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Lo m R 010 e, S8 LA A AR
23 (A BHASONE, PR 2 IR G o B, 18 e 45
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& MoS, H1#52% Nb i, Nb F1 Mo L i1k 25 45
SO LA A RS DA B2 TR AH AR & AR
AR TSR R AT s 7o 1920 /B2 Nb
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HAEHI LA A VERE F= AN R BRI, SR TR AL
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ARSCREE V B A BUZ MoS, 2[RI A H.AE H
Keiia PR AL, B 7ERH =I5 CVD
Ik, BERIKAEIHR K T2, B iE i,
JERE Y5 BUZ MoS, Il #5. 7E5C50 b, REE
WFIE V B2 bk 745 A 88 L b2 IR LA
B RS 2 F i e e R . 7R EE I
PR, IRAHT V BTG IE BURE
JZIRZE A RE | HLAr A RS LA S A AR LT o 2§ A
J& (COHP) fIFE FHALEE. ARBFFE AU F TR AL
XF ZAE AR AR AR R 5 0 R B, b
A5 et J2 1] TR R ] e R e R T
A

2 LI
2.1 MoS, HERH&

S 2 IR B R AAT IR 9 O
TSR, IR C Bl A BT iR 1°,
BRICCIIE O/ A 1°. /K 2 R AERTIA TR

KRBT B HE T 1100 °C 94 R R
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A, S W Mo AT V IFA A /54 50 scem,
100 sccm F1 0, 20, 40, 60 sccm, [A]A[H] Mo J5A1 V
VR A A 5 scem, BEG FTIRR BRI BE S S
Tk 30 min J5, JLAS IR X R B TR 2 B bR TR
RIS 1R X 7E 30 min N T+ 2 580 ¢, Fh i # R
419 °C/min, % 2 X 7E 30 min T+ 2 980 C,
FHER A 33 °C/min, % 3 X FE 30 min T+
% 980 C, FHEHEE N 33 C/min. REEK 25—
40 min J5 HARRH B, BRI R 45 1k LA
AT VIR IX AR (0, 20, 40, 60 scem) S
BRI FEB R, AT 4 AR KBS MoS,(PO). Ik
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microscope, AFM) H B =ORG A I 2 52
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(PMMA 950K) #f Bl i 56 %% ; SRS, >R FItei4
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SAED) SREIEHHH4T (energy dispersive spec-
troscopy, EDS).

AWFFE M H HORIBA Scientific 23 7 45 7= ()
LabRAM Odyssey BUIIRAR S50 81 x 100
5 R £5 B DN 3 R A A o R AR i 1 B =
Heis, A G KA 532 nm, YEMEZI 2R %5 R
600 gr/mm. MoS, FyH7 2 Ik 2 #5105 2 M AH B4R
FEVIARDG, Al b @ IR IR IR s 2
FIWTATBHZ RIAH AR,
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SHG). ffi I Kk 1064 nm, ik vl 140 fs, A
PRy 80 MHz Y ik wh 0, il i CCD AL
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Si #HE L S8, FIUHEFERS - 605 T 345 4 s Wbl
(HTERJE R 4 pm 1 Au B STHEIFHESE] MoS,
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ISR ER I A H AR B e, B R 5 7 H Ante)
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g (PAW) Jrikittts, R CEEH 1) PBE
(Perdew-Burke-Ernzerhof) Jiff $ ke iR H 22 # 56
IEAIAHSC . B SEXTARMERUZ MoS, #1745 4k,
Bl ISR Axax1 B MEEATY M 5480y, #ilhe
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K 1(a) B T =00 CVD RERER. FTiX
— G5, ]S PR DR AR L RN 2R ST
P, DA S5 BT 9K AR 5 & o 0 AT S R Y. R
C/A 1P F AR, R ZETE e i TR
S T T A AR B REE 0 B B R, T 3T
JZ MoS, WilRA 1, wIKREIESLA#h sEp1 kA S1
(online) 7. 8 i AEHA JHFE 0 I IR BE S <
i, ARG R AT Z, T8 VEBIWUZE
MoS, AT 45 A= K. [ 1(b) kK 25 min 155 Y
B (VIR XA RN 40 scem) A6 T
MEUE, HTFRIRG I AEE, ST GIiASM
IR A, AFMZER (F 1(c), B 1(d)) # 8,
AFIERRLIY V /MoS, i IRE FE 2 1.6 nm, £F5 AL
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RFWIBUZ MoS, M AA HEVEF AB Hi Pk [F]
BHAETE, FR T3 PR R MESR 7 A E B RE AR & 42200
T ok S A KB ) 3] 45 min, VR R A4 A0 7 o K
AP, #MFEARIE S2(online) “has AT (ZE00)
AR 45 min JFHRE (G0) BxTLeE, A K e
JERMBE 5], K 1(6) A 45 min 5 #E Y
2 WAL EME, 5357 1 i obL O 28 P 1l 2 252 v S
K 1(g) R T XUZ MoS, ML P8 8%, i
B, WEFITHIAh Ay, W53 AT (383 4 0.2) em ! Al
(405 + 0.2) em™', —FIEA 228 (22 + 0.2) cm !,
5 3CHR [25,26] 28 B AUZ MoS, $ & FffiE — 3K
PRI B A Y HLWEA 2206 8/ T 0.5 em !, R
=S CVD AR L0 V /MoS, .

