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Abstract: Two-dimensional (2D) semiconductors, characterized by atomic-layer thickness and van der Waals integra-
tion capability, exhibit exciton-dominated luminescence at room temperature , making them frontier materials for micro/na-
no optoelectronic devices. Electrically driven exciton light-emitting devices are crucial for exploring novel luminescent
physics and advancing integrated optoelectronics applications. Currently, exciton-based light-emitting devices in 2D semi-
conductors primarily focus on the visible spectrum, while the fabrication of near-infrared (communication band) electrolu-
minescent devices remains challenging. This study demonstrates electric-field-modulated excitonic near-infrared emission
in bilayer and trilayer black phosphorus, and constructs injection-free exciton light-emitting devices driven by lateral elec-
tric fields. These devices operate at wavelengths around 1 150 nm and 1 500 nm, respectively. The realization of electri-
cally driven near-infrared exciton devices using few-layer black phosphorus expands the spectral range of 2D material-

based electroluminescent devices, providing new materials and pathways for near-infrared light-emitting devices.

Key words: two-dimensional materials; black phosphorus; exciton; near-infrared; light-emitting diodes

Woim B8 : 2025-03-26; 11T B : 2025-04-14

EEWAE - MK HRFF IS (62274175, T2325025) 5 1 5 8 ai BF % 1140 (2021 YFA1200804) 5 V15545 8 s BF % 74 (BE2023009-5) 5
VIR 11 OARR 2 264 TITHE & e BT H (BK20232044) 5 S5 H BERIAF ST H (S1€2023004) 5 WR417E A A I H (2X1.2023166)
Supported by National Natural Science Foundation of China (62274175, T2325025) ; National Key R&D Program of China
(2021YFA1200804) ; Jiangsu Province Key R&D Program (BE2023009-5) ; Basic Research Program of Jiangsu(BK20232044) ;
Suzhou Basic Research Program (SJC2023004) ; Gusu Leading Talents Program (ZXL2023166)



ECR BT, 45 IR R BB T L L0810 RO ER 1695
1 7 = RGP KA EILLLH 1 500 nm BB, H AT

6 LA O A & R G LB B N R
LA TR ik SR EA R
TY )V AR IR, 55 H A R 5
JoT B BT AS A7 TE v S TE I 0, BLA R Ak T ]
O FEMERY DR ZE Tz k",
P T 4 AL A 1 1 R A R 5 0 55 A A
SR, AR AR T ROV AS B RO BT A AR
A A BOE = i R R B RO S ) A
PR R, Je B0 R 00 381 2 e R T I R 4k
SR T BUR G (EL) #8040 % AF 58 Hor 35 &
S Wy 3 RN HE HE AN ' L R 1 4R BN AT R

ETHR . MRECHET ZMET 40
P 4 B B AL A W (TMDC) (4 H 80K 6 2% 1 45
¥ A48 PN 45 | 4 )@ -2 S ik -2 SR (MIS) it F
BECQW) 454" K 2 TAE T Al WOt B, 5)E
JERE R L, B DR )2 R A R T R R
BRI W (LED) 7 7% — L6 45 (9 Bk ik, LE 4
22 fi e BE RO A S 30K I 2 fih , ML 4 R A
Wi PR 422 i 5 O LT R RS 5 R SR RE T R L 2
T T ARCEAR, PN 2548 24 5 3088 1 25 40 1 4
A5 Horp ey ) SRR R TR R0 A B T,
HRE BRI AR Y, J2 4 5 EL 2844 (9 — KMk
B, 2022 4F IE KA T AR A AR E T —Fh T
T K AL BRI R A 2 fioh K AR F T AR EL 254
SCEL T TMDC T B A AR OR . LR
Y bR R BT 245 A e MR T B T AE R
Bl 8 3R S O s IR R A A A
SR, H F TMDC 1Y EL £ 0F FF 75 #4 9K 30 B JR 4%
5, H TMDC #4 BB i T ik B i 40 e . % (BP)
HLAG AN 52 J5 13 B i 118 L et Bt DA B v 38 4% 1) S
Bk O TR E 2 B T AT T2 ok
e, Hop W2 (L) 5 =2 (3L) BRI T
KOG T £ A E R B, B AR S 0 8
s SR T A AR 0 S 21 A L BUR L RS
IAFAEPRK

