

plained by the fact that with the applied positive electric field, more electrons will

transfer from m-Sb to graphene layer, shifting down the Fermi level close to the

valence band of m-Sb semiconductor. The Fermi level shift can achieve the tran-

sition of Schottky contact from n-type to p-type Schottky contact in the G/m-Sb

heterostructure under different out-of-plane strain and electric field.

4 Conclusion

In summary, using density functional theory (DFT) method we have studied

the electronic properties of the G/m-Sb heterostructure at the equilibrium state un-

der out-of-plane strain and electric field perpendicular to the surface. Our results
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show that the electronic properties of the G/m-Sb are well preserved under bonding

due to a weak vdW interaction between graphene and the m-Sb surface. We also

find that a n-type Schottky contact is formed in the G/m-Sb heterostructure with

the n-type SBH of 0.60 eV. Furthermore, the out-of-plane strain and vertical elec-

tric field could be used to control not only the SBH but also the Schottky contacts

(n-type, p-type) at the G/m-Sb heterostructure. Especially, we have observed the

transformation from n-type to p-type Schottky contact with the decreasing inter-

layer distance or by applying the positive electric field perpendicularly to the sur-

face. Our results provide the promising potential applications of graphene-based

vdW heterostructures in nanoelectronic and optoelectronic devices.
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HIGHLIGHTS 

• Electronic properties of the G/m-Sb heterostructure without and with out-of-plane strain 
and vertical electric field have been studied using DFT calculations. 

• The electronic properties of the G/m-Sb are well preserved under bonding due to a weak 
vdW interaction between graphene and the m-Sb surface.  

• We also found that a n-type Schottky contact is formed at the G/m-Sb heterostructure 
with the n-type SBH of 0.60 eV.  

• Furthermore, the out-of-plane strain and vertical electric field could be used to control not 
only the SBH but also the Schottky contacts at the G/m-Sb heterostructure.  

• The results provide the promising potential applications of graphene-based vdW 
heterostructures in nanoelectronic devices. 

 


