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Abstract: The performance of pure-blue perovskite light-emitting diodes (PeLEDs) is severely hindered by the large
hole injection barrier between the hole-transport layer (HTL) and the wide-bandgap perovskite emissive layer. To ad-
dress this issue, this work proposes an energy-level modulation strategy based on doping the HTL material poly (9-vinyl-
carbazole) (PVK) with the small organic molecule phenylselenium chloride (Ph-Se-Cl) , aiming to simultaneously opti-
mize interfacial carrier injection and perovskite film quality. The results demonstrate that the introduction of Ph-Se-Cl
markedly shifts the highest occupied molecular orbital (HOMO) level of PVK downward from —=5.91 eV to —6. 11 eV,
effectively narrowing the energy offset with the valence band maximum of the pure-blue perovskite and thus reducing the
hole injection barrier. Moreover, the doped HTL film exhibits a more uniform surface potential distribution, which fa-
cilitates the formation of high-quality perovskite films and mitigates interfacial defects. Consequently, pure-blue
PeLEDs based on the Ph-Se-Cl-doped HTL achieve a peak external quantum efficiency of 11. 18%, representing a

41. 5% enhancement compared with the undoped control device, along with excellent reproducibility.
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The impact of Ph-Se-Cl on the energy levels of PVK thin films. (a) Secondary electron cut-off region of the UPS spectra;

(b) Valence band edge region of the UPS spectra; (¢) KPFM image of undoped PVK thin films; (d) KPFM image of PVK

thin films doped with Ph-Se-Cl.
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Fig.2 Energy level diagram of the pure-blue PeLEDs device structure. (a) Control devices; (b) Target devices.
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Fig.3 Effect of Ph-Se-Cl on the optical properties and structure of perovskite thin films. (a) PL spectra of perovskite films with-

out doping (black line) and doped with Ph-Se-Cl (blue line) ; (b) TRPL spectra of perovskite films without doping
(black line) and doped with Ph-Se-Cl (blue line) ; (¢) AFM image of undoped perovskite thin films; (d) AFM image of

perovskite thin films doped with Ph-Se-CI.
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Fig.5 (a) Schematic diagram of the structure of pure-blue PeLEDs devices; (b) Schematic diagram of the influence of doping

Ph-Se-Cl on exciton binding in PeLEDs.

Se-C1 A< B A Sy 2y 57 5t 17 A& i )23 1 14 AH 2 42 51
B AT REPE , FRATHG & T X AR 4R FE PVK 5 85 8K
W2 2Z ], LLARE W BE (1. 6 mg mL™", 26 MR H])
BEVR — )2 Ph-Se-Cl1# )2 , KA T L &5 Hird
PR 5E 4 — 8. 1% LT 2 R IR 8 1R ROR SO A
AR ERT B ERSE(ES3) . X —45
F W], Ph-Se-CLAE g 5 1] )22 £ A8 3 2ok 5% 1o 48 A% %
o7 8 43 5 23 7 A Sl (R TS VA AR AR A 4B 2400
FE 52 EE X PVK A HOMO fE 9% 1Y 5 {31 5 K% 3 it
Jo7 £ 1 W] 26 Ak

WE 6 T s, XiF 52 3% 1) 21 O PeLEDs 2% /47
REdEAT T &M . K 6(a) R T 4518 1Y HL i
W R -H R -2 (J-V-L) R il 2 i il 4k 0 b
W, 3 T Ph-Se-Cl15 44 5 W 1l £ 1 H A5 &5 18, 74
) 9K 3y FL T g 8 50 B0 /& 1 kOG5 B TR B G
FF A R BB AL T R4 24 ny % IR 1, X BIE 1

