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TG Ml R B i A R & B DU L 2Ok &8
HAEZEPE R BRI, X L AR, SRS
B AR b B A B S T DR 3R T Y Al A
PLR IR R W SR s T, AR R R - SR S
PRERRE . A a4 B S A2 G A IR 3 [
2 S HU G5 T 8] B A5 (defect-induced  gap states,
DIGS)iy™ Az, X FhRIBRAS SR K 35T,
TR AR Y 1 R 5L H42 (Schottky barrier) N AT H
G JBBTh REIEATIR S, B R gk ae gk T Lo
(Fermi level pinning effect); [R]FJ 4 J& - SR S i 2 fih
[T A BRI 2 S B il R B I RS n, - e 25 )™ E 52 )
aEERE. R, R AE RN A R T g S
BRI b AA, TR R A r AR A A, X 4R
SR R HA T

H A 4 A e R AR A ik ) SR R 2T R L
J5 .

(1) SRR PTEE S R 304 -1 SR R] o 4
BN Ry S SR M RB2 D AR A 1 ) AR SR
— U g L s R s 1 o 4 R R A A X,
) e AR R A Ry S JEm A RL,  DASCEE R AT
RO f. X TR 25 ki I 4 @ s A6 & W) (tran-
sition metal dichalcogenides, TMDCs)#1£HUIMoS,-
MoTe, %), HoHAH A2 Stk Thid i A =1Y Ho
IR s R U O T HAE A A SRR T
FHEAEITA ITH S 1TH). VR A 1 TA S
VER VB E MR 2HAR 2Z (8 B S5 2R i A, AT
R BRI %) R 5 g, AR Al L BH. 31
401, Kapperas A" T4 2 124146 T 1T-MoS, 5 2H-
MoS, TN [F] B 2 . ZEZ 0w s T, 2 42 ik Fi BHL
H~0.2 kQ pm, X228 TeAHAE2H-MoS, FEFE T 442 it
FHLBHA91/5. Cho A HI FIO 48 B3 F2H-MoTe,
K Tess i, R B 1T -MoTe,, MMHHT
1T'-MoTe,52H-MoTe, [T N [ i 4. 3 TR iz
FUFET S (F B0 JLF- 7T Z 0% 1) 1 e i (A2
JER~10 meV), 2T RO IER FAHE T 2H-
MoTe,ZEFET#R 4T+ T 425065, {H 21 THAYTMDCs
PRIR Z 40 F W A2 2 (meta-stable), T & B 45548
SHERRE BI2HAH, RIS A R B g A A e v
e R

(2) JufEfE(van der Waals, vdW)IZEf 5mg. vdW4%
fil PELELAG T 3 v ) S IR vA WRI B, AT SE 4

HU S el SRR JCAT FLE A, A SRR T
VIEFETAEROPEREY. EAT, FIsvdWHE il 3= 24 7
B —RUSIn A gE o2 (buffer layer)ik, BI7E4:
J& HLR 5 2 AR YA B AR Z (BN I A R S 22 v
JZ, FHTvAWHZfih. 1222 w2 ] A 50 248 F A - Y T Y A
HAEH, BAR&E R ORI E M, KRS
fiE. WangZs AS3E A7 B AL (h-BNYWE R vh 2, 2
B RS /D JEMoS 3R, HUTRNVAuE Bk, L
AR FET 200 1T A 3R AT A~178.2 cm” V' 57!
BTt E~321.4 cm’ V7' T (IRIEE H~77 K). BRh-BN
PIAL, BFEAG R, Fima . SefRPY s T/l
ST 2L AW, IR 4 R Rk, BN
o] 28 11 45 R P A 3 o 2 R A JB (T 5R P R Ak AR
%t (polydimethylsiloxane, PDMS). & H 342 H I
(polymethyl methacrylate, PMMA)%5)E 5555 2 4k
MOBLRTH, LUEBEA vAWIH] BRI AR -V B 2. Liu
e NPUSR I, EERS R S v AW HE fih B A5 A ihE fi 1
FARPEH M IE R EE . R YRR, A
Wt &R - AR . Tk, MTw S T
Z R RE AR & JE -2 AR B R SRS (W Au/MoS,
Pt/MoS,55), Hor 4 oy eRE vl A 2500 45 L 1 R s
20, TR H RE - 2R (Schottky-Mott)
BR. T, Zhang®E NPHUHIE T 7ERE RS BB A O SE R
b, A F1E% (molecule treatment)f) 5 k15 S —
e FARM R EREE R A BA, DT S R R
RS ERE. SR, A SRvd WA 3G s
TR R 2, ANid T RS A .

