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W ETRER, AH-LHIRAERT K
A HL Vi (perovskite solar cells, PVSCs) ] g€ &= #%
#30% (power conversion efficiency, PCE)f3%| |
PO R, AL T HAE R — A IREIR K
BRI 02, A Z R Araitt b, e
(p-i-n) & AF LA W OB . IR T
ZARAEVELE FOEH TR m TSR s, ol
24 HT PVSCs Sk i) WF 9T 5 #2051 H 2013 4F Guo
S ARIE A ALK, BEAE RBUE T2
TR A S A5 Bt S5 07 T R iAl, HZA
{IE A 5 PCE G THE 27.2%(6°81,

2025-11-10 5k, 2025-12-18 31, 2026-01-21 L& HI kR .

TE AP PVSCs 1, 22 7UE AL T
JE HLB S 85 BRI RS = 2 8], FE RS RIS
B4 ThRE, FEXTESERE W k% . A SO
PR HE OC SE R  AE FHO-L PRLt, E R R
FIRERILHC . FEHA 2RI LRGS0 30 2
PR B AR R A U2 BT, R
I3z B2 74 $ M Bl (hole transporting materials,
HTMs) 1§ poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS). poly(bis(4-phenyl)
(2,4,6-trimethylphenyl)amine) (PTAA) LA &z H 2H %%
FA.4>F JZ (self-assembled monolayer, SAM)Z514-22],
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EAEM B RAR. S Re R /N K R VT AR
SR, SAM AR Z3E T A PVSCs 11
ST H A AR AR, A AR R 2 UUE Y PCE & 58
1l 27%(23, R, SAM [ JEEEAR T, RS —M:
SR e g 2E,  H S8 e M TR A I B
1E— € P BRI T HAE KA & 2% PVSCs
N R 52 M1, RSP HTMs BA L7
(RSN . W S ST AR T, TR T AR
I AT R E R S IR RN B AL ) 2% 7 TR B
1%%[19,2548]'
XFANLE SIS, BRI SR T
e, HEMTHE R E 5] NI o- L ik
ORI, MR LR AR AR AR B AT LG X
WS 3E T, Rl HTMs 78 s 2 PVSCs HHiE 5 4>
G R T 1) FF AR RSO, AT B ES R 2
(AT OGS 2. 78 3 1 BT E i A A dn e 5 21
P U TR ) S0 FE I 202 H BT HTMs i
FUH I SR BE 1) 2 — . IR HTMs PR AR 572 1
AR Re AL AR E T 2 M T PVSCs
AR T LRI T B 45 4 R T v A A
B4, DL RIE A SRR ST FIAR S 1 25 4 T A&
TR0 AR T T IR A R T 2 P TR
3,3"-2R I [e]FA I b]WI MR EAR = I R i Y 5
A¥IHTMs, Bl PBN-3,6-Cz 11 PBN-2,7-Cz. JBid 1)
SR YRR, HRETE TR
FERATE, 2RI A ILE 350~450 nm YU FE P9 AT
EIL R 94%, BE T PTAA 1 82.3%. i#f—
A, 8 R R R T R A, A R4
THA AL R, HRE TSN R 25
A 3T PBN-2,7-Cz ) e A 52 18.21%
PCE, L1271 PTAAZHARF(18.07%), [FII
FETH B o 1 R R B S B AT R e . AT
FRW, B ARG LT LI
SE S AR R, AETERE. &
FHEPE HTMs I AR AR T8 0 7 7 B0 T S

1 SLIGERD

1.1 R

R S I A A AT A R R R AT
FRAF R, TSP s S TR 2 5
BHJR-3-5-FHAAEER (A1) 5 9-(1 - 2L 15
R -2, 7 - XS0 (T P AT R et ) AN, 3 i 4 o e
HIRAF . 7,7a,8,9,10,10a- 7N 25 I [e] R K

