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Abstract

Metal halide perovskite light-emitting diodes (PeLEDs) have attracted extensive attention due to their
excellent optoelectronic properties. However, the performance of blue PeLEDs still lags behind that
of their red and green counterparts, which limits their application in full-color displays. In this work,
we investigated the influence of two different chlorine sources on the performance of blue quasi-2D
PeLEDs and further combined additive engineering to achieve efficient device fabrication. First, using
inorganic PbCl: as the chlorine source, we adjusted the PbBr;/PbCl: molar ratio, which shifted the
electroluminescence (EL) peak from 512 nm to 496 nm. Although a higher PbCl: proportion could fur-
ther blue-shift the emission, the device performance deteriorated severely, preventing reliable char-
acterization. Because PbCl: has poor solubility in DMSO, the film nucleation process became uncon-
trolled, leading to serious non-radiative recombination. As a result, the external quantum efficiency
(EQE) dropped sharply from 2.06% to 0.93%. In contrast, we replaced inorganic PbCl: with o-fluoro-
phenethylammonium chloride (o-F-PEACI), an organic spacer ligand that exhibits much better solu-
bility. Using o-F-PEACI as the chlorine source, the EL peak shifted from 512 nm to 492 nm, and the
maximum EQE increased from 2.06% to 2.83%. This comparison demonstrates that the organic
chlorine source avoids the nucleation issues caused by the poor solubility of PbClz, thereby achiev-
ing a spectral blue shift and simultaneously improving device efficiency. Based on this, we further
introduced methoxymethyl(diphenyl)phosphine oxide (MMPO) as an additive. The P=0 group in
MMPO can coordinate with halogen vacancies, passivating defects and suppressing non-radiative
recombination. Consequently, the maximum EQE was further enhanced from 2.83% to 3.83%. This
work provides a feasible strategy for the development of blue PeLEDs.
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1. 518

R, ERPISLER. T AR ERET RN, BRI EBARRG R T EH K E.
Horb, S8 s EERET IR G 0 00 45 L R G 5y T DA 38 ARSI i, 28 T R TR 1)
Iz [1]-[3] MR R R EHEAEY —, HAERE AR RN R OCE R, SR, WOREER R
(PeLED) IRV JG 40 2'edstE[4] [5], XTEAR KFEREE LEHAS T PeLED fE4=F o T I SERR N o

SE P WE G RS (R L SR A2 B B A . — Rl VR A S T (C) YR B8 1 (Br) R4k 56 A ERH TR 5 B
SR, TR s E A R IR G AR E E APk . 7E CSPh(BI/CI) IR & K EAK R, Br 5 ClBAafire ] B 2
5, SEURA XSS RS IT IR RS KA S, EAYSNREG K Rm S W ERE Br
FHANE CUAH[3] [6] [7]. IXLeAH S A BA A E 2T 58, 815 BUROGEL) G KA TR, SR
BARE. FR, XFEMHSEIESTINEZREIEM A, SRR R AR, BE RIS B R
R [8]. B, Max Karlsson %5 A [9]F 75 R BATEIR A < 3 Wt PeLED H, BE S & T LLBlfsgm,
R R R A2 B3 T, SRR SR N . o R HE Y R 4 o 7RI 4R AR,
I SN KA E FAENRIRRE, LS REA A\ ZEH n B5RR)MNEZETFHE~. n
EHBUNIABABR AR, BRI n] DLd s P42 n B 200 R SEIL G A [10]. BB B, 1 4EE5ER
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W AR n ABAR Z 8] AT DUR AR RO 37 RE 4 8%, Re 2 N9 BRI n AR AR B n A, B
AAER S n AHE ARG XPAE n A2 8] 1R B A% I R A BT i AR n A RO ETER, AT
PRI RIEVERE[11]. SR, 7ESERREEREN] &, % n EAHCEIE n= 1 M) EEL ERAR, n=1 ML
WEASATS, & EEmEERE[12]. #1l, Masoud Alahbakhshi 25 A\ % FXUECAA TAE, SIAXE 2
Fi-1,2- — J IR AL Y (EDBro) Al H 3 25 i AL ¥ (MeC) LA, I8 35 T 45 4k J2 18] Y {8 4 /5 3 5 Dion-
Jacobson £5#4, AT e A5 R 2 (AH BAE F S AEA0 A0, 4w 7 HoG sk Re[13] [14].