(3) &JE MR Rms. I, WIStk E )
4 I A T BT R MR AR AP R, SRk 4B TT
PRI X e SRR, WangZE ANt T
In/AufER FURRAZ . PR T4 R Infres st ARAR (R s 5%
PFF~530°CRIM] 7 %), HARRTHAR A 2 A il BE AITAR
PR R R T R T, Bl AR R AT
HANMEGER AR, FEMoS,+ WS,. WSe, 5L fh —
YA PRFEFETH D, In/AufE R AR SEEE T
TR A 2 ok P BHL 5 0 = B SN R %R, R T T
HARGF IS, R i B, Lide NP5t T
AWTI/Au g, HrPes— )2 TR Aufib )R AU ~3 nm,
ST HRENBMTIZE NG 4. XG4 aegE
FRARLF I FERS 71, BB (4 @ A S T A L 2 (8]
U R A A R . T2 07 1A SR 52 MoSS,-
FETH 32 fil LB }~2.9 kQ um, 2R L5 A il gk
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P BEAY 1/10. AR B 48 h Y e R EL (ex-
tended wavefunction)Xf 4 SRR EHYFZ I, Shen
2 NI LY 42 R Bift A HU A A 47 2 2 MoS,-FET
. BT E B SR BRI S % L TR0,
PRI R A 2504 i 42 )& 175 S 1A B 45 (metal-induced  gap
states, MIGS)/=4:. 4 @ Bif $ K RESIEIE 1 =
PRI A JICHT, 5 HA fl i 2 R B ks Ak T 8,
BERHAY B S A2 S ~0 me V. SEIG T BiFL Al 5 H
JEMoS, VA IE MR (8] S 80 R A A R ik, A
()32 il L BH R ~123 Q pm, FFASHL % E N~1135
A pm™', Y AR IE A L MoS,-FETRE 1 5 1
B, JAE WL, BifER e s, A miAUAA271.5°C,
ARMEE /2 )5 18 T (back end of line, BEOL) A 4E 1 H. 5k
K.

(4) Z4ig - IR R A U S. Si R,
TG JE T AORE Y R R AR S A R MR R,
SENERFETAR B 2 fil ) BE s B AR} BRI 3R
B, I 4 43 b R A 4 ik A R 8 A 43 J AN
e PR il AT B vd W IR BR, % A1 B RE RS A S b 4
SRS 4 E MR Z B A EAER], THER Sk
RELATHFLAON Y. ZhangZE APTSR I 4k 4 R
1T'-MoTe, /F Jy LB Ml b L 5 5 2 MoS,-FE T AR,
SEPRT B ARSI Y R AN 2, AT
TR —Fh Y4 B 1 T- WS, — 4 (tellur-
ene) SEFETa A IR I Ml br B}, 84F B L A%
(4 14 R LA 2 (~349 meV) 5~1304 cm® V™' s T
R U T 4 R MR R MG FET R HL A
FE A R RR Y — A A1 R

TERZW g @A e, S Rk I 4
JE B AL E ) (metallic transition metal dichalcogenides,
MTMDCs) 1) i 2 il 28 FFAE Ay Fa AR 122 o ) 12 FHAS 21 1
T Z I E. MTMDCs B 54 8 Cun] L H S
R, AENFETEHA ML S R4k} [RIFFMTMDCs 5
2 A PETMDCs(semiconductor TMDCs, STMDCs)H:
AL A S50 5 B AN L AR T, XA T
4EMTMDCs/STMDCsH4 1) 43 J -1 1A 5 i 45 F 7
THER PR RRETFLAON J5 T /s HH AR K ).

