#) 32 2 3R Acta Phys. Sin. Vol. 75, No. 16 (2026) 160807

HEXE

| B R E R RN B SM TR

B DD KA DDk E )

A& DY

EHRFUI Y

1) (PEBEERARRFGOREAR GG ES B, G 230026)
2) (*f ERFZEBE M GO AR SYRAT AT, QIR E, R 215123)

(2026 4E 4 H 1 HY3; 2026 45 4 H 24 HiEIEUH)

T S AT RO B U S S S A R AR O i ) B U ST T Y. FRTOR Y B R A
1 P4 SR AR AL S W T WO B RO B G , sk T KB B RLY- 5 AR B RO Br. =2 BBk (3L BP) A A
T 3T B AT LD A E A5 BRI, JRESE A B IR RO SR M 1 IRBIL, SR THAE KO B 32 R SEBR
I 52 B0 2. ARSIl & T HAT T BREH HES Y 3L BP/XRUZ ALY (2L WSe,) i 78 FLH-H7 53 B 45
5 3L BP A LL, S B Al i A s e R B 7R S N SE B T2 1450 nm AT ZLAN ALY 3 . R
IROCTERT SR, S B4 9 KOG 5 B 5 BRI BEAROR P, BB IR SE T e T 5iR X5 BP AR KOt %
AHEC. A, 3 2 A e A 42 R RS A T AR R AOERCR . AR TAR S 2R T BP/WSe, 5 i 45 it
LLANMCT A OGRS SR LIRS O & THT 1) 2 3 T AR A 78 PU B0 A O Z0 A IR R A 1 R

Si: 1AELTH, 2 bR, LTS, MR, S0

DOI: 10.7498/aps.75.20260454

1 5 =

SRR GG S R B R S
ARG R SRHEIRE T, H A B HIE e g r R
I N VA= w2 ¢ 55 2 A LI A NS EARSTE S A
Y BRI AR A I TR T 2SR
e KPS FUHST R I R SR, 1O T 1) SN
D LT AR BOG IR B4 AR T Ge il = 4
KA RE, Lhad B 4 8 s Ak (TMDCs) IR i

(BP) MARRM LA R RES 1l 1o N AR 45 )

T PE P S AR A R B 4 1 R B A
LT BOS HAMERENF A5 17 o SRR
ERCRIEATIE, B S R AR o O AR

CSTR: 32037.14.aps.75.20260454

M, B )2 8 B R OGM BH R fE e AL, 33
THEMPRBH AR B OCRRAZ IR, 2 T LR
FHUOML PR, PR AT O TR T R B RUR e
R ERR AL R AR,
S¥ESRE S Y R A AR, AR AR
RIFIHAERR SR, ATIRE S R B SE —2E RO
MR RE TR T & e R s o H i 5
Jo 485 B4 AR S 5 T R (28 {5 3 ek AR TR
MR XUZ WSe, Al MoTe, HIREH 45H 5752 &
15, AT A5 S L ()220 B 1) L ety B A O 1 e
A 18] SR AR BRRE | I T V2L i e i s B2 2,
AR 55 IS 175 5 1Y) FRL far B S R 2% I 48 40 19
I 4 bR 7R 2 A AT R O 34, 38 A b
p-n &5 AL A SEELE S PR A 0T G

*ER A RRHERS (HEAES: 62274175, 62504238)  YLHE T A T (FHEHES: BE2023009-5, BK20232044) . #1MNEEREAF53 15
H @tHES: SJC2023004) ., W44 AA T H (S ZX1.2023166), H ERM A 4EA AT H b EE A R2E 4 (e

51 2025M770194) YIRS,
t AfEVEE . E-mail: jywang2022@sinano.ac.cn
T BIEVE#E. E-mail: kzhang2015@sinano.ac.cn
© 2026 FEIEZFS Chinese Physical Society

http://wulixb.iphy.ac.cn

160807-1


http://doi.org/10.7498/aps.75.20260454
https://cstr.cn/32037.14.aps.75.20260454
mailto:jywang2022@sinano.ac.cn
mailto:jywang2022@sinano.ac.cn
mailto:kzhang2015@sinano.ac.cn
mailto:kzhang2015@sinano.ac.cn
http://wulixb.iphy.ac.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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 75, No. 16 (2026) 160807

TR | G SR AR T A SO LA 2, ATk — 2D
B AR ) SRR UYL AR R A, 1 AYREY
S A A B T BRI TR A B ORI, AT
FEASHE BUA B HOR - R ER S A 1, SRR
e bt &R Rk tE. BT, B4 MoS,/InSel2),
MoTe,/WSe,?!l & Pbl,/WS,?2 55 1 %I g 47 5 i
ZEVR R AHRIE, SRR B4 B A OG5 R 22 R R
TRl G B, MELABE 55 HAT )2 W R I 21508
5B (O/C Er). BP HA EEAT A iy E AR
RO, Hrp W2 (2L) F1=J2 (3L) BP M1
RICUWEN TITLLANEAE W B, TEREHE R B Y IE
ZLAN RO R B HR R T g 1023 SR, 5 2
B e RS, BP fEE R TS HAERNE A
SR S ECROCHCR B TR, R 7 HARELL4h
W B A 24 PR ok A o T e e o A A T AR
T+ BP Y& RIT LI/ OGCIERE.