AR, ISR BTz T — P s . SR T2 AR . i1, Dezhong Zhang %5 AN &t 1 —
Fi e P=O B RERI R B FITAE IR, IR i (LS 7 e, I Rk
REHE A, N B AR EE T IR S5 R B4 1.31 1%[15]; Ying Li ZE K/ TSN 2,8- R TR IR
I (diBDF)#5 NS ERA BT IR, 48U T T AR R i 5 Wi 5 AR TC A7 1) P24 s e A S AN T e A 475 K™
o PRI, RSB A AT, SRR LR IR G MR =L 1.42 f5[16]-[18]. IRAF T AR T
PeLED [t e fit 1 51 EEELA o

BT Bk oM, AWFICE S HE T EHUEALE(PCLL) 5 4G HLIA] B 2 BE AR 48 5K 2.3 AL I (o-F-
PEACI)FFAN [R] SUIE T HE 48R W' PeLED PEREMRZNIA, FFAELLEA b 5] NI TS, mhfil& 7R
WEGHE 4 PeLED. %G, LA PoCl fENEIE, EIIAEHITT PoBr. 5 PbCl, /R, SRHLT B4
(512 nm) & K 1556496 nm) [FESR T . SR, BT PoCl, /£ DMSO i fi it %=, S8 iz it fE A2
], ARARSHE AR, EANE T AR (EQE)M 2.06% 2 il FRE 2 0.93%. 1F AN LL, Fedl 1o va itk
WU [1) o-F-PEACI fE NI 23RBS SEI EL SGIE % 28 492 nm HIIFIRY, K EQE #&F+ % 2.83%. fEIt
LR E, BATEE BB\ R (P IR AL BE(MMPOY R INF . S2Be 4 R, Z%as N7 2dmdl 7
AE S 5 AIEIE, 24 HE K EQE #E— BT & 3.83%. %%, RATELEIRMAL 57N TR K HrE
HMEG, FLINH & TR TR A X 3= I HE 48 KW PeLED.

2. PeLED WIHIZ 53RIE
2.1, RIEHR

AT AR 1,3,5-=(1-ZF - 1H-ZE FF Ik mE-2-32) 2K (TPBI, 99.9%) . {4k 4 (CsBr, 99.9%). SAL4T
(PbCly, 99.99%) . SALHS(PbBr2, 99.99%) . N,N’- 7 FE-N,N’- —(3- 3L £ 3E)-1,1- 6 4-4,4°- —Ji%(TPD, 99%).
SR O E A% (0-F-PEACI, 99.5%) « X 8K £ IR 4L i (p-F-PEABT, 99.5%) 1 H 1t 2 it H G RERHE A R
ANFEl BR(9-LHHFEEM)(PVK) )4 T8~ 25,000~50,000, 4 F 74 kS 35 B84 HL 25 (L IRR) 52 B B IR A 7
AL (LIF, 99%) 1 H MG R I A TR A s — H ZE AR (DMSO, 99.9%) 14 H b 5 B R R A PR A 75
TR (A ) EALBE(MMPO, 97%) 1 BT R T AL B I A BR A R s S BURL(AL 99.999%) 1 H
FOEH MR AR AT Fra R R &S HoAth b 22 B AT .