R AR HEMTMDCs A ARHE F A2 il STk i 3, e
i SN i o N e e N R
MTMDCs#4 8 3 B HUBRR B ks, (Hi%r ik
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KT AR RN A s, AR AR
AHUTAL: (chemical vapor deposition, CVD)% £ Fi ki,
PIASCHR A 2H0T . @ i —4EMTMDCsH
BHY B 45, 78X 87k, CVDIEBHA A S0 i
ZHEMTMD CshHRLa] 5 il 45 0 A 20 B i iy
CVDAK MR IIE LI SEL, WATIRIAR SR
i ARIRAFZE. AREEULAERE RS
JE g R R ORI R AR, T LS 4
MTMDCsHEHYJZIE . . TES. BEX RS S5HUa)
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MTMDCsh AT 454,

AR SCE R T AR A2 i ATM TMD Cs 4 6} ) i £
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Figure 1 (Color online) Two-dimensional MTMDCs materials for
electrical contact applications reviewed in this paper
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1.1 HAEBLVS,)

YuanZ A\ PRI FIVCL RISTE RATIRIK, RFH# &
CVDIETESIO/SIFER LA T LA I T-VS, 20K A (4
KR EE~550°C, 4k A RoE<10 pm, JEEE~42.5 nm). Fifi
J, AP R A VCLAISHTIRIE, RAH RCVDE
FESIOL/SIFENE 13 T2 (<10 nm). 1 T-VS, 40K Fr
il (CE R IR EE~600°C, [K12(a)), FLHEAK R AIEIX
ROT AT 8 H, A i i R AT 4%, 4 H, 0 i A8 scem
(standard cubic centimeter per minute)f %2 sccmfif,
VS, AR R 1Y G K B AT A ~10 pm 3 il 2 ~40 pm
(E12(b)). 1H/2& Y H, i S E0 scemt, FEJE_ AR BETIRN
VS,. XA RERH THZ S 1 AL RV (VCL(g)+S,
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(2)+2H,(2)—VS,(s)+4HCl(g)), St 1 HITIRIAR ) 73, 2
fTARKEA L, BRAH, SRS R RV S, U
JERYBG R, AAFHE EAK R A ROTAZ /. [RS8 v
IR AR, FEAR ATV CL 2 AR (£9275~300°C), L
FARASIO/SIELEAR X TR AR AV CLA I E A &, 2
1REEEVS, 0K G R, KR VS, A0k
#% 2 15 5E 0] #i# £1 28 (highly oriented pyrolytic graphite,
HOPG) L # 47 /R SCHRE ) 8. 8% (Kelvin probe force
microscopy, KPFM)IHE, ZEVS, 20K A £ 3 H LA
WS B2 R Y R T (K1 2(d)~()), BEMT AT VS, 2
KA W DIRECH~4.73 eV, DUHREH A I15~6.7 nm/E
VS, 2K 7 HA TR B BE AR (=3 Q pm,  El2(c)). X
HRVLHIV S, VA 2 S — 4EMoS, (19 K47 BB b
HE,

AR O 1 TR SR RS T A VS, K
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Si0,/Si
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Copyright © 2017, American Chemical Society. (a) SiO,/SiFEJiE_ VS, 44

