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Research Advances on Benzotriazole—based
Organic Photovoltaic Materials

Yang Bai” Ling-Wei Xue** Hai-Qiao Wang®’ Zhi-Guo Zhang**
(¢ College of Material Science and Engineering, Beijing University of Chemical Technology, Beijing 100029, China)
(* Beijing Engineering Research Center for the Synthesis and Applications of Waterborne Polymers,
Beijing University of Chemical Technology, Beijing 100029, China)

Abstract Over the past two decades, organic solar cells (OSCs) have been developed rapidly with the power conversion
efficiency rapidly rising from less than 5% to over 18%, which is mainly promoted by the development of various new donor
and acceptor materials. As a typical electron-deficient penta-heterocycle, benzotriazoles (BTAs) derivates a variety of
high-performance photovoltaic materials, including polymer donor, small-molecule donor materials, as well as non-fullerenes
acceptor and polymer acceptor. Among them, the J series of polymer donors and Y series of non-fullerenes acceptors are typ-
ical examples, and thus are specially highlighted in this review. Meanwhile, molecular design strategies of those BTA-based
photovoltaic materials have also been discussed. It shows that donor-acceptor (D-A) conjugated strategy is still the most effi-
cient thus far, where A units is the BTA unit or its derivatives, and D units commonly used in BTA-based photovoltaic mate-
rials are benzodithiophene, benzodifuran, dithienosilole, indacenodithiophene, thiophene, etc. The D-A strategy is both ap-
plied for donor molecules (with the molecular structure of D-A, D-n-A-n, D-A-D-A-D, etc.), and for acceptor molecules
(with the molecular structure of A-D-A, A-n-D-n-A, A-DAD-A, etc.). By adjusting their molecular structures and/or pairing
of differential D and A units, various properties such as absorption band and energy levels of molecules, as well as the mor-
phology and charge carrier mobilities in OSCs can be well controlled. Furthermore, through side-chain engineering, such as
flexible side-chains (alkyl, alkoxy, alkylthiol, alkylsilyl, etc.), conjugated side-chains (substituted-thiophene or benzene, etc.),
electron-withdrawing groups (F atoms, Cl atoms, dicyanomethylene, etc.), their photovoltaic properties can be further regu-
lated. Here, this review focuses on the research progress on BTA-based photovoltaic materials and related molecular design
strategies developed in recent years, and also presents perspective on its future development.

Keywords organic photovoltaic material; benzotriazole; donor; acceptor
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Figure 1 The best research-cell efficiencies certificated by national renewable energy laboratories (NREL)
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Figure 2 Diagram of working mechanism of bulk heterojunction OSCs: (1) light-generated exciton formation; (2) light-generated exciton diffusion; (3)
charge-transfer exciton formation; (4) charge-transfer exciton dissociation/carrier formation; (5) carrier transportation and collection
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Figure 3 Current-voltage (J-V) characteristics of OSCs
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Figure 4 Synthetic route of the BTA unit and molecule structures of
BTA derivatives
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PEFFE 16.1 mA/cm?, FF i 35.8%$& T+ % 57.1%, PCE 1|
RIHEIL = 453.16% % 9.12%). A[ LA H, LIRS
AT DLR.FHTE BTA 3246876 b, 1%k R R My o i Bt
SN T R AT DAY 4 AR M R R AT A R
.

DL AR T s S B H T AR AR TR, TRt
T &5 IR RIE R G G IEE MR R, B
— AT Z BB XS TR T AU AR
W HL - A, T LR A M A R A G 2R T s A A
BHAR /IS, @RS F---H. F---S. Fo-om 25, M8
T TN TEEN A EAEH, FRAK T SRk r 4
TRER, $em T HB/OTBR, Wl o M EAERE
Horv T .

KT ZAE RGBT 73t b, HEREAH

SAE E BRI DL S BDT B4 76 ek T2 b 84T 1
.