AW 5E FEISE BP 78 % i i 2L M BOR LR
BRI, Fa T B T AURET X 5 Y AR B -
WS, JFRGE T HE RS DL 3L BP
2L WSey NWFFEX L, 1 5l 2B O EOROL
(photoluminescence, PL) T8 AR Bk TR
M, 234 T IX PR RS A R RO S
XTIl BE 55 A I i I R A LG R b, R BT
T 3L BP/2L WSe, B4, I i g HE51 43 Hr
WA s T T BURET 4540 00T 9E 3R D, Sk
3L BP Jt WSey DXIAH HE, 50045 XS /e 2 0 T 2%
BN R LG OB RAR) oS Wil T E % OGNS o2 i 8
e WY S5 ot 45 b A7 TR B0 A L fer e A T AR AR IR
PL MG R — P40 7R , S sl DX kO
B B2 T G 5, X 5 S BP RSk 4
FHR. fh, J B s PL S5, 35 B4 IX
S S G5 R B T [ S 1 i T G i, A S
ROCTEESRME TR A . FRERE, M5
[ A5 25 AT A AU T+ BP 20 4h K OePERE, X
AR AR TR I LLAN i AR OGRS
Y

2 SFREM B G R

2.1 LR

AHIR TR B F TR R R 23S BP,
WSey. 75 7 AALTN (hBN) FIA7 58 55 5 5 S A
h T HAF AT AU B )2 BP R, SER R

FHURBIZH % e i 3wy Ak Al Iz (CV'T) Jr ik
T s BP SRS L R A UMGR B ek A
REER B AR E S (PDMS) %) L, I
T i U T R T AR R . T BP
RSB RO HURR, 5 BP MHCHI T L5
YEBITE i = sl R R B P TR b e, BHAS
W O, il HyO F B #EHI7E 1x10 8 LI . 3L BP
FE 38 3 0 B BE T BE ARAS 23 2L WSe, #4181
T AR EEUR LR S 2o

2.2 FEEHIE

I IR R R RS A B MR LU S
FLHH S g 284 27wy o, R —Fh b vl B i
JEAR AL B R ERTR (PC) WA ML RN T, K
W AAHC PDMS ) i 9 B 4544 L (hBN, BP Al
WSe, %), frZ&IE B hBN/BP/WSe,/hBN {7 FL
HMr R s p), I B 2l s AR L. LR
MR BIETEMN R, TR es, =
S BE (CHCL) LBrE S A AR PC K.
B, B E T e A S, 7E 10 Pa,
180 °C I&FFiB & 2 h, LIEALIZFFEA. Jy ]
AT AR 2, 1 SR FDEZI i 3
PR PARAE W T AR LA/ Ak, DU
A4 1B FE 43514 10 nm A1 40 nm. Bf)5, B
JREEERCE ARSI L, (AR A R S5 eI T
Seiil & 4 JE AR B R A . s, (R S
PR LS A ALK AT IS I 1 AR 5 | 2R 3% 4 B A
%%

2.3 K

BER L4140 PLAS 5 IR EMIX PL &
4t (go-Lite Solution-PL, & SEJ657) #EATI . %
RGNLAS T 532 nm HELLHOGAS, AT H D) Z ]
MR, S8, SR —A 50 f5 T 4L 4ok
WSk A #R R0 R B, BT {5l i AT
A2 InGaAs WMADGIEL (NIR17s, & E0%)
HEF TGS AT

T il B P2 G AT AT LI BE S e B 5
—EMIX i &40 (LabRAM HR Evolution, Ho-
riba) SN, BOAOGIRFIRER 532 nm ELHOE
i, P HUNE 5 POLE 5 —1> 50 {595
W, ESE R, SR 600 lines/mm ALK (G
T IEIEYEOEES, SR 1800 lines/mm KLKS (9 GHE

160807-2


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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 75, No. 16 (2026) 160807

W = o b 25 5.

Jr A a3 T — A RR AR R (Scryo-S-
500, CHTRL) AT AR TR, EBIPULECE 550 T
AL, R E N B EE 104 Pa, JHE TR
RHIYA 5 FUINAH 25 G 10 7 s il s A L 2. i
% (Keithley 6430) 1 i i s NGB 0 42 11 Ry 2%
PERE IR F.. 2 DA (55 38 i s TOU S 1 v
BECE P TIREE.

3 #R53

El 1(a), (b) /3R Tl HUNR 2 2 PDMS
W ERY 3L BP 5 2L WSe, B2 1 s BI1Z
CINRC YR S E NN N} =2 4 13 b e N AT
L, v O A S U 40 S T I T R ) bR B
fill. &l 1(c) 43 B HE & ¥ A hBN/BP/WSe,/
hBN 5 Jit 25 %2 W i 4. )2 hBN AR i
L H 2, "R E BP (AL KOk
PERBIR AL . Z AR I W T R WAL 3L BP/

Ny
»

