Chinese Physical Society

%fg%"—*ﬁActa Physica Sinica

Institute of Physics, CAS

IEXREB RN B/ ALE R RS B RS 2 IRE
E R K R R PRE SR

Regulation and control of Schottky barrier in graphene/MoSe, heteojuinction by asymmetric oxygen doping
Hao Guo-Qiang Zhang Rui  Zhang Wen-Jing ChenNa  Ye Xiao-Jun Li Hong-Bo

5|5 &, Citation: Acta Physica Sinica, 71, 017104 (2022) DOI: 10.7498/aps.71.20210238
TEZERE View online: https:/doi.org/10.7498/aps.71.20210238
AN View table of contents: http://wulixb.iphy.ac.cn

BT BB A HAB S EE

Articles you may be interested in


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.71.20210238
http://wulixb.iphy.ac.cn

) 32 Z 3R Acta Phys. Sin. Vol. 71, No. 1 (2022)

017104

EXIFREL SR B | WAL
SR H RS2 0FE

AMERY KU KUEY

Y PEEED Ul

1) (ERBT RS S5 TR0, i 200237)
2) (hEBFEER AR KA SRR, A8 230026)
(2021 4E 2 H 1 Hig#; 2021 4E 5 A 7 HUREMERR)

TEGUR BB h, H5E RAY B R 38 25082 — D B R PR A SCR 3 B2 eR BB OF 5 1 AR X B
B A XA AR /A B S A5 B 2R R R R R S T R A R A5 R AR A SR S AN A AR R T R
(Y P8 FLH 3 S 4G, TRl OR B 1 4% AR i 2 e, JF BRI T 0.558 eV Y n 1 RpdE S 22 e Ah, BB IS
P R R AR X AR B 2% T AR P4 SR / A A AR S I A5 1) R i D R M B 2 I S B A S
THT A PSR TET AN, B8 45 0 vk BE 38 R, I kA 22 R AR B W A R, 2 SR B AR AR SR SR IE, n L
R 2 i B AT LA RN 0.112 eV, 4255 1 H T AYTEARCE. YA B 270 ST NI, n B 1 e 56 e il 7 A2 Ay Ik
AR figh . SF- 18- 4 P o 9 B 22 0 R BE R 1B AR R BE S O, S T PR AT R RS RO B I 2, S EUORBE S —
Al A6 51 A7 R RS By, IESE T B U8 AR PR R 1 R S A 2 B WAL, O phy o 2R R ) R fh ) e
BIF 205 SR X 5 T Ay S0 1Y 7 L H 0T 5 o 45 1 e A A R I B 4

KEEE : SIS, WA RIS, AEXTRBA, B A

PACS: 71.15.Mb, 71.20.-b, 79.60.Jv

1 5 =

A1 S AR R R ) AR, AR DL 1Y)
Py i 5 R TI AR, SR RA RS W TR
SR LA TR REIR | AL S 2 R AT
N, AN FHAE AR | A TR S AR IR AR A
JiEL SR, A SRR, BT SRS E A H
Jemeiess, S E RS BT T SO G H AR
U R . R s U MX, 1 4k
B IE LY (transition metal dichalcogenides,
TMDs), HA7 SR A RN B, 14k, TMDs i 5
A B B AT 45 R S R AT A AL, X e A

* LIETTRF RS (HHES: 17DZ1201405).

T EfE1EH. E-mail: zhangrui-nadia@outlook.com

T BIE1E#E. E-mail: lihongbo@ecust.edu.cn
©2022 HEHEFS Chinese Physical Society

DOI: 10.7498/aps.71.20210238

T R ARSI A A5 TR R R . Ak
FAYEN TMDs By —FArkH, ARG G | et
PE 5 AR 5 B2 AT IR SRR R 1, AR TR DL Ak
B, BRI T AR EA AT R P
DL RAE I B i i e A (O SO0 AR AR
A VR ) 3k ) T RO R AR (field-
effect transistor, FET), SZF T =ik 106 FFFR .
B2, AL EH A 200 R R IR AR, i il 45 10 2%
HPEREA — AR . IR = 455 IR he
BG5S B4t R G i T —.