2012 4F, 2=k il 25281 DL 2K JF IR (benzodifuran,
BDF)®¥ %k Hot, wit& T PBDFDTBTz(El 5d).
BH T 4805 1) F AP R e T R B0, R ER Y 5N
—EREE B T R R T R R T
PBDFDTBTz/PC7BM(w/w, 1 @2, 70~100 nm)%s{F i
Voe N 0.44 V, J. N 4.9 mA/ecm?, FF N 57.5%, PCE A
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1.24%.

2013 4, @R EEPALULE I AEPE )y BDT Hon il
B, DAMRIIMENILHE o M, 1A T PBDTFBZS F
PBDTFBZO( 5¢), H:r" BTA BcH AisEsk. MHT
PBnDT-FTAZ, & Wi BR A&~ %, 5T PBDTFBZS/
PC;BM(w/w, 1 : 2, 110 nm)5% PBDTFBZO/PC;BM
(wiw, 12, 95 nm)2$E () PCE 1A 4.10%F1 3.18%. 1E
ZAERTHIN 3 wt% ) 1,8- i %%(1,8-diiodooctane,
DIO) X i% P4 J2 T8 35 1t AT Y 458 J5 165341, ] {8 19 ot 4% 12 119
PCE W EZARTIE 7.74%HM 6.25%. HEEEMZ, T
PBDTFBZS:PC7 BM/PNDTDPP: PC7;BM(w/w, 1 : 2, 150
nm; ww, 1: 1.5, 120 nm)ZZ &1 PCE 7] LA F|
9.40%.

2013 45, Hwang B3P0 = 55 9 S J £ ok 3
(triisopropylsilylethynyl, TIPS){ >4 BDT e IEE, #
TH& A T PTIPSBDT-DTBTz(& 5f), #LABDT ot 76
MEEEAR Y PBDT-DTBTz fE XTI, #FF T TIPS %k
HE AR BEHIF2 M. TIPS ot nf PASGE S50 51 I 78
PEL S5 a e, PUAATESE, Waefedt s 7L o 5%
(R HEEB0. AL T 3T PBDT-DTBTZ/PC, BM(w/w, 1 :
1, 3 vol% DIO) #% 1, % T PTIPSBDT-DTBTZ/
PC/iBM(w/w, 1 : 1, 3 vol% DIO)#: 141 Voo Al FF B A5 42
FH0.77 V £ 0.80 V, 48.0%% 55.0%), Ji. A1 PCE 3 K1
PETH(7.9 mAeecm 2 £ 12.7 mAecm 2, 2.88% % 5.53%), &
5 N RGeS EE 7] DA S T AR 6 R 1 e

2014 4, JUASERERAE BDT $o b5l Abehi
s a0 #5068, ¥ itk A T PSBnDT-FTAZ.

