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Abstract

Quasi-two-dimensional perovskite light-emitting diodes (PeLEDs) have attracted extensive attention
in the field of light emission owing to their tunable bandgap, high color purity, and solution processa-
bility. Among them, red emitters are a crucial component for full-color displays and solid-state light-
ing, and their performance improvement is of great significance for promoting the practical applica-
tion of PeLEDs. However, red quasi-2D PeLEDs currently face the dual challenges of difficult phase dis-
tribution control and high defect density. Herein, we propose a mixed aliphatic DJ-RP ligand strategy,
leveraging the structural compatibility in equivalent length between inorganic layers between 1,5-pen-
tanediamine hydroiodide (PDAI,) and propylamine hydroiodide (PAI) to jointly regulate the phase
distribution and defect density of the perovskite film. Specifically, the spacer length occupied by a
single PDAI; molecule between inorganic layers closely matches the effective spacer length formed
by two PAl molecules arranged in a head-to-head manner, providing a structural basis for the formation
of a configurationally matched mixed interlayer during crystallization, thereby avoiding structural
distortion or phase separation caused by length mismatch and achieving synergistic passivation. Ex-
perimentally, the mixed-ligand film exhibits a substantially enhanced photoluminescence quantum
yield (PLQY) from 30.8% to 71. %. The red quasi-2D PeLEDs based on this strategy achieve stable emis-
sion at 691 nm with a maximum external quantum efficiency (EQE) of 13.49%, and an extended op-
erational lifetime (Ts0) by 13 times. This work provides an effective strategy for the further develop-
ment of red quasi-two-dimensional perovskite optoelectronic devices.
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HE AEE AT R AT RS 2R sy A SR AT R e B A A AT SRk ] A SR, AR R R A I
TR RIR IR S . ARk, ZDGHE T 4ERSERYT ROt T (PeLEDS)7E AL U5 THI AN WIS R [ 1] [2], 5l
THEFE A2 R0 . RIEAHLRIBG IR AR, R AR B LoAn 1PbaXsnn 254 )
Ruddlesden-Popper (RP)ZF1 NA ;- 1PbnXan+1 451418 ) Dion-Jacobson (DI (FH A, L A1 N 2 5N HL &L FN
BHEEHUARRZEE T, A R—MHE T, X KRBT, n ALHUNHEZE) [3]-[8]. - 4E45EL0"
AL\ AR 2 S A VLA KR E A B HE S, RS A AN n AR HE Z4EES 8K 4544[9] [10], AF n
HH 2 T)3E s R R SR, T DASE R T A/ n AHCHE AT BR) BIK n AHCE i BR) 2 (B I Re AL 1k, A 2800
AR R A1), FASEH R4 vl 4k PeLEDs {7 f1. LK, 1 4EZ1 % PeLEDs [PERES
BOL S MR A2,