B LSS G O RO L R s, XK R
GEEAPORTL i< UMV A N s < i o e e L
K, TEREEH — G i 8 14 5 A B R AR

http://wulixb.iphy.ac.cn

017104-1


http://doi.org/10.7498/aps.71.20210238
mailto:zhangrui-nadia@outlook.com
mailto:zhangrui-nadia@outlook.com
mailto:lihongbo@ecust.edu.cn
mailto:lihongbo@ecust.edu.cn
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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 £ 3R Acta Phys. Sin. Vol. 71, No. 1 (2022) 017104

B AFE TGN & a A AR RS R A e A
P27 2 AL AR SRR A ORI FLALN 5100 T BR 1]
TSRS R R O 1) g S 0 PR R T A
/D BB B R TR) 450555 ) S 1 BL B30 0 m] AR
(e G I SR L. AT, S BN T ) Hh A H A LA
LS EB RS ST S| P A = T TR s i) A T B 4
TR AR T — N RCE I 2, S = g R
. il # RS FLRr S B B 1 PRy —AERLRL
A B AR, ISR TR Y L R L g
JZ T AACER S Ay SRR AT A, A R /A
PR SR RS, He 1 R R R AR R SR A A 22065
TERE LT I 25 5

FUAT, A1 2806 / 8040 4R 3 oo 4 2 0l D il
Sata 25 17 3l iR HUAGRT S A 47 S8 A 3 — S Ak
FERSIR L, L TR 10k Al L SR R 2=
A SRR, T IR E R T HROCZI AR T2 A
ASINER LA, BN A T A Sk ) Al AR
FUHT R A, OF HaZ Biah BAT 10° ki eIt
REFRT 10° A/em? BRI B RIIL - PERE. BE
oxt " HEVEAE U E- e RS B F R 2 A T
P58, — e i SIS S SRR LA SR AT 5 7 OK
W T WS R HAT, B4 Vu 55 0¥ i o
SN B A O T T A SR R AL AT
TEFLHIr 52 4, i p B H 5% Ak 1] o 0 Bl R
I fuh R AN, S0 AT Sun S5 10 75 7 50 /
TSR /A7 AR e 2 e T A N L O SR
[A1EE, S BN 736 08— A0 A SRS L A% 1) 47 2040
BUET W R R AR B S A S 4O
7, Hu 25 M Rl B R R T AR B 28 .
WFFEN GO A s b / AR AR S A R AT T 4B
2%, KBRBER P NS R L I3, P R4
2\ n RIS g p Y SR AT LASE BN p B H AR
Bl AR —FE R IR T B, A S M/
PEEH S A AR RS FRAB 238 4% Jo R 1) JH: 1 A 42
Rt HATIE B Stor . 18 5 7E A 2R
LSS R, AT RE LR B, AT A
il S [ e, L 2R i 4 Pl SR M AH 2
R, PTG AT RES RN S IR 45 A o S Mo

M, HESL T A Sk /A A B S T A A
B, R B s BB AT T ARR FREB I H
LA SN FR RS 2 R S, hE A R4
B I 5 AT BT AR BN P R A R T,
AT T BTN, AR B THFI iE  T

