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ST e B B ERAT R RH L it v RS

W OE, KEE, E ¥, 2 B, RFEE, HRE, GBE, & % E B TER
(FEdL s IR RE IR B, BRI ) ARG E S seih =, Jbat 102206)

O RIS TS ST, AR K PH I L e ROCR RR IR T, R EIE ), AR E A R 2 A H ST AT
KA. SN MBS FEB a5 R AmEGE S, RE A, BEFSMRRERE, RIS GR5ReEEn
B AR Z — o R TAEEESERD /i 15450 2 S A8 ST 2, IHIE SR LS TR R A T E A3k, i
0T RCR SRE . B AR R 5IN 1,3,5-=9-2,4,6- = HLZK(TITFB), FIFAH 5 SR A7 f 2 (81 B
RIBAHEAER, SZILT WU PR IE Bh] . 45 R EKW, TITFB &M 28 i Al iE A B IR IRK T 73.5%, 4%
TEPRBES /24 1.18 eV 2T+ E 1.20 eV; RALIG B3R5 26.59% 1) 6 U BR300, TR SIABEH &4k 2500 h G5 PR
YITERCR 1) 92%.

KHEIR: A5ERTT; OKPHAEM; ST etk
HESHES: TMI144  THEARERD: A

B BEUR TSR IR, REIR A IR RS ARRES, A REROEE TR
CHARAZ TSRS R BEE S, T MR RO RBSE, XL T Bk RR
IS G CARRR LR, SeBlRikig. BRI ARHERC2 CERTRURBL, (EHERR KRS T
bi, KAFFRULKFHAENNRERMH ARG EER e, SR S My MR B i
So AR, TRRMBIRARRA .. BRI VRSP, AR B TR R, AR
HL I 7 A BRYE B AR TR SO . SR APREE IR R BTE P AT AL R TR R A A iR R
A RIETRWE. SR, KEXEREm A NS RETBNESR, HEFIERE R
SEREME, RO AL B, ik IR BTEBSBREESMEIEN, IR4 D Wi
BEERE R BH F it % SRRSO, SRR Ol A BT R A, R RORL O e A S B
HIHG 3.8%PEEETHE 279 L) R0, JEEE Rl RAAET R, SRS AR ) B TR A

82 FH RT3 o PRI a4 R AR AG 58 M ) R B p
ISERSTN P N EERUEVE S B S B U NTTE LN BEXPESERE B TIL R R, WHIUE TR T ARE

B RPREE EF BORGE VE IR B R 20 o s A A0 SRS S, A S A3 R 2 %9,
KEHEHO, KWHST R, MERT KPR ARG BE R0 R Bk RE 65 IR R T T ik
G BURRL B MR . SRR AR PR ) BRI B IR EIE, 2 LA R RS
TR0 s e s MRS I SR DR T 20 AN BB A AL YRR R I I AR A A R R R 4 T
WEBIA R, AMERIN R EmA K28, ERiatel, & B2 AR, R4EESERN 45 A B TR an ik IR AL
U NI TS e & QL PN P i BV ESN 5/ W, SEOUN B TIER R . LR L B
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FE N BB FIT R IR AR W 1) &8 A it
&, TRt TSR AR A il A S E
WAk, XA AR S B e X B K RS e v L
A E R, AR AR ER &
FREEAERR Lov 1/l S S B ARG, X EEAY
SRR, S AR EER, WK
BRI EEERN. Kt - RhxRE TR
iy 1 i FEL A DX H 25 2 TR 1D 7 ) AR A
MEAER, S ZMNHTRETRE. BorHaks
DhEe M Rl B, BT B EAER, 3=k
PP AT T I R RS S AL 1 SR AL () S 1 Al
G PRIALHIEE, @5 N RS, FIHEAR
i B SR - B (AL 1) 7 e e B VE D, BEL L Bk A/
R NS ERD R RS M AMERS o Fu S5 T
FRTH 1 — b B 5 1 2K B T e 22 IR T SN, 7
T BRASERE Th Ky 8 2D/3D 244k S TH TR A T
X, A AR KR T, R
B, JRRTHSR KIS TR E . AT, i
W5 xR BB AL S RIA EAE T, BB
TV BT NS E (1) JR 3as A, o) B -3 7% AN 234 1k
REZTIG ULAh, IBEM 51 B TC T 53 R 5 Ak
W E AR B SRR LS, A B RIEE R R4
FARPERE AR, SEBGH S B B Rl .