B HLIE FEZ B T 4R IS S Re 2 X, Hr Fa e T A S ERE s R
RP HYPC A i Jrig Jik b5 g i\ TR A4 B 28 BB 1, IS RP AR 2 [A) it 55 fu il e )y iEse, Hoopr
FRIEMEROR, AR T Lol akpasiil, A5 33 n M M52 J0F[12]; DI BYFECAR B4 Bk 5 70
gy J\ A2 B BT oAe e B i 1, S 1 YO AR AR DT ARAS e 1, (H FLCAAR B A, F:2 DY Bk LA
RP Fe A —FF SEIRT R A AL mG RO 1310 D8 T So iR e — B AR SRR 1) R R, BF T B AR TR A AR
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HEME[14][15].Qing £ AFRIE 7 4 T FMALFZ L EL (PBAD 5 o- FH 3L S HL{L fZ(MBZAD 4L 4 1) PBAI-MBZAI
TREELAR[16], JEI 5N MBZAL A3 2866 T AR EC AL P> R . SR1M, RP-RP VR & FLAAR R RIS B A
PL il BRI R FRAF/E n=1. n=2. n=3 & n>4 ZZMILAF, PLBEMRMI. BEH—PIIAE
KA is, R4ER (= DR A0 > 9 AEKZ20H, MomEEZ n=2. n=3ZHx
RICHNE, LT 620 nm~650 nm AR RIAELLIE RS . H AT Z ¢ T 206 — 4E454K0 o DI-DI &
e A SR s RO 7 4T, FRATTH — RS 6 A Sk 28451 - Qin 45 KA 1,6- O &R IR £ (HDABR) 5 1,10-
& A IRTR H (DD ABr) A i 7 ik — REECAARRIEE T DI-DI IR A RCAR RIS [17], FESR6iE 4E45ERn R
LT AR A . DRSS KB, B DI FR(Un4l HDABr, 54l DDABr) AR 5 O &A1 4 (1 AH
S, FEEILin=1. n=2. n=3 AEMRLEMH» . fELLEEAE -, @d 4% HDA 5 DDA 1iR&
e (P46 E 518 DDABr:HDABr, = 0.75:0.25), AHA AL AE 2 n=2. n=3 M8 F, #EPLQY M
10%32 T+ 2 50%, #5fF EQE M 4% 9.41%. #R1fi, DI-DJ WA FCAAZRAZE I 1016~1017
om 3 Y, BATREASNG N ZIRELE AL (TPPOY IN A A BEXd EQE #E— DA & 12.85%. XL T AE
R, FAKEE RP-RP V& C A B AR TNt Ab T BE 3 B S P AL AR, (E6F n AH M AR VR B8 7
AR - Qin &5 NRH T IRA I BRI & DI BT A ) S5 W SR 755 HT 9K A (1) n AELAH , (ED6F SR B BEAL I 3R TH A PR
RIS AR R AR TR A v, BSAT I, (5 E 0 DA R] A AR WA o0 A 5 BB A 5 K S [l A, R TR
BTN 077 Bl 7 R S B AR AR 2 A RN B P AL KR

H T 7ELLE 4R DI-RP JR-A FC R SR S A 01 50, FRATTIRRE F At (i ) 7485 DI-RP JRA BRI
FWE T IEH T4k R . Alahbakhshi % N#RIE T £ IR IR ER(EDBr,, DI BUNUE) 5 H R L &AL
Z(MeCl, 75 RP B L) 404 (1) DI-RP R S ALK SERS, M4 SEM A1 AFM RAEE R, JRA AR T
AT SR, BRIl T 488 nm e RS, EQE M 3%H2THE 9.22%[18]. Hu 2 AKH 1,6-C &
IRIR SR (HDABr,, BN DI BN 5 TR AR IR E5(PABr, lEi ik RP BLHLZ) A HIE[19], JFSC@ it
WSO E AT PL G HE T B, X FREE S (I PABr) I AEAE 2 AN T (W N n= 1. n=2. n=3 £
47); 51\ HDABr, i, WA mngE s, R4EAH(n = DREERR IR, Mo B34, SCLC il
PRI 7R B B R K T AR S, Y PLQY MK HRZHZY 46.5%F2TH 5 78%. HE TR mS (1 2% 1 5
K EQE M 5.2%$2 T+ % 12.2%. X L FIANMIIFIRAT K BLAE Alahbakhshi 25 A i TAE F &3R4 B4R K n (HAH
IYAT LI RIS 38 B, B EDBr BRBE 4. MeCl NP5 AR NIRRT 14, WiRRCALE 2 7 8%, Hih
EIMLE] AR . MIEEZ R, Hu 25 AR A HDABr 5 PABr 414, WRECIRRE @ ARG B 28, 4h 2%
SN, A T REAE GG I AR O A R G R EIVE A DRI S T AR 23 A SRS A S R R R R A
SR, I — SRME Ph R B LR IRME R85 B0 TR RF PR . AR T IR IA R, TR ER, &
FH[PbIe)* )\ THIA (P 4H i i ) BE 5, 485 ) 0 R P e P 253 0 o RIS 51\ DI &5 RP PSHCARmT, w3
TERR S R rp 28 5 RAEA 5 5, FERUIREE N o BB R AH /> B sl AR SS M T P HERR, S 8 AR e P A A
Flgem. UL RN SR T DI-RP IR A BRI 206 A AR B SR W .