TIPSR AW 24 SRR T V25 4. CsL R ik
AL ) (FAT) AN FE 25 9546 22 (MABr) 8 H Dysol (¥
KAE), PbL A1 PbBr, ) [ TCL PTAA. Ceo FHI 4
R(BCP)IW A 7 % 5 s B A A L A3 2
MG ZRIARE D AR A A R =R AR
HERATF . B REEH A PRA RS RS .
1.2 &HAE
1.2.1 tbEM3HIE R
ERSRYN, B &1 (1-1R-3-1-5-F
AHETE, 4.00g, 12.8 mmol)MIILE W2 (7,7a,8,
9,10, 10a- 7\ & 7 FF [e] ¥4 [ FE[b] 51 Wk s 2.68 g,
12.8 mmol) /il A 200 mL Schlenk 3 7, i J& [ 3K
HII AL TE AR (Cul, 0.24 g, 1.28 mmol). A4
168 (KOH, 3.59 g, 63.9 mmol) 1 1, 10-JE & ik
(0.23 g, 1.28 mmol). 7R A& R iEN 40 mL T/
R, T 120 °CN#A R M 48 h. #1205 5 i
KBRS, 4 S FEE(DCM)AEL, To/K R
BT, AR EANUEER, SRR
JENTAAL e A RER(PE)YDCM =4/1, VIV),
SRAG IR EF R = (3.03 g0 75 F 60%), B
tb&%13. 'H-NMR (600 MHz, Chloroform-d, J):
7.76 (d, J=7.8 Hz, 1H, ArH), 7.69 (d, J=8.4 Hz, 1H,
ArH), 7.63 (d, J=8.8 Hz, 1H, ArH), 7.43 (t, J=7.4 Hz,
1H, ArH), 7.38 (d, J/=8.8 Hz, 1H, ArH), 7.26~7.22
(m, 1H, ArH), 7.06 (s, 1H, ArH), 6.79 (s, 1H, ArH),
6.69 (s, 1H, ArH), 4.89~4.80 (m, 1H, —CH—),
4.22~4.17 (m, —CH—), 3.80 (s, 3H, —OCHj3),
2.28~2.20 (m, 1H, —CH,—), 2.05~1.96 (m, 3H,
—CH,—), 1.73~1.64 (m, 1H, —CH,—), 1.62~1.58
(m, 1H, —CH,—).
122 WED ARG K
ERSEY T, ¥ 1,4-2 R (0.50 g,
3.02 mmol) fI4k &9 3 (2.44 g, 6.18 mmol) il A
200 mL Schlenk Jfi -, [A) 44 5 3E AN 18 mL i <Y
2 (THF) A9 mL i< 2 857K . B 5 fE A
SR IO Y (= 2K 5 %) 48 (PA(PPhy),, 0.14 g,
0.12 mmol) FE% iR £ (K,CO;, 125 g, 9.05 mmol).
B NAR R T 85 Clin#fash, AHEZREE
DCM 2L,  To/KIRERIN T4, TeZ8 bR Z2A A
A, B A E ST A ). PE/DCM =
2/1, VIV), 132G KR1.32g, 77F62%), Bl
AW 4. 'TH-NMR (600 MHz, chloroform-d, J):
7.76 (d, J=8.2 Hz, 2H, ArH), 7.73~7.67 (m, 6H,
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ArH), 7.64 (d, J=8.8 Hz, 2H, ArH), 7.51~7.37
(m, 4H, ArH), 7.23 (t, J=7.4 Hz, 2H, ArH), 7.19 (s,
2H, ArH), 6.89 (s, 2H, ArH), 6.83 (s, 2H, ArH),
5.00~4.95 (m, 2H, —CH—), 4.32~4.19 (m, 2H,
—CH—), 3.90 (s, 6H, —OCH;), 2.32~2.22 (m,
2H, —CH,—), 2.12~1.99 (m, 6H, —CH,—), 1.75~
1.68 (m, 2H, —CH,—), 1.68~1.60 (m, 2H, —CH,—).
123 WAHEMSHIE K