BT ERIR, AR TAEEMS SR ER R 5]
1,3,5- = 5-2,4,6- —BLZE(TITFB) /0 1, M T xi—x
FHEAE R mmAEE, W6 TS FIE%, ek
AWM TR RMER TR, 4REH, TITFB
A BT )BT A B R b B 1 't FL R o R R R B
26.59%, B H AN 25.57% 8 F IR TF. [FKF, $0
BT IER RS T A RENE, RS Rt
FIFEZ 5L 100 YR IVEIA A 2500 h 25 S 3085 A0 5 )
RELRFFVIAA ORI 92% LA 1, 1525 B 1E FAIE 3R
50 YRANA S EAL 2000 h JG R EVIE R
(1) 82% A A7 o A AR AIE I e B A 45 1) 5 2k 2
FIERE I B A R SR AL T R L .

1.1 BER

T HL BRI B G B OK B BE R A R A F] (h
TN ) o il 2% 7 AR B = P 7R IR A R (NTOy) A
[4-(3,6- — I JE-9H-FHEmE-9- 3L ) T 3L B iR (Me-4PACZ)
WH LFRETARAR . S8 2 BT ik
B (Pblo, 462 99.999%) 0 H 7R Ak sl Tlk(TCI), il
LR (FAL, 99.9%). BLAL FILE (MAL,  99.9%).

AL s (Csl, 99.98%). S H F4Z(MACI, 99.9%).
1,3- &Ml 1k 2 JE A 4 (PDADI) I [ 75 2238 H ot
REARAHE . NN-ZHIEEHEZ(DMF). —H LM
(DMSO) . & # (CB) A1 & A E (IPA) 4 H
Sigma—Aldrich. il % B 7% /2 BT 7% & #0147 (Ceo) ~
2,9- T HIHE-4,7- T 2K 3-1,10-FEME WK (BCP) I [ 75 %2
WHXREMRA . 1,35 =4 -2,4,6- = it %
(TITFB, 98%)ily H g+ T A AL BHE I A B
NI
1.2 #mElE

A A Bl £ B S BRI KPR EBIA p-i-n OB
SEH, 1 SR IS A AL B (FTO) T FE B BB A0 v FH ok
G BB TR CEERE BB A IEYE 15 min.
TEHE NIOKZZ R, F Np TR A UV A
&V 30 min, ZRJ51E FTO FLL 3000 r/min f17%% 3 jie
% 30 s fill &2 NiOx 49Kk H (5 mg/mL NiOy
IKVEIR), FEAEZ/S I 150 C FIB2K 10 min. 7%
STFEHT, # 0.5 mg/mL Me-4PACz LA 4000 r/min
FR) 38 g i 30 s JURLLE NiOx I, 7F 100 C FiR K
5min. i Csl. FAL. MAI. Pbl,7£ 1 mL B &
DMF : DMSO(4 : 1Iv : V)¥ 71 H iR A il 4 854K 1
(1.5 mol/L), 12N FA0esMAG0sCsoosPbls, #F
15%(BE /K 50 %0) MACH I8N EES R J AR v o
FFE 2 h, ¥4 50 uL F5ERA VLA 1000 r/min %k
Jieix 10 s, FHJ5 LA 5000 r/min ()5 g4 40 s, JiE
AR 10 s K 200 uL CB M .0, BEE ¥
DU RIAS R R AE 100 C RIS 3B K 30 min.
# 1 mg/mL PDADI(IPA ¥ 7R)#li4k 77 LA 4000 r/min
(R e ik 30 s PUARTEAS 5k =, JE7F 100 'C FiB
K5 min. XTI 4kSK 1 mg/mL TITFB(IPA
FE) LA 5000 r/min (¥ 38 F iER 25 s PURRE AL 5 45
EKH 1, JRAE 100 'C FIB/K 3 min. XA 2
(ETL), E~10" Torr s E2E T LA 0.2 Als [FIE AT
FEERA T | A& & 20 nm Ceo, SR 5 252 7 nm BCP
TE RN Z - e Ja, @i # R 288% 120 nm Ag
HLK o
1.3 #HmKIE