BT FREE, ASCEEH —FREDI %Y DI-RP VRS ECAENS, B 7ML — O A A R I I A 2 A
e DA 42 5 5 e 2 5 B e PR U AR . FRAT T 9% 1,5- % B EUIIR Eh (PDAL)/E v DI UK, 7R B St
IR ER(PADE N RP B4 7EHE —4EESERD 4580, BIAS PAT 43 T-HEFIE i 25 340 Rl B K FE 5 54> PDAL
ST R R AT . X P 2= (B HES S i e b, O 3 0 &5 ik Rt v R iA) 2R D T ) VR 5 T /2
T G DR P AR T 5 S50 45 P L i A 0 B BRI T R REOR R LI S AL SR SE KB, DI-RP R
BCAA S A M) 1Ok n AR, JR3E T n=2. n=3 ML, SR TSIl T BhGIE
XA . T G A E 4k PeLEDs 231 SZIL T 691 nm MR ERLIE RS, BRI E TR (EQE)M
4.07%H T 13.49%; #F Tso @M 0.06 h ZEK % 0.82 h, & 1 13 £, BEHGE T HMAE.
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2. PeLED H$IZF 5RIE
2.1. SR

AWFEHTRA R HPRELER 2R(FAL >99.5%). ALHa(CsI, 99.9%). HALAT(PbI,, 99.99%). BALEHY
(PbBr2, 99.99%). 1,5-I% 2 A ML £5(PDAL, >99.0%). TN IZE MR 5(PAL >99.0%) AALEE(AL-ZnO,
2.5 Wt% LEEE WA E 78 22 G R A TR A ] . To/K — T H(DMSO, 99.8%) 5 £.4% % (PEI,
P E~800)H H MR K B A PR A F « = (4-FEME-9-JE IR I IZ(TCTA, >99.5%). — A4 (MoO:s,
99.99%)I4 - KBEHERHA R AT . 8HRI(AL 99.999%) 1 H #H IH AR R G IR AT . FraMEIRZ
BB AL E A

2.2. $5EKA BIORMAR A&

FEERE R IRAA AL A2 R . 4% FALL CsI. Pbl,. PbBro. PDAL Fll PAI #4/ B /R b FA*:Cs™:Pb% =
0.4:0.6:1.18 (F: ' PbI:PbBr> = 1:0.18)7% i T J57/K DMSO . H i1, (PDAL + PAD)5 P> B /R EL N 0.7:16
T PDAL 5 PAI I BE R LSRR AL TR L BE , A4S SCEE f6 LR &R 24l PDAL (R PDAL:PAI=0.4:0)
FULAL 5 (R A AR AR R(PDAL:PAL = 0.4:0.3). ¥ LIRIEAWITE 60°ChInFAdHEE 6 h, BEJFFE 40°C st
BEFEIE I, 19 200855 W I AT RV, A RTZE 0.22 pm R VUSK £ J5(PTFE)JE kit € .

23. IERE EARERF

T JeH T4 1 ITO 4T plasma 403 15 min, B/ Al-ZnO HLF1E4ZHEIRTE ITO b, WERSECH
3000 rpm, JE¥R 30s, Ha TR K, JBKIREN 140°C, IE 20 min, R TAEHZE M. HIRER
FAEH)Z UL 3000 rpm LAK 30 s BIBEIR S H4k S0l PEL S IEMRZ . #5440 DI BL/& A DI-RP IR &
A ERAT HT SRR IS LA 3000 rpm iRk 2 PEL S AEMH)Z b, BEIREIE 71 s, FEMTE 100°CIRK 10 min.
HARAHREIR, 1930 485 ROCZ I, G 445 en MR m, R AR,
WA 2 AR 12 TCTA L FHHEMEZE MoOs FHLH)Z Al JEFE5 59128 30 nm. 7 nm A1 150 nm.