ERAGYS, BE44 (1.00g, 1.42 mmol)
530 mL T8 DCM Jil A 200 mL Schlenk i 7 . 14
RIEZE-T8 °CJa, FITES B ZE18 hn —= AL
(BBr3)) DCM & (1 mol/L, 1.78 mL). J& & Tt
HZE =R 48 h, B 5 VK AKEER K RN,
P28 CFR(EA)AEHL . AR A MR £ 1 Fl A 27K
Ve, TLOKIRBREAT 1R, AR EAHZER,
FHL 7= 9 38 3o e M A J2E AT 44k (BRI R . PE/EA =
4/1, VIV), R A K0.78 g, 7% 81%),
BI4t &%) 5. '"H-NMR (400 MHz, chloroform-d,
8): 7.75 (d, J=8.2 Hz, 2H, ArH), 7.69 (d, J=8.4 Hz,
2H, ArH), 7.63 (d, J=7.4 Hz, 6H, ArH), 7.43 (t, J=
8.2 Hz, 4H, ArH), 7.23 (t, J=7.4 Hz, 2H, ArH), 7.15
(s, 2H, ArH), 6.86~6.82 (m, 2H, ArH), 6.74 (s, 2H,
ArH), 4.98~4.88 (m, 2H, —CH—), 4.27~4.19 (m,
2H, —CH—), 2.33~2.21 (m, 2H, —CH,—), 2.10~
2.07 (m, 2H, —CH,—), 2.03~1.98 (m, 2H, —CH,—),
1.74~1.65 (m, 6H, —CH,—). HR-MS: m/z calculated
for C4sH4oN,0,: 677.3168 [M+H*], found 677.3158
[M+H*].
1.2.4 WAHYIBN KGR

ERSRP T, B EWS 070 g
1.03 mmol). N-Z. % — 5 N % (DIPEA, 0.53 g,
4.14 mmol)5 30 mL F-45 DCM Il A 200 mL Schlenk
RN AR RAEE 0 °C (VKK R, HTE
S 2% 221 0 = 90 2 B R I (TR0, 1.46 g,
5.17 mmol). iR G AHEZE = E M4 h, )5 H
VKK K B, EAZEHL . W B HLAHZ M
M EhKES, KM TR, RAERER
HUZ 570, R 7= 4 38 3w B A 2 A & A (3 e
7. PE/EA=5/1, VIV), 3133 €0 & 1£(0.73 g,
7% 75%), BI1L &%) BN. '"H-NMR (400 MHz,
chloroform-d, ¢): 7.80 (d, J=8.2 Hz, 2H, ArH),
7.74~7.68 (m, 8H, ArH), 7.56 (s, 2H, ArH), 7.49~
7.45 (m, 4H, ArH), 7.30 (s, 2H, ArH), 7.20 (s, 2H,

ArH), 7.08 (s, 2H, ArH), 5.00~4.89 (m, 2H, —CH—),
436~4.23 (m, 2H, —CH—), 2.36~2.25 (m, 2H,
—CH,—), 2.18~2.00 (m, 6H, —CH,—), 1.77~
1.61 (m, 4H, —CH,—). “C-NMR (101 MHz,
chloroform-d, &): 150.80, 145.93, 143.41, 142.79,
139.56, 130.75, 129.53, 128.84, 128.39, 127.79,
126.79, 126.75, 122.86, 122.53, 116.31, 111.97,
111.75, 109.73, 70.31, 44.96, 34.86, 33.90, 29.71,
24.96. HR-MS: m/z calculated for CsoH3gF¢N,O4S,:
941.2154 [M+H*], found 941.2123 [M+H"].
1.2.5 EAYPBN-3,6-Cz 14 ik

AL AP BN (100 mg, 0.11 mmol) 5 9-(1-%
B ) MR k-3, 6- XL (B T AR B2 i) (T &40 6,
70 mg, 0.11 mmol)fI A 100 mL Schlenk /% 5 Jff
W, EARE R IR IER AR AR R
AKIBEIEFNES/3, VIV), BEJGIINDY (=2
(12mg, 0.011 mmol). BEZEH(118 mg, 0.85 mmol)
FPY T R E (72 mg, 0.21 mmol). &SGR
H 110 °CIRR S B 72 hy, RN IR 5 1R 2K
BT R G E . AHEERE, WRNEREA
IR PTRE, SR DTIEY) . M = AR IR 2 W
PIBE . IE R R eI, WS &l
TR ZEKYE, BAEV- PR R EEIUE,
RGO AR B AV (45 mg, IUFE 40%).
%t 2 15 1% 3% (THF N9 3 #H): - M,=6.35 kDa,
M,=9.08 kDa, P=1.43. 'H-NMR (400 MHz,
chloroform-d, d): 8.54~8.12 (m, ArH), 7.96~
738 (m, ArH), 7.37~6.91 (m, ArH), 5.18~4.86
(m, —CH—), 4.71~4.53 (m, —CH—), 4.35~4.16
(m, —CH—), 2.41~1.88 (m, —CH,—), 1.75~1.50
(m, —CH,—), 1.34~1.04 (m, —CH,—), 0.92~0.74
(m, —CHj).
12.6 EA&YPBN-2,7-Cz &k