Vaccum level

2L WSe, 5 it 4h X 5k, JEOR B T 237 /9 3L BP Al
2L WSe, [Xds, N AR X ek 22 [a] i %of Fe AR H A T
M B 1) AT SRS X RSN EE.
R4 BP 5 WSey HAAN[F B MG 2540, (H —F 3R
T T B, AN AL GeIME S T 45 4 1) fb e T
BCRR T, M RES FEE R AR B IR BA 45 F AT (Y BE
HHRHIE L & 1(e) BB7R T 3L BP 5 2L WSe, 7£ £
T X R e Ak Y RE AT 1 G AR T L ZS RE A AL
B B3 A LA 3L BP B ST RIE T 2L WSe,
BTt JBS, AN T 1 2L WSe, B T, PR
TR T BURRAHTHES. i RE HES A R T LR as 7T
M WSe, ] BP #%#, i uslifE BP ZEh&E 4 &t
& 1(f) & 3L BP, 2L WSe, P4 & 3L BP/2L WSe,
SEIREE P8O RE. 3L BP il 2L WSe, HF
15 W AR IE R 2 08, 5 Meng 45 B2 fil Zhao 55 33
TRIA LR —E 5SS X IR A hr 2 i v [R]A H 3
T BP 1l WSe, BRFEIRENA, B &k rds A
K B FARRAP2 0B DL FEE R, i)
A T BB Y 3L BP /2L WSe, S#Fi45 4%

—
-
~

3L BP 3L BP

KGNS |

2L WSe,

2L WSey

3L BP

3L BP/2L WSe,
* # #

i . **{#*

0F
r . . .
150 350 550

Raman shift/cm~—!

Intensity /(103 arb. units)
]

K1 3L BP/2L WSe, i fl8 FL H- Wi 2 B 2 4F  (a) 3L BP ROLEEIE; (b) 2L WSe, 4R El; (c) hBN/3L BP/2L WSey/hBN i
R H M SRR 456 B3 B (d) 3L BP /2L WSe, 57 4% IR 73 & 454 78 B K5 (e) 3L BP Ml 2L WSe, A 35 5 i 4 R Ak 9 S48 A iy
AN T B2 BEZL 7 B ; (f) 2L WSe,, 3L BP Al 3L BP/2L WSe, HYF 2 1%

Fig. 1. 3L BP/2L WSe, van der Waals heterojunction device: (a) Optical microscopy image of 3L BP; (b) optical microscopy image
of 2. WSey; (c) optical microscopy image of hBN/3L BP/2L WSe,/hBN van der Waals heterostructure; (d) schematic illustration
of the atomic stacking structure of 3L BP/2L WSe, heterojunction; (e) positions of the conduction band (CB) and valence band
(VB) of 3L BP and 2L WSe, relative to the vacuum level at high-symmetry points; (f) Raman spectra of 2L WSe,, 3L BP and 3L

BP/2L WSe,.
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Fig. 2. Temperature-dependent PL characteristics of 3L BP and 2L WSe,: (a) PL of 3L BP at different temperatures; (b) PL peak
energy of 3L BP as a function of temperature; (c) PL intensity of 3L BP as a function of temperature; (d) PL intensity of 3L BP as

a function of 532 nm laser excitation power; (e) PL of 2L WSe, at different temperatures; (f) schematic illustration of exciton trans-

ition pathways of 2L WSe, in momentum space.
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Fig. 3. PL test of 3L BP/2L WSe, at room temperature (290 K): (a) PL spectra of 3L BP, 2L WSe,, and 3L BP/2L WSey;
(b) schematic diagram of the type-I band structure of 3L BP /2L WSe,; (c) optical microscopy image of the measured region. Spa-
tial distributions of the PL peak (d) intensity, (e) energy, and (f) full width at half maximum (FWHM) obtained from near-in-

frared spectroscopic measurements in this region.
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Fig. 4. Temperature- and power-dependent PL spectra of 3L BP/2L WSe,: (a) Temperature-dependent PL spectra of 3L BP;
(b) temperature-dependent PL spectra of 3L BP/2L WSey; (c¢) PL spectra of 3L BP/2L WSe, and 3L BP at 110, 200 and 260 K;
(d) PL intensity of 3L BP/2L WSe, and 3L BP as a function of temperature; (e) PL intensity of 3L BP/2L WSe, as a function of
laser excitation power at low temperature (77.5 K) and room temperature (290 K), respectively.
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160807-7


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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 75, No. 16 (2026)

160807

R, FEEE DX & 0 R B A A I ) 2 R R
SR, XA 2L WSe, 1 # R p BUEHIE,
TE M S5 AT U5 2L WSey 1 FRL i AS IR 245
N3G OGRS, #Em A i 20 17 BP 1
HAL B 5(d) BE T HHEMET BP 55 B4 X
SR KGR EAR AL S A X e ] A B A oK R
SR D R TRl BP ST ROGRREE, X R EAME
P TR TE BP AR £TANE B i) R GPERE.