KRG BAER IR, (b) VS 12k K BE REH, it i A8 fh iy R # . (c) ~6.7 nmJFEVS,ZK R BB Ih 2. N B IAL: T VS, 2K R H SR RY
BRI WA MR, FeR8 2 B A1 28 LR VS, AR R T S(d) SR I H ) EIME. () (). (o) PRI T ) g RmAsy
W5 F M BEHT. (2) BT NVAuH LAY HZMoS,-FETR 471 R FETNi/AurL R #9512 MoS,-FETHIFE B R 2k (h) S AN 2 ). 6)
HTVS, R I HEMoS,-FETEHA7R FIEL. JE T VS, AL 19 5= MoS,-FET AL AR L M 28 (k) S5 i 4 2R (1)

Figure 2 (Color online) CVD syntheses of VS, nanosheets and applications in MoS,- FET"" , Copyright © 2017, American Chemical Society. (a)
Optical microscopy image of VS, nanosheets grown on the SiO,/Si substrate. (b) Plot of VS, edge length versus H, flow rate. (c) Resistance-temperature
curve of a ~6.7 nm thick VS, nanosheet. Inset: Optical microscopy image of a VS, nanosheet-based Hall device. Topography (d) and surface potential
(e) images of transferred VS, nanosheets on HOPG, respectively. (f) Atomic force microscope (AFM) apparent potential and height profiles along the
dashed lines in (d) and (e). (g) Schematic model of Ni/Au-contacted monolayer MoS,-FET. The transfer (h) and output (i) curves of Ni/Au-contacted
monolayer MoS,-FET. (j) Schematic model of VS,-contacted monolayer MoS,-FET. The transfer (k) and output (1) curves of VS,-contacted monolayer
MoS,-FET
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BEHEMoS, |, HH T VS, &Ml MoS,-FET#F
(F123)). 5 EEZEPENT AR HE A MoS,-FET#
(2., VSl AYMoS,-FET#4-F 30 H 5 e
SR HLAAERE,  H RN A HE RN T AS L 3 43 )
MNV/AudEA~2.1 cm” V' s7'(E12(h)) #1~0.9 pA pm™
(E2(1))#F+ Z~7.8 cm® V™' 7 (EI2(k))FI~3.8 pA pm™'
(F2Q1), V4=10'V, V=30 V). il 4 IFP2E#IMoS,-FET
TRl BHLUEA TP, ZBIET VS, AR A R
fik B BEL A ASEIAE GENT AurL IR 9 1/4, XL —4EVS/E N
AT o A T DA A FE T A4 1) P A 2k [

M Y PR RS IR FU 3L T VS,/MoS, 3 B 4,
(IFET#MAR I LS R BE, SR M AL R B AN ] skt A
AR T S AR KT MAEIREGYEILR.
e R 2l B AR I TR B 2 T U A A
TR S A A, SRR s ro v fe™”. cvDik:
HIBEA M L - SR 5 45 2R i v 5
WA /7. SR, —ZEMTMDCskHH AL 52 M
ANERA ARG R (22 5% AT IRAAR () e 5 A e 1 5%
ZAMELFEORM. AabSR R R, mfysem
TR T S T B A AT SR SR AR R AT T R S
FULAE, Leong N HiH T WiECVDEE, Hi4 T
JTEEVS,-MoS, I N 5 B4, K IRAESIO/SiFEJE_ LI
VS, )i, % CVDIil A IMoS, 2[5 T VS, [ B4 X
TSAMEAZ I AN AR, TP BURIRAY £ fhif
WP S R A5 . 3 TR 2 RAS VS, R Y
MoS,-FET#H 4 H ARG A L BH(~0.5 kQ pm), H
TS L5 B SR AE GENI/ Au L g E 6. X F B
VSN HUR AT S5 R S AR &, ST 28R
PERE. ZTAEULH, PiCVDEERE & 4 TMDCsJt
G @ R N R AR A RO, R R T
VS AERFETHS {442 fioh F A 7 0 FH i 5.