C4H9 CoHs CaHo 02H5 CeHia_CaH

a szst C12H25 o o
4 /
M ()
PBDTBTz PBDTDTBTz
csz C4Ho csz C4Ho C4Hg™ “CoHia
Cuss

C4H, CoH CgH C4H, CgH C4H

d 4 gj/ 2Hs Cater e GCs 13 4Hg C,,Hg o 13]/ aHy
N

PBDFDTBTz

¢ N\/N \/ \/
CC-0-OOt
o)
I

PBDTFBZS

CyHs™ "Cy4Hg 04H9 CeHiz CAHQ CeHiz

CeH C4H,
9 CaHo o 131/ Z) CaHo

PBnDT-SeFTAZ

PSBnDT-SeFTAZ

CaHg™ CoHis CaHg)\CeHwa
Cy4Hg

~ CgHire_CioHay . CgHi7~CioHat CoHrr
i \[ CaHs \[
X\Conzw

\/ UN.
S

Ja1
CioHa™ "CeHir

s ST RMEMEIRN BDT HIcEHATEM MBI A iR

CioHa™ "CeHir

PBnDT-HTAZ

PBDTFBZO

PBnDT-SeFTAZ #1 PSBnDT-SeFTAZ(I& 5g). #H kLT
PBnDT-FTAZ, Hfi S0 8% i 5] AT ILESAFHT Voo BETH
PETE, Joo W AR TTARWY AR A BTN TR T AR
E, BEFIRTE T 28 F1 Joe, HIX =FPbPR 2 702 R
K(ﬁ}ﬁlﬂj 2.90X107* cm?eV lesl, 3.46X 1074 cm?eV e
s'. 1.72X107* cm?V - 'es 1) 5 PBnDT-FTAZ(1.19X 1073
cm?V les WA LE I PR — N EN. =5 PCoiBM [
LIRS M2 R TRIRE RE . A RS FEFE AR N 1S i, LA
Ll%ié,% A FEERE R PCE MH 73718 4.06% 5.72%F1
1.87%, % PBnDT-FTAZ #:4F(PCE /N 6.81%)H I F#1IK.
2015 4, Kim %G % T S-PBDTBTz.
A-PBDTBTz fll F-PBDTBTz(|& 5h), 5% T BTA 0.k
X R B A %o R e 0 e DA B R A 28R % A R AR 1 e
BISEIE . AH BT EA R FR e S 00 B (2- UL 28 35 I
A-PBDTBTz, S-PBDTBTz X HR )5 JE 0k (2- 3 FE %%
) FRAE T BDT #0555 L40 A ME Wy BT 2 1) (1) 11 £,
MET o THR, BERIERERE T M ER
(1.0X107* cm2eVes™t F 3.8X 1073 cm2V les™), J4E5E
T 3T S-PBDTBTZ/PC7BM 2514 (2 4A M AE $E 5 (PCE
4 5.39%, 1 A-PBDTBTz/PC;BM #54F PCE 4 3.05%).
EREERE, £2ERT, BARML BTA $IoH)
F-PBDTBTz 5 PC;BM ULEC 18545 R i Z2 (1) 45
M BB (PCE XA 1.80%). 7r & K&, M T
S-PBDTBTz, F-PBDTBTz 43 F&5 #4411 BTA ot 53k
HU w0 Hr0ENy BT 2 (A1 A BRI B [RIE, BDT 65
WEWY T M IR A RTTIE R T, 38K T nen HERR
I .

CeHia

CaHo

PBnDT-FTAZ dFT-HTAZ

C4Hg™ "CgH1z C4Hg™ "CgHig

CsHu CeHis

CgH. C4H,
g ol 13]/ aHg CaHe

5 WL
s s \_/ s
4
-G Ot,
s FF

PSBnDT-FTAZ
C4Hg™ "CeHis

c4 Ho

I PTIPSBDT-DTBTz
il
Y CgHiz
)3 A
NTON

Figure 5 Donor materials based on the BDT or its derivatives with flexible side-chains
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SR E, Wit S b, SLHE o (e . il
Wy PRIRS  FEEWY S0 51N, EHELE MR % (5] \ BDF
Bot. TT H0%5), LU BDT Hor b R0eE TR (et
FEBHOGREE . e B R EESE), AT DA Ak i
MR GARVERE, X L5 SRmE o T A ik
THHE FH TSRS, 1531 T I N L

2016 4, 2=k 5 & [E U0 L HA Fe ik e S )
FEHURR) BDT HIolE RS sTG, Wit&m T J40(El
5i). T JAOATIC(wiw, 11 1)BSAE Vo 9 0.89 V, Joo 9
12.2 mA/cm?, FF 2 60.1%, PCE ¥ 6.48%. & tEeft I,
Je QERIE 7T FR DL E (TT)VE N IEHE o M, Wit & T
JAL(E 55), H Erumo PR FEAK, TRl SHE2RMIERZ) 10
nm. JET JAUVITIC(wiw, 1 & DEERT Ve N 0.93 V, J N
13.7 mA/cm? FF K 68.6%, PCE N 8.74%. 5 H.A5Bemy 3t

-4

N
=
1]
=
a
[71]
o

PBDTDTBTz
PBnDT-HTAZ
PBnDT-FTAZ
PBDFDTBTz
PBDTFBZO

Energy Level/eV

dFT-HTAZ

-6
E 6

M EEER A BDT #6H) J60. J61(F 7o)Xt b & B, 3
B BERT TR 2GR M BB A M AR 3, DU
BEAN .