4 K %

AWFFERET 3L BP AU LT AN {5 0 B+
R, ST HAT 1 AEEHESI Y 3L BP /2L WSe,
T P ET SRS i Xt LS B — AR X I
SRS IX s & e, IESE T T R AE A R L B
T, a7 ) 2L WSe, [f] 3L BP =564,
il A5 5 B 45 X 3 BP () & 650 B i 3 HE Tt AR
6 PLIRIE /R T 2= 6T 5 R4 X s A7 78 I 4
PERIMG:, ZMGIR T A FEE T BP MARME &
I, WSe, 1] BP i T IEASCR U R R Z
[ 5E 4 R HE— 25 MR R SE 5 R B, Sm
WIS SIS ST 24 2 s FE PR T A SGs R 2 —.
AR TAESRART 1 L H 307 55 o 45 e 3 o T 41
AN R CTT T 1, TR RACR R LT
AN I BER CRM BT FF R ARIL T 2%

S 30k

[1] Pandey A, Reddeppa M, Mi Z 2023 Light Adv. Manuf. 4 519
[2] Manzeli S, Ovchinnikov D, Pasquier D, Yazyev O V, Kis A
2017 Nat. Rev. Mater. 2 17033
[3] An J, Zhao X, Zhang Y, Liu M, Yuan J, Sun X, Zhang Z,
Wang B, Li S, Li D 2022 Adv. Funct. Mater. 32 2110119
[4] Chaves A, Azadani J G, Alsalman H, et al. 2020 npj 2D
Mater. Appl. 4 29
[5] Carrascoso F, Li H, Frisenda R, Castellanos-Gomez A 2021
Nano Res. 14 1698
[6] Geim A K, Grigorieva I V 2013 Nature 499 419
[7] Splendiani A, Sun L, Zhang Y, Li T, Kim J, Chim C Y, Galli
G, Wang F 2010 Nano Lett. 10 1271
[8] Lee C H, Lee G H, Van Der Zande A M, et al. 2014 Nat.
Nanotechnol. 9 676
[9] Tan T, Jiang X, Wang C, Yao B, Zhang H 2020 Adv. Sci. 7
2000058
[10] Huang S'Y, Zhang G W, Wang F J, Lei Y C, Yan H G 2021
Acta Phys. Sin. 70 027802 (in Chinese) [2H ¥, TKE M5, L
I, TR, EWIR 2021 WIEEEAR 70 027802)
[11] Mak K F, Lee C, Hone J, Shan J, Heinz T F 2010 Phys. Rev.
Lett. 105 136805
[12] Jie W, Yang Z, Bai G, Hao J 2018 Adv. Opt. Mater. 6

(13]
(14]
[15]
[16]
[17]
(18]
(19]
(20]
[21]
(22]

23]
(24]

[25]

(26]

(27]

(28]
(29]
(30]

(31]
(32]

(33]
[34]

35]

(36]

(37]
(38]
(39]

(40]

160807-8

1701296

Gao M L, Yu L X, Lv Q, Kang F Y, Huang Z H, Lv R T
2023 J. Materiomics 9 768

Uddin S Z, Higashitarumizu N, Kim H, Rabani E, Javey A
2022 ACS Nano 16 1339

Yu Y, Dong C D, Binder R, Schumacher S, Ning C Z 2023
ACS Nano 17 4230

Hoo Q Y, Xu Y 2022 Acta Phys. Sin. 71 127102 (in Chinese)
(B3, - 2022 BRE2EAR 71 127102]

Ross J S, Klement P, Jones A M, Ghimire N J, Yan J,
Mandrus D G, Taniguchi T, Watanabe K, Kitamura K, Yao
W, Cobden D H, Xu X 2014 Nat. Nanotechnol. 9 268

Luo Y, Zhao J, Fieramosca A, Guo Q, Kang H, Liu X, Liew
T C H, Sanvitto D, An Z, Ghosh S, Wang Z, Xu H, Xiong Q
2024 Light Sci. Appl. 13 203

Zong X, Hu H, Ouyang G, et al. 2020 Light Sci. Appl. 9 114
Altvater M A, Stevens C E, Pike N A, et al. 2025 npj 2D
Mater. Appl. 9 31

Yamaoka T, Lim H E, Koirala S, Wang X, Shinokita K,
Maruyama M, Okada S, Miyauchi Y, Matsuda K 2018 Adv.
Funct. Mater. 28 1801021

Zheng W, Zheng B, Jiang Y, et al. 2019 Nano Lett. 19 7217
Liang Y, Song J, Xuan F, et al. 2025 ACS Nano 19 24841
Liang Y N, Zhang J R, Wang SY, Wang X Y, Yao Y, Xing J
J, Wang J Y, Zhang K 2025 Chin. J. Lumin. 46 1694 (in
Chinese) [T, A%, TEIE, TAHEE, Bk, WEHE, TR
B, 5kHL 2025 Kotk 46 1694)

Wang S Y, Chen C, Liang Y N, Hou X A, Wang X Y, Dong
Z, Wang J Y, Jiang C, Zhang K 2025 Sci. China Mater. 68
217

Zhao W, Ghorannevis Z, Chu L, Toh M, Kloc C, Tan P H,
Eda G 2013 ACS Nano 7 791

Liao J Y, Wu J X, Dang C H, Xie L M 2021 Acta Phys. Sin.
70 028201 (in Chinese) [BIR#E, RIGEE, % HE, #EH 2021
YIFLZAAR 70 028201]

Doganov R A, O’Farrell E C T, Koenig S P, et al. 2015 Nat.
Commun. 6 6647

Liu Y, Weiss N O, Duan X, Cheng H C, Huang Y, Duan X
2016 Nat. Rev. Mater. 1 16042

Kim M, Kim H, Park S, Kim J S, Choi H J, Im S, Lee H,
Kim T, Yi Y 2019 Angew. Chem. Int. Edit. 58 3754

