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Abstract

As the performance of conventional electronic devices is approaching its physical limit, a new ma-
terial is needed to break through the situation. As representatives of TMD materials, MoSz and WS2
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have shown great potential for application in the field of photodetectors in recent years due to their
excellent optical and electrical properties. How to synthesise high-quality 2D materials and how to
enhance the performance of MoSz/WS: heterostructure photodetectors are of great research signif-
icance. This paper reviews the synthesis methods of 2D materials and the present research progress
of MoSz2/WS: heterojunction photodetectors. It discusses the synthesis methods of 2D materials, in-
troduces the basic mechanisms and device parameters of photodetectors, summarises the present
progress of MoSz/WS: heterostructure photodetectors, and provides a brief summary of the prob-
lems with MoSz/WS: heterostructure photodetector and an outlook.
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1. 5|8

1965 4 Gordon Moore f§H, FERH B F o] FOIN SRR EH H 28 18~24 MHME S —6F,
REHDRE ST — A5 1] FEIT AN H 20 rp B i v B 40— B B R e R R R, AR, XA BARTEVE
TCHIBR M FEE: T 250 AR IR RE, AT & PER M ZE SRRk R R, i T 28 R I AR OB 7R AN T -
Fho [E T B N S O ) R R R, AR Gk SR T SR R DG I A EEAR IR,
FEIR R AR R AL (2] BRIk, SHRBEX —NEE, K JE—FPET MRS 2R 1.

HIOCHRA ZIBOMHTIE . TP AN SN 2R R, S0 T AR A (RAERE i, LA
B 7 B GE T2 A SEE E SEPE KR 2. ERAEARE . BB/ RS DA R = B3] [4]. TT4T
AMIR) M LRI BR RITE G A8 . At JGIfE . B AURN iz, Fth BA EEHAL[S5]-[7].
LGS FAR I 28 AR 3 B TE(ST) . #4(Ge). HgCdTe F1HAh -V AR, Horb Si3 B F 0] W% - ik
ZLANVis-NIR)IRM, Ge FI3FMITE Fl 7] £ A 2ZL4MMIR), HgCdTe FRIFRMIVE 7] B34 T 2L /MFIR) . SR
Si Fl Ge NIAIFEAT B SR, XHERIMSCESCR A B, (RIS 7 B ] 5 s AR 1), 28R PRI BB [ e . 1F
NEFEHBRN HgCdTe BAR W] LIdid o F e 2= L0t Ry A7 B[], (H AR AF 10 TAF IR B AR T 2 0,
I H HgCdTe A5 1) EEMEXS FREEFEASAUT , S 0 B FH R 52 30 BR A o TTL-V OGRS A 8 $022 sk,
TEAE B HAR A B} LI 75 25 8 A R S ULED, R XESEINAA S AR BRFa A A K, X BRI T 2841
REMI ZREE

2004 4 K. S. Novoselov 5 A\ FH iy M 85 o 3 8t Ji 1 20 5 P88 PR Bl e -4 5. i 44 o A 88 0 9]
W T 3 A HEM R CVERR AR AR, TR — R IHER T AR, R A T 4R B LA
Wl SAEGOEHIRIEE AR LD, s . B SRR LA Y(TMD) 38 B 4R e AT
W, RECEERE, e REE, RN ZETEEEIER ) R VA TR EA R, 20 g It
BEHIZIR[10]-[13]0 X1k = 4E S PRI ZH A Lh A% e AR I #4558 58 B iR IE Bl (] 1) SRR A el
W SRR, DL 5 AL Gt AR AR R e

R RERINES , A 580 1 27 B 5 R 8 SLER IS BBl v] AR ANUV) B KR 2% (THz), {H [FI BB
B I R 15]. AERE T A S0, BN A B R AR R TR A BR(0.3~2.0 eV, MBUARIER), A HE
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ESE

RHIRE IR, A, BBESS P4 faE, haREE P KRS [ 16]-[19]. T TMD,
PA MoS; AR, HArBRAIf(1.2~1.8 eV, MBUARIHE), FRINVEHE M AT WG T LLHMNIR), BRI,
Rl AE 2 S AR e, R A 4G ERIIES E 584+ [17] [20] [21]. AT, AXACGE I 58 oA bl FEAR
PR R AR A IR, SR AR BE AT 45 1 S BB AR B A R A BRI R S, Rt
B PP ST A R 725 o G I R S o 4 5 A R KPR A R AR I AL, B MoSo/WS, S i 45 i,
WS, (51 IS A T3 5 T MoS,, BT MRHAI Dk i 22 57, 4 9 K Be S0k BT )5 , 76 MoS: Fl WS,
ST TERL Type-11 BUREHI G54, FoAE N g, WA ERIDVERR T2 S0 2), F
RO PRI F R SR T A E M R [22]-[24]
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Figure 1. Band gaps of various 2D materials and their corresponding wavelength ranges [14]
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Figure 2. Type-II band alignment of MoS2/WS: heterostructure [25]
2. MoS2/WS: 7 B4 RY Type-T1 BLRETFLEH[25]