R T E MR I SR S S RN ELomo
F Enomo B, FRATTHE LL_EA KL 20T e 2% B 34T X6}
e, il 6 Fros. AHICERARH AL S 5 R AR R )
AWK BH A8 b2 M REFa bR 03 1 R
3.1.2 A FEFMaEIAX G BDT 3£ T REFHTE DM R
09 5 AR A

2R 7K M VR ZH 0 A R S A R R I I O A
RALECRAIRN, X AATETIE “ 4L A
BRMRL” MESTE = A MR R EY) L. AT I8
Bz R B EWEEMEILL T TRkt rdr s, BAEFK T
RINVEEY.

PSBnDT-FTAZ
Jao
PBDT-LBTz

PBDT-DTBTz
Ja1

PSBnDT-SeFTAZ
PBDT-YBTz

N
@ P
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Figure 6 Energy level diagram of donor materials based on the BDT or its derivatives with flexible side-chains
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Table 1 The electrochemical properties of donor materials based on the BDT or its derivatives with flexible side-chains and the photovoltaic characteris-

tics of the corresponding solar cells

Optical and electrochemical property

Photovoltaic characteristics of corresponding OSCs device

ech
Donor E,™/eV  HOMO/EV  LUMO/eV Eiv " Acceptor ViV ( mAJC/m o FEM% PCEM Ref.
PBDTDTBTz 1.95 —5.06 —3.11 1.95 PC;BM 0.61 4.5 62.0 1.70 (201
PBDTBTz 2.00 —5.04 —3.04 2.00 PC; BM 0.61 4.8 47.0 1.40 20]
PC¢BM 0.70 11.1 55.2 4.36 21
PBnDT-HTAZ 1.98 —5.29 —2.87 2.42 ITIC 0.85 12.5 399 4.26 (23]
ITIC-Thl 0.75 11.8 358 3.16 2]
PC¢BM 0.79 11.8 72.9 7.10 21
PBnDT-FTAZ 2.00 —5.36 —3.05 2.31 ITIC 0.91 16.3 56.5 8.37 (23]
IT-M 0.97 17.9 69.1 12.0 2]
dFT-HTAZ 2.01 —5.78 —3.77 2.01 ITIC-Th1 0.99 16.1 57.1 9.12 26]
PBDFDTBTz 1.93 —4.99 —3.06 1.93 PC; BM 0.44 4.9 57.5 1.24 (28]
PBDTFBZO 1.83 —5.38 —3.28 2.10 PC; BM 0.82 7.2 53.6 3.18 1321
PBDTFBZS 1.81 —5.32 —3.26 2.06 PC; BM 0.78 9.1 57.6 4.10 (321
PBDT-DTBTz 1.97 —5.26 —3.29 1.97 PC; BM 0.77 7.9 48.0 2.88 1331
PTIPSBDT-DTBTz 1.95 —5.40 —3.45 1.95 PC; BM 0.80 12.7 55.0 5.53 133
PSBnDT-FTAZ 1.85 —5.30 —3.00 1.85 PC¢BM 0.85 7.5 63.8 4.06 1371
PBnDT-SeFTAZ 1.79 —5.42 —3.55 1.79 PCs BM 0.78 13.4 54.6 5.72 1371
PSBnDT-SeFTAZ 1.78 —5.50 —3.40 1.78 PC¢ BM 0.78 5.2 459 1.87 137]
S-PBDTBTz ~2.00 N/A N/A N/A PC; BM 0.80 12.7 55.0 5.39 139
A-PBDTBTz ~2.00 N/A N/A N/A PC; BM 0.72 10.3 43.0 3.05 1391
F-PBDTBTz ~2.00 N/A N/A N/A PC; BM 0.89 8.2 36.0 1.80 139
J40 1.95 —5.40 —2.90 2.50 ITIC 0.89 12.2 60.1 6.48 4]
J41 2.00 —5.39 —3.69 1.70 ITIC 0.93 13.7 68.6 8.74 4
PBDT-LBTz 2.03 —5.30 —3.27 2.03 PC; BM 0.66 3.8 43.0 1.07 43
PBDT-YBTz 1.98 —5.44 —3.46 1.98 PC; BM 0.80 5.8 42.0 1.95 43
“ Optical bandgap calculated from the absorption edge (onset) of the polymer films: E,°P'=1240/Acggc. b Electrochemical bandgap obtained from: ES*=Erumo—
Exomo-
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2012 4, ZE7Kkf sk EEESEICE BDT oo Egl A
WE wy L BE N BE, Wit & BT PBDT-HBTA(J50) Al
PBDT-FBTA(J51)( ¥l 7a). #H tt T~ PBnDT-HTAZ #iI
PBnDT-FTAZ(& 5b) 211, BDT H71_FMEmy B 04 1) 51
MAEHIR BB RS T2 15 nm. [FERER, AL RRAE
RET J51 R B T AT IS0 A4k T
PBDT-FBTA/PC7 BM(w/w, 1 : 2, 120 nm, 5 wt% DIO)#%
) Ve N 0.75 V, J N 11.9 mA/em?, FF 4 67.2%, PCE
N 6.00%, HIEJE A 400 nm #3144 PCE 4T3 v ik 31 4.74%.
AN T REVEARM R i, %R SR &Pt
— PR FLBE AR