Kim H, Choi H J 2021 Phys. Rev. B 103 085404

Meng D, Cong X, Leng Y C, Lin M L, Wang J H, Yu B L,
Liu X L, Yu X F, Tan P H 2020 Acta Phys. Sin. 69 167803
(in Chinese) [#iik, \E&, BFIR, M, EHZ, MitHE, X
I, MR, EE 2020 YR 69 167803)

Zhao W, Ghorannevis Z, Amara K K, Pang J R, Toh M,
Zhang X, Kloc C, Tan P H, Eda G 2013 Nanoscale 5 9677
Zhang Z, Xu Z, Song Y, Liu T, Dong B, Liu J, Wang H 2021
Nanotechnol. Precis. Eng. 4 023002

Geng J, Zhang D, Kim I, Kim H M, Higashitarumizu N,
Rahman I K M R, Lam L, Ager J W, Davydov A V, Krylyuk
S, Javey A 2025 Adv. Funct. Mater. 35 2413672

Chen C, Chen F, Chen X, Deng B, Eng B, Jung D, Guo Q,
Yuan S, Watanabe K, Taniguchi T, Lee M L, Xia F 2019
Nano Lett. 19 1488

LiZ, Wang T, Lu Z, et al. 2018 Nat. Commun. 9 3719

Zhao W, Ribeiro R M, Toh M, Carvalho A, Kloc C, Castro
Neto A H, Eda G 2013 Nano Lett. 13 5627