% 2% 4 (Control, JC TITFB)FISZE4L(TITFB)
3 AT 1 3 R B SR (SEM) I K R A
SIGMA(Carl Zeiss AG, fE[E). X FZATHAL(XRD)
MHAK A Smart Lab(H Atk 2%, HA). X
S £ ok B 7 BB 8% A (XPS) I ik K A Nexsa
G2(Thermo Scientific, 3%[H). {# B 227 4M i
(FTIR)MR K Spectrum 3(Perkinelmer, 3&[E). fir
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ZHOEGIE (Raman) iR A Qontor(Renishaw, 3%
). J& 7 5 B (AFMY T R SCIREF 1 5B s
(KPFM) Il % K FH Nano-Observer [I(TOTEM
GLOBAL LIMITED, £[H). W[ #LECR
(TRPL)XH FLS 980(Edinburgh, ZE[H). Ykt
BT AEPLQY). HEUAK N ETEELQY) LA
&) 5 Y L BUR G (EL-V) KA QY-OP (8 BH A&t
Fonw], HE). BB e s8R A
CHIB60E Hifb 2% TAE S (il fRABA B A PR A H], o
FE])o FEIAL 28 5 —FE T 1 2R (0 1l ) 4R 76 Ao v 1
AR [RIEEE (254) °C, KAl &4 AML.5G] i H
Keithley 2400 #lil45 . 7 [A] B il B (SCLC) Wl il A
FELIAL (DC) MR 73 Sl 8 F 5 25 AT R IE 28 A R s
A T Keithley 2400 WI#53 . KFHYGHHER ) BLS
4 XES-301S+EL-100. #h&E T 2% (EQE) MK H
QE-ROt#BHE A, HHE). B GHEMMESH
J& (TPCITPV) [ JF % H & % 9% (OCVD) il i % H
HDO4000A Oscilloscopes(Teledyne Technologies,
FEH).
1.4 BpHEHE

4> YR L A(ESP) i F Gaussian 16W #1FiEAT
FEEZREWOFT)IH, RAMREEAN
B3LYP/6-31G.

2 ZR54t

21 TITFB FHEEIGEX A E B FETHAIHIF
N T AESSERT AR dg g pa B AN HAEH, R
e EA IEFR A X I s A T bR B
S, I P PR A 00 A RIS 55 A2 R ) 1 EE 2 4 e ) (1) E
R, HoE H 55 R A M MHEME A L R
P B - DA B A 1 3% A DT F% SR e AH ELAE FH 1)
REJ), NP S KR B L R A fe gt . A
TS I B T R A D [ R a2 ot S T H A A% A
P, 3% F 45 AR 17 SR B R R 2 TR 2R AR
. N THEBSRMIER KRG, DL EE
NARVERERA AR FH 0 B A0S, JRRIA F R PRI
TR RRARAS | TR IEFR A, WHELE
B T TITFB 4> F. ESP 53, TITFB %
TRAWEKERA SR, R R
BEMIEF A X, R R i S LA E
(Kl 1a). TITFB Fif&H)= A T 855K i 1L 5 =
FHH(E] 1b), %X 35 ) A2 B AR BRH R P T A ™
fIX 3. Rk, TITFB 7Ei% S it s /e Fl o 7
THI V35 BR IR DG B R g AT R 4, H L AE i)

IXEh MRS S R A, NI EES B A R 51
(1) Ja3 45k FL 37 WG A R S T RE g Bl o X I B8 AT A%
R R (B Le), MBS E SAEA R UK S
MR T EL RSHGR AR EME, RUITESMNW
JEAER T 24 A=A T TE 2B, R R )
BT EAS R E, 3w 2 A X
MIERAHEE. M2 T, TITFB AH 5 ER1FEA
A f T 1) EL WA AR LI S ekss, UiEH TITFB
BRHE T IREHSFOETITRAT A, g T
M E GRS T3 — X8 R f 5
TIREEBATRAE, I 2 55 E 0 284 HE AT I3
(B 1d), FEXFRIRIRUE S5 1) T B 3B 43 2R AT B[R] AR
gy, LA BATH 38 1 R M el B8 8 Tk O, AL
IR AR