ML ZHAEMTTH ERAE, 4Rl LSS0 MRS &, SO AN, WA RHERETT I
ERAE, ZHEMRHIA RO R, TSI RIRET, G R A B PRIV R B BE e N R
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o BRI, T T AERORL ' R S5 AE 5 EE R I AR EOR BT 77, B EE AR S (R

ARLELER T MoSyWS, 5 56 iR 2 M 72 80K . 15 2818 T Z4em R & 057, SR e a
TOCHIRM R HEAR SRS, I B4 T MoSy WS, S B 4 G LRI SR IO M RE IR, 55 X MoSoy/WSS,
S PR A5 HLERINY &5 T s ) il RELREAT T R EE R B A S R

2. ZHEMRBOEIE T X
2.1. FIE*

PR A SEL TMD PR R CE G S N 4 G 20+, 8IS = R e s 7 R
RIAT NEAAM R B B 2 )2 H 2 500 T 210 4k 2R am A . RSV 32 B0 ML R 25 vk A ] 25
s AUBH R B V2 R 8 3 B R AR AR Rl R T S S R I 5 R BS, K )= (R AR A A S a1 R R
B, AR B B 4 AR RS B B AR R B T RS RIE(E 3). BTl I R A A
AT AT R A 200 R AR e oty B I BT ) g, DRI 8 e 1) it AR 5 ) S B PR e ELY v P v, [R5
FPET™, AER)E[26]. TMD [27]. HB#E28]. /ST ZALHI(h-BN) (293 nld@ e 07 %414, JFHRIBER
PRk E i % 7% 0] DAASSZ PR i ) 26 JLPARATT — Fh e BT 45 . L. Wang 55 Nl HLRI B % 7 h-BN/A 28
Ji/h-BN S 45, JFxd H B A GEREAT T WF 78 [30]. Muhammad Hussain 25 A8 S ALK 25741 4% 1
GeSe/MoSe; SJ5i4l, I H o 56k REdEAT T WF5T[31].

|
P P

|

Figure 3. Schematic of the process of the mechanical exfoliation method [32]

3. MR ERRERER32]

SR, AU BV AR AE HE s R 0 24, WTE SR, Hl I PR, R Joy2adss il o 4 i) T
0, Mk DA 25 ORI AR i) 4 b, DR iZ v i N I BB R PR TS 38 ==  .

TR RN B2 AR B TR b, 385 H A 2 B 75 58 5 A A A ok P 0 1D S AR G A 45 2 R
AL RS, RSN E ZER S TR . MR EEE SR TR B s A 5 i Bh R B
=R FBE(33].

wmE 4 BoR, EEFIEEERES, WIS FE N SR E R R, 5 A S5 R R A 55
EIRVER J1, TERATHRE. A BUINRASE, ke R R 2 Z2RM R — S E R R 2 A TE P
W T AT ES T, 11 KCapNb3Oyo [34]« RbTaO; [35)5545 5k #kE, A Facfud i, XuE 145
W BT R A B, SR AT BERE B0 75 (5 o] 58 ORI AR 2 2R R R A BRI B A T, W
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7R R T 5 2% SR 14 Bt O R o R SR E A, X R BN S R B R R RS E I R (36]. 4T
FIRIZR I RS A5 R B AR R I REAIE, AORLRIB AT 5 R RERZ W 2R/, JRBI I AS 2 AR ES )i A4
BHERRETE, BRI, R, WREFIEFEAL, SAMRSERREB3].
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Figure 4. Schematic diagram of liquid phase exfoliation [33]
4. RERIEEREE(33]

TAH R BRIt n] B T 4% 0 45, B. J. Akeredolu %5 N8 I A 3 B85 46 T MoSo/ A 520 7
45, IR HOGHPERERET T WTH[37]. Mengjiao Wang 55 NIEIE AR R 724 % T MoS,/BiOBr ¢ i 45,
FFxr H AR BEREAT T T FE[38]0 AN THUMRI B i, WM R ) S AR SR, SR, AR rh i
A A BGIAR A S 0 i IS 5 g, IF B iR T R IR Tl i R 2, DA % KT AR ) —
LIS

