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Fig. 1. Top views of monolayer WSe, doping: (a) Top view of single layer WSe, 3 x 3 x 1 supercell boron doped; (b) top view of

single layer WSe, 3 x 3 x 1 supercell carbon doped; (c) top view of single layer WSe, 3 x 3 X 1 supercell nitrogen doped; (d) top

view of single layer WSe, 3 x 3 x 1 supercell oxygen doped.

117101-3


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

Y] 32 % 3R Acta Phys. Sin. Vol. 69, No. 11 (2020)

117101

# 1 AFEAERIBICRBA: WSe,/graphene 5 BT&5 AR KR JEIEE . 455 HE . ik RICRES AL

Table 1.

Lattice mismatch rate, formation energy, cohesive energy, and lattice mismatch energy parameters of

WSe,/graphene heterojunction doped with different nonmetallic elements.

a;/nm a/nm o/% EifeV Eeon/eV-nm ? A Epismatcn/€V-nm 2
WSes 0.990 0.984 0.625 0 ~1.791 ~1.690
W,Se 0, 0.979 0.984 0.500 0.373 ~3.000 -6.896
WSe N, 0.983 0.984 0.020 0.732 ~1.992 ~7.022
WoSe,C, 0.987 0.984 0.304 2.650 ~1.905 -6.923
WoSe, B, 0.989 0.984 0.586 5.430 2,662 6.500
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Fig. 2. Energy band structures of (a) monolayer WSe,, (b) grapheme, and (c) WSe,/graphene heterostructure. The n-type (p-type)

SBH are indicated between the Fermi level and the conduction band minimum (the valence band maximum) of the WSe, layer. The

Fermi level is set to zero and marked by red dotted lines.
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T3

[ 3  WSe,/graphene 5 Jit 45 = 4 H1 T % B 22 41 &
(a) ML (b) FF 301

Fig. 3. Three-dimensional charge density difference plots of

WSe,/graphene heterostructure: (a) Side view; (b) top view.
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YERIRIRILIR, X 5 25 1 A5 8 BE AN e B FE b A T
T oA WE 4R, 72K BE R I A AN T T5
F 2 W 5d 1 Se 4p PLiE 2 A%, T AHXT 9% K fig
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MIE 4(b) AT LIF H, graphene RHLIE FEEH 2p HL
B, FH45 T graphene F) Dirac sASRIE R,
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EEME, U W R+15 Se i ¥ Z [ EAR R 1Y
B, EFEL W bd#iE b FE, I HA Se
4p FUE R TTER, 8 W 5d PLiB AL Tk S0 F
6] Se 4p BIEEKIT, ffi WSe, FIHIRET LA HL T

Zi I, graphene 5 WSe, $2filJ& T 1 FrF&dEfih, 1t
A RSN p AU, SR R S REH e
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—— WSe,/Graphene
N\ T Graphene
N\~ - WSe,

C(2s2)
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DOS
o
o

0
(c) ' Se(4s?)
4+ ! — Se(4p?)
| — W(6s?)
2 W (5d)
0

DA S

= - L o L i

-8 —4 0 4 8
Energy/eV

Kl 4  WSe,/graphene 5 5T 25 ) SS9 B S A0 %% IR
Fig. 4. Calculated total density of states and the corres-
ponding partial density of states of WSe,/graphene hetero-

structure.

3.3 BHEAESH

S ITLE B P R 4 T AR X P R 2R R A
PR, DLRON 1 R A i B AR . SCIS RIS
PI, sl A | BT B4R A0 R IE
i (62= 64 S 0] A 00 4 o) S o 5 L T L ey )
B R A R LA S ) R DR, AR S i
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Fhivia Fet, JEmREE S s i 1 R T R A 4
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TMDs # B 52 Bl X-M-X B9 = AR 454 (H
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B AL, FeiledE & @ R a0, WL
TMDs # B A PR A g 5| E & B TR B
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LB ICENT WSe, BEHTZEH HISZIR, ANl 5 FiR.

M O T, WSe, IRET IEREA K4
KREAE. (HIEEBZL N, C, B R}, £ WSe,
BRI AR BT RE L. 4B 4% O JET-HF, WSe, 7
B 1.62 eV 254 1.66 eV FAFIEH F£5) 0.04 eV.
XL O JFF 15842 %F WSe, 1 Bt 52 0 3 A K.
B2 N, B TR, 78 WSe, 27 K RELL T H 2L
IR RE R FEGT BN E, WSe, 2B ™ E 14 R
b, T2 WSe, N F KBER LA T B 8. B
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B 5 BEHE (a) WSe;;01; (b) WoSeyrNy; (¢) WoSeyrCy; (d) WoSey7By
Fig. 5. Band structures: (a) WySe;701; (b) WySe7Ny; (¢) WySe7Cy; (d) WoSe;7B;.
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Abstract