20154, M 144 750 #1751 5 B i Tl R .
LT R BE 1) n-BL SR B W2 AR 1R N2200 DUALE, T
J51/N2200(w/w, 2 © 1, 120 nm, 1 wt% DIO) &R &K
FH BE FL b (AN-PSCs) 8 E 1) Voe N 0.83 'V, Je N 142
mA/cm?, FF 4 70.2%, PCE N 8.27%, H. &I H AR 1) 5
JEMAGENE. AR GAR T REAS 25 T-45 2R B T AN
Wy, DARIRIRIEMEZRAABARmMER . RIFMgPK
JOBER 3 BS L5 2% . 5 BT I 3 TIE B % 55
B, AA1TSCK 150 F1 151 50 B A AR & Bhd RN
S FRARFPRL ITIC ULERCHS), 3F— 5358 T S fE K i
£ ¥ F (600 ~ 800 nm) X} K FH 6 # W Y, FE T
JSUITIC(w/w, 1 %2, 1 wt% DIO)Z$ Ve N 0.82 V, Jie
416.5 mA/cm?, FF ¥ 69.0%, PCE } 9.26%. &L
MEK, hZWERAHE RN, W2 nikn
Erumo A1 Enomo B i T-324K, AR HIBEZ Z (AELumo~
AEnomo) LUK T T 45 6 52(0.3~0.5 eV), A REffifr
B BT AR B RN R T A% f heasel % R R
JSIITIC fIAELumo N 0.75 eV, TJ LRSS 1AM ik 1
(A 5 A 25 S M1 1) = B 4 (J51 &2 1TIC), 1A Ewomo
X 0.22 eV, SEBUROH R T 85 IR EW], AR
AT RS AT AR A R R DL ERRR AT T )
RINVREMREE 5, B T BTA EMEHEEE
IR 2 A R IR A

2016 4F, fATTHOE J51 Fy5EAl I, % BTA Bt B/
BB () B WO S R B - LR R, H R
AR ZH T BRIV RAREE R Z e 2R %), K
BDT .70 b By 570 i S A b R 55 (2- LR 28 4k 7
1) 5 40 A B R ) S Ak o e DA B S A o i 3 R R e
Pddd, Wit& R T 152, 160, J61(K 7b). 5] Nlsehndk
MIEEA R TR AR 1 e, J60 AT J61 RN H 1
LR IR Ry BRI T R4 DA B B R 45
H Jo1 HE S ITIC f3LR EIEYY R I H B 5 7
FHE A A MG R -n HERUEAIEE. RIAERD, 6
R IEIER B J61NTIC Z 1817 BAK I AEnomo(0.16
eV) 1B L T AT DAFIEZE TTIC FH o = A 31 1) v S
B, AT IR H) Eos(0.68~0.65 V), @12
W HE ) Voo M1 PCE, T JOUITIC(w/iw, 1 ° 1)EAFH) Vee
N 0.89V, J. N 17.4 mA/ecm?, FF N 61.5%, PCE N 9.53%.
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e, AT J61 55 m-ITIC ILEC 5, 2S5kt
RefS Bt — B4, & T J61/m-ITIC(w/w, 1 1, 120
nm) 25 Voe 8 0.92 'V, Ji. N 18.3 mA/em?, FF 4 70.6%,
PCE #£7+ % 11.77%.