3. ZREWiR

N T B8E DI-RP RS BCARSEBS 1A 240, ATl 4 15T 5 DI Mcf&. . RP BCfAF1 DI-RP &
A RO 4 PeLEDs #4fF. Hrf, 3T 5 RP FAR K88 PR RE IS A 20 RE2HE, n Ae s T L R4t
L2, EEES RO RE A2), SEENMETHEF S ACEEK. FHit, FEMAaRETHR DI
Y} DI-RP JRA FLAAR#8LF 6T L 24T

] 1(a) AT %1, B2 DI FCARES £ 5 DI-RP VR A FC AR 28 2R (1) H 80K 6(EL) W4y A2 T 686 nm AT 691 nm,
BISEIL T IR R St . DI-884F 518 & 28 10218 58 (FWHM) YN 37 nm, JEPUHAR R GAiEE, EEiE
BRI B RUF NG 77, HIE 1(b) IR - HE - REG-V-D & EoR, DI-S s RN
369 cd/m?, JASEHE(Von) N 2.4 Vs MR G ZHF IR KSR 723 cd/m?, Vo N 2.4V, RHIRATAERE
W& A R T IR TIEARCR[20]. B EQE-J MZR (& 1(c)F)ml 4, A #1F EQE M 4.07% KiEHe T2
13.49%, FRA K LU IE T4 20 A 5 BB ai AL b R % . & 1(d) 32 MR AR 23151 EQE /34 [,
P EQE A 10.03%, B KHUFHI S EE .

PRUERa E MEXTZL ) PeLEDs [S2Brb H £ E B, P34 A3(a)a] &1, PDAL-PAI JiE & #4745 AN
TAEHIE Y RBL M RR EL el fasetE, W AR SR s G e 23 1 e il fase ko AR ME AR
XN, FATLAWIIEFEFE 100 od-m 2 XF 2845 1) Tso Z5 A idEAT M. Wbt 14 A3(b) i, PDAL #8441 PDAL-
PAT VG281 1) Tso (75 A 705028 0.06 h 1 0.82 h, #FFHFMIETHE) 13 5. IRA BRI RCE R FE T
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Figure 1. (a) EL spectrum of the single DJ and DJ-RP mixed ligand device; (b) J-V-L curve of the single DJ and DJ-RP mixed
ligand device; (c) EQE-J curve of the single DJ and DJ-RP mixed ligand device; (d) Histogram of EQE measured from 32 DJ-
RP mixed ligand devices

1.(a) B DJ 5 DI-RP ;R AECA=514-A EL Ji&; (b) B DJ 5 DI-RP RS ECA=S4-A9 J-V-L #hik; () 8 DJ 5 DIJ-
RP R AECIR51HEY EQE-J BhZk; (d) 32 4 DI-RP R AECIF=51HSEI8Y EQE B E

IR GTIR A T AR SR T S B A 0 AT R, RATIEAT T840 - m] W (UV-Vis) 1 il
(% 2(a)). PDAL #BE MO 2 /AT 670 nm FUTAWRICH, VAJBT n>4 41, RMEFNC n MHn <
IR, AFTAFE n AHZ A RER . -G PDAL-PAIL #EAE 596 nm A1 609 nm AL HHL T FA
B g, Ay ADAJE T n=2 fMin=3AH; FB AT 670 nm P n > 4 AR B Rk . 1X
—SERRE, IRATR R A SO A S R, AR E /N n AR R 22]. X HHRATH (XRD) 7 Hridt—
SHUFSE T IR A EAA SR A A R0 R . ] 2(b)is, PDAL #EFIVE & PDAL-PAI TR/ 14.4°
1 29.2° b IATEF I8 53 5V JE T K n A (n > 4)I(100)F1(200) b Tl - 5 PDAL AR EL, VR & Ve R (K iy S 0
SRJE T, VR AT FIE S TR n AR, 58 - AT RO G SE R8Ik
Rk, RAHCAE B TR, (EEARF n MEIE SR ERES, s e 2 6(23].