Godiksen R H, Wang S, Raziman T V|, Rivas J G, Curto A G
2022 Nanoscale 14 17761

Wang K, Huang B, Tian M, et al. 2016 ACS Nano 10 6612


https://doi.org/10.37188/lam.2023.031
https://doi.org/10.37188/lam.2023.031
https://doi.org/10.37188/lam.2023.031
https://doi.org/10.37188/lam.2023.031
https://doi.org/10.37188/lam.2023.031
https://doi.org/10.37188/lam.2023.031
https://doi.org/10.37188/lam.2023.031
https://doi.org/10.1038/natrevmats.2017.33
https://doi.org/10.1038/natrevmats.2017.33
https://doi.org/10.1038/natrevmats.2017.33
https://doi.org/10.1038/natrevmats.2017.33
https://doi.org/10.1038/natrevmats.2017.33
https://doi.org/10.1038/natrevmats.2017.33
https://doi.org/10.1038/natrevmats.2017.33
https://doi.org/10.1002/adfm.202110119
https://doi.org/10.1002/adfm.202110119
https://doi.org/10.1002/adfm.202110119
https://doi.org/10.1002/adfm.202110119
https://doi.org/10.1002/adfm.202110119
https://doi.org/10.1002/adfm.202110119
https://doi.org/10.1002/adfm.202110119
https://doi.org/10.1038/s41699-020-00162-4
https://doi.org/10.1038/s41699-020-00162-4
https://doi.org/10.1038/s41699-020-00162-4
https://doi.org/10.1038/s41699-020-00162-4
https://doi.org/10.1038/s41699-020-00162-4
https://doi.org/10.1038/s41699-020-00162-4
https://doi.org/10.1038/s41699-020-00162-4
https://doi.org/10.1038/s41699-020-00162-4
https://doi.org/10.1007/s12274-020-2918-2
https://doi.org/10.1007/s12274-020-2918-2
https://doi.org/10.1007/s12274-020-2918-2
https://doi.org/10.1007/s12274-020-2918-2
https://doi.org/10.1007/s12274-020-2918-2
https://doi.org/10.1007/s12274-020-2918-2
https://doi.org/10.1038/nature12385
https://doi.org/10.1038/nature12385
https://doi.org/10.1038/nature12385
https://doi.org/10.1038/nature12385
https://doi.org/10.1038/nature12385
https://doi.org/10.1038/nature12385
https://doi.org/10.1038/nature12385
https://doi.org/10.1021/nl903868w
https://doi.org/10.1021/nl903868w
https://doi.org/10.1021/nl903868w
https://doi.org/10.1021/nl903868w
https://doi.org/10.1021/nl903868w
https://doi.org/10.1021/nl903868w
https://doi.org/10.1021/nl903868w
https://doi.org/10.1038/nnano.2014.150
https://doi.org/10.1038/nnano.2014.150
https://doi.org/10.1038/nnano.2014.150
https://doi.org/10.1038/nnano.2014.150
https://doi.org/10.1038/nnano.2014.150
https://doi.org/10.1038/nnano.2014.150
https://doi.org/10.1038/nnano.2014.150
https://doi.org/10.1038/nnano.2014.150
https://doi.org/10.1002/advs.202000058
https://doi.org/10.1002/advs.202000058
https://doi.org/10.1002/advs.202000058
https://doi.org/10.1002/advs.202000058
https://doi.org/10.1002/advs.202000058
https://doi.org/10.1002/advs.202000058
https://doi.org/10.7498/aps.70.20201497
https://doi.org/10.7498/aps.70.20201497
https://doi.org/10.7498/aps.70.20201497
https://doi.org/10.7498/aps.70.20201497
https://doi.org/10.7498/aps.70.20201497
https://doi.org/10.7498/aps.70.20201497
https://doi.org/10.7498/aps.70.20201497
https://doi.org/10.7498/aps.70.20201497
https://doi.org/10.7498/aps.70.20201497
https://doi.org/10.7498/aps.70.20201497
https://doi.org/10.7498/aps.70.20201497
https://doi.org/10.7498/aps.70.20201497
https://doi.org/10.7498/aps.70.20201497
https://doi.org/10.7498/aps.70.20201497
https://doi.org/10.1103/PhysRevLett.105.136805
https://doi.org/10.1103/PhysRevLett.105.136805
https://doi.org/10.1103/PhysRevLett.105.136805
https://doi.org/10.1103/PhysRevLett.105.136805
https://doi.org/10.1103/PhysRevLett.105.136805
https://doi.org/10.1103/PhysRevLett.105.136805
https://doi.org/10.1103/PhysRevLett.105.136805
https://doi.org/10.1103/PhysRevLett.105.136805
https://doi.org/10.1002/adom.201701296
https://doi.org/10.1002/adom.201701296
https://doi.org/10.1002/adom.201701296
https://doi.org/10.1002/adom.201701296
https://doi.org/10.1002/adom.201701296
https://doi.org/10.1002/adom.201701296
https://doi.org/10.1016/j.jmat.2023.02.005
https://doi.org/10.1016/j.jmat.2023.02.005
https://doi.org/10.1016/j.jmat.2023.02.005
https://doi.org/10.1016/j.jmat.2023.02.005
https://doi.org/10.1016/j.jmat.2023.02.005
https://doi.org/10.1016/j.jmat.2023.02.005
https://doi.org/10.1016/j.jmat.2023.02.005
https://doi.org/10.1021/acsnano.1c09255
https://doi.org/10.1021/acsnano.1c09255
https://doi.org/10.1021/acsnano.1c09255
https://doi.org/10.1021/acsnano.1c09255
https://doi.org/10.1021/acsnano.1c09255
https://doi.org/10.1021/acsnano.1c09255
https://doi.org/10.1021/acsnano.1c09255
https://doi.org/10.1021/acsnano.2c01665
https://doi.org/10.1021/acsnano.2c01665
https://doi.org/10.1021/acsnano.2c01665
https://doi.org/10.1021/acsnano.2c01665
https://doi.org/10.1021/acsnano.2c01665
https://doi.org/10.1021/acsnano.2c01665
https://doi.org/10.7498/aps.71.20220054
https://doi.org/10.7498/aps.71.20220054
https://doi.org/10.7498/aps.71.20220054
https://doi.org/10.7498/aps.71.20220054
https://doi.org/10.7498/aps.71.20220054
https://doi.org/10.7498/aps.71.20220054
https://doi.org/10.7498/aps.71.20220054
https://doi.org/10.7498/aps.71.20220054
https://doi.org/10.7498/aps.71.20220054
https://doi.org/10.7498/aps.71.20220054
https://doi.org/10.7498/aps.71.20220054
https://doi.org/10.7498/aps.71.20220054
https://doi.org/10.7498/aps.71.20220054
https://doi.org/10.7498/aps.71.20220054
https://doi.org/10.7498/aps.71.20220054
https://doi.org/10.1038/nnano.2014.26
https://doi.org/10.1038/nnano.2014.26
https://doi.org/10.1038/nnano.2014.26
https://doi.org/10.1038/nnano.2014.26
https://doi.org/10.1038/nnano.2014.26
https://doi.org/10.1038/nnano.2014.26
https://doi.org/10.1038/nnano.2014.26
https://doi.org/10.1038/s41377-024-01523-0
https://doi.org/10.1038/s41377-024-01523-0
https://doi.org/10.1038/s41377-024-01523-0
https://doi.org/10.1038/s41377-024-01523-0
https://doi.org/10.1038/s41377-024-01523-0
https://doi.org/10.1038/s41377-024-01523-0
https://doi.org/10.1038/s41377-024-01523-0
https://doi.org/10.1038/s41377-020-00356-x
https://doi.org/10.1038/s41377-020-00356-x
https://doi.org/10.1038/s41377-020-00356-x
https://doi.org/10.1038/s41377-020-00356-x
https://doi.org/10.1038/s41377-020-00356-x
https://doi.org/10.1038/s41377-020-00356-x
https://doi.org/10.1038/s41377-020-00356-x
https://doi.org/10.1038/s41699-025-00549-1
https://doi.org/10.1038/s41699-025-00549-1
https://doi.org/10.1038/s41699-025-00549-1
https://doi.org/10.1038/s41699-025-00549-1
https://doi.org/10.1038/s41699-025-00549-1
https://doi.org/10.1038/s41699-025-00549-1
https://doi.org/10.1038/s41699-025-00549-1
https://doi.org/10.1038/s41699-025-00549-1