N T RAUEERAKIAE om0, RETRIE— D38 FH8%
rvERE, 2016 4F, flfI1480KE BDT Hoc U BEMEM 5o
e & ey = R AR, WA LT JT1(E To).
BT Si(6*)—C(n*) B MAHEAER, J71 RILH 31
n-n FHEAEH, IR REA A T, Euomo ¥ FFE 0.2
eV, JTUITIC [JAEuomo #t—FFFKZE 0.11 eV. HT
JTIITIC(wiw, 1 31, 100 nm)#$F ] Voe N 0.94 V, Je N
17.3 mA/cm?, FF N 69.8%, PCE i3] T 11.41%, W&
TR M T RIVE AL AR ENI52.160 % J64)
MI#RF PCE. B AR B TE A 1A 7 B0 vh R 5] NEERE
oot — M AR B A RN, H R RIGE T fEAEwomo 1
KT AREO0.3 eV)FIE LT S SZ A4 7 A 1T
R AT AT M, XA KA B8 T A AR T it
g, e DU S BEAR AAEHE Enomo $2 1 #5 1F 1)
Voe, [RIIN X REFEIE Ji S PCE.

JE S AR ZE T RV R AR R85
T 152, J60. J61 Al J71 14>F 4544,

7E J61 [P 5:A F, 2017 SEARA TR I A S L0
n M, WitE T J61-F(E 7d), H Euomo H FTFEAK
(—5.32 eV £—5.45 eV), FT J61-FATIC(wiw, 1: 1.5,
100 nm)#SFE) PCE(8.24%) A% F3EF JOUITIC #3444
(PCE=9.53%)“1 fT 4.

15 J61 5EAt I, 2018 4, 2Rk, ik b ZE & 50H
i 2 BDT SRoc i MEmy SLHEINEE b 0 emi S )ik 25 1Y,
WAIT AT JO2(E i) J63 (AR XU e At 55
1 J64CH BRI (B Te), #E— B HIEE BT 1L
PERHDCARTERE R, A5 ITIC MRS L
F, B RIEMEER T63 4> T RN A B () A71E
MR F R RS, BAHERmEER J64 77+
[RI R CUJGe e K 11 2% [z BE T e I B 5 () 2R M B, L
A B 3 O BE (1) 362 43 375 1tk 2 T Fr KL A DU 2
ZF AL T J62NTIC(wiw, 1.5 1 1) iR N
R HIFEARTERE, Voe N 092V, Jie N 16.9 mA/cm?, FF
70.1%, PCE 2 10.81%, P& T2ET J63/ITIC #&1F
(PCE=8.13%)#1 J64/ITIC #3/4:(PCE=8.59%).

78 J71 LR |, 2017 4F, 2= 707 B i i3 i
LEHEMEERAL, W& AT 1704 1724 173 F1 J74(E
7). WRRAEREW], HAG R B o B RE IR b S 00 1)
T EAE MR > THES, B o AHIIEH,
FERR IR, DA ER T IERE S, A F
TSN Jo A FF; 0 HAT B B B R b )
B 1 MR I AR Enomo, AR TS Vee
M, B TEER Jo M FF, 2T 170/m-1TIC(w/w, 1 :
1.5) 8RB = 1 PCE(11.62%), 13T 174/m-1TIC
AR B B = Y Voe(0.99 V).
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TEJ71 (2R 1, 2017 4F, 27k 42010 BDF 1E
SARETT, WITERT 81K 7g), Enowo A TR, HE
M 781 Ve, LT J7TUITIC A1 J71/m-1TIC #%
PEE8 FEF J81/ITIC A J81/m-ITIC(w/w, 1 © 1)#E()
PCE %Jf5 FT FF&(11.41%% 10.60%, 12.05%Z 11.05%).