TRAR AR R RE O S A RO E R

2 BWAFIHITE

KB T2 7 R ELIS (density function the-
ory, DFT) [ #2)J¥f (cambridge sequential total
energy package, CASTEP)!'! X f7 854 / —filifb.5H
SERHE TR [T BRI (generalized gra-
dient approximation, GGA) H' ) Perdew-Burke-
Ernzerhof (PBE) J7 ik 19 AR S2 0 0CHKIZ o1, AH
HeF R 2 E AT L (local density approximation,
LDA), PBE JiL7E fa iR 25 G 6E | Bl 5l A A H 1
SEHARERY T TP R SEYR A5 L. [R5 | A R
e (ultrasoft pseudopotential, USP) i 47 JLAa[ {f
e MBI E. T DFT Pk = SR B4
i, BIGT AYSAE FCH- VR HI S RS A BAE IR &
FAAME, 51A Tkatchenko-Scheffler (TS) %} DFT
HEAT (RO IF PO, 8T J5 1 DET-TS J73: BEAT
TE AR )2 [R) Y S 4 B H SR ELAR DL R C-
2522p?, Mo-4d°5s! 1 Se-4s24p* o, F L A4 B B
LTS VR . JUT O AL A RE & 113 A T e
WE A 380 eV, i LN IX R H 2x2x1 1) k-point
WIAE, BTSRRI E ) 2 x 107 eV /atom,
TG SEEH 0.1 eV/A (1 A = 0.1 nm), fx K
N F14 0.1 GPa, e ROV A#EE 0.01 A,

TSR SR FLERZ AL AR Y S (25 )
B P6g/mmc), AT T ILMAL, AL)E A
SR A AT Ak B L A B N o = 2.46 A
Fla = 3.28 A, 57 BRI A0 16 AL 5 19 b A 2K
SRS AEFEIT (0 B0 S A A0 Ak BH DA 40 i Sy
2.47 ARPU I 3.29 AR, Z S 4 x 4 B BB
HEMIFN 3 x 3 MYHR)Z A, DA 5 x 5 1Y
AT E SRR 4 x4 BYEARE AN AL SRR e
S A By 1), B 2 o b, iin T 20 A
[ L2 DR S AH < SR A 2 8] B A 5. Sy T
13 B AR R P RN A REAY T T AR E O T Y
A1 S0/ AL S B Y ) AR R O, A
SR BC A AT A7 SR AR R oy FILERJZE A AL EH A
KRR ap THEASR], B (0-ay)/ay, BIULTTRE L ER,
4 x 4 WA SN 3 x 3 W2 Al fbH
e (E 1(a)), IS 5 x 5 A SRR 4 x 4 1)
PR AR (B 1(b)), H S A 2 e 45

017104-2


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

) 32 £ 3R Acta Phys. Sin. Vol. 71, No. 1 (2022) 017104

4 0.06% F1 6.25%. T A4 2 5 B 45 I, s
RBCEN 0.06%, T35, AT LAk dfks 2k fe x
S O 4 A H 2 1 ST e T D W AN 2324 ke
FH 4 x 4 WA S8IEEBIA 3 % 3 A A2 —HlfL s
i Ay L A R R A 7 3 B T B S ST 254 (I 1(a)),
ViR A B ) AL R S SR 2

—0.020 . . . . . . . . . .
2.2 24 26 28 3.0 3.2 3.4 3.6 3.8 4.0 4.2 44

Interlayer distance/A

Bl 1 (a) A8 4 x 4 MR i fb4H 3 x 3 M4l Al
B S BRSO (b) A 885 5 x 5 R MR W fb4H 4 x
4 M 2 R S SR AG IRAL I (c) PBE #1 LDA Bifh 73 F
JZ RV IE 5 A S8 00 /WAL AR S R4S 45 G RERY OC R . AN
Sk R WIFR I 1 T A BE B I 9 )= 8]

Fig. 1. (a) Top views of heterostructure composed of 4 x 4
lateral periodicity of graphene and 3 x 3 lateral periodicity
of MoSe, monolayer; (b) top views of heterostructure com-
posed of 5 x 5 lateral periodicity of graphene and 4 x 4
lateral periodicity of MoSe, monolayer; (c) dependence of
E,,, in graphene/MoSe, heterostructure on the interlayer
distance under LDA and PBE methods. The two arrows in-
dicate the d with the lowest E,, for LDA and PBE methods.
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Fig. 2. Band structures of (a) graphene; (b) MoSe, mono-
layer; (c) graphene/MoSe, heterostructure; (d) total dens-
ity of states (DOS) and partial density of states (PDOS) of
graphene/MoSe, heterostructure; (e) PDOS of MoSe, in the
heterostructure; (f) PDOS of graphene in the heterostruc-
ture. The Fermi level is set to zero, denoted as a red dashed