A5 B A T 2T A0k B RO I BUZ A =2
PR RE SR AR 12 i v 37 3R S 2 B T T
FERE 0] B PR 1 T 0 B ORAT M RRAE . R iE— 20l
T A R T SR H AR A5 A 1Y H 35 B BN EL g8, X
P AT 2T A0 RO EAT T A0 AT . SRR,
55 HHR) 45 #9 f TMDC JE LED #H [t , 8 5 35 2% 14

AR A 9K Bl PR TS M o 36 o o A A ()R R R e o
WO R G TT IR R Bk O e R R AR B R A 4
N T BA RS G R TSR T i IR Bh A&
JEIAR . WFSERWT, AR SRR T S 4L 4
i TR B 7 i BUROL SR R e T — AR
6B B A B R

2 % B

2.1 ERBHHE

S A SE 2o Ak A SOME s T R A TR
T HE— A A AR SR ORI Ak 2% A
iz (BVT) S ms, il & th T MM RIS T35
PR R, B D TR LR AT Z A AR
BER B AEE MNP ERAES s hEA
K i, o DRI /0 23 BE i 1 AR AIE 2 D' R P b e i
A e R AR A J A B bk
5o 858 0 R 38 o Rl ML R B R
FH 2 i 40 e (PDMS) A IS I, ff O 27 8 £ B 4
Wr)= %, 5 R RWIRER (PC) TR B HR,
MR T2 AR AP 275 5 A AL ChBN) FF 1 AR R 45 i
S N hBN 48 2% )2, #4 50 hBN/BP/hBN 7 it 4% ,
568 & A AL RE /AR AR b T i 0 H SO 2]
LT ol 2% & 45 8% (10 nm ) /4 (70 nm) HEAR |
ik = U e TN RS VR BR R T PC O S
W A5 R T A A R b 150 CF
BT b B8 TR A ORE ) R Rt R 5 R A (R] Y
e fie
2.2 Bw|EWRK

AT LT AN X B 6 (PL) 53 X EL (R 538
i & O golite solution-PL R G #E 47 I &, 78
ZR G RAES S0 LL AN B R 4 L JF 4R
b 28 TE AT A0 UL 40 45 B 00 28 (Teledyne Princeton
Instruments, PYR-1024-17) 5 ¢ 3 1% (Teledyne
Princeton Instruments, HRS-5008S) 8% & = G 2~ i
RG %A (NIR1700) o 32 21 4) PLffi 4] 532 nm i%
2O % . il T Keysight B1IS00A 2§k 2%
A3 AT ASORT 2854 it o F R 5 AT H S I R A
WAt # s T ' % A5 W ORI, S-500) , BL%5
JERGEAE 107 Pa, 30 128 W0 2R v 425 10 e
W20 4h PLAE I 1 600 nm ik #1303 % (80 MHz,
100 fs) , i i IS A LM B R G S . 51 F 2
AU B AL AR [ A £ (Horiba, DSS-1S020L;
PR 5 [ 2 2.0~5.5 pm) 19 5% 3% {¥ (Horiba, iHR



1696 K b/

¥R % 46 &

320) , I fif JH 8AH 750K 2% (Stanford Research sys-
tems , SR830) 2 i #R M 5 5 A (5 1 1L

3 LR 5tk

Pl 1 (a) g PB4 I 445 R R A0E, G0 R 1)
A 846 5 R R RS 45 R (o AT PR TE AN (W) A A 7 1) R
B 4% 1] 5 0k 16 Wi AT R, 3k A (armehair, )
5 R, 2 T (zigzag,y) 7 i 5 55 o M 19 4
Bt HLA 5 00 J2 MO | B8 = 00l B
SO [ n] A w5 R IO (R G 2L A ()R ) F
HZLAN2 3. 8 pm (HLAA) 9 SEFE R o Jo ek 1
P 2 T T BB R BB = PRl (Wl ) 1)
fil, 2K THT v BTk S T o S 114 7 AR R T R A g R
YRR A AR AR SR A ) T A PR
— S SRR 2 B AR R AR A R AT
IR T BVT S A1 R P2 A L7 A R