¥4k &I BN (80 mg, 0.090 mmol)5 9-(1-
BT ) R -2, 7- O (B T AL B2 i) (L& 7
56 mg, 0.090 mmol) /1A 100 mL Schlenk 5 ¥ Jff
W, GBS I FER AR NN AR
KIBEVEFN(S/3, VIV), B JGEINPU (= 5 3 3
#9(9.8 mg, 9.0 umol). FxFEZEH(94 mg, 0.68 mmol)
FPY T EEAR R A (58 mg, 0.17 mmol). w5
H 110 °CIRNA R B 72 hy AR NN IR 5 1R 2K
BT R G E . AHEERE, BRNEREA
IR TR, R DTEY) . M = AR IR 48 W
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W, IE ke R Rigiaifth, S
We &R, Bafi-HEk R REEIUE,
AR KB ARAREE V(70 mg, ULER 76%).
%R 15 3% 1% (THF NI sh #H):  M,=6.48 kDa,
M,=10.2 kDa, DP=1.58. 'H-NMR (400 MHz,
chloroform-d, ¢): 8.33~8.12 (m, ArH), 8.06~
7.38 (m, ArH), 7.34~7.15 (m, ArH), 5.15~4.97
(m, —CH—), 4.80~4.60 (m, —CH—), 4.39~4.20
(m, —CH—), 2.83~2.59 (m, —CH,—), 2.51~1.90
(m, —CH,—), 1.88~1.49 (m, —CH,—), 1.44~0.92
(m, —CH,—), 0.87~0.54 (m, —CHj,).

1.3 $548KH KPHAEFE RS S B m NS Hl &

LAY PTAA. PBN-3,6-Cz £l PBN-2,7-Cz
3 E AR HTMs B T I 1 PVSCs il
%, B EE5 RN ITO/HTM/perovskite/Cq/BCP/Ag,
H APy gt E A Cs0.05(FA9.9sMA( 05)0.05Pb
(Io9sBroos);s (FA: NH=CHNH;*; MA: CH;NH;").
BARAFE LN DR

(1) 3% E/ITO 2 &S (15 Q-sq ") K Ik & 3 e %
Al EEFKL IR B P55 B 20 min. 28
Ja, WEBIE/NTO £ S He NBEAE7E 100 °C FHET,
P RSB TR AR 10 min J5, HERERS
AETEREN .

(QTEITO K |, BAPTAA. PBN-3,6-Cz fll
PBN-2,7-Cz NI EE, 43 Al B R 2.0, 1.5
1.0 mg-mL~ S, BLS000 r-min! [ 4%
e B ITORK b, FedRi N 30s, B 1E
90 °C FiB/K 10 min, #3%|ITO/HTM A .

(3)# Csl. FAI. MABr. Pbl, #l PbBr, % —
5E L)% T DMF Al DMSO (AR EE A 4: 1)1 & 1%
R, FCH R 2E 2N Cso.05(FA9.9sMAg 05)0.0sPb
(To.9sBro.0s)s B 45 K A AT B 7 5 i (W FE N 1.48
mol-L™Y), #R 5 1] /i DK A4 7 I 15 mol% 1)
MACI LMRALZE it 72 . E5EE0 0 A 5000 r-min~!
(3 B e VR 7E ITO/HTM R 130s, figigid fEE
TEEER NHAT . RIS R AT 12 s, RIS
TN 150 pL &4 B A . BT A4S SR ik Je 7
65 °C 1B K 5 min, BH/57E 100 °C iR 4K 15 min,
531 3 /N ITO/HTL/perovskite FE /i .

(4)7E 5 45 (<5.33x1074 Pa) %1~ , fEITO/
HTL/perovskite ¥ fin _F 4K X U1 #4 Cgo (20 nm)-
BCP (6 nm)Fl Ag HLA%(100 nm), Filid 4 e # ik
PEL 52 234 TH AR 4 0.105 em?, #2415 31 3 AN 1TO/

HTL/perovskite/Cg/BCP/Ag #31F .

