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Abstract

Van der Waals heterostructures formed by monolayer transition metal dichalcogenides (TMDs) and
metal halide perovskites have attracted extensive attention and exhibit great potential for next-
generation optoelectronic devices. On the one hand, reduced dimensionality in TMDs leads to weak
dielectric screening and thus large exciton binding energies. Meanwhile, strong spin-orbit coupling
induces pronounced valence band splitting at the K point, endowing these materials with sizable
spin-orbit splitting and making them an excellent platform for optoelectronic device research. On
the other hand, metal halide perovskites are solution-processable semiconductors featuring strong
light absorption, tunable composition, long carrier lifetimes, and extended diffusion lengths. Unlike
organic semiconductors with exciton binding energies typically exceeding 250 meV, organic-inor-
ganic halide perovskites exhibit much lower values (~30 meV), indicating that photogenerated ex-
citons can readily dissociate into free carriers, thereby facilitating exciton separation and interfa-
cial charge transfer. Therefore, integrating high-absorption perovskites (e.g., nanowires, quantum
dots, or thin films) with monolayer TMDs to construct heterostructures enables unique optoelec-
tronic modulation and opens new avenues for high-performance photodetectors.
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FES T FH 6 AR 28K T DOR DLRE IS A R N 32 50 REFEHRIN 2845 25 T A CMOS T2, HA (KL
AR A1) SR, EEVE OV BRI s B S, LI TR IRBEE 20N 1.12eV, A
TEMRS A L 9 K 29 1100 nm [2] 03X — [ e T S5 R R T ek SR 25 1100 R N0 38t 4K gt 7 A PR ok 7 2% B
EUAN, BASDERERKE 1100 nm B, SGFREEACTRERHBRRERE, ok e ARMER &, B0
AR BRI T AE RO SR R R [1] . JEHAENT LT AR B (U 1310 nm. 1550 nm 26 AT IR G %0 BL), R
VR B R IR ek, RS RS2 Rt DA SR OGN [3], A5 A DU AT 20 BR300 ) 2 FH
Wit

W R, LA 4R &9 (Transition Metal Dichalcogenides, TMDs) AR 3 ) — 41 RHE
FLPRIN ST FE LD ORI ) o AR S R TR RS R [4] . @ ROTREG[5] AT OGS A 22 B B o e
JGm N[5 AP . A, TMDs Rl 7 BRI AR, JF B Z BRI 5. BNEEE
NIRRT RSN, FEC TMDs | (8185 BR 2 SR ARy BB B AR [7]. SR,
T TMDs HJ5 7 AR 208, SBOOGRIRSS . B 73k, 2 HIZ) 7 TMDs 78\ F s )
MF[8].

5 TMDs (AR 3 E AN, 48 s (bW ek PR E BLH 2 05 \3E H 4. &8 s Wisks LA
SROGIRIS . RO AT R T A e KA BOC B K AR s 9] 5 — A NI SRR RHELL, 1L - TEhL
ALY BRI 1145 6 Re A 30 meV Aidq s T — A WL SRR RHI BT 45 5 sE 3 & T 250 meV [10],
X RIS R AR GO G 7 AR BT 58 S A R e R T AN R O, A BT T B 0 R R A A A
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Figure 1. Metal coordination and stacking sequences of transition metal dichalcogenide (TMDC) structural unit cells. Metal
coordination can be either octahedral or trigonal prismatic. The octahedral coordination allows stacking sequences which yield
a tetragonal symmetry (1T). Dissimilar stacking sequences of trigonal prismatic single layers can give rise to different sym-
metries: hexagonal symmetry (2H) and rhombohedral symmetry (3R) [18]