FAVE FHEBUR JE(PL) G B 5 B 18] 23 6 BUR 6 (TRPL)MIR Ak Vi A T A S s (i S e A ) .
Kl 2(c)F7~, PDAL #l PDAL-PAT JR & VB PL U 73 54T 686 nm Al 705 nm, X—4#5 UV-Vis i
WA i S R M ] KB T ] B SE AR (1] 2(a)) R 2 [24 ][RI, VRSO PL SR 25005, Ot
R IETHERPLQY)M 30.8%I—THE 71.0%. N T HF TR A B RE R = 1 R K, FA 144 ] TRPL
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M AR T B AT AT RAE . Wl 2() MR AL PR, IREEARR PR Fdn( 7, ) H 8.06
ns FEK A 16.55 ns, WEHIBFEMAT AL, I, AREE P SEA ZO)AIQ) N8 5 B T 2 ( K, ) A0 {E48 5 R
Rk )BEAT IS, ok ok, (LM 0.45 BERTFE 245 (£ 1), EIRGEREY, RATAFKA
ROPEAL 7SR R A R B, S T AR AR RS, R AT RE SR T B OGN &
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Figure 2. (a) Comparison of absorption spectra of single DJ ligand and mixed ligand perovskite films; (b) Comparison of XRD
patterns of single DJ ligand and mixed ligand perovskite films; (c) PL spectra of single DJ ligand and mixed ligand films; (d)
TRPL of the single DJ ligand and the mixed ligand film of DJ-RP

2. (a) %8 D] Btk SR G ECIRSSEAT TERMIIEXIEL ; (b) B DI ECik SR ATECIASSERT AR XRD XftL; () &
D] EEfA SR G ECACERREY PL JEiE; (d) % DJ ECfAS DI-RP IR SECAEIZAY TRPL

Table 1. Average PL lifetime ( 7,,, ), PL quantum yield (PLQY), radiative recombination rate ( «, ), and non-radiative recom-

bination rate (&, ) of single DJ, RP and DJ-RP mixed quasi-two-dimensional perovskite materials

% 1. # DI, RP % DI-RP EAM THISEE 1 PL F95H(7,, ). PLQY. EEIEAE(« MIHESEAE(L )

Sample Tpe (15) PLOY (%) &, (10°s7) gk (10%s7") k ik,
PDAL 8.06 30.8 3821 85.86 0.45
PAI 5.79 20 34.54 138.17 0.25
PDAL:PAI = 0.4:0.3 16.55 71 42.9 17.52 2.45

NN PDAL-PAI YR & FCAR SRS ISR B ILEE, JRATEEAT 1 X S EO06 7 BEHE (XPS) A FL i 28
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B A EHFTIR) Mo XPS MIR(JE 3(2)Zas, 4l PbXo B K Pb 450 Al 4fsn BRAEIE S HIAL T 143.1 eV
F1138.3 eV; PDAL-PAIBAALAS PoXo JLIRJG, Pb 4fsn Fll 4fsy (45 G RED HINI RS E 1432 eV Al 138.4
eV, iESZ PDAL-PAL & LA 2B 7 AEFIECAL PO? 6EF . FTIR S (4 3(b)) 7R, DI-RP IREAH
Pt N-H B R P ZEIRBIIEAL T 3447.2 em™, 5 PbXo IR F ZIRANEA L E 34315 em™!, XK
AR TR A N-H 58 5 AR Po> R fa RS AL AR F DL A S b 3 B T I A B P [F A A o k4 SR 3L [RIE 5k
1 PDAL-PAL JR& LA F5 KA ROt JZ R B 1A Btk [25] [26].

Pb 4f,, Pb 4f g,
(a) [——PoXx,+PDAI,PAI (b) [ PbX+PDAL,PAI
|
143.2 it —~ 20235
m .
— <
5 ) 34315
. —— PDAL:PAI
® ()
2 © 3447 2
7 =
{ et E V(NH)
L 7
< =
—— PbX, 1431 138.3 ©
——L/; l— V(CH)
3021.8
150 145 140 135 4000 3800 3600 3400 3200 3000 2800 2600
Binding Energy (e V) Wavenumber (cm™)

Figure 3. (a) XPS of PbX> compared with that of the mixed ligand PbXz; (b) FTIR spectra of the mixed ligand and the mixed
ligand + PbX>
3. (a) PbX: SR AT PoXo FELAT XPS; (b) BRAEMSEAE A + PbX: Y FTIR Hi%

FATaE— D@ I T4 B B (SEM) X 1 A 3% T T S AT 3R AL« A0 5] 4(a) T s, PDAL # JE3%
e KBS L. M2, PDAL-PAI R & MARRMET . StiF, THREL, SRR AiEY
I 4(b)). XG5 R U G IO ARSI A s TR R, A I T e R E, SRR G A
PEREFRTFIN ) — KRB R . 45 LRI, PDAL-PAI VR A e 4 5 W& M RE S FHIE T AH 20 A1 B 02 . Bhif
AT ZCBEAK DL B T o 5 W 0 5 PR e R 2R, R WS JE ML [ S8 K S L I S A R R R e A 1
TRATECHRS, 45 BRR™ R A AT 23 A1 5 R B A AT P IR R 4%, 2 S BRAT R0E —4E 4106 PeLEDs AT 234
ME[27] [28].