BA 23 B4 45 ¥y 5y ITTO/PEDOT: PSS/HTM/
MoOs/Ag, #FHl&EAEW T &R R
AL EBETK. ECk. HEMZEEN 1TO 3 5
BT A TS Ve (S D B2 20 min)s B S
RIRHESRT, FLAEE TR 10 min.
¥ PEDOT: PSS (Heraeus Clevios P VP A 4083) LA
3000 r-min~! [ 55 3 7E 1TO 3 B b ie#4 578 40 s,
140 °Chn#k 15 min J5 ¥ 8 £ Z RS T-EFE
o KR B 10 mgrmL! Y PBN-3, 6-Cz 1
PBN-2,7-Cz &5, 2 a4 HTM 2, ¥
FEFFH R T ER HLL1500 r-min! [ 5% H i
WEMIK L, &IGIEEEZ3(6.77x107 Pa) MK
APV MoO; |2 5 Ag MK, 56 il 5 28 IR AR A
il 4% .

1.4 #RRMESSFENK

WG AR 3t (CH-NMR) A5 3 (13C-NMR) 7E
Bruker Avance 400 MHz &Y, 600 MHz 1% 2% F 3£ 47
SE; fF 40 PR % (HR-MS): 1 Bruker Daltonics
Solari X 7.0T 75y 75 # A8 BL A8 46 Joig 1557,
BT SO KSR B (APCL; B A0
Iy ¥ B M £ 5y BUE BU(P) B Agilent PL-GPC 220
B B35 A U(GPC)E = IR N IAE, BADUER
W RVE T, K B bt il 2R A vt . FA R
S HT(TGA) 1 SDT Q600 1 #5175, 7E &R
HHLL 10 °C-min {0 7 L A, RS B
30~500 °C. 7~ % 9 #i & #47% (DSC) HH Diamond
DSC2500 % #5I45, 7£ %5 HE H1 BL 10 °C-min™!
(1 T 5L AR . 8 Ak —mT LR RO U R B
i 7F PerkinElmer Lamda 750s ¢ % % _F 33 47
SE . B AT LIRS T (1) TR I AE e el L
(10 mg-mL~!, 40 pL)¥i 23 5 H) 1.5 cm x
1.5 cm BIE I A L, BL1000 r-min-! f) % 18 45
60 s JHELR B . 375 56 U 1) T IR ol A
(2 mgmL™, 40 pLyi 2 3E ) 1.5 cm % 1.5 cm
fIITO JEJE E, LA 5000 r-min! f) %% 3 #5452 60 s
B, B 5 E 90 °C R iB K 10 min. IR %
(CVHRIZRAEBL A MG, ADY T B /N Gk iR
Eh(BuNPFg, 0.1 mol-L-)YENHAEI, 7ECHI600E
AL 22 3 T AN (R SR AEAEE A PR 2 1) gk A7)
E R =R R, 2Rl DR S 2 mEY
SUCHRIE N TAE R W AR R 2 L . Sk A
Hi Dataphysics OCA 15EC {3 ## Ml £ . 45 8K 8 b
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FSiE 4 T S (SEM,  GeminiSEM300,
RIREE A A AE])AS .

2 GRS

21 REMERSERITE

P M — Fofr £l Lk 5 X002 B 44 R 1) = TG
W, R RUFAALSRE ), AR T
TH NI T REATARL IR 2 5381, 7E AR T AE
dr, RATGINEME B T(C2) 5 BB = 4 ik
1) 3,3"- 2 FF: [e] TR I [b] W] MR HUAR KT = B (BN)FE
NILEHIT, BEWERA mERERIES R
HTMs. H1 il 1) 5% & 9 20 4 25 4 T A 350 1 o 1
1A R % - MER, WIS THARHE BT G X
iz 2, /b A5 AR IR SR, L R AL
SPRAR A GERE R0, R ILAE BN 56 [ 4
SINT PR & T 2RI [e] 5 [6] 1] W