https://doi.org/10.1002/adfm.201801021
https://doi.org/10.1002/adfm.201801021
https://doi.org/10.1002/adfm.201801021
https://doi.org/10.1002/adfm.201801021
https://doi.org/10.1002/adfm.201801021
https://doi.org/10.1002/adfm.201801021
https://doi.org/10.1002/adfm.201801021
https://doi.org/10.1002/adfm.201801021
https://doi.org/10.1021/acs.nanolett.9b02824
https://doi.org/10.1021/acs.nanolett.9b02824
https://doi.org/10.1021/acs.nanolett.9b02824
https://doi.org/10.1021/acs.nanolett.9b02824
https://doi.org/10.1021/acs.nanolett.9b02824
https://doi.org/10.1021/acs.nanolett.9b02824
https://doi.org/10.1021/acs.nanolett.9b02824
https://doi.org/10.1021/acsnano.5c02908
https://doi.org/10.1021/acsnano.5c02908
https://doi.org/10.1021/acsnano.5c02908
https://doi.org/10.1021/acsnano.5c02908
https://doi.org/10.1021/acsnano.5c02908
https://doi.org/10.1021/acsnano.5c02908
https://doi.org/10.1021/acsnano.5c02908
https://doi.org/10.37188/CJL.20250099
https://doi.org/10.37188/CJL.20250099
https://doi.org/10.37188/CJL.20250099
https://doi.org/10.37188/CJL.20250099
https://doi.org/10.37188/CJL.20250099
https://doi.org/10.37188/CJL.20250099
https://doi.org/10.37188/CJL.20250099
https://doi.org/10.37188/CJL.20250099
https://doi.org/10.37188/CJL.20250099
https://doi.org/10.37188/CJL.20250099
https://doi.org/10.37188/CJL.20250099
https://doi.org/10.37188/CJL.20250099
https://doi.org/10.37188/CJL.20250099
https://doi.org/10.37188/CJL.20250099
https://doi.org/10.37188/CJL.20250099
https://doi.org/10.1007/s40843-024-3142-9
https://doi.org/10.1007/s40843-024-3142-9
https://doi.org/10.1007/s40843-024-3142-9
https://doi.org/10.1007/s40843-024-3142-9
https://doi.org/10.1007/s40843-024-3142-9
https://doi.org/10.1007/s40843-024-3142-9
https://doi.org/10.1021/nn305275h
https://doi.org/10.1021/nn305275h
https://doi.org/10.1021/nn305275h
https://doi.org/10.1021/nn305275h
https://doi.org/10.1021/nn305275h
https://doi.org/10.1021/nn305275h
https://doi.org/10.1021/nn305275h
https://doi.org/10.7498/aps.70.20201425
https://doi.org/10.7498/aps.70.20201425
https://doi.org/10.7498/aps.70.20201425
https://doi.org/10.7498/aps.70.20201425
https://doi.org/10.7498/aps.70.20201425
https://doi.org/10.7498/aps.70.20201425
https://doi.org/10.7498/aps.70.20201425
https://doi.org/10.7498/aps.70.20201425
https://doi.org/10.7498/aps.70.20201425
https://doi.org/10.7498/aps.70.20201425
https://doi.org/10.7498/aps.70.20201425
https://doi.org/10.7498/aps.70.20201425
https://doi.org/10.7498/aps.70.20201425
https://doi.org/10.1038/ncomms7647
https://doi.org/10.1038/ncomms7647
https://doi.org/10.1038/ncomms7647
https://doi.org/10.1038/ncomms7647
https://doi.org/10.1038/ncomms7647
https://doi.org/10.1038/ncomms7647
https://doi.org/10.1038/ncomms7647
https://doi.org/10.1038/ncomms7647
https://doi.org/10.1038/natrevmats.2016.42
https://doi.org/10.1038/natrevmats.2016.42
https://doi.org/10.1038/natrevmats.2016.42
https://doi.org/10.1038/natrevmats.2016.42
https://doi.org/10.1038/natrevmats.2016.42
https://doi.org/10.1038/natrevmats.2016.42
https://doi.org/10.1038/natrevmats.2016.42
https://doi.org/10.1002/anie.201811743
https://doi.org/10.1002/anie.201811743
https://doi.org/10.1002/anie.201811743
https://doi.org/10.1002/anie.201811743
https://doi.org/10.1002/anie.201811743
https://doi.org/10.1002/anie.201811743
https://doi.org/10.1002/anie.201811743
https://doi.org/10.1103/PhysRevB.103.085404
https://doi.org/10.1103/PhysRevB.103.085404
https://doi.org/10.1103/PhysRevB.103.085404
https://doi.org/10.1103/PhysRevB.103.085404
https://doi.org/10.1103/PhysRevB.103.085404
https://doi.org/10.1103/PhysRevB.103.085404
https://doi.org/10.1103/PhysRevB.103.085404
https://doi.org/10.7498/aps.69.20200696
https://doi.org/10.7498/aps.69.20200696
https://doi.org/10.7498/aps.69.20200696
https://doi.org/10.7498/aps.69.20200696
https://doi.org/10.7498/aps.69.20200696
https://doi.org/10.7498/aps.69.20200696
https://doi.org/10.7498/aps.69.20200696
https://doi.org/10.7498/aps.69.20200696
https://doi.org/10.7498/aps.69.20200696
https://doi.org/10.7498/aps.69.20200696
https://doi.org/10.7498/aps.69.20200696
https://doi.org/10.7498/aps.69.20200696
https://doi.org/10.7498/aps.69.20200696
https://doi.org/10.7498/aps.69.20200696
https://doi.org/10.1039/c3nr03052k
https://doi.org/10.1039/c3nr03052k
https://doi.org/10.1039/c3nr03052k
https://doi.org/10.1039/c3nr03052k
https://doi.org/10.1039/c3nr03052k
https://doi.org/10.1039/c3nr03052k
https://doi.org/10.1039/c3nr03052k
https://doi.org/10.1063/10.0003818
https://doi.org/10.1063/10.0003818
https://doi.org/10.1063/10.0003818
https://doi.org/10.1063/10.0003818
https://doi.org/10.1063/10.0003818
https://doi.org/10.1063/10.0003818
https://doi.org/10.1002/adfm.202413672
https://doi.org/10.1002/adfm.202413672
https://doi.org/10.1002/adfm.202413672
https://doi.org/10.1002/adfm.202413672
https://doi.org/10.1002/adfm.202413672
https://doi.org/10.1002/adfm.202413672
https://doi.org/10.1002/adfm.202413672
https://doi.org/10.1021/acs.nanolett.8b04041
https://doi.org/10.1021/acs.nanolett.8b04041
https://doi.org/10.1021/acs.nanolett.8b04041
https://doi.org/10.1021/acs.nanolett.8b04041
https://doi.org/10.1021/acs.nanolett.8b04041
https://doi.org/10.1021/acs.nanolett.8b04041
https://doi.org/10.1038/s41467-018-05863-5
https://doi.org/10.1038/s41467-018-05863-5
https://doi.org/10.1038/s41467-018-05863-5
https://doi.org/10.1038/s41467-018-05863-5
https://doi.org/10.1038/s41467-018-05863-5
https://doi.org/10.1038/s41467-018-05863-5
https://doi.org/10.1038/s41467-018-05863-5
https://doi.org/10.1021/nl403270k
https://doi.org/10.1021/nl403270k
https://doi.org/10.1021/nl403270k
https://doi.org/10.1021/nl403270k
https://doi.org/10.1021/nl403270k
https://doi.org/10.1021/nl403270k
https://doi.org/10.1021/nl403270k
https://doi.org/10.1039/D2NR04800K
https://doi.org/10.1039/D2NR04800K
https://doi.org/10.1039/D2NR04800K
https://doi.org/10.1039/D2NR04800K
https://doi.org/10.1039/D2NR04800K
https://doi.org/10.1039/D2NR04800K
https://doi.org/10.1039/D2NR04800K
https://doi.org/10.1021/acsnano.6b01486
https://doi.org/10.1021/acsnano.6b01486
https://doi.org/10.1021/acsnano.6b01486
https://doi.org/10.1021/acsnano.6b01486
https://doi.org/10.1021/acsnano.6b01486
https://doi.org/10.1021/acsnano.6b01486
https://doi.org/10.1021/acsnano.6b01486
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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 75, No. 16 (2026) 160807