2.2. WESHERRZE

e ESAUTRNE(CVD) 2 i I i 55 B 1A B0 IR A5 T Bl RS I A R AR Ak 5 ROSE, AR B 245 7
PIFHDURRTEAT SR T Y s . 7R R N AR, T8 I I8 38 6 06 1 A K Ao IS 5 s 1) A A BT T SR AR 2 L Ui
S5, AT SEEE K IR L PR A K Jianyi Chen 55 N FE AR Rl S (1 AN B8 ot JiS b AR HH PR AT LK) RORSE MoSes
BB S), @RS R 2.5 mm, g AR ST [39]. Juwon Lee %8 A LA S Fl MoOs NHETIRAE, K5
TANE MoOs & FAKH A AT 58 & 0L, 24 MoOs &5 0.01 mg I éefA AR, B
TR, 2K K 25 1) B2 MoS, #5401, Yang Gao 25 A LL Au N4, 7 950 °C RAE 30
s {125 tH 430 pm IR WSer HLEG[41].

i _E IR SRR RS, CVD IR R DU 4 ) AR K R S SR R, ) 6 T O OB [ S S 4
Yongji Gong ZEN¥ W, MoOs. S JRNE Ry EARTIRAR, [RINAE W s in A& Te Ik W &L,
£ 850°C I Bl 4% th 1 HAT T BELHEBR K (1) MoSy WS, T EL Rl 45, 8 650°C I il it — 5 ik s sh il 4
T EARE A AME S5 MoSo/WS, 1 7] 575 25 (1] 6) [42].
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Figure 5. Ultra-large size MoSe: single crystals of size 2.5 mm grown on a molten soda-lime glass substrate [39]

5. DUERRZSHYSMESIEE AR RAE K H R4 2.5 mm BIEBARST MoSe: B8 ([39]

Si0,/Si

Quartz tube

Figure 6. Synthesis of MoS2/WS: vertical and lateral heterostructure by changing the growth temperature [42]
B 6. BEMTEKIRERE MoSyWS: BEH T REAFIEEIFFREE42)
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AN RIS — A R ) S LA I, PR AR A 2 RIS SR, BIE A K T8 U A
BEZIAAELE— N3 B MXo-x X B M MiXo LRI T [43], DRI Gt SR 50T s 28 FRORSE [ra) e J 225 3 T Eh 82
BIESR, PUBIEE NAIE. DL MoSy/WS, B [ i 45 0, WDy e 2 U FhRON WOs Fi S
ATORAA, Rt WS, J5 FRH WOs #t MoOs FRHFAT AR, /515 2] MoSy/W S, i 1a) 57 5t 45 (] 7).
Ming-Yang Li 5 N JE7E 925°C F 58 R WSe: il 4, FRIGEAF 21 WSex JIN 73 — N EH MoOs 5 S )
HHERGE AR K, RATE A HHE S B T MR B R JUE MW WSeo/MoS, ST, SEAikEf [
RGeS [44].

AT T R85, CVD il MR, KA IAE R, EEEES, FNTESES, HEs
BT RLE 25, PRI CVD RS 98 B A 5y BT S 36 2 A RHI 8, A8 Tl AR 7 v A A 24K ) 82
W

Step 1 Step 2

Ar_S WO, Ar_ MoS /NaCl
—_— -

a Substrate ——> Substrate

= Heterojunction g

Figure 7. Schematic diagram of the two-step method for growing lateral heterostructure [45]

E 7. mEEREKERSFRETEE45)

2.3. HAthhl& 5%

B 1 RIEEA CVD DA, & MBI FBOC IR Z, W5 FRAMEEMBE). Ik iiflix
(PLD). ff#7 255

MBE 1 7£ 8 i 3125 P45 A e I v iR s 402 1R 0 3R 28 R U TSR, AE H AR A IR T SE L 41
FEEZRZE M EE K . Yi Zhang 55 N J@id MBE 7547 S0 L& T AR E S WSe Wi, 5T T
1A Z BT WSen HL2E RG24 M BE IS [46]. Joseph M. Wofford £ Ak MBE 7% 75 Ni ) MgO )i |
JeJEiEA C By N WAL, BCIDHI4 H h-BN/ A B I BT R4S, 0 o 54T T 7 [47].