LA, DLAH B S R s A AR i, R A
R BT I SN A, BRI A R T 2 R
HREAYHTMs, Bl 3,6-17#7 % /) PBN-3,6-Cz il

2,7-Fi #F i ) PBN-2,7-Cz. PBN-3,6-Cz 1 PBN-2,
7-Cz & U B 1 s . DA 1-]R-3-1-5- T 48
#(1)5 7,7a,8,9,10,10a- 7~ A 2K F: [e] P [ FE [p]M]
RN EEL, 28 Ullmann fHEE i v 45 2 HE]
A3, 4k, thEY3 5 1,4-28 “WERIE T Suzuki
R N A R &4, HEE =R IER T
RAMH RN, BBNEYS. TEEE T,
WAV S HIFE 3 S = 5 HF R I (TEO) KN A Bk
Eﬁ%l%leSBN FERLINT5%. ABN LR #
I3 51 5 9-(1-27 35 T2 56 ) k-3, 6- XL (B TR AT
@%@E) (HA M 6)F11 9-(1-37 Jk T Jk ) R -2, 7- X (]
T2 A0 AR I 1) (46 A 7) 3E4T Suzuki 1R B R A
N, RIGEREA YY) PBN-3,6-Cz Al PBN-2,7-Cz,
#K/\”Uﬁm% H176%. LADY MR i sl A
eSS IE 1 (GPC) IS 2 Fh R B 43
/\¥E(M Vor M 6.35 kDa #16.48 kDa, %%y
TE(M,) 7 79 9.08 F110.2kDa, M [ £ 43 Bk
REUD) N 143 R11.58, 2 MR AR AT (1)
N ERSTESN.

BN 6,7

L)

. N CgHyy . C8H17\(C8H17

N
) O O N)\C8Hl7 or O O n
§ ) Q 9,

&) o,
o N

0 )

PBN-2,7-Cz

0 PBN-3,6-Cz %

Fig. 1 Synthetic route to PBN-3,6-Cz and PBN-2,7-Cz. Reagents and conditions: (i) Cul, 1,10-phenanthroline, KOH, toluene,
reflux; (ii) 1,4-phenylenediboronic acid, Pd(PPh;),, K,CO;, THF/H,0, 70 °C; (iii) BBr;, DCM, -78 °C to room temperature;
(iv) Tf,0, DIPEA, DCM, 0 °C to room temperature; (v) Pd(PPh;),, K,CO;, THF/H,0, 70 °C.

NTIRFAREDFEEN T8, RA%E
72 bR i (DFT) /£ B3LYP/6-31G (d,p)#& 41 K %
PBN-3,6-Cz 5 PBN-2,7-Cz [{) 5. & ¥ otk AT T
WIS . 2 20)Fin, 2FEREYI 36

P2 R MR, o BN fr BUS e
TCZ IR 342079 37.4°. JEAh, MIEEZR I [e]

Al W\HF?T%%IJ“ AP R, ’ﬁ
FRIA 8] () T AR L 40°. IXF T LA TR 2L
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(2) ©

PBN-3,6-Cz

(b) (d)

Y
f:\(\r PBN-2,7-Cz

HOMO=4.67 eV
W
# X
el k

o

HOMO=-4.71 eV

»

v
s
RS 4

.

LUMO=-1.12 eV

Fig. 2 DFT calculated molecular conformations and HOMO-LUMO of fragments of (a, ¢) PBN-3,6-Cz and (b, d) PBN-2,7-Cz.

7 B FE - R, A5 Bh T A AR
PR RO T Re . i — PR B T R,
R R AR 551 ) 2R S 3 B2 T BN B BROAE
R HE S ) (H 32 RS 2 KT S1). PBN-3,6-Cz
T ok 2B LY, 1 PBN-2,7-Cz 1
I AR R (1) 5> T B L4510 X — B 2
Al Re FEON A EHERUT R TR g e B
Z P, THE TN E Y B e A o
T (HOMO) A ALK o 48 43 HLiE (LUMO)
R (B 2(c)F12(d)). I ) HOMO 3= ZL 53 A7 701
T b, 1 LUMO B R AW R L,
HOMO/LUMO fig 2 47 7 9 -4.67/-1.04 eV Hl
-4.71/-1.12 eV. Hrr, JHKET 3,6-HUA H Rk
JLHA ERR4 BT RE /1, PBN-3,6-CzRILH
Et PBN-2,7-Cz 5 % ) HOMO 6E4%, (HHAH XL
i LS M MR R T A R, Rk
HE SR RE R 2 .
22 BRAVHXZ BUERBFMER