(a) 5 ! |‘ |i i :

3.1

(0) |

B A, A 1) P, 33 o 3R BORE 7 30 21 90 I Bt
R BUZ N = E s de gt TR B 1(e) B
AN T PR AR X5 AT S IR (XRD) |, Al 0 g2
F) 4 A9 500 AT 5 0% 43 5 A JE TR Bk (020) |
(040) . (060) K (080) f T , A A6 Ml 21 F Ath 771 55 15
52 U TIE B BV J7 3% U il 4 1) Rl B O RE L 1Y
Sl L A A R B L(d) 1Y A PR
H B (HRTEM) 45 542 J 7R 1 28k (110) T K1 0 3 wi
(14 a5, B 2 80, 5 A 0L 3] B B 1) 25 7 8 R At R
I T R AE & L, R B2 kS 34 &
W 3 S0 6T IO A5 S 1 A i sl A X T A AL I B U
(365 em™) TN B,, #R B (438 em™) ST N A4k
B (466 cm™)", AL FRATFE E IR T X R A
R HEAT T PLINA , & 6 06 v A F v 21 41 0 Bt
3.8 wm, X B BAK BT 0. 32 eV AT B AE &, L0
F Y PLYGIE 5 5 50 1 vy HLGTRUSE- v B . DA L
T S AE T B A B0 1 iy A= K B ot R 1 v T

(040)

(020)

e o

(060)

| (080)

Shomii

Intensity/a. u.

30 40 50 60 70 80
20/(°)

—~
-
N2
—_
wn

PL intensity/a. u.

3000 4000 5000
A/nm

300 350 400 450 500

Raman shift/cm™

B mBUE BRI (a) BB Z R TS5 7R R 5 (b) W) SRR A 328 A A 300 B0 R s BEURT, 20 (/M B2 1 mm
()XRDIMLEE AR 5 (d) i 73 B S LB R AR SR s (o) MRBAH Z 0635 s (D F IR BB A PLI%
Fig.1 Characterization of BP crystal quality. (a)Schematic diagram of the layered atomic structure of BP. (b)Schematic illustra-

tion of BP crystal flakes grown via bidirectional vapor transport, each red grid unit represents 1 mm in length. (¢) XRD patterns

of BP crystals. (d)HRTEM characterization of BP crystal. (e) Raman spectrum of BP flakes. (f)PL property of BP flake at

300 K
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Fig.2 Mechanical exfoliation of few-layer BP. (a) 2L BP and (c¢) 3L BP on PDMS substrate, scale bar: 10 wm. (b), (d)Opti-

cal contrast layer number determination: The difference in blue channel reflection intensity between the PDMS substrate

and 2L black phosphorus is approximately 20, while that for the 3L is around 40
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Fig. 4 Electric-field modulation of PL and EL characterization in 2L, BP. (a)Schematic of the hBN/BP/hBN/Au heterostructure

for electric-field modulation. (b)Optical micrograph of the device, scale bar: 20 wm. Evolution of PL signals under (¢) direct

current (DC) positive bias and (d) DC negative bias. (e) Temperature dependence of alternating current (AC) voltage-

driven EL emission from a pair of Au electrodes
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Fig.5

EL characterization of 3L BP with interdigitated electrodes (IDE) architecture. (a) SEM image of the IDE structure, scale

bar: 10 pm. (b)Side view of the device structure, including voltage application, electric field distribution, and light-emit-

ting region information. (c) Voltage-dependent EL characteristics. (d)EL intensity versus electric field intensity in semi-loga-

rithmic scale. (e)Frequency-dependent EL response. (f) Frequency evolution of time-integrated EL intensity (blue) and sin-

gle-pulse EL intensity (orange) in semi-logarithmic representation. (g)Polarization-resolved EL characteristics
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