Qon = [1 ()t (1)
N ion — (;?ib\_onl_ (2)

XH: Qo ATHEETHHHEME, q ALH
i, A CNEEE ORI, L ONESERET R . M
FSE T 4.37x10% cm=, TITFB AP )5 2%
PERI AL RS B FIRE N 1.16>10% cm3, FRE T
73.5%. EEBESE TIERBRRP Mg ES
BB AR B DI G, R TITFB b3 5
ZAB IS AR 5 W RS, SO S A TR BT
BN N 52 B RN . TITFB B3 7 i i,
B AR 7 TR % 28 775 F I DX B va M, R T
BT R R BT 5| K& B 0 B3 AN H R AR RE . OCVD 45
BEIR(E 1e), TITFB A3 5 2844 i JT % H T 5 3
RN R SE, RHHEAEKMEIR T4
R Gl e, X i W I o S PR 0 o 7 i s 1
T Ja, M RERRSmENRE, HE TR
BT s i B S A 40 R A5 B 301 55 -

SINTITFB /EAS RN F At fe, dlid 5 5 b
FIAR A 2 TR ) i EEAE VR R, R T 3R HE T
A FIERAT N XPS RIAEKILE 1f), 53
ZARERAEL, TITFB ALHH S | 3d ISk ) s 4 &
Re i A 2n%) 0.21 eV, B TITFB HI5I AN E3E L
T R E A . TITFB 7 R 241
AR, TR T S SRR R A O 55 2
A fE R A BLAER, HEM TITFB S vl gt 53
i T8 A AR O A LS - J2 o 2 A R BT R | -4
BAHEAER, MR 7 2R L R T R
BEAG o A GBS TR TG PE . RIS, N 1s [l 46
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1 TITFB 4> 1) ESP 7 B RIE FMLEE
Fig. 1 ESP schematic and working mechanism of the TITFB molecule

HRE 5121020 eV, 1M Pb 40 K441 0.08 eV
MERMIRG ARt mFE, R TITFB A4 Tl
MRS, S5 FAYREE TR, At
Pb A7 5 F BRI 55 . BATIESXS TITFB AbHE g
J& ISR, DLE FALL TITFB. B&E RS
PIiAT TR 2. S5 SR TITFB Ab3 s (45
ERA S 1M OCRRAF I RS, Pb—I B BI 0 TE
PP, X2 LT 8T B0 A B 4 5 A
0 FAl SRR TITFB AR ARG LEIR & J5 4B
WL T RAER, PR T Rk g R (A 19~
Bl 1h). tt4h, FTIR g5R KA 1i), 54k FAI
AL, FAL il TITFB IBA 5 N—H {145 9% 30
3139.7 cm 1L # % 3131.6 cm™t, FHIFAYE H KR

RIS R AR T AR, A2 R TITFB 1 C—F
FRIEIEU R AEL) 1.4 e RO RS, AT
AR N . S5 XPS 45 AN, TITFB R
il i p B E A R 4% S AR DG o5, JEt— D E
¥ FA*—I H B 8B3R5 . TITFB FLI&if 2 fe sl
2 FUI G BRI e ARSI R B, VR B AR R
SRR AER S A, T SEIT
TR B T R A IR T 3 1 B R4 .
2.2 TITFB &R EHERRE T

TITFB FHTHAE M 2 A0 21 5 oK 0 3 R 5 Bk
RS TESS A, HERR T AR B 32 i R
PB AR AR AR EL T e E, XS E A
A TITFB SLin 4Hw B EAT 1 04t SEM &5 RE ]
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(Bl 2a), TITFB AbEEHT G Y R F B A E SR
TSR, AW %2 3 81 5 (14t FL sk KR B TR SRR 5
[FI, XRD o~ P9 ALAF i () A7 S 0 for B JE A —
(B 2b), A H BT AR B B AR LR, B
W TITFBAZ M I oK 2 2 SO A R0 2 U s i Jog £
P ARSERY . R, TITEB kA R st 3T F
FEE TARAR S AL, 1T SE R AR [ FEHAL 1 1&
TR T RS . AFM 25 5 B oR (8 2¢), ML T
S5 47.58 nm (W3R TH = PR, TITFB
AEESS Y 38.71 nm, VR THRATE NS, HAH
T Ja s FAE 2 RS 5, T ek 55 /=) 35k