N TRAEEWROCS R, W€ T PBN-

3,6-Cz 11 PBN-2,7-Cz 1£ S0 15 AN IEOIR &S
()28 Hh =] WO (K 3(a) R 3(b)),  AHICELHE
W1, FELLE R AR PTAAE NS L.
EEA VW, PBN-3,6-Cz Al PBN-2,7-Cz | %
I H B PTAA BI85 % (1) W Wi i (BT 3(a)), HA
BB ) 2t R 3K — i S T TR R WA 1 R [
FEAS B8 1F (K 3(b)), PBN-3,6-Cz #1 PBN-2,7-Cz
T RS 3 A7 F 323 11333 nm, % PTAA 7
JIES 5 RIS U (377 nm) 43 S % 1 54 1 44 nm.
WA Taue BI(FETSCRHE BEISO)E, &M
AT BR(E AN 3.40 F13.30 eV, B R KT
PTAA (3.02 V). HTM  fi5 (1) 3% 5 6 1% 1 1 3(c)
ffi7x, PBN-3,6-Cz Al PBN-2,7-Cz {E 350~450 nm
DX [ PR ~F- 20325 0 38 (T I 94%, 3281 T- PTAA
(82.3%). IXFi imids 1t e P AT B T P X PVSCs
HA AR Z 2R A, AT SR AR 6
g V&S

BE G, RAEIAR 2 (CV) MR X R A9 1)
WAL RE gt — D o dr, K SE R an B 3(d)Fr

Table 1 Thermal, optical, and electrochemical properties of polymers.

Polymer  Jume™®® (M) Au™™*(nm)  ESP (V) Euomo‘(eV)  Erumo®(€V)  Ta(°C) T, (°C)
PTAA 387 377 3.02 -5.08 -2.06 504 164
PBN-3,6-Cz - 323 3.40 -5.14 -1.74 401 165
PBN-2,7-Cz 333 333 3.30 -5.17 -1.87 361 173

2 The solution sample was dissolved in chloroform solution (0.01 mg-mL™"); ® The film sample was formed on glass by spin-casting

a chloroform solution (10 mg-mL™"); ¢ Obtained from the Tauc plot of the polymer films; ¢ Estimated based on the onset

oxidation potentials in CV, Eyomo = —(Eox = Epgper

+4.80); © Estimated based on the equation of £; yymo = Enomo + £,
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Fig. 3 UV absorption spectra of PTAA, PBN-3,6-Cz and PBN-2,7-Cz (a) in chloroform solution (0.01 mg-mL") and (b) thin
films; (c) Transparent spectra of PTAA, PBN-3,6-Cz and PBN-2,7-Cz thin films in ITO substrate; (d) The CV curves of PBN-
3,6-Cz and PBN-2,7-Cz film versus Fc*/Fc measured in 0.1 mol-L™! [nBu,N]*[PF¢]~ acetonitrile solutions; (¢) Energy diagrams
of PBN-3,6-Cz and PBN-2,7-Cz; (f) DSC curves of PBN-3,6-Cz and PBN-2,7-Cz with a heating rate of 10 °C-min~".

A LU (Fo) B B AR, AR CVI
BFRAEWEAMNES Ey WA A X Egomo =
~(Eox = Epgpe + 4.80)IT 5432 PTAA. PBN-3,6-Cz
FIPBN-2,7-CzfJHOMO 682K 437 H-5.08+ —5.14
F1-5.17 eV. Hrf, PBN-3,6-Cz Il PBN-2,7-Cz 4%
P HE PTAA BRI HOMO B2, X EZEIAK T
PTAA =8 v = 2R i 5 0 B 5 1R 25 L 1 g 771270
454 EER, FLLUMO Redl sl h-2.06. —1.74
M-1.87 eV. tnEl 3(e)Jr7~, PBN-3,6-Cz #1 PBN-

