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Fig. 1. (a) Band structure of the graphene/MoS, hetero-
structure calculated by this paper; (b) the band structure of
the graphene/MoS, heterostructure calculated by Ref. [38].
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Fig. 2. Top view (a) and side view (b) of the graphene/InSe
heterostructures. The gray, orange and brown balls are for
C, Se and In atoms, respectively.
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Fig. 3. (a) Projected band structure of the graphene/InSe heterostructure, where the red and blue lines represent for the energy

band of graphene and InSe, respectively; (b) the band structure of graphene; (c¢) the band structure of monolayer InSe. The Fermi

level is set to zero.
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Fig. 4. Plane-averaged charge density difference of the
graphene/InSe heterostructure. The black vertical dashed

line denotes the intermediate position of graphene and InSe.
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Fig. 5. Projected band structures of graphene/InSe heterostructures under different external electric fields. The red and blue lines

represent for the energy band of graphene and InSe, respectively. The Fermi level is set to zero.
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Fig. 6. Evolution of Schottky barriers of the graphene/InSe
heterostructurer as a function of external electric field.
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Fig. 7. (a) Plane-averaged charge density difference of the
graphene/InSe heterostructure under positive external elec-
tric fields; (b) the plane-averaged charge density difference
of the graphene/InSe heterostructure under negative exter-
nal electric fields. The black vertical dashed line denotes the

intermediate position of graphene and InSe.
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Abstract

The contacts between semiconductor and metal are vital in the fabrication of nano electronic and
optoelectronic devices. The contact type has a great influence on the function realization and performance of the
device. In order to prepare multifunctional devices with high performance, it is necessary to modulate the
barrier height and contact type at the interface. First-principles calculations based on the density functional
theory (DFT) are implemented in the VASP package. The generalized gradient approximation of Perdew,
Burke, and Ernzerhof (GGA-PBE) with van der Waals (vdW) correction proposed by Grimme (DFT-D3) is
chosen due to its good description of long-range vdW interactions. It is demonstrated that weak vdW
interactions dominate between graphene and InSe with their intrinsic electronic properties preserved. We find
that the n-type ohmic contact is formed at the graphene/InSe interface with the Fermi level through the
conduction band of InSe (g, < 0). The Fermi level of graphene/InSe heterostructure moves down to below the
Dirac point of graphene layer, which results in p-type (hole) doping in graphene. Moreover, the external electric
field is effective to tune the Schottky barrier, which can control not only the Schottky barrier height but also
the type of contact. With the negative external electric field varying from 0 to =1 V/nm, the conduction band
minimum of InSe below the Fermi level declines gradually but the n-type ohmic contact is still preserved.
Nevertheless, with the positive external electric field varying from 0 to 0.8 V/nm, the conduction band
minimum of InSe shifts upward and across the Fermi level, the conduction band minimum of InSe is closer to
the Fermi level than the valence band maximum, which indicates that the n-type Schottky contact is formed.
The Fermi level moves from the the conduction band minimum to the valence band maximum of InSe when the
positive external electric field increases from 0.8 V/nm to 2 V/nm. The n-type Schottky barrier height exceeds
the p-type Schottky barrier height gradually, which demonstrates that the positive external electric field
transforms the n-type Schottky contact into the p-type Schottky contact at the graphene/InSe interface. When
the positive external electric field exceeds 2 V/nm, the valence band of InSe moves upward and cross the Fermi
level (@p, < 0), the ohmic contact is obtained again. Meanwhile, p-type (hole) doping in graphene is enhanced
under negative external electric field and a large positive external electric field is required to achieve n-type
(electron) doping in graphene. The external electric field can control not only the amount of charge transfer but

also the direction of charge transfer at the graphene/InSe interface.

Keywords: Schottky barrier, electric field, graphene/InSe van der Waals heterostructure

PACS: 73.63.Rt DOI: 10.7498/aps.69.20191987

* Project supported by the National Natural Science Foundation of China (Grant Nos. 61674053, U1704136) and the Key
R&D and Promotion Project of Henan Province, China (Grant No. 182102210222).
1 Corresponding author. E-mail: liweil9801210@126.com

157302-8


http://doi.org/10.7498/aps.69.20191987
http://doi.org/10.7498/aps.69.20191987
mailto:liwei19801210@126.com
mailto:liwei19801210@126.com
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