PLD F M R Bk SOt & i BB A4, fADRE DLAE B -0 IR S 28 40 IS 2% 1 56 S I TR . M. Mahyjouri-
Samani ¢ A\ LA Si/SiO; AATE, @4z PLD HIBOE K2 il & AN JE L ) GaSe difds, x0T HOG
HL P REREAT TR[48]. J. D. Yao %5 N\J#id PLD 7E Si/SiO, i Ll T 2 )2 WS, i, FEFEFETHOL
HLPEREHEAT 749

T Az DR 2d it s S SLIRIE R, SRR T2 AL, AR R - Rk AR R HEDTARAE A IR T
TR . Zhenfa Wu &5 N GE i Bidss Ik 5 76 B8 5 SrTi0s #1E_E#144 T a-MoOs HE I, IR A TR ek
2 I SEBR R FH[50]. Junguang Tao 55 ATE W 5 A7 4o IS 138 It W42 U i 46 1 AR IR O RST 1) MoS,, X
Ho g AT 7517,

A6 T CVD, MBE T 5 5 -yl 43 SIS af, I3 E 72000, RN Sk id B e, 480, MBE
Rk BN, Hl s GRS, AT AR S AR S BRI, A By 5. PLD AHEL T CVD 2%
T, HE 0 SRS S PEZE, SR REME DARR R o A5 ) K T AR M SR AR 7 T, A DR LE CVD EE
Brid, ARREAE DB SRR AR (i 81 JE P RG Rz ], [ I 45 38 1) i A 38 S M AN v v P R s 22 . IRE, VD Hi T
Bl R ARG, RV Y SIVELF DU R BT %, R S S A M R B AR, (R
ISHEE Tl A2 77 5 T B A A 24 KRS B . 6 1 b8 WA LR — iRl ] £ 7 158047 T A 46
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Table 1. Several general methods of synthesising two-dimensional materials

1 JLME R R & A

il #& I il 2 A ENTIE A AR5 M G =R
CVD IS X = [
ek 18 2N i< ik
MBE 2 PN = 5]
PLD IS PN ik =
A E IS X ik =

3. REBEHRMUFELSH

NT RETE N R AR S PERE AT 7S, BB T — 2635, BI6ma R EE(R) YBERI
RK(D¥)s R K(L) Wi S A] (ton/toff), @it LR AR HE 15

Tiight — Ldark
R=——"-—

PS
(1)
HrF, Lign NYEIR TN AT, Liww NBE T, PONGHREERRE, S NESAHA R .
_ RS
\j2eldark (2)
Horp, RONMINE, SNBERIHAR, e NHENLHAT, L NI
a2he
E ©)

Hrh, hoNWETE R, ¢ RLHE, E N,
M NS 18] (ton/tof) » ton 9 6 HE B 8 2F 77 A2 1) FEL IR M BB RAEL ) 10%38 K 28 90% FT FH PRI A] - tore A R 455
TR 28 () H R MR B ) 90% FAAIR 25 10% i FH ) B ] o

4. MoS2/WS: R RE KB IR ZHA IR
4.1. SRR (R). SHFMUZED BN

AR, KT MoSo/WS 7 it 45 % LRI 38 B L B 1R 2 . 2013 4F, Qianwen Wang 55 AR FH 28—k
JRHETHE XS MoSoy/WS, 55t 45 4544 5 F A VEREAT 105, JR4a th L AE T b 1 2R 0L B FH I 0[53]
2014 4, Nengjie Huo 5 NiBiL TEFERHI % T MoSyWS: )i 4, F£LL Au A H Al L i1 ol 44l
%, 75 633 nm G R NIAFER1E R N 1.42 A/W [22]FEAE 5 MR 78 Hh , B 703 1 108 - F P BE 2 1R MoS2/W S,
SR EE BRI A I VERE, W EAER R A DR X —Ik$2 . Caihong Li 55 Nidid— ikl & 7 )=
MoSy/WS, B[] i 4, LA Ti/Au A AR LE, 7E 405 nm JEIE R 884410 R A D™43 708 567.6 A/W Fl
7.17 x 10" Jones [54]. Dongyang Zhao 55 N7E# 14 bV B AR, 8 ik XA Al R i S%of 88 2 1) ' FaL 1k REdEA T
W, Y Vg =50V B4 R A DA R K, 437008 1.06 x 10* A/W F1 1.14 x 10" Jones [55]. Van Tu
Vu 25 NFEA KRR HET 7 Nb 52, it ehds Nb (35 N EXF g ReEATIRTE, 24 Nb BAE RN
8.1%H, #RPELE 638 nm IR R D EcK, X% 1.1 x 10 Jones [56]. Sneha Sinha 25 A PA ITO 1F Aif B
HLB, (23 T HFVEAN MoSo/WSy S i 4, i as A M RE/3 242, 405 nm Y6l T R I DIAE] 1 2.51 % 10°
A/W F14.20 x 10" Jones [52] (I 8)o # 2 XFEIMIN(R). RN (D) MoSy/WS, 5 45 LRI 2334 T
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Figure 8. (a) Schematic of MoS2/WS: heterostructure photodetector with ITO as transparent electrode and carrier separation
between layers; (b) Photocurrent of the device at different wavelengths; (¢) R and D* of the device at different wavelengths
[52]