line.
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Fig. 3. Electrostatic potentials of (a) graphene; (b) MoSe,
monolayer; (c) graphene/MoSe, heterostructure(red and
purple dashed lines represent the Fermi level and vacuum
level, respectively); (d) energy level lineup diagrams for
graphene and MoSe, monolayer before and after contact.
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Fig. 4. Three-dimensional charge density difference diagram
of graphene /MoSe, heterostructure: (a) Top view and (b) side
view; (c) plane-averaged charge density difference of
graphene/MoSe, heterostructure.
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Fig. 5. Side views of the Gr/WSey,_

O, heterostructures with different concentrations of the oxygen dopant: (a)-(g) show the O

doping on the inner interface are 11%, 22%, 33%, 44%, 56%, 67% and 78%, respectively. (h)—(n) represent the oxygen doping on
the outer interface are 11%, 22%, 33%, 44%, 56%, 67% and 78%, respectively. The light blue, yellow, grey and red balls represent

Mo, Se, C and O atoms, respectively.

#1 AEAKTBIR
SEHELPN R
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Fig. 6. The band structures of the Gr/MoSey;_;O,, heterostructure under asymmetric oxygen doping: (a)-(g) Show the oxygen

doping on the inner interface are 11%, 22%, 33%, 44%, 56%, 67% and 78%, respectively; (h)—(n) represent the oxygen doping on
the outer interface are 11%, 22%, 33%, 44%, 56%, 67% and 78%, respectively. The Fermi level is marked with a dashed red line and

set to zero.
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and outside the interface.
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Abstract

Although graphene-based heterostructures exhibit excellent intrinsic properties for device scaling,
fabricating low Schottky barrier is still a great challenge to the electrical transport behaviors of nanoelectronic
devices. Exploring excellent materials for electronic devices are a research hotspot at present. Graphene not only
exhibits excellent physical strength and specific surface area, but also presents high carrier mobility and thermal
conductivity. Therefore, graphene has been developed in many fields such as energy, catalysis, etc. However,
graphene is a special material with zero band gap, and its electrons and holes are easy to compound, which
seriously hinders its development in the applications of electronic and optoelectronic devices. Two-dimensional
transition metal dichalcogenides (TMDs) have the advantages of controllable band gap properties, which makes
them have a good development in logic circuits and photodetectors. As one of TMDg, MoSe, possesses the
advantages of narrower band gap, better electron hole separation and stronger oxidation resistance in the
environment. Therefore, the design of graphene and MoSe, heterostructures is an ideal choice for a new
generation of nanoelectronic devices. Here, we investigate systematically the effects of asymmetric O doping on
the electronic properties and Schottky barrier of graphene/MoSe,_,O,, heterostructure for the first time by
first-principles calculations incorporating semiempirical dispersion-correction scheme. The results indicate that
graphene and MoSe, monolayer can form a stable van der Waals heterostructure with preserving their own
intrinsic properties. In addition, an n-type schottky contact with a barrier height of 0.558 eV is obtained.
Further, it is found that the type and the height of the Schottky barrier can be controlled by changing the
concentration and sites of the O dopant at interface. By increasing the concentration of the O dopant inside the
interface, the transition from an n-type Schottky contact to an Ohmic contact can be realized, and a low n-type
Schottky barrier is gained with increasing the concentration of the O dopant outside the interface for highly
efficient charge transfer. The barrier height of heterostructure decreases from 0.558 €V to 0.112 eV when the O
dopant is doped on the outer interface. Finally, as a complement to previous results, it is confirmed that the
redistribution of interfacial charges leads the Fermi level to shift, and thus determining the type and the height
of Schottky barrier. This study may provide theoretical guidance for designing and manufacturing the MoSey-
based nano field effect transistors.
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