R T 25 V 848 MoS, M4 7334 5) 1k,
AR TEM 454 70 FK AR G i E 7 3R AE,
WE 2 Fizs. B 2(a) AV $B24% MoS,(P2, 40 sccm)
FE i B ARAE TEM BIR LA KOG N (1) SAED B4,
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FIAR AT SRR (B 2(a) 4iE) R gs il —&N i BRI A HAB A MoS, fik =2 Hh 28:29],

SPBE S, 530k [27] FR3E A9 XUZ MoS, HEAR— 3. Wit XPS it — W 5E T VIR A 3
 2(b)—(d) FiX— X3 EDS JGE 434 434 SIEXBIIR B, LV B2 MoS,
459, Mo, V )& S =Mt R 5 i, £ V T BRSO . [ 3(a)—(c) JB/R T ARRIZEA I

(a) X . Furnace
Heating ring

Ar+0- )
Ar+0, = ) V,05 Pump
— ) MoO
Ar — T/ 003 Substrate
S
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(b) 23 (d)
1F
0F 1.55 nm
E 22
~
= 1t
10 nm o0
I é’ 0 : 1.6‘1 nm
2

—1
1F
3 pm 0 1.59 nm

— R 0 1 2 3 4 5 6

Distance/pm

20
; (f) Continuous film
0 4
—20
360 400 420 440

Raman shift/cm~!

Distance/pm

2 pm
—

B 1 (a)EK VB2 MoS, MR CVD 2 B R B (b)—(e) VIR S & M 40 scem i, C/A~1°% % A LA 25 min {)
V/MoS,, (b) 2= B EI 5 | (c) AFM EI% . (d) HR; Y AFM = BB (e) SHG mAHIE; (), (g) 41 45 min (19 V/MoS, # B 1)
(f) St B MR (o) Pz e H

Fig. 1. (a) Schematic diagram of the CVD setup for growing V/MoS, films; (b)—(e) V/MoS, grown for 25 min on C/A"~1° sapphire
with a carrier gas flow rate of 40 sccm in the V source zone, (b) optical micrograph, (c) AFM image, (d) corresponding AFM height
profile, and (e) SHG mapping; (f) optical micrograph and (g) Raman line scan of V/MoS, film grown for 45 min.

5 pm 5 pm ) 5 pm

B 2 (a) V/MoS, W[ K KAE TEM [, 7 & %t 5 (1) SAED FERE; (b)—(d) J6E S, V Al Mo i EDS i 34 &l
Fig. 2. (a) Low-magnification TEM image of V/MoS, film, inset shows the SAED pattern; (b)—(d) EDS mapping images of S, V and

Mo, respectively.
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BT, VABZRZ MoS, M A e T RERE AL X
TAIBILHES,, Mo 3d;), Al Mo 3dy , HUES I T
(229.840.2) eV H1 (232.940.2) eV, S 2pg/5 F1 2p; o
BB AL T (162.340.1) eV Fl (163.540.1) eV,
55 3CHR [1,29]) B FEAR —3. E VIBREES P,
WLIE TV 2p XN RHIEEE, 250067 T (51754
0.3) eV(V 2p3) I (525.2+0.3) eV(V 2p, ), H
SEA e 5 Sk [28,29] HIE M VRS S ER A
(AE < 0.5 eV), IE5E V P RIHUE Mo i 7
M. IEHABZYE Mo 3d 1 S 2p Wk AEEEZL, KIHIB
Z+F 20V I Mo Al S MYtk Rt K AR IR, 3k il
IR AELZE MoS, 844 W58 h © 8 4l aet 29901,
B VRSB RIER, V 2p R T
WK, RUIBIREEWTHE. XPS P E i R
B, 24 VRIS E N 20, 40, 60 scem B, V
BAe S w41 o nlhy 2.21%, 4.03%, 9.11%.