In order to effectively control the type and height of Schottky barrier, it is crucial to appropriately select
the material and method of controlling the type and height of the Schottky barrier effectively. Two-dimensional
materials exhibit massive potential in research and development due to their unique electrical, optical, thermal
and mechanical properties. Graphene is a two-dimensional material found earliest, which has many excellent
properties, such as high carrier mobility and large surface area. However, single-layered graphene has a zero
band gap, which limits its response in electronic devices. Unlike the graphene, the transition metal sulfides have
various band structures and chemical compositions, which greatly compensate for the defect of zero gap in
graphene. From among many two-dimensional transition metal sulfides, we choose WSe,. The reason is that the
single-layered WSe, possesses the photoelectric excellent performance, band gap that can meet the majority of
requirements in electronic and photoelectric devices, and transport properties that can be adjusted to p-type or
bipolar which is first found in semiconductor materials. And compared with metal, the graphene at room
temperature has superior properties such as high electron mobility, resistivity of 100 Q-m lower than copper and
silver, coefficient of thermal conductivity 5300 W/(m-K) large than 10 times that of copper, aluminum and
other metal, and hardness exceeding the diamond, fracture strength up to 100 times more than that of iron and
steel. The Two-dimensional semiconductors along with semimetallic graphene are seen as the basic building
blocks for a new generation of nanoelectronic devices, in this sense, the artificially designed transition metal
sulfide heterostructure is a promising option for ultrathin photodetectors. At present, most researchers focus on
the control of the type and height of Schottky via heterojunction doped metallic element. However, there are
few Schottky that are doped by nonmentallic element. Therefore, our work provides the interaction between
WSe, and graphene, which are described by the first principles effectively. The results show that there is the
van der Waals interaction between the interface of WSe, and that of graphene, and thus forming a stable
structure. Through the analysis of energy band, it is found that the semiconductor properties of WSe, are
changed by the coupling between WSe, and graphene, making the WSe, transform from direct band gap into
indirect band gap semiconductor. Furthermore, the total density of states and corresponding partial density of
states of WSe,/graphene heterostructure are investigated, and the results show that the valence band is
composed of hybrid orbitals of W 5d and Se 4p, whereas the conduction band is comprised of W 5d and C 2p
orbitals, the orbital hybridization between W 5d and Se 4p will cause the photo generated electrons to transfer
easily from the internal W atoms to the external Se atoms, thereby forming a build-in internal electric field
from graphene to WSe,. Finally, for ascertaining the effect of doping WSe, with nonmetallic elements, the
WSe,/graphene Schottky is investigated by using the plane-wave ultrasoft pseudo potentials in detail. Besides,

the lattice mismatch rate and lattice mismatch can prove the rationality of doping WSe, by non-metallic
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element. The stability of the combination between the doped WSe, and graphene is demonstrated by the
interface binding energy. The influence of nonmetallic atoms on WSe, is analyzed before investigating the
heterojunction of the doped WSe, and graphene. The results show that the band gap of WSe, doped by O
atoms changes from 1.62 to 1.66 eV and the leading band moves upward by 0.04 eV. This indicates that O
atom doping has little effect on the band gap of WSey,. When WSe, is doped with N and B atoms, the impurity
energy level appears near the Fermi level of WSe,, which results in the band gap being zero, and then it
presents severe metallization. This is due to the Fermi level of WSe, shifting. When the C atom is doped, the
impurity level appears at the bottom of the guide band of WSe,, and the band gap is 0.78 eV. Furthermore, we
analyze the effect of doping on heterojunction. In the W¢Se;;0,/graphene heterojunction, the Schottky barrier
height of n-type and p-type are 0.77 eV and 0.79 eV respectively. It shows that the heterojunction type
transforms form p-type into n-type, whose Schottky barrier height is reduced effectively. Due to the WqSe;N;
as well as WySe;;B; with metallic properties combining with graphene, the Fermi energy level of graphene is
shifted, its Dirac point is located above the Fermi energy level and its conduction band has a filling energy
level. When doped with N and B atoms, WSe,/graphene belongs to the type of ohmic contact. When WySe;;C;
contacts the graphene, the graphene Dirac point is on the Fermi surface, and the Fermi energy level of
WySe,;C; is shifted by 0.59 eV. And then, the height of Schottky barrier of type-n for the heterojunction is 0.14 eV,
the height of type-p is 0.59 eV and overall type of heterojunction is type-n. Therefore, by doping WSe, with O,
N, C and B, the WSe,/graphene Schottky type and barrier height can be adjusted. These will provide guidance
for designing and manufacturing the 2D FET.

Keywords: heterostructure, WSe,, band modulation, first-principles
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