1.2 HEPL(VSe,)

S50 RAMEAE R AL, vdW AP E A KX 3
JEG 1AM S J2 £ b b R R L B et s 6 P D i 35
B, A BIMEZ T BN )5 T R A T
G- T DA K R AR R E T S kA b, R
vAWHME A K s TR SLE. AR ) i vdw o
FEALFE, R FHCVDIEAE01) A R ol T
IR TT-VSe, ANk A i B AR, Hrpk HIVCI
SelEMRTIRAA, 25 A& IR BE 43 ik B A~500F1~370°C, A=
KRB R~600°C. S B U R AR IR, VSe, RILHIHH
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X5 £ R 60° [ IR R ] (1813 (a)). BT =B S
VSe, M AEILELE R, AL T = 0T BB HE S 2540
(EI3(b)), #HE—HENE T = BFHLK VSe, 4 K 3 1E
VAWHMERER. VAR, VSe, 40k A % J5 B 7 3 of 18
CVDA KIS A AR I TA RO, HArR
£ 500 sccmfEZE 100 scemff, 7] LLFRAS£94.9~90 nm
JEREIVSe, 20K F (K13(c)). HifF~10 nm/EVSe, 49K H
fRIHL S HTE300 K F Al i4~1.1x10° S m ™ ([&13(d)), HH:
b AR AT AR R 1T-Mos, !
Ay A~ B S, BN 5G4 R (AR
AV S, XRPHE S Y L TR T BE S R VSe, i R
FAABV -V B T2 ] s L TRE A AT EC”. Hos-
sainE AR ICVDEL, 1AV CLRIS/Seff i
BRAA, DR THTHB8 55 A h-BNIYSIONE RS, ST
R R I VS, ATV Se, 20K B, FLH TR IR ) 28 K& i 29
200~300°C, A= KR F~650°C. AR AT, VXALFE
h-BN_EWLRUVE K, 7R 48 1Y S10, 2 1 ) 2 W2 51 4%
KA, R K A N AE ML 5 E
— R,