B2k V ik S HUZE MoS, P& TEEIH T
ZEERER AN . € 3(d) AR T Mo 3ds)s, S 2Py s

= L PO

Intensity/arb. units

P1

... PO

234 231 228 225

Binding energy/eV

V 2p3/2

Intensity/arb. units

520 515
Binding energy/eV

525

A 3
HIV 2Py o 4546 REMI I

XPS peak/eV

FIV 2P, o IR L. B 1522 W BEHE K, Mo
3ds)p, S 2Py IV 2Py o GG REXIZ G K. HHLL
TARBZEMN, 2 VIR EIA%] 60 scem, R
VRS REREEIK T 43N 9.11% I, Mo 3dj ),
'S 2Py ) Z5ERESTHIHE K (1.240.2) eV FT (0.9+
0.2) eV. X B[R JTE B 455 R i W] B 3 5 m]
A 518 4% S B LA 43 A IR ZS B2 D) K )22 6] A
VERAR AT 56, EAARTE S TH A Bt 129901,

MoS, HAEFEMAE S BEE (WS 23037, Mo %5
o7 R L ] B 46 ) o HL o 2 5 M o LA Y
M. RARTE V B2 BESAT A IRV E R, A<pt
FRGIE T B IR S BE I RRE, £
15 S 25 . Mo 2543 L K Mo [RIBR, W 1 frsl). 78
KBIRIENT, Tie& AA B2 AB HEB:, S 25 i
FIIE B BRE R TEAE (29 1.22—1.23 eV), W HIE
AR RE R E AR Y. 1 Mo 23 3 i T i RE AR v
(>9.5 eV), TELBRAR ST HMELUE AL Mo [H] B
AT S RE AR B4R, Eth N IR, SIA VBAE,

(b) S 2pa2

W Suo S 2P1/2 A0
Sv /\/\ P3
Soeees = = b WS

0 ~
B L

g

3

s

-

3

~ 1 1

2 s

2 .

2 o

g ’

5 .

L 1 1

e PO
166 164 162 160 158
Binding energy/eV
525 ()
—&= S 2py» /
—@— Mo 3d3/2

524 | _a \% 2p1/2

233 | /'//
232
164 + ./-/./'
163 |

PO P1 = P3

Samples

(a)—(c) ANIF] V B A4 BE BUZ MoS, (1 (a) Mo 3d, (b) S 2P Fl (c) V 2P &5-& REIH XPS £55L; (d) B2 84 Mo 3ds)s, S 2Py s

Fig. 3. (a)—(c) XPS results of the binding states of (a) Mo 3d, (b) S 2P and (c) V 2P of bilayer MoS, with different V doping con-
centrations; (d) the effect of doping amount on the binding states of Mo 3dy/5 S 2P, and V 2P .
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BREGTE e B 0 . ORI, S =
A7 T8 BURE KR T B, I il IE fB 5% 42 S (Ul (29
—0.82 eV), Kt V #5442 B E L S 25 A0y A Al
Mo %5 IR IUREME AT B AT, (BT DRAFTEAR iR Y 1E
{E (>9.2 eV), B V BT R BUEHAHELIE B
AR . Mo [H] B 09T BCRE AT BT T B, (HHAE A
IE. AR RN, VB AR R R s B %
PEVEREHEVE ], B U A ] T ORI FEAR S 25 (2 )E
BLRE. PRI, J5 e Rt 2 ) AH B AR FH R i e
ST S 25 7 Y FE I R BE Z 4.

F 1 ROV BAZ MoS, BFETE R 521

Table 1. Effect of stacking configuration and V-doping

on the defect formation energy of bilayer MoS,.