2.2. TR ATIR{ATARECH

RERKRTLIE: (1) PLPbCl N&IE: ¥ CsBr. p-F-PEABr. PbCl,. PbBr, #41# 1:0.8:x:y (x:y = 0:10,
1:9, 2:8, 3.7, x + y = D) BE/R ELBIH AR T T2k DMSO 5 (2) DL o-F-PEACI NEIJR: K4 KRHEZ I CsBr:p-
F-PEABr:(p-F-PEACI)m:(PbBry), = 1:0.8:m:n (A m:n=0:10, 1:9, 2:8, 3:7; m+n=21)BE /R LB T
Ji7K DMSO 1o s I07H) TAE s 7546 HLIAI RS 2 o A SO 5 P 2% A0 (1 25tk (min = 2:8), HL— & &[] 0.25 mol/L
MMPO ¥ #(0 uL, 20 uL, 50 uL, 80 uL, 100 uL)In NS ERH" BT SR IA R 2 H, H MMPO A PbBr; 1] 8 /K Eb
%5339 0:1+ 0.2:1, 0.5:1, 0.8:1. L:l. DL EATIRARVERAESE AT E T 40°CHRG B 12 /M, 4
HERWEHEH A SRS F S E R S F B 5.
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2.3. PEET RAZMEDIF

B, EEAHB(TO) BRI . R 85 7oK PIEAAN 5 A B 75 A0 2 60 min, SRJEE T
150°CHIA G LT, AHE TS5 T4 (plasma) /b3 15 min. #5%, H&TXIERE, ZEME
(PVK:TPD =7:1, SIKIAH, 6mg/ml), HeiiE y 3000 rpm, Beidit 1Ak 30s, Hefs st o g Bl HEATiR
K, JBKIREEH 135°C, 1B KHFIA] 20 min, A A3 2] PVKITPD 25/ A6 2 . B, Hil &85k K
2, RAZLjER: 2000 rpm ik 6 s, FfiJE 5000 rpm JiEid 70 s; e g o s ST RN BET R B R R K
[191E KIEFERN 75°C, 1B KIE 2min, AHGHEBESERN RICEME . &5, EH& ORISR K62
R b, R B AEROR, RIRUTI &%= TPBIL BT A= LiF AR Al JEEE 53715 40
nm. 1nm F1 120 nm.

3. BRE5VE
3.1 ETFRAXRFPIEE_HTERT R MEE
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Figure 1. Optoelectronic characterization of quasi-2D perovskite light-emitting diodes (PeLEDs) with varying PbCl2:PbBr
molar ratios (0:10, 1:9, 2:8, 3:7); (a) Normalized electroluminescence (EL) spectra recorded at the maximum luminance for
each device; (b) Current density-voltage-luminance (J-V-L) characteristics; (c) External quantum efficiency (EQE) as a func-
tion of current density (EQE-J); (d) Current efficiency (CE) as a function of current density (CE-J)