BT A 2 R A E T . [RIEE, BT 6(h)
) EQE 1l Ze #2417 55 B Hz i Mk e Xt Lk, Ak s B
Pres i R EQE AR T 11. 18%, 3% — ¥ i i
T X IR RS R 7. 90% , fn i B B AR T B A
JIHIAEW] T Ph-Se-Cl45 2% SR W A RU8E 1 28 7O
N E SSIRTE XS N A L SN E AP R
Bl 6(c)ilt — 28T Hbp #4878 A [F] 5K 2l i &
T L ECR OG (EL) G , H EL W 580E b O) F7 7F
25 471 nm B9 P K A7 E, CIE 1931 {5 A8 5 fH N
(0.144,0.087) (& S4) , iz Ik K J& F 4l # % & 4
X3, HNEEME, E2.65]7.0 VLR
FEL DY, AR 25 14 1 635 T IR 5 A 7 B 33 DR 3 =
FERGE R B BH % O AL B B, T 6 IR # E 1Y
EL W 8 T 493 nm LR, JF BAE A
i BT ) U (&1 S5) , iX 843 ik 78 1 Ph-Se-Cl#2
FR WG 3% T PeLEDs 28 F 0 EL OGS R EME . N



OB, SF BT REZURE R Sl DL B R D T E

—~
[«5)
~

. 11.18
3 1 o
~ 102} Target 10 10 Target
5 ER 7.90
é 10'F .E ~
= F10° 8 &
2 o 8w Control
2 10°F Control s g
S £
& 107 102 5
3 10°F
107
L L
2 3 4 5 6 7 10° 10t 10?
Voltage (V) Current density (mA cm2)
(© (@4 —
7.0V :
N
= 8 | Control 1051
s
> 2 6 r Target
= c
2 3
2 26V o
£ 4
-
w f
2 /"
1 1 1 1 1 0 /| !
420 440 460 480 500 520 540 6 7 8 9 10 11 12
Wavelength (nm) EQE (%)

16 Kl 6 Ph-Se-Cl X} PeLEDs 7 {424 fE (52 10 . (a) LI 26 -1 R -2 I 465 (D) EQE -ML R JE I £k s (o) AR ML F H
b5 PeLEDs #1419 EL G 5 (d) 40035 5% PeLEDs %5 PF 4 {8 EQE 48 i1 2L 7 &1 .

Fig.6

Impact of Ph-Se-Cl on the performance of PeLEDs devices. (a) Current density-voltage-luminance curves; (b) EQE ver-

sus current density curve; (¢) EL spectra of target PeLEDs devices at various voltages; (d) Statistical histogram of peak

EQE for PeLEDs devices.

VAl Ph-Se-C148 24 %t 5 10 T AE £ & 1k (9 52 ), 16
HUW) B 55 M 50 ¢d m?, 4 PeLEDs 2§ F 7F 17186 i
UK h T I g 2 AR . an &l S6 i, H bR A F
) Tso A 151 s, B %5 BEE8 144 19 106 s £ 7+ T 24
42.5%. LA, B 6(d)iE it 20 4> 7 37 il 4% s 1 1Y
EQE St it B 5 B, N T 205 2 1 ff B it — 25 iE
ST R AR B R L A E AR AR R 0 0 (E
EQE ¥ 5 5 4 T X 13 (1 %o B8 28 2, B H bs k21
9 2 EQE 55 ik 10. 51% , #H % T %) 18 #5814 24
{8 B 32 THIR BEIR 3 T 44. 56% ,3X Fo 40 E B T 1% 5K
W AN RE AR 5, i FL LA W ) T2 T R
Ha TR

4 M

& 7%

A AF7E $ I8 UE T — Fho o fE PVK 4B
7% Ph-Se-C1 3k £7 % 45 1 4l W 6 ¥ — 4k PeLEDs 1%

=

=z

Z X #:

Al WY A BRI o WESE 45 R K W], Ph-Se-Cl1#5 28 B
AWE P EEN  H— B A SO PVK 1Y
AE 254, i L HOMO BB M -5.91 eV T B &=
-6. 11 eV, b FH AL T 5 v B k0™ LR Z
] 1 28 7 A& R 3T 25 U A AU A I
LB 24 HTL 2 689515 545 Bk ™ T R i 58
o) ST BT A, WA T 3 PR R B S R, AT
Pl T AR S AR . B, BT Ph-Se-Cl1 8
&1 H bR PeLEDs i 74 5 B 1 U8y 11. 18% 1Y
EQE, R +F TR M4 ELOLIE . % TI/EN
I TR B A RO A BIL A TR 2 R B [E A AL 2
1 BB 2R HE A R S 45 b 0T o, DA T HE Bl 1 AR A
Jt PeLEDs 1Y A& R 48t 1 — 450 BB %

AR ICE G Fi B WL RIE & 01 &2 N 25 T b L « hiep:
/lejl. lightpublishing. cn/FEEE( D026% R B ).

[ 1] YUANL, XUE Q, WANG F, et al. Perovskite solar cells and light emitting diodes: materials chemistry, device physics



8 A 4

and relationship [J]. Chemical Reviews, 2025, 125(11) : 5057-5162.

(2] &@, 2, 78, etal. FERDROLMAE: F RIS BREAR [J]. A% FH, 2022, 42(17): 1733001.
CAO Y, WANG N, YIN C, et al. Perovskite light-emitting diodes: next-generation lighting and display technology [J].
Acta Optica Sinica, 2022, 42(17): 1733001. (in Chinese)

[ 3 ] WANG Q, XIE J, HUANG H, et al. Enhanced ambient-stability and charge transport property of the CsPbBr;@Polyani-
line [J]. Journal of Luminescence, 2024, 275: 120770.

[ 4 ] PENG J, XUE X, LIU S, et al. Maximizing perovskite electroluminescence with ordered 3D/2D heterojunction [J]. Na-
ture, 2026, 651(8104): 76-82.

[ 5] FENGSC, SHEN Y, HU X M, et al. Efficient and stable red perovskite light-emitting diodes via thermodynamic crystal-
lization control [ J]. Advanced Materials, 2024, 36(44): 2410255.

[ 6 1GAOY, CALQ, HEY, et al. Highly efficient blue light-emitting diodes based on mixed-halide perovskites with reduced
chlorine defects [ J]. Science Advances, 2024, 10(29): eado5645.

[ 7 ] SHI'Y, YANG J, LU Z. Perovskite quantum dots-based blue light-emitting diodes: Advantages, strategies, and pros-
pects [J]. Photonics, 2026, 13(2): 151.

[ 8 ] CHUZ, YOU J. Blue light-emitting diodes based on pure bromide perovskites [J]. Advanced Materials, 2024, 37(25) :
2409867.

[ 9 1 GUO K, REN L, CHEN C, et al. High-brightness blue perovskite light-emitting diodes with low efficiency roll-off en-
abled by dual-ETL and hole transport regulation [J]. Advanced Optical Materials, 2025, 13(14): 2403483.

[10] LUZ, LIY, WEI L, et al. Spectral ultra-stable perovskite quantum dots for pure-blue light-emitting diodes [J]. Chemi-
cal Engineering Journal, 2025, 519: 165202.

[11]LIY, GUAN X, ZHAO Y, et al. Modulation of charge transport layer for perovskite light-emitting diodes [J]. Advanced
Materials, 2025, 37(25) : 2410535.

[12] ZHU Z, ZOU G, WANG Y, et al. Rational molecular design of soluble carbazole phosphonic acid for hybrid hole trans-
port layers enabling high - efficiency sky - blue perovskite LEDs [J]. Advanced Functional Materials, 2025, 35(35) :
2500310.

[ 13 ] ZHANG J, YAN C, ZHAO H, et al. Modulations of quasi-two-dimensional metal halide perovskites toward high-perfor-
mance blue light-emitting diodes [J]. Advanced Functional Materials, 2025, 36(22) : 2509226.