SEMIEM. Moz MolikIE
fig/eV JERE/eV  JlAE/eV

WO BB B

AAHER /7S 1.229 9.586 1.466
BAV -0.822 9.252 0.855
ABHESE /7S 1.222 9.599 1.477
BV -0.818 9.258 0.623

R T HE— S VB2 BUZ MoS, st ik
FIEZI, FAE T AE V B2 EXUZ MoS, e
I, WP 4(a) B, BT MBHE By, 1A, 162
E) 0 W o7 25 A FR7EZY 22 em Y, 5 R 4B 22 W2
MoS, HeA —% 9], [8] 4(b) J&/R T E3, Al A, W
Wl BE B A e 12 ML, B V B4R, E),
A, WX R AR, I T hrE A R s Y
k. 4V IRER IR B A F] 60 scem I, K& E),
A, W W07 15 % % 384.43 Al 406.59 cm 1. $&
1M, Wang 45 PU HGETEHLZ MoS, Hr, V 844
BE), A, WERELHR, IR V B4t
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Fig. 4. (a) Raman spectra of bilayer MoS, with different V doping amounts; (b) the effect of V doping amount on the A;, and E%g

peak positions of bilayer MoS,; (c), (d) DFT-calculated effects of V-doping on (c) interlayer binding energy and (d) interlayer dis-
tance for AA and AB-stacked bilayer MoSy; (e), (f) DFT-calculated effects of V-doping on (e) interlayer binding energy and (f) in-
terlayer distance for AA and AB-stacked bilayer MoS, containing S vacancies.
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Fig. 5. (a), (b) Bader charge distribution of bilayer MoS, with (a) AA stacking and (b) AB stacking; bader charge distribution of
bilayer V/MoS, with (c) AA stacking and (d) AB stacking. The red and blue numbers represent the Bader charges of S and Mo/V,

respectively.
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TOKREH UL FIEFA] —ICOHP Y52, Hrf Mo-S1
FR[A—JZN Mo 'S Z [&] W AHEAE T, Mo-S2 %
TRARERIZE 2 8] Mo F11'S BAH A

Table 2.  Effects of stacking configurations, S va-
cancies, and V doping on the interatomic —ICOHP
below the Fermi level in bilayer MoS,, where Mo-
S1 represents the interaction between Mo and S
within the same layer, and Mo-S2 represents the in-
teraction between Mo and S across adjacent layers.

—ICOHP —ICOHP
(Mo-S1)  (Mo-S2)
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Fig. 6. (a) Schematic diagram of the field-effect transistor device based on bilayer MoS,; device output characteristics of (b) un-

doped MoS, (P0 sample) and (c) V/MoS, (P3 sample) under different gate voltages; device transfer characteristics of (d) undoped
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Abstract

Compared with monolayer molybdenum disulfide (MoS,), bilayer MoS, can exhibit higher carrier mobility
and smaller band gap due to its unique interlayer interaction, and has better electron transport characteristics.
It is considered to be an ideal channel material for the next generation of electronic devices. The precise
regulation of the physical, chemical and electrical properties of bilayer MoS, by doping is a key technical path
to promote its practical application. However, the influence mechanism of doping on defect structure and
interlayer interaction still needs to be further explored. In this paper, vanadium (V) doped bilayer MoS, thin
films were prepared by three-source shunt chemical vapor deposition. Effects of V doping on the defect
structure, interlayer interaction and electrical properties of the bilayer films were systematically studied. It is
found that V doping can significantly reduce the formation energy of S vacancies, and can form Vi
substitution defects and S vacancy complex defect structures. This results in the fact that when the doping
concentration of vanadium is less than 10%, the bilayer MoS, film can still maintain the n-type conductive
characteristics. Although V doping does not change the carrier transport type of the bilayer MoS, material, it
significantly increases the electron binding energy and the interlayer Mo-S bond, and increases the interlayer
binding energy under AA and AB stacking by 2.71 % and 2.44 %, respectively. The enhancement of interlayer
coupling not only weakens the scattering of carriers, but also prolongs the relaxation time of carriers.
Consequently, under high gate voltage conditions, the drain current of the doped device is higher than that of
the undoped device. Finally, the V-doped device maintains a high switching ratio (~107), and its high-field
conductivity is also significantly improved. This study not only successfully developed the controllable doping
process of bilayer MoS,, but also opened up a new technical path for the precise regulation of the interaction
between the layers of two-dimensional materials, which has important theoretical guiding significance and
practical application value for promoting the industrial application of two-dimensional MoS,-based electronic
devices.

Keywords: bilayer MoS,, vanadium doping, interlayer interaction, sulfur vacancies
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