1. A[E] PbCla:PbBr2 EE/REE(0:10, 1:9, 2:8, 3:7)H/E ZHES5EKE & X Z#RE (PeLED) RN EB M BERAE; (2) S=BHHE
BRARE TMFENE— LB BLLELNE; (b) BREE - BF - REQ-V-L)#FHihLk; (c) INEFHE(EQE)-HE
MEEBZE(EQE-); (d) HIRZE(CE)-BR%EE #hZk(CE-))
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BRI 1) R et nl R I i VR A AT E SR . FRAME F KL PoCl /F A SE, Bt 4% PbCl, 5
PbBr ¥ EE /R LB S B e R o AREETT R GiHI % T PbCl, 5 PbBrp BE /K L4374 0:10. 1:9. 2:8 J% 3:7 i)
PERT RO, JER BRI EREIATRAE, &R 1R, K 1)@ T AH PbBr, 5 PoCl iR
A H IR EL 61, BEA PoClL A nbL@l g in, EL Yl BMER BT . RBMEE TR, KK
K4 510 nm; 24 PbBr,:PbCl, EL A 9:1 i, #5F2% 508 nm; ELIA 2:8 i, #EFE4 503 nm; LB
37, B AR 496 nm. Z BRI R UL B T DB CsPbBrs # AR kg [20]. @ —B AT as
P (R LIRS B - W — AR (3-V-L) 4 (] 1(b)), PbClo:PbBra = 0:10 i #F i f K 52 2y 3036 cd/m?, %
KHLR A N 220 mA/em?,  JE AR HLE N 3.6 Vs 1T PCl:PbhBra = 3:7 I 284 1 i K52 % 1459 cd/m?, #
KHLRE LA 266 mA/em?, JESEHLUE N 3.6 V. BlE POCl, LLBIsE N, #e0Fs B IR N, ATk
PEIL R KT8 BN 5 i B AR 56 S B BIR T AN 238 n[21]. B 1(c) M 1(d)4 A ER T #81- 1
EQE HIHLIf %2 (CE) Fifi FL i 2 BE AR AH th 22, B PbCly P INEL BRI, #e4Faae B 2 R .
X} HE 2 F(PbClL:PbBr, = 0:10) 5 K EQE & 2.06%, #: Kk CE 4 6.14 cd/A. >4 PbCl,:PbBr.=3:7 i}, EQE ¥&
F%% 0.93%, CE [#% 1.68 cd/A, [&IE/Hik 54.9%F1 72.6%. X —45 BEH, BB NG 17X 85+
RORA RN EIER . BATHE— B TR . B, UEHTHL POCl fENSIERT, BT
PbCl, 7E# H¥ 7)(W1 DMSO) g fthic 2, &5 RS E A 26, M2 . BRI
R, T 5| R AER I R A [22]-[24]. FIR, fEIRG R RS ER R, CI Rl w2 hn e
FH BB FIEHR, BASEE RN R E S 1[25]-[27]. Fitk, R @ PbCl, 5 PbBr, Luf
AT DASEIL L BUROG G IS PG B R, (AR ™ AR B, SR A O L SR 1 2H 7 T RR TE I
JE At PeLED HIHI % 73K

3.1.2. ¥l o-F-PEACI &R

5JGHL PbCl, #LL, AL o-F-PEACI SURTER FHIA M BA B v ek,  HILATE G HLIa kG =
Bifd, ARSI T 5 4= 0 R R 4e R 45 a3 1%, A Rl JEsR 2 A [27] [28]. %
Tk, AREFFEHI%& T 0-F-PEACI 5 PbBr, BE/K L4370 0:10. 1:9. 2:8. 3:7 [F#E 4k PeLED, JFxiH e
FORIEPEREIATRAE, SR 2 . Bl 2(a) 84N o-F-PEACI LUl #8413 —1k EL J6il, Bl#E o-F-
PEACI EsINELBI 3G N, #34F EL Stk fr R R &% . RIS o-F-PEACIH I, EL K FUEA T
512 nm; 4 0-F-PEACIL:PbBr, = 1:9 i, IEAIH5F5 % 504 nm; M4 LLflik®] 2:8 i, #— LS 492 nm.
TR 2, 24 0-F-PEACI 5 PoBrp BE/REE N 3:7 B, iZ8 BB K, XA AR T id ik B 1Y o-F-
PEABH B 1 5 AL I FERE KRN [29] [30]. 548 FH TGHL PbClo SR 1) 5250 45 FAHEL, o-F-PEACIH [FF: 523
TR, TR A NI TN SR R SCI DGR . AT aR AR J-V-L R, H
MAREE Rl 2(b)Fisn. 0-F-PEACI:PbBr, = 0:10 #FFMIEASEEE N 3036 cd/m?, f KHLE BN 220
mA/cm?, JAFEHLEA 3.6 Vs 1 0-F-PEACLPbBr, = 1:9 8 K5/ N 1587 cd/im?, B KHIREE N
159 mA/cm?, J3stHEN 3.6 V5 0-F-PEACI:PbBr, = 2:8 #3115 Ko/ 344 cdim?, e KHLREE N
62 mA/lcm?, Jaser RN 3.8 V. STIEN FRE T RES 0-F-PEACI {E 48 1 FL A Iin T TS ¢ L BHLAT O
2(c)FHEE 2(d) ol JE7n T #3445 1¥) EQE 1 CE Bl U2 1784k 5 PbClp 1A R AR SR R B a4 AH %
K% o-F-PEACI LL@I e, #fFobE 7R 20 LT . S a3+ (o-F-PEACI:PbBr, = 0:10)[ & K
EQE /4 2.06%, #¢ K CE N 6.14cd/A. 4 0-F-PEACI:PbBr,=2:8 It}, # Kk EQE &7} % 2.83%, 27} 74
37.4%.