P R R B RS G511k, KPFM 45
(E 2d)#E 7R T TITFB o e 5 2 181 J=) 3 F 34 0 A (1) 1A
BAERH, SHEFEMRMAERZESMIENER, HH
AR T RHLRE B 0.126 V, 1] TITFB Ab3ERE
an (R T FE SR B RS, 577 AR1E N 0.096 Ve
[FIT, TITFB I A i 25 o500 I 36 T 1 35 e 34
TITFB b FEF 5 i -7 35 HL 3443 51 25-0.839 V Al
~0.846 V. FIHI HL A5 5138 H R M. ) IR RE K
iy BREE A A EGE A R, UL TITFB At
THIAG 1 2 FT 51 A 1) 3 T PR 34340 50 1 2 L o503 7 T i
28 WIS RE AT S BT RR L

Kl 2 TITFB ALBAG S A5 4RT H I H SEM K18, XRD #%. AFM &4 K KPFM &4
Fig. 2 Surface SEM, XRD patterns, AFM and KPFM images of perovskite films before and after TITFB treatment

2.3 TITFB &imERIER &

FHHA B Z - T 38R T4, &
4053 A T FO R S 5 G AT A R AR R B2
EL 5 PL 45 R IL[E 2R TITFB ACBE 5 B 2 1ok 1 %%
K58 S A R 71(F 3a), TITFB ALEE 5 #314-f EL
SE RS TSEH, MG AR —2, W
TITFB )5 N FF A S 85 R0 WAL 2 B AR A7 B
T2 EEREAK T AR R EER S Z Ak,
e T EIR TR E AR 23 PL WA,
TITFB AbFE 5 v I 30 B v (1) A st 5 () 3dl),

TE— 5 U BH I BR A A R i R ol B e S s e
. EL MEA/RBE T HIEANFRE TEARIT A, H
PL RBIOGEUR A NS GHRFE, P [FI2D R 58
YLEA TITFB o35 7 i W G 3058, higs 7
JEBEAA (AR S 30K . TPC Al TPV 45 it —b
R T TITFB XF iR T 3h /1 5 B W E ARAAE H
(& 3b), TITFB Ab3 5 a1 TPC ZfwH 0.26 ps
ARFEZ0.12 ps, Ui B G AR BRIA - RE 0% T PR Hh 4
BRIy, ST HL AT AR S B 0 A5 2 PR A, AR )
TPC i 8738 5 3 W A 2 1 7 S T Ak vy B 1T (] 93¢
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A WA R TR ESHiFE: 5
PEFEIEE, TPV IR 27N TITFB A2 5 2848 i 30
FFAfrH 1.05 us IEK % 1.36 ps(& 3c), FKIHAEI
PR T R G EF AL, S aens 4E+r K

[ HE oK BB . TITFB ML E I A 2 af
AR T HL AT R, T (R I SR TR e R H AT
R BRI BR T EE, At 7 & r %
PRE T 1 5

3 TITFB ZLBEATEE5 4R KM Bty EL DGk, TPC M. TPV M. PL Otk FARK 7. PLQY M. QFLS

WS TT L R4 SR 73 H

Fig. 3 EL spectra, TPC measurements, TPV measurements, PL spectra, ideality factor calculation, PLQY measurements, QFLS
measurements and open-circuit voltage loss of perovskite solar cells before and after TITFB treatment

AR L58 QFLS My AR 707, #t—F
WESE 7 TITFB X & &ALl i EE H (B 3e), 2
WA TITFB A5 23 4F 1 BLAR H 74 5
1.462 KgT/q Al 1.405 KgT/q, FHAE KT FRAKE B
A T SR A B A S SRH B A
(Shockley-Read-Hall =2 &) A 2dmil, #H] TITFB
FrIEN 2 Re % B2 PR A T P B 2 R, IR 55k
FEXT R T R A BMENESIER. SAnkesRar
LA W, TITFB 5] NA T TiHRHE A S
Ee, JFb 7RI A FE. TITFB AbH 51
JESI) PLQY HH 8.02%7%2 - 22 10.84% (/& 3f), [A] A #E

PR BER S ZL(QFLS) [ 1.180 eV #25 % 1.201 eV,
PLQY (142 B8 R i th 48 5 5 & b ol 3,
B 20 BT LOENEAE S, A ZE
IR AT AR SRR QFLS (42 i ) vk
IR IRA M T MR BB 6% 4 55 5 K HE 2 K B
SrE3E, FRLEEAG A AR R S R B R AT B S ) Voc
. Bk, TITFB MIACEA R T 5 6i A
KEIBEEPUR, NI BRI Pt 7 HE
k.