[14] ZENG Y, XIE J, XUE Q, et al. The synthesis of metal halide perovskite nanocrystals: surface and interface engineering
[1]. CrystEngComm, 2022, 24(42): 7345-7359.

[15] AE#, BAL, MNA &, et al. FACTINF NFSIHRFE LA PEDOT: PSS 78 77 A% i J= 52 IUAY e A e A5 3R R0t —
Wi (1] ok B ke F Fit &, 2026, 63(1): 504-513.

ZHOU H, MA Y, LIU L, et al. Synergistic optimization of PEDOT: PSS hole transport layer via fluorinated additive nfsi
for high-efficiency blue perovskite light-emitting diodes [J]. Laser and Optoelectronics Progress [1]. 2026, 63(1) : 504-
513. (in Chinese)

[16] % L4, KAER, FHEME, et al. BT HRELWERR SIS 1Y 85800 AO06 WA [1]. AL F W, 2026: 1-11.

TANG W, ZHAN J, LIR, et al. Perovskite light-emitting diodes based on phenylphosphonic acid interfacial modification
[J]. Chinese Journal of Luminescence, 2026: 1-11. (in Chinese)

[17] s, A%, REF, et al. PAVE I SR Z B) D1 S 8O0 R0 A0 8 [ AR5, 2023, 44(3):
548-558.

QIN X, LI M, ZHAO Y, et al. High-efficiency perovskite light-emitting diodes via novel cobalt-based hole transporter
layer [J]. Chinese Journal of Luminescence, 2023, 44(3): 548-558. (in Chinese)

[ 18] LEE J, XIE Z, WANG L, et al. Advancements in interfacial engineering for perovskite light-emitting diodes [J]. Chem-
istry = A European Journal, 2024, 30(32): ¢202400372.

[19] YUANS, FANG T, HUANG J, et al. Balancing charge injection via a tailor-made electron-transporting material for high
performance blue perovskite QLEDs [J]. ACS Energy Letters, 2023, 8(1): 818-826.

[ 20 ] CHENG H, FENG Y, FU Y, et al. Understanding and minimizing non-radiative recombination losses in perovskite light-
emitting diodes [J]. Journal of Materials Chemistry C, 2022, 10(37): 13590-13610.

[21] k&, Fo, AWM, eral. FET4EEEJHH 00 4805 G5 &L A (1], R $FIR, 2023, 44(6):



OB, SF BT REZURE R Sl DL B R D T E 9

1013-1022.
ZHANG Z, LUO Z, ZHU M, et al. Quasi-two-dimensional blue perovskite light-emitting diodes based on phase modula-
tion [J]. Chinese Journal of Luminescence, 2023, 44(6): 1013-1022. (in Chinese)

[22 ] XIAO Z, KERNER R A, ZHAO L, et al. Efficient perovskite light-emitting diodes featuring nanometre-sized crystallites
[J]. Nature Photonics, 2017, 11(2): 108-115.

[23] GUANX, LI1Y, SUY, et al. Elongated grain morphology for efficient and radiant NIR-II Sn-based perovskite light-emit-
ting diodes [J]. Nature Communications, 2026, DOI: 10. 1038/s41467-026-72625-z.

H % (2000—) 55, BIE LA A
B gE Az, 2023 45 F P B AR A kA
by, EENS ORISR RO
B IS .

E-mail:23013081040@stu. hqu. edu. cn

BEm (1989—) I a1
L B . 2015 4F T A& U B Rk
A2 S, BN H O TR
MR A5

E-mail: weizhanhua@hqu. edu. ¢n

FURIEE(1992—) 5 W Ik A,
+ L BIBFSE B, 202245 FJE 1] R 2E 3K
[CS: eSS R VN ) 8 ST
P14 1 2 B A 5 R A ol 450 38K 11 7
W% .

E-mail: zxlu@hqu. edu. ¢n