8.(a) LAITO FiERAERRAY MoSyWS: R R BRI REE R BRFERBMIED; (b) FRIKK TR/
FER; (o) PRI TRHH R #1 D" [52]

Table 2. High responsivity (R), high detectivity (D*) MoS2/WS: heterostructure photodetectors
2. BIER). SRMZED") MoS/WS: 5 REES R IRNET

R (A/W) D’ (Jones) 2 (nm) EEDUN
1.42 - 633 [22]
567.6 7.17 x 1011 405 [54]
1.06 x 104 1.14 x 1013 638 [55]
- 1.1 x 1014 638 [56]
2.51 x 105 420 x 1014 405 [52]

4.2. BEERASEE YRR AT

Fr 7 R A D", WFFEEATN MoSy/WSy 5 Ji 25 't HL PRI 48 PRI A PRI BBl 3k 4T 7 %€, Shuqi Yang
G NIBE TIEEBHIE MoSyWS, i &5 Y6 HUARIIAS , e S Kk B 785 nm, FFEZMFR TR IR 0.5
mmol/L ] F4-TCNQ WRIHFITH A%, a0 R 5271 7 492%, 5% mA/W Z7[58]. Shaona Bose %5 A
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T I A S B VA 4 MoSo/WSy 7R 45 F RS 2 p AU Si A Ji AT 284 1, e N 9% Kk F 1020 nm,
R 4 0.97 A/W [59]. Guichao Wang & N B MR BIEH & MoSy/WS, S 4h, i i Rk Kk 2 1
1030 nm, FFIEEAE AT R 7B Au GUOKTRCR S840 R 387 1 25 7%, 152 0.2 A/W (] 9) [57]. Kun
Ye S5 Nilidk CVD WA K MoSo/WSy 5 i 25, A 1w B KR 21 7 1064 nm, R 9 mA/W 2 51[45]
23 0T FEERIITE Bl MoSo/ WSy 7 1 25 )6 AR 38 AT 1 25 o

a 1000 b
-5-532 nm -e-700 nm 2 1E-9{ oo o Original
750 —+ 850nm > 1030 nm __,"' 2 o With Au NPs
£ 500 g 1E-10y emmo o
N
g E -
2 2504 3
5 g 1E-11 PR
0 [aauel SUEERD
i Vbins = 1 V
. ; 1E-12 . . . .
E 0 1 532 1700 850 1030
c Voltage (V) d Wavelength (nm)
—o— Original —e- Au NPs @1030 nm o~
? 2 o S = 301
A T ﬁ - =-
) 5 =
2 g3
) = £
- g 2
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= g 2
et 3 S
= Q 2,104
= = @
&) S O
N
M S o ;
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Figure 9. (a) I-V curves of MoS2/WS: heterostructure photodetectors covered by Au nanoparticles at different wavelengths;
(b) comparison of photocurrents at different wavelengths before and after surface modification of the device; (¢) comparison
of photoresponses at 1030 nm illumination before and after surface modification of the device; and (d) enhancement factor of
R at different wavelengths after surface modification of the device [57]

9. (a) Au KRFHRI B ZHHY MoSy/WS: F RN EBIRMB[AENEIRK TH -V BhZE; (b) [REREZMRIEERE
BRI TRSEERRRTLE; (o) S|ERESMRIETE 1030 nm KB THXMAXEL; (d) [HERAMEERRRKTH
R $EFHE[S7]

Table 3. Broadband MoS2/WS; heterostructure photodetectors
& 3. TIRMWEE MoSy WS, FREFEBIRNF

R (A/W) D" (Jones) 2 (nm) SR
~1073 ~10° 523~785 [58]
0.97 5.0 x 101 400~1020 [59]
0.2 1.1x10° 532~1030 [57]
~1072 ~107 457~1064 [45]

5. ZRERE

AT TR HERDRER 25 T7 1%, BLAR RN ES VA L A S DTARIE(C VD) R LA oA 1 1l 4607 7%
HTHS BRI, IS T MoSy/WS, S 4 't F IR BRI A RAE R RI(R) s A 2 (D7) A T #4501
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