N T2 B TITFB X} Voc #1252, Xt
FFEAT T 3T Shockley-Queisser A3 PR it L 1K 452 2%
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AT (B 3g~K 3i) B A5 A M-

gAV =((AV, + AV, +AV,) (3)
K. q AJCHME, AV NEHE#IK, AVl
AVa. AV3 53 B4R . B E ke, 3
WMEAPAEIER. ZHHAM TITFB LIRHN
AV1 B JLF- o] DL 2B, 4358 269.98 meV Al
270.65 meV, UiH TITFB F oK M2 f Ay B A L4 4
MR Vs SRR RE R . AV LR/, TR iz
/N AV3 T B#(H1 59.28 meV FA{RZE 57.44 meV),
PR TITFB 5 5K (1) Voc #& 7t 3= B A R T AR fm 4 4 0k
AVs [/, IX—45185 EL 158, PLQY M.

QFLS 34K DL S BRAR A T PRAR I &5 SR — 20, Uil
TITFB J& L #hiI Ba B4 Bh 52 G R FRAK T FLE K,
T B BEAE B 45 1
24 TITFB AEEIHEX SR LR MR
TEF BN 1% 5800 T2 &3 R 15 2L
Fenib b, 3250 TITEB FLin 15405 2 0] a4 2
KOCARPERE IR M . TITFB Ab3S 3844 1B Bk Ot
TR AN 1394 ns, EEETZHEAM 599 ns
(B 4a, % 1), ARGEK THAERRT M AW, &£
B TITFB Rt A 8N SRR I 2 &, SR8 11
MRS EE51T N,

K4 TITFB ARGS9 TRPL Y6, SCLC Wit & DC ik
Fig. 4 TRPL spectra, SCLC measurements and DC measurements before and after TITFB treatment

&1 TITFB ALEAIFFA TRPL &S
Table 1 Fitting parameters of TRPL before and after
TITFEB treatment

A% r/ns Ao/% 7Ins Tave/NS

TITFB 15.8 299.01 84.2 1541.06 1394
Control 16.9 160.12 83.1 723.59 599

I SCLC M #5 1F e B A 25 B AT 2
SHT(E 4b), TITFB Kb EE 5 2% 14 i B g % i
1.1x<10% cm 3 PFK 4 8.5%10% cm™3, R 76 B il
CENESERA 2 (A e S B e S T R T T i 7] 2
BESEREE, 1870 TS24, TITFB 21
PELEHEA f VO B N RO B R 3 B, B
AR X S5xF A, B AR
TITFB A3 J5 & Wb 7R B (& 4c), £
TITFB 75 PR A% 1 I 25 F IR R4 T S T A e P 7 T
RAE T HEAEA

T NSO RAE TITFB X85 AR5 A B Ha £
AR, BAIG T T 2% 48 48 LA R
TITFB 4B 5 28t pe s . =, 1 mg/mL )
TITFB A3 J5 )28 4 2200 H BEAR ) 2% & e e A 35 —
PE(El 5a). EAERERZ, TITFBX T FF I3 FF 2L

RACEE, XA T H A 0 R s 1 (F
5b~I&l 5c). T RS I8 2 NS B OK B FELIR
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Extended Abstract

Introduction  Perovskite solar cells (PSCs) have attracted extensive attention because of their tunable bandgaps, high absorption
coefficients, and excellent charge transport properties. Their power conversion efficiency (PCE) has risen rapidly to over 27%,
highlighting their strong potential for next-generation photovoltaics. However, insufficient operational stability remains a major
barrier to practical applications. Among the various degradation factors, ion migration is one of the most critical intrinsic causes of
performance loss, as it induces defect accumulation, local electric field distortion, interfacial instability, and nonradiative
recombination.