2, AR T — RS P A C VDI,
145 1 2P VSe,/ MX,(M=Mo, W; X=Se, S)_4i4:)&-
e RS R, RIS A, A A& AR F b T ULgR 3
— R R A KA, BIVSe, 20 2eE B AE KIIMX,
HIWE X h Z i A, TERUAZIE . iR =M
IKUARGER. Bfif5, LAVAW AN EARE T I B X 3 2552 17 [#)
WEIX P A K, B A B A EEPR AV Sey/ MX, J2 ] 5
FZE (E13(e)~(h)). T4 RKAIEAT DASRAS B (Y
W - - FEAR 254, 1 —25 s s il A K A A B S B
YKL IRE K B B B 3. KPFMII 45 2
IR, VSe kK i BITTE X i 4ef FE 1L B2 W Se, FlIMoSe,
FIAE IR A B 22 (F331), (), H A5 VSe, Mt T
WSe, FIMoSe, i ) ki 1 25 {6 53 1l ~163.0F1~123.0
meV. XFEIHEJEIEVSe, HIX T WSe, filMoSe, H. 47 5T
INEYTRREL. I, 24VSe, S5pfWSe, f i/, 7EWSe,
A4 2 [60] Fi i X P AT AT B e L BELZ, AT i i 74
() 14 R R R i (13 (K)). 33k b i H BEL A% 2% [ R 71X
ARFHRT-2 708, FIE 2R T RS IR
() AR G R 0 T EL A T B A N AN, Y
VSe, S5nHlfiMoSe, 1/l 5, TEMoSe, MIHZ 5l A W 2 —
A H BEL ) 2 [B) AT X, RT3 T i R A P B L
(FI3(1). XANATY Y P45 A B AR5 T TMDCs
SR PR PEREC ALy T AR EEAE . AR R
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Figure 3 (Color online) CVD syntheses and characterizations of VSe, nanosheets, and VSe,/WSe, and VSe,/MoSe,vertical heterostructures. (a)
Optical microscopy image of VSe, nanosheets grown on the mica substrate!™". (b) Two possible stacking configurations of VSe, domains on the mica
substrate! ™", (c) Statistical chart of the average thickness of VSe, nanosheets with varying argon flow rate!™. (d) Temperature-dependent curves of
resistance (solid lines and arrows) and conductivity (dashed lines and arrows) of VSe,. Inset: Hall bar device of triangular-shaped VSe, nanosheet",
Copyright © 2017, John Wiley and Sons. (e) Schematic diagram of the two-step CVD synthetic route of vertical heterostructures’™. (H)—(h)
Corresponding optical microscopy images of VSe,/WSe, heterojunctions at different growth stages in (e)[52]_ KPFM surface potential mappings of
transferred VSe,/WSe, (i) and VSe,/MoSe, (j) heterojunctions on conductive Si substrates, respectively[sz]. Band structures of VSe,/WSe, (k) and VSe,/
MoSe, (1) vertically stacked heterojunctions[sz], Copyright © 2019, American Chemical Society
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Figure 4 (Color online) CVD syntheses, electrical measurements of VTe, nanosheets, and applications in electrical contact of monolayer MoS,-
FET", Copyright © 2021, American Chemical Society. (a) Optical microscopy image of VTe, nanosheets grown on the mica substrate. (b)—(d) AFM
images and height profiles of VTe, nanosheets with different growing temperatures. () Distribution of sheet resistance of VTe, nanosheets. Inset: 2D
sheet resistance mapping on a 1.5 cmx1.5 cm sample. (f) Relation of conductivity of VTe, nanosheets with thickness. (g), (h) Optical microscopy
images of Ti/Au- and VTe,-contacted monolayer MoS,-FET, respectively. Inset: Corresponding structure schematics of the devices. (i) Output curves of
Ti/Au-contacted device. (j) Output curves of VTe,-contacted device. (k) Field-effect mobility statistics of Ti/Au- and VTe,-contacted devices,
respectively. (I) Schottky barrier heights of two-type devices at different gate voltages (V)
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(~185 meV). BLAh, 4t H T ~50 VBT, 1T-VTe 4%
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PETHH A 2 MERE. 2 TAE ICVDA N —4EMTMDCs#f
Al IR LN T H AR B b S R A TR TSR LA
Ry 4 HEAP RN FL R R A A SRR AL T e A o
HL A A

B2, VX /ERMMTMDCs B S tE. m
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R 5 52 AP R SE R AR, R CVDIEH
2 NbX, 75 A1 1 TG 4 PR 58 A B K15 5 o 2 1 H ARk
A e R b R T R A R S RHIR R,
ZhangZ5 NILINb, O FISTEHETIRIA . NaCl/EH
HBhF, A ECVDIEAE I 5 A 2L B SEt 173
SIHUENDS, K A BIA R, T NbS, 40K F 4 500
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fiih, 300 KR $2HUH A HLBHL(E }~2100 Q(EI5(b)). ZJ5
ZREYL 2 CVDIE B4 B T NbS,- WS, [ T
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Zhang% A F W 25 CVDE A B T NbS,/MoS,