(a) (b)

(3.‘ ¢
- L
L -
~ -

- “PDAJ,:PAI=0.4:0 ~ PDAL:PAI=0.4:0.3

Figure 4. (a) SEM image of single DJ ligand perovskite film; (b) SEM image of DJ-RP mixed ligand perovskite film
& 4. (a) 8 DI ECFROE5ERHERRAY SEM [E; (b) DI-RP R SECIARIIEIAH EKAY SEM &

DOI: 10.12677/ms.2026.165095 18 FHE Rl


https://doi.org/10.12677/ms.2026.165095

FH¥E &

4, i

AHEFEHR H—Fh I 107 % DI-RP VR & B AR FEg , 381 ve 5 7] B& K JE ULAC ) PDAL (DJ )1 PAT (RP %)
BeAas, SRIW 7R L0 4RSS B A 23 AT 5 SR AS I P E R 4R . SIS S5 IR, TR G AR SRIE A AL
Bk T ESERE ROCIE BRI, AR R A XA . RN, iZSESA RERE T N n Ml(n = 2. n = 3
B, PO TR n AHAEK, R4k THH A . PDAL-PAT VR & TR PLQY M 30.8%F2 T+ 71%. FHNHE
4t PeLEDs #2FSEHL 1 691 nm MIEEIRZDGKN, RIME TR H 4.07%5TH 2 13.49%, 5 DI A&
RIETE 3 f%; 280F Tso A6 EH 0.06 h EK % 0.82 h, F2T+£ 13 5. BATHIDFFA LR, ARG EILEL G
[}t DI-RP VR G HCAAR KNG,  Bef8 P [ ik e o — T A 4 25 100 I RO AH 23 A1 L5 a0 Bt A ik DA [ 610 A ) o
JSEIN E I RE LG HE — 4k PeLEDs 24t T — & H 302 % .
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Figure Al. Crystal structure schematic diagram of the DJ-RP mixed ligand device
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Figure A2. SEM image of single RP ligand perovskite film
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Figure A3. (a) Two-dimensional electroluminescence-voltage (EL-V) plot of the DJ-RP mixed ligand device; (b) Operational
lifetime (Ts0) measurement under constant-current driving mode at an initial luminance of 100 cd-m™
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Table Al. TRPL triple-exponential fitting data table for single DJ, RP and DJ-RP mixed quasi-2D perovskites
F Al. B DJ. RP K DI-RP BAMHEZHESSEAT B TRPL RA =R HI S HIER

Sample Ar 71 (ns) A> 2 (ns) As 73 (ns) Tove (ns)
PDALL 2003 1.90 804 15.49 500 21.20 8.06
PAI 2505 2.08 1199 10.86 296 20.53 5.79
PDAL:PAI=0.4:0.3 1009 3.04 1505 15.07 804 36.39 16.55

R ARk, YR ARSE S B 2R (k) R TH 2 2R (DRI R) il 5

j = PLOY (1)
Tavg
PR (2)

Table A2. Summary of performance parameters of quasi-two-dimensional red PeLEDs in recent years

52 A2, RS LTS PeLEDs BT RESBUC 2

oy IS RHAWEmm)  EQE (%)  RfE(edm?  REMH(Ts) 5% Tk
A KEFE N E T
2022 (Co-Spacer Cations) 680 25.8 1,300 — [29]
2022 R4y F FDPA s 653 18.5 2,545 — [30]
2024 X i £ 7€ EC AR MOPA 638 28.7 11,500 >7,600 min [31][32]
2025  BEERAR B TR A5 S AH AR 641 253 — — [33]
2025 BEXKE + TDA N0 650 12.39 — — [34]
2025 FIERL/K R-MPEAIT 641 7.25 — — [35]
JER A SRR [ o — AR R
2026 Yok 635 31.2 13,400 [36]
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