BAV M ERECE R R W R o &5, 0-F-PEACI fE DMSO R it T PoCly, 4 1 A i1
ZE PR SAZ R A% L2 R KA I [22] [31]. HIK, o-F-PEACH R {9 a] e 2 AL SEHL S
TB I RN PR HE — 4E BRI 45 B 0%, ARANHEHERE S 241311 [32]. KHit, REREHRER
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Figure 2. Optoelectronic characterization of quasi-2D perovskite light-emitting diodes (PeLEDs) with varying o-F-
PEACI:PbBrz molar ratios (0:10, 1:9, 2:8, 3:7); (a) Normalized electroluminescence (EL) spectra recorded at the maximum
luminance for each device; (b) Current density-voltage-luminance (J-V-L) characteristics; (c) External quantum efficiency
(EQE) as a function of current density (EQE-J); (d) Current efficiency (CE) as a function of current density (CE-J)

[& 2. &[] o-F-PEACI:PbBr2 BE/REE(0:10, 1:9, 2:8, 3:7) AU ZHE4BEAH & K R E (PeLED) RIS LB M RERAE; (2) &&F
HESATETUEHNE—LBEBLLEL)LE; (b) BREE - BE - REQ-V-LFFELZ; () IMEFHEEQE)
REFE R AT X R(EQE-); (d) EIRME(CE)RERREE T KR (CE-)

3.2. M TIEREAISUT B

it AR R S, IRATIIN T AR (AR ) E LB (MMPO) R M7l MMPO 431 H i

O HREHI"] %i%%“"m;zﬁam/ﬁﬂﬂ ARG, TR

T, AWFREHIIKE N 0.25 mol/L () MMPO &, 4 HI# 8 0. 20. 50. 80 /% 100 uL JIAZE
BERE RTIRARVES A, XF R MMPO F1 PbBro [ BE /R E A5 43 7128 0:1. 0.2:1. 0.5:1. 0.8:1. 1:1. #8F(1
MR RERAE WS 3 Fia. &l 3(a) M4 SRR, BEE MMPO URINFIE N, #44F EL Stiligs £
PR EREE, 24 MMPO:PbBr, = 1:1 i, EL &K 4HEAT 488 nm. XIFKF MMPO 1] L5 454kH™
T 9 AA T BT A7 R TR A R 45 i sl 72, A BRI AR 20 A, TS R 65 #%[33]. anl&l 3(b) o, it
— BT B 3-V-L PR 2R, RIE RS (MMPO:PbBr, = 0:1) I K FE B 1074 cd/m?, B K HEL LS
FEA 143 mA/cm?, JEFSHELE N 3.8V;: 24 MMPO:PbBr = 0.2:1 I, 284 () KR EE N 509 cd/m?,  #e K H
WAL N 72 mAlem?, JE5EHE N 3.8 V; 24 MMPO:PbBr, = 0.5:1 I, #${F 5 K52 N 509 cdim?, #x
KERZE R 72 mAlcm?, JEALHE N 3.8V; 24 MMPO:PbBr,=0.8:1 I, #8Ff K52 Ay 359 cd/m?,
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O HLLE BN T3 mAJem?, JESEHLE A 3.6 Vs 24 MMPO:PbBro = 1:1 i, 28I KA 292 cd/m?,