e SRS, 7R A H L R, AT SErESiO,/Si
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PR EE A A KA (1) g AE KRB, NbS,FIK)Z
MoS, W5 X i 2 (s M7 s EFER I AR, ek
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F) s R L REAR/DS, IR n] #E Mo S, e I AMAEFS 31| B
JZIINDS,. FEFINDS, ARy TR, MR HAE R
H B A2 fi A B M oS- FET g8 4 1) L 24 P RE E AT T4
k. AATRIFHC VDA AR AR AR T 3Fp 2 iy =X o
JEMOoS,-FET#:, 439 0 Ti/Autifi . B e NbS, 1
it 00U EL AR NS FE i (1 5(2)~(1)). - R NDS, 322 fit 4
FZMoS,-FET &Y T 5 H I 2 FETE V,,y=60 Vo Vg
=1.0 VI H~1.5 pA pm™', S ELHL B NDS, 35 Ml (14 54,
Ti/AufE 1065 (ES53G)). FHB, HIEBF
(<15 cm® V™' s TF K L (~1.8x 107 )RS T Ti/Au
FEfm G L2 BRI T 6f M2 BUE (K 5(k)). )2
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Figure 5 (Color online) CVD syntheses, electrical measurements of NbS, and the related heterostructures as electrical contacts in monolayer MoS,-
FET. (a) Optical microscopy image of the fabricated device based on as-grown NbS, nanosheet on sapphire. Inset: AFM image of a NbS, nanosheet.
Scale bar: 10 pm[63]. (b) The output curve of the NbS, device!®, (c) Scanning electron microscope (SEM) image of an NbS,-WS, lateral heterostructure.
Scale bar: 20 pm. Inset: Corresponding AFM image[&]‘ (d) Output characteristic curves of the FET device based on NbS,-WS, lateral heterostructure at
different gate voltages[“], Copyright © 2018, John Wiley and Sons. (e), (f) Optical microscopy images of the NbS,/MoS, vertical heterostructures
reflecting two types of growth modes. Scale bars: 20 um . The schematic models of monolayer MoS,-FETs with Ti/Au-contact (g), one side NbS,-
contact (h), and two sides NbS,-contact (i), respectively[64]. (j) The output curves of monolayer MoS,-FETs with different contact types at backgate

voltage V},,=60 Vi, (k? The transfer curves of monolayer MoS,-FETs with different contact types[“]. (1) Band diagrams of the Ti/MoS, and NbS,/MoS,
interfaces, respectively o4, Copyright © 2020, Springer Nature
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Figure 6 (Color online) CVD syntheses, electrical measurements of NiTe, nanosheets, and preparations of NiTe,/WS, vertical heterostructures and the
FET performance measurements. (a) Optical microscopy image of NiTe, nanosheets on the mica substrate!". (b) Plot of the thickness of NiTe, as a
function of growth temperature[m. (c) Distribution of sheet resistances of NiTe, nanosheets. Inset: Sheet resistance mapping on a 1.5 cmx1.5 cm
sample[m. (d) Plot of conductivity of NiTe, as a function of thickness'", Copyright © 2020, American Chemical Society. (e) Optical microscopy image
of the as-grown NiTe,/WS, vertical heterostructure on the SiO,/Si substrate!””. (f) AFM image of the interfacial region and the vertical stacking region
of the triangular heterojunctionm]. (g) Optical microscopy image of the fabricated FETs on a NiTe,/WS, vertical heterostructure!”. (h), (i) The transfer
curves of the monolayer WS,-based device!. (j), (k) The transfer curves of the NiTe,/WS, vertical heterostructure-based device™. (1) Band diagrams
of Au/WS, and NiTe,/WS, interfaces, respectivelym], Copyright © 2022, American Chemical Society
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Table 1 Comparison of the electrical performances of the FET devices with different types of electrode materials

R E R SRS il& 7k G A %R (em’ V' s7h FK L E= PN

vs, VS,/MoS, T B 5 F 45 YyBEE RS s ~7.8 ~6x10° [38]
VS,-MoS, ifil N 5 B 4 Wi CVDE: ~35 ~10° [42]

VSe, VSe,/WSe, 3 I 57 Fi4h Wi2bCVDE ~137 ~10’ [53]
VTe, VTey/MoS, T B 5 IR 4% B AT ~47.5 ~10° [55]
\bS, NbS,-MoS, Ifii P4 57 4% Wi CVDE: ~0.14 ~10° [63]
NbS,/MoS, T i 57 i 44 WizCvD: ~15 ~1.8x10’ [64]