1E 152 [P2EA 1, 2017 4, 5KEARSES2E BDT Hot
M EEE Wy BT B AT EOUAR, WA R T
PFBZ(R[ J52-F, & 7h). [EIFER, SAGRSAE I ELumo A1
Enomo M1, WIS REE R, TR RAEMEAHE R
THE AR EAE A 4655 00 n-n HERRE M EE. AHEL T
J52/ITIC #f16), R HGR KA FE ) PFBZ/ITIC(w/w,
1:2, 1 wt% DIO)#s 1 HARPEBEA A Frie Ft, PCE H
5.51% #R_TFE 10.40%. H PCE HA SR M B AR,
JEEJE N 200 nm #8£F(¥) PCE {5 A3k 2] 8.9%. 74k, 281+
I B = PGB KRB, 7E 150 C F#UBEK 1 hJE,
PCE 1Al 1A F] 9.3%, fiif53E T PFBZ 14 & [ {45 K TH
RS S Sk M H A B RIFME /1. % PFBZ 5
N2200 T fic 531, TG % 4k ¥ i 7 B g R, BT
PFBZ/N2200(w/w, 1 : 2)#&F 8] Vo 9 0.90 V, Jo 9 13.5
mA/cm?, FF 4 67.0%, PCE 4 8.10%, H.[FFFHA RIEFH
PR IR A

HE—30Hh, 2017 4, ARAT 154K BDT 50 b0 ey
BT TR, DAE E8E - BTA BochImiLr=E
PrRIRNL, W& R T J91(E 7i). 191 R IW H 48 58 W
R, AR Enomo A K E & 2 /T B &
JOU/m-ITIC(w/w, 1 : 1.5, 100 nm)#$ {4 F A BEAH LT
J52/ITIC #3AHHOHH IR BEHE =, Voo 4 0.98 V, Jie N 18.0
mA/cm?, FF 4 65.5%, PCE #t—J 42T+ 2 11.63%. Ml
B RE MR, XA T J91 AR is T
JOUm-ITIC &M EH =&ML, BT CT BT
X T HE AR,

7E 152 A1 J71 MIEEAE E, 2018 4, TKIEALESSI
BDT #.70 EAIGEREDy 570 B A kAT IR, Boit&
T PBZ-CI(B[l J52-C1)A1 PBZ-CISi(/& 7j). B,
) NG [RE W] DL 0 43— 5% 18] () A 3 4 B AH B4
R0 Cl---H. Cl---S. Cl---C %%, N3 EEFH5 T
He 2 U CE s R il %, B TEEFIHE0h 2
THIE3d), TLAE S o BT, B T
EnomoP®, F LA EL T PBZ(EN J52), PBZ-CI A1 PBZ-CISi
R H BT AR Enomo A1 Evumo, 185 B PR UL R 20 DA
R SGERBR IR R, LT PBZAT-4F(wiw, 1 : 1,
100 nm, 1 wt% PN)#&ft, T PBZ-CUIT-4F(wiw, 1 © 1,
100 nm, 1 wt% PN)Zs {48 4AVEREIS A Frde 7+, PCE H
6.40%3EF+ 2 9.70%; 13T PBZ-CISI/IT-4F(w/iw, 1 1,
100 nm, 1 wt% PN)# 4[] PCE it —P4E % 12.80%,
H Eiss H 0.9 eV(PBZ/IT-4F) 4r 5l & ik £ 0.7
eV(PBZ-CVIT-4F)f1 0.57 eV(PBZ-CISi/IT-4F). 1Zif 5 3%
B, TELhR TVt S SRS R mT DAAT A b 4 =i b
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LR A HE.