K HIRE BN 105 mA/em?, Jase LN 3.8 V. HILFT UL, & MMPO (1) 5] N S 2088 18 5 K B B AR

FEHET R X2 T MMPO A 5 (48 Re M A L AE i FUAR SRR, 38K T SRS s B, AT 38 1 %%
WMFENSERIIRE22[34]. &l 3(c)R 3(d) 7l JEas T 454F1f EQE 1 CE B EM B ulizk. 5k
W MMPO [FI#sfEAELE, & & MMPO [N BT T /& 7205 . 24 MMPO:PbBr,=0.2:1 i, #3%
ik EQE 3% 3.83%, #&Jh 7T 1.23 5. 4¢84 MMPO ¥sn&E (41 0.5:1 K& LA 1), EQE JFhZEE T~
F. X —45 3R, & MMPO IR INAIRERE A RO R4 2 &, 7ESEU G A 1 R 535 52 T a1
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3 LMMPO:Pb** @250 ——0:1 1103
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Figure 3. Optoelectronic characterization of quasi-2D perovskite light-emitting diodes (PeLEDs) with varying MMPQO:Pb%*
molar ratios (0:1, 0.2:1, 0.5:1, 0.8:1, 1:1); (a) Normalized electroluminescence (EL) spectra recorded at the maximum lumi-
nance for each device; (b) Current density-voltage-luminance (J-V-L) characteristics; (c) External quantum efficiency (EQE)
as a function of current density (EQE-J); (d) Current efficiency (CE) as a function of current density (CE-J)

3. [E MMPO:Pb B EE/REE 5143 B 5(0:1, 0.2:1, 0.5:1, 0.8:1, 1:1)HIHE Z4E4EERT % St R (PeLED)HISLFE M &E
FTAE; () BBRHEZRATE TNESMIA—LEBEBELNEL)NRIE; (b) BAZE - £E - REQ-V-L)FEHE%; (o) 4
BT HEEQE)MERFEEMNTLER(EQE-); (d) HIRME(CE)MERZEREHXR(CE-)

PRSI AL Fis, RATE SR AR RSO 1% i — P38 T JoHL PbCl, SUE . A ML o-F-PEACIH SUE
PL K MMPO 8IS B ERAT AH o0 A (R4 E o SEIR 4 SRR 0T, AL IR N A n > 4 1o, Bl
B CIr = ZR B N ks, TERIRA KR, SEI BRI LIS e i #[20]. 1 2% T4 AL 18] R 2 AL
& o-F-PEACI I, AMX n=2 MR IE] R3gqs, HAEE 58 n=3 Wi, XK T o-F-PEAE N A
MU BR 2 FC AR KT AE 20 A (AR B, TSI T A 20 AR (Rl R =6 8, A R T 3RAF SR A8 - 1 B s[RI,
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Figure Al. UV-vis absorption spectra of quasi-2D perovskites with under different target treatments (PbClz, o-F-PEACI,
MMPO). The absorption peaks corresponding to n = 2 and n = 3 phases are labeled
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Figure A2. Electroluminescence (EL) spectra of quasi-2D perovskite light-emitting diodes (PeLEDs) under different voltage
treatments: EL spectrum based on inorganic chlorine source
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Figure A3. Electroluminescence (EL) spectra of quasi-2D perovskite light-emitting diodes (PeLEDs) under different voltage

treatments: EL spectrum based on o-F-PEACI chlorine source
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Figure A4. Electroluminescence (EL) spectra of quasi-2D perovskite light-emitting diodes (PeLEDs) under different voltage
treatments: EL spectrum based on MMPO additive
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