NiTe, NiTe,/WS, T 11 57 JFi 45 WiACVDEE ~4.22 [72]
Ti/Au ZEPETL ~0.6 ~10° [73]
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Progress in the preparation and device research of
two-dimensional metallic transition metal dichalcogenides for
electrical contact applications
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With the continuous scaling down of electronic device sizes, the electrical contact becomes increasingly important for
determining the devices performances, even beyond the semiconductor material itself. Contacts are the communication
links between two-dimensional (2D) channel materials and external circuits, which play decisive roles in the performance
of electronic and photoelectric devices. The traditional metal electrode preparation usually involves a deposition process of
metals on the surfaces of 2D channel materials. However, the bombardments of “high-energy” metal atoms or clusters onto
the surfaces of 2D channel materials, along with the strong local heating caused by the evaporation process, often lead to
some problems, such as defects in metal-semiconductor interfaces, metal atoms diffusion, and chemical bonding, etc.
These problems will give rise to the generation of defect-induced gap states (DIGS), which will induce the accumulation of
a large number of electrons or holes, and ultimately result in the Fermi level pinning effect. To make things worse, the
Schottky barrier between metal-semiconductor interfaces will bring about high contact resistance, seriously affecting the
devices performance. Therefore, it is of great significance to explore effective strategies to construct atomically clean and
sharp contact interfaces and achieve satisfying electrical contacts for improving device performance.

Up to now, many efforts have been made to elevate the contact quality of the metal-semiconductor interfaces, including
fabricating heterophase (metal-semiconductor) homojunctions based on the same material possessing different phases,
constructing van der Waals contacts, designing novel metal electrodes, integrating the 2D semiconductor material with
metallic counterpart and so on. Among them, the chemical vapor deposition (CVD) preparation of metallic transition metal
dichalcogenides (MTMDCs) and their applications as contact materials in electronic devices have aroused great attention.
The CVD method has been proven to enable the controllable preparation of high-quality 2D MTMDCs materials
possessing electrical conductivities as high as that of copper. By facilely adjusting the experimental parameters (type and
amount of precursors, growth substrates, growth temperature, etc.) in the CVD process, the layer thicknesses, phases,
morphologies, domain sizes, and orientations of 2D MTMDCs materials can be accurately controlled. More importantly,
MTMDCs and semiconductor TMDCs (STMDCs) have similar lattice structures and complementary electrical properties,
which make the metal-semiconductor heterostructures based on two-dimensional MTMDCs/STMDCs show great
potential in improving the contact quality in related devices.

This paper reviews the recent progress in the preparation of some typical MTMDCs materials and their applications in
the electrical contact fields. 2D MTMDCs materials containing three metal elements (i.e., V, Nb, and Ni) will be introduced
in detail. V-based dichalcogenides (VX,) with high stabilities are insusceptible to react with oxygen and water in the air,
which is the prerequisite for their practical applications as electrode materials in 2D-STMDCs-related devices. Theoretical
calculations have demonstrated that both the H and T phases of monolayer VX, materials show metallic properties and
similar crystal structures with STMDCs, making VX, promising electrical contact materials towards improving the
performances of two-dimensional STMDCs-based FET devices. For Nb-based dichalcogenides (NbX,), it has been
experimentally proven that NbS,, as an electrical contact material, can effectively improve the performance of the related
electronic devices, and can even show different electrical characteristics (e.g., current rectification behavior) from
traditional metal-contact devices. However, the instabilities of NbX,-related materials hinder their further research and
applications. Improving the stabilities of NbX, or developing effective encapsulation strategies should be possible
solutions. For Ni-based dichalcogenides (NiX,), the representative member NiTe, hosts topologically protected electronic
states and have been proven to exhibit novel physical properties. Additionally, the intrinsic layered feature and high
conductivity also endow NiTe, with good application prospects in the electrical contact-related field. Finally, the challenges
and opportunities in the preparation of the 2D MTMDC:s and their applications as electrical contacts of 2D STMDCs-based
devices are also discussed and prospected.

metallic transition metal dichalcogenides, chemical vapor deposition, electrical contact, heterostructure interfaces
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