Halogen bonding has recently emerged as an effective strategy for stabilizing halide-associated defects without altering the bulk
crystal structure of perovskites. In this work, 1,3,5-trifluoro-2,4,6-triiodobenzene (TITFB) was introduced at the perovskite/electron
transport layer interface to construct a halogen-bond-mediated interfacial modification layer. Through directional interactions with
iodine-related interfacial sites, TITFB effectively suppressed ion migration, stabilized the interfacial electronic environment, and
improved both device efficiency and stability.

Methods The devices were fabricated with an inverted p-i-n architecture on FTO substrates. NiOx and Me-4PACz were used as
hole-selective contacts, and FA0.9MA0.0sCso.05Pblz was employed as the perovskite absorber. After the perovskite and PDADI layers
were deposited, TITFB was spin-coated onto the perovskite surface to form the interfacial modification layer, followed by thermal
evaporation of Ceo, BCP, and Ag.

The films and devices were characterized by SEM, XRD, XPS, AFM, and KPFM. Carrier dynamics and recombination behavior
were investigated by PL, TRPL, EL, TPC, TPV, OCVD, and PLQY measurements. lon migration and defect density were evaluated
using transient ion migration current and space-charge-limited current measurements, respectively. Photovoltaic performance was
assessed using J-V and EQE measurements under AM 1.5G illumination.

Results and discussion TITFB acted as an effective halogen-bond donor because of the positive electrostatic potential around its
terminal iodine atoms. After it was introduced at the perovskite/electron transport layer interface, TITFB interacted with
iodine-related interfacial sites and mobile halide-associated defects, thereby restricting ion redistribution under an electric field.
Bias-dependent electroluminescence and transient ion migration current measurements both confirmed that TITFB effectively
suppressed interfacial ion migration. The concentration of mobile ions was reduced by 73.5% after TITFB treatment. In addition, XPS,
Raman, and FTIR results confirmed the strong interfacial interaction between TITFB and the perovskite surface, indicating
reconstruction of the local chemical environment and enhanced interfacial stability.

The TITFB layer did not significantly alter the bulk crystal phase or the overall film morphology, as confirmed by XRD and
SEM. However, AFM and KPFM measurements revealed a smoother film surface and a more uniform surface potential distribution
after TITFB treatment, suggesting that the modification mainly optimized the interfacial microenvironment rather than the bulk
perovskite framework. Such interfacial homogenization was beneficial for charge extraction and for suppressing local charge and ion
accumulation.

This interfacial regulation led to improved carrier transport and reduced nonradiative recombination. TITFB-treated devices
showed enhanced EL and PL intensities, a shorter TPC lifetime, and a longer TPV lifetime, indicating faster charge extraction and
lower recombination losses. The ideality factor decreased from 1.462 KgT/q to 1.405 KgT/q, while the PLQY increased from 8.02% to
10.84%. Meanwhile, the quasi-fermi level splitting increased from 1.180 eV to 1.201 eV, confirming reduced defect-assisted energy
loss and improved voltage output. Voltage-loss analysis further showed that the improvement in Voc mainly arose from the
suppression of nonradiative recombination rather than any change in the intrinsic band structure.

As a result, the overall device performance was significantly enhanced. The carrier lifetime increased from 599 ns to 1394 ns,
and the trap density decreased from 1.1x10° cm-2 to 8.5%10% cm. Dark current measurements also showed reduced leakage current,
indicating improved junction quality. The optimized device achieved a champion PCE of 26.59%, compared with 25.57% for the
control device. More importantly, the TITFB-modified devices retained 92.06% of their initial efficiency after 2500 h of ambient
aging and over 92% after 100 thermal cycles between 25 °C and 85 °C, demonstrating markedly improved long-term stability.
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Conclusions A halogen-bond-mediated interfacial strategy was developed by introducing TITFB at the perovskite/electron transport
layer interface. Through interactions with iodine-related interfacial sites and mobile defects, TITFB effectively suppressed ion
migration and interfacial ion accumulation, stabilized the local electronic environment, and reduced nonradiative recombination. As a
result, the optimized device achieved a PCE of 26.59% and retained 92.06% of its initial efficiency after 2500 h of ambient aging.
This work demonstrates that halogen bonding is an effective approach for improving both the efficiency and stability of perovskite
solar cells.

Keywords perovskite; solar cells; ion migration; stability