2,7-Cz 5 5 ER il BR UL IE R &, X AHBIT
R A AR BRI s [, AR LUMO
REZn] A B PH S L A4, b S A0,

T I I 23 BT (TGA) s 22 F1 4 2 #(DSC)
X BT A3 A R A W A YRR HEAT T VP4l . DA
5% Joit B4 K0T . [ FE A A 3o L (Th) »
3815 PBN-3,6-Cz 1 PBN-2,7-Cz ] Ty 4> 5 5 401
F1361 °C (7 F(5 S S3), WA AER
Mo S 1 AR E 1 . DSC IR SE R (B 3(6) IR B,
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Fig. 4 (a) Device structure of the PVSCs devices; (b) J-V curves and (¢) EQE spectra with the integrated Jg- for champion
devices based on dopant-free PTAA, PBN-3,6-Cz and PBN-2,7-Cz; (d) Stable output curves of PBN-2,7-Cz-based devices

under a constant bias of 0.86 V.

TERRE AM 1.5 G )6 HE (100 mW-cm™2) 4 1
N, Fr15 PVSCs 284 1 HELI 2 B2 - FU (J- D) R
R 4oy, MRS H TR 2. BT
PBN-2,7-Cz & 1 52 B 1 #iz = ) PCE (18.21%),
HIFBEHIE(Voo)s  FLE& FEIR(Jso) FHIE 78 K 7 (FF)
I3 91790.986 V. 2433 mA-cm2M76.21%, 1L
T PTAA I PBN-3,6-Cz a1 . 3 Fh a8 F 4b & 1
2 % (external quantum efficiency, EQE) Y i il
K 4(c)FT7 . 1£300~800 nm [ K VE 7], PBN-
2,7-Cz &/ ) EQEAE B iy T X R4, R BAHOL
FL S RE S S AEAHE R /2, PBN-2,7-Cz

Table 2 Photovoltaic parameters of Csgos(FAg9sMAg gs)o.0sPb-
(In.05Bry 05);-based dopant-free PVSCs using PTAA, PBN-3,6-
Cz and PBN-2,7-Cz as HTMs.

Voc Jsc FF PCE
HTMs
V) (mA-em?) (%) (%)
PTAA 0.984 24.03 7675 18.07
PBN-3,6-Cz  0.963 23.70 68.30  15.52
PBN-2,7-Cz  0.986 24.33 7621 1821

ZREAE 350~450 nm YE R N 1 EQE B 47T PTAA,
Tt B I R HTL BRI T e SR B e ke . 38
T EQE #4315 tH 11 Js 1B 70 7 M 2334 23.00 A1l
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Fig. 5 (a) J-V curves of hole-only devices based on PBN-3,6-Cz and PBN-2,7-Cz; (b) TRPL spectra of perovskite films atop
ITO, PBN-3,6-Cz and PBN-2,7-Cz substrates; (c) Contact angles of PBN-3,6-Cz and PBN-2,7-Cz films with respect to water
and DMF drop; (d) SEM images of perovskite films atop PBN-3,6-Cz and PBN-2,7-Cz substrates; (e) Grain size distributions
of perovskite films on PBN-3,6-Cz and PBN-2,7-Cz based substrates extracted from SEM images.
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Highly Transparent Carbazole-based Polymer Hole Transporting Materials
for Inverted Perovskite Solar Cells
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(*Research Institute of Huazhong University of Science and Technology in Shenzhen, Shenzhen 518063)

Abstract In this study, a new class of highly transparent hole transporting materials (HTMs), namely PBN-3,6-
Cz and PBN-2,7-Cz, were been designed and synthesized by copolymerizing carbazole with 3,3"-benzol[e]-
cyclopenta[b]indole-substituted p-terphenyl units. This molecular design aimed to mitigate parasitic absorption in
the hole transport layer of inverted perovskite solar cells (PSCs). Both polymer HTMs exhibited appropriate
energy levels and high hole mobility, while achieving optical average transmittance values exceeding 94% in the
350-450 nm range, significantly higher than that of the reference PTAA (82.3%). This high transparency
effectively minimized the optical losses from interfacial parasitic absorption. By tailoring the substitution sites of
the carbazole units, we further regulated the charge transport properties of the polymers and the crystallization
behavior of the perovskite films. As a result, the inverted PSCs based on PBN-2,7-Cz achieved a power conversion
efficiency of 18.21% and a short-circuit current density of 24.33 mA-cm2, surpassing the performance of the
reference PTAA-based devices (18.07% and 24.03 mA-cm™2).
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