[ 1. TMDC B i € BEC AR F5). €REMFLUZ/\BFSK=ARiER. \EFRLRIFHESEFTI~
EMFHFREAT). =R EENARE BRI U ERERINSFRME : 7XBFXFRH)FEZRITFR(SR) [18]
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Figure 2. Schematic diagram of the unit cell structure of cubic phase ABX3
B 2. 37518 ABX: KBRS HRER
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Figure 3. Three types of heterojunction band alignment: (a) type I: straddling gap, (b) type Il: staggered gap, and (c) type IlI:
broken gap. Various cases of type Il heterojunctions in PSCs: (d) perovskite-ETL planar heterojunction, (e) perovskite-ETL
gradient heterojunction, and (f) perovskite-perovskite multi-graded heterojunction. Various cases of type | heterojunctions in
PSCs: (g) tunnel junction at the perovskite-ETL interface and (h) perovskite-wide bandgap material heterojunction within the
active layer [21]
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Figure 4. (a) PL spectra of the (iso-BA)2Pbls4 microplate (top panel) under a 473 nm laser excitation with the power of 0.02
uW. The heterostructure (middle panel), and the monolayer WSe: (bottom panel) under a 633 nm laser excitation with a power
of 377 uW [26]; (b) Schematic illustration of the WS2/CsPbBrs photodetector. Inset shows the optical image of the device; (c)
I-V characteristics of the output in dark and illumination conditions [27]

& 4. (@) 7E 473 nm BOLMA T, ThEK 0.02 uW B, (iso-BA)Pbls 4K (TRER)HY PL Stitf. FERLE(hE)NFER
WSez (JEEB)7E 633 nm BABMA T, ThEN 377 uW BHE PL H3E[26]; (b) WS2/CsPbBrs IR REE. FHER
NRERZER; () EEBMBAZETHLA -V HFE27]

HA LT 200 5 S 52 25 1) — R ERR IR R, A TCH LA BRAT 4K i DR L 8 (R e MLl i 5 A AN AR 1
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WS,/CsPbBrrs 24K F 57 51 45, uasili T A e O 170 S 33 1 BRI . 9 1 AR X L e A% S e
e, MATRI 532 nm PR DGEEFEIERAL WS, J2, S5 RS WS, I 5 X0 SOtk A4
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ns, FMTFEREARIL 46%; HULFIRT, WSe, —flllf7% J a5 i th B 284 ps KM 22 94 ps, FAATHFEBE R
% 67%. WP 5(b), 1% MR R A REIRAG A TR T TE-1 V RE R, JGAIRA 2.38 nA Bl &
38.59 nA, T4 16 f%; JFEbr 3.14 #2714 16.37, gL 5 5. SIS MENFEREML, X
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Figure 5. (a) PL emission intensity mapping of CsPbBrs NW/ML WSe: at 1.592 eV [30]; (b) Dark and photocurrent compar-
ison of the WSez based photodetector before and after CsPbls growth. The inset is optical image of the as-fabricated
CsPbls/WSe2 device [31]

[& 5. (a) CsPbBrs NW/ML WSez 7£ 1.592 eV EH) PL %5158 E E[30]; (b) CsPbls &K FIE WSez E A BRI SZHE FER
FOFAERAILLEL . HEEIR CsPbls/WSez 8514 HI S E1& [31]

(3) FHLET (BT R)/TMDs JEE4 7 T 4506 RN 33
YUK RSB R BIARLE, $5ER0 R 7 AR W AR T BRI, 7 A AR
HIE NN, PIE PEOAF I IR 45 S REI R, T ERE A B R [32], SRR I B &
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TGRS R 4 o 125 RS R T L type-1l BUREATHES, HAN A B K (VBM)AFAEL] LeV [ R
WARFS, XONEAERRIR T B R T IR IRE) f1. WS, 5 v 1 1.92 ns ZEK £ >3 ns, 1] CsSnBrs ]
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Figure 6. Performance and photoresponse mechanism of pristine WSz, CsPbBrs QDs/WS2, and quasi-2D CsPbBrs SL/WS;
photodetectors. SPCM measurement of quasi-2D CsPbBr3 SL/WS: photodetector under the illumination of 520 nm at (a) Vos
=0V and (b) Vbs =1 V. Comparison of (c) Iph, (d) R, (¢) D*, and (f) EQE between the three devices as a function of the 405
nm at various incident light power intensity with Vpos =1 V [37]