COVER ARTICLE

Type-I van der Waals heterostructure enhanced near-infrared
exciton emission in black phosphorus”
YAO YunV?  ZHANG Shuo??  ZHANG Junrong? YU Qiang?
WANG Junyong V2t ZHANG Kai ?)?

1) (School of Nano-Tech and Nano-Bionics, University of Science and Technology of China, Hefei 230026, China)
2) (i-Labd, Suzhou Institute of Nano-Tech and Nano-Bionics (SINANO), Chinese Academy of Sciences, Suzhou 215123, China)

( Received 1 April 2026; revised manuscript received 24 April 2026 )

Abstract

The design of van der Waals heterojunctions for modulating excitonic photoluminescence (PL) in two-dimensional
(2D) semiconductors has become a major research focus in low-dimensional photonics. While previous studies have
predominantly explored charge- and energy-transfer processes in transition metal dichalcogenides with emission
wavelengths mostly in the visible range, there remains an urgent need to develop new heterojunction material platforms
that extend emission into the near-infrared (NIR) telecommunication band for silicon-based on-chip light sources.
Trilayer black phosphorus (3L BP) exhibits exciton-dominated NIR emission within the telecommunication window;
however, its intrinsic emission intensity at room temperature is limited, constraining practical applications. Type-I band-
aligned heterojunctions, which confine carriers within the narrow-bandgap emitting layer, provide an effective strategy
to enhance radiative recombination and light emission in these materials. In this work, we fabricated a type-I van der
Waals heterostructure composed of direct-bandgap 3L BP and indirect-bandgap bilayer tungsten diselenide (2L WSe,).
Compared with the isolated 3L BP and 2L WSe, regions, the heterostructure exhibits significantly enhanced NIR
emission and suppressed visible emission at room temperature. Notably, unlike isolated BP, the heterostructure exhibits
anomalous temperature-dependent PL behavior, with emission intensity increasing as the temperature rises. This

suggests that enhanced lattice vibrations at higher Wavelength /nm

temperatures promote thermal activation and carrier 1650 1350 / 750
transfer from WSe, to BP, while simultaneously reducing o fyper band alignment
the capture efficiency of nonradiative recombination __ 6F 3L BP/ .
centers. Furthermore, the gate-voltage-dependent PL of the é 2L Wie

3L BP/2L WSe, heterostructure differs from that of ; 2L WSe, -
isolated 3L BP. Under positive gate bias, the charge = 3L BP

imbalance in p-type 2L WSe, is alleviated, which boosts i 5l P
carrier injection from WSe, to BP and enables tunability *E

and enhanced radiative recombination. These findings é

demonstrate enhanced NIR excitonic emission in the type-I j

BP/WSe, heterostructure and provide a promising strategy .

for designing tunable, efficient, room-temperature light- 0=

emitting devices operating in the NIR telecommunication 0.8 7/ 14 16

band. Energy/eV
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