[ 6. [R%A WS2. CsPbBrs & F s/WS: # CsPbBrs Ea18/WS: KR IRMF A1 BE RN RIANH] . 7E(2) Vos =0V Fi(b)
Vos=1V B 520 nm BREFT, X1 2D CsPbBrs SL/WS, ERIRMERHEITT SPCM ME, LT 405 nm HAEXLT, (o)
IrH, (d)R, (e) D*FA(f) EQE 7 Vos = 1V IRBAGAIBT, =FRHAISH([37]

YELR A el ] R BT AR 2 AR SN KRR SR ISR, BRAS BT R PYEAN . AT
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JE RV FAL BT, M TRTH = 1 ST R Aar 8 0 3 P R 25 e RS B o 1 Ay il 46 PR Re VR & 4E D
AR T — M AT LT &

Table 1. Comparison of structures and performance of perovskite/TMDs van der Waals heterostructure photodetectors with
different dimensionalities

= 1 NEMEEISEAT /TMDs SEfEE R REE R IRNEREH S REXTEE

LA g TPREL T RS
IMoSy/ (Bﬁfﬁi)apb e 2D/2D 1550 >3000 — <ims Lu [25]
WS,/CsPbBrs 44k 2D/2D 532 — — — Yan [27]
WSe2/CsPbls ghK £k 2D/1D 532 — — — Chen [30]
CsPbBrs &1 £1/M0S2 0D/2D 350~550 4.4 2.5 x 1010 0.72 ms Song [35]
CsSnBrs & T 15/WS2 0D/2D 680 1.6 2.11 x 101 0.15s Mu [36]
CsPbBrs il il A%/ WS2 0D/2D 405 91.24 1.15x 101 160 us/380 us  Wu [37]

1 N ESCIRBIA FE4EE Y TMDs LRI 23 (0 B ah TE R, mTLE R, ARYEEF5ERT
[TMDs 5 i 45 % BRI 2 7 2 fh ke E RPN B B2 5. o, 2D/2D 450 i1 T 5 KT AR St i fi,
T I N T3 7 T R IR, W SRR IMOS2/ (BA)2(MA)3 Pbalys 2544 0 B2 A% T 1 ms. 1 0D/2D £5 44
W) 5 25 55 $RAS 5 o TR0 87 B 5 LA 2, 45111 CsPbBrs i A% /WS, B2 i B BE 1A 31 91.24 AIW,  EHIR
MZILF) 1.15 x 10 Jones. X7 WASGERA 4[5 1 72 BE 0% (5 25 B0 FL T B 17 20 B8 R 580 T T N
AL, BHREIRT 1D £5K0/TMDs S35 45 % AR I 2% FE S AR 6 i 2, (B35 1) ek s fy A st — 25
PRTFE MR TRz e /1, E RS s I AU B A W AR
4, REESRE
4.1 B&

2E ERTR, ASERTT 5 4 SRR AL A0 (TMDs) R i 1) Y 4 A S5 Jo 435308 5t 0 () 3 9 28 AR IR A 3
BHRIRAN T — M RMA R MERE AR . TMDs $R 4L i 78 AL Sl 18 S5 7 s S 3 a8 1, s eks™ )
TR SRR S B0 R BIR Tre kR . AEL A, type-1l BUREHFHEZIAE AL i ST N Yy, B
FATHC A T - 2O I B A AR, MITTEAS [F) 4 B K & Al S2 il 7 G N EE . EL A
R FF R BB BT, [FI Heaeem Bd fE S RIS it . IX R B, JufE e A M O o iR T
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