76752 K1 J71 B9ERE B, 2018 4E, Zek kT
BDT 570 W8 My I B0 00 4 5 40 o e my L Ha i 6%, %
THE R T J46 F1J47(K 7k). AHELTF 52 171, J46 i1 J47
) 5355 8] m-m AH BLAE A PTRES, Eunomo BETURFAR, H.
WK S FEZ) 10 nm. H 46, AHLETF IS2/ITIC #4140
1 ITIITIC 284448 FLF J46/ITIC A1 J4TATIC(wW/w, 1 ©
1, 95 nm, 0.5 vol% DIO)#% 4 [ B A B8 ¥ FT FEAIK,
PCE 75l 5.51%811 11.41%7) 3 PR 22 2.34%F1 9.01%.

7 152 J60 A1 J71 FyJEAt F, 2019 4F, 2=k 28]
¥ BTA Ho 1) 00 85 & #e o DL B B =i 4
(1,1,1,3,5,5,5-heptamethyltrisiloxane, HMTS) A K iifi ]
F WA T 155, 365 A1 J75(B 71), R T MEESHE
FRIERE I FZMR. DA SR 9 2R i RN B W DA Rt e
Iy T HEB LB E TSN, 155 £ 175, 2 Euomo i%
WEIR(—5.26. —5.38. —5.43 eV), AR HTE A
(1.68.1.78.1.85 V), .1 J75 iR eI ML 5. 3
T I751TIC(wiw, 1.3 © 1)844 11 PCE A 11.07%.

FE J71 Rl B, 2019 4EZK T 5K o5 42 S 100N e
Wy S0 Bl Ry SL 5T o MR B 4 Ty BT, T A R
T 175 A1 176( Tm), RIS T AW BLoOx AR RE RS
Wi, AHECT 071, BATN 358 o B J76 I H 5 A= 1
R, WL R 25 nm, H. Exomo MR 55(0.04
eV). MJ71 F]J76, 5 PCyBM ILAL(wW/w, 1 1 1, 0.5 vol%
CN)#fF, H PCE 2 E EFHEH(6.79% 7.71%-
8.37%); 5 m-ITIC VLEI(w/w, 1 © 1.2, 0.5 vol% CN)#s {4
1] PCE 245510 T B (11.73%11.41%-11.04%). %
WEFLR B, 51Ny BT S e 2 T (19 G s s 2
R R PR N IEEE o M)A DL — @ RE I IR AR
RAEBE.

15 171 FI2ERE 1, 2019 4E AR 26006 BTA $ck 4T
KRR, AT 1101( 7n). 2T J101/ZITI(w/w,
1:1, =110 nm)#F345 THE T Je (21.3 mA/cm?)#l
FF(72.5%), PCE #&F+ % 14.43%. 3T J101/ZITI(AVT
(average transmittance) =21.69%)-i% Bl 28, F PCE 1}
AR E] 11.04%. %W TERLE BTA oo i T Wk
W — Mg AR SRR AR RE I T V.

2019 4F, 2k M2 L M BDT Bt MEM 3%
B EE b o BURF B B B B AL A, BITE o f733
ITEHUR, Ol E3 . FEIEM, WitA T I
A T2 70), ¥R AL RIS Y DA PRI
H Enomo. T J11/m-ITTC(wiw, 11, ~110 nm)2$F
M Voo 2N 0.94 V, J. N 18.1 mA/ecm?, FF 2 73.0%, PCE A
12.32%; F&F J12/m-ITTC(w/w, 1 © 1, ~110 nm)#&/FH
Voe ] 0.94 V, Je N 16.6 mA/ecm?, FF } 55.7%, PCE N
8.74%. F:T J12/m-ITTC ZRAH-PERERARI R FE, Fid
FMBERGINAES T12 5 m-ITTC FIH 23 RN,
WO REN S THE.
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R RTINS T T R IR EMERM BN R Gi T
WHFL R T PEREDL R M R AW, W Jel. 71,
R AW AR DR T Ak S0 L RE,
% RO IR, oA R BETHR Bt T 5T
ZIR .

AT EEMR I T G5 SRR Evomo
A Enomo IIFEMA, BA TR LA EAT R 73T B Bl AT XS
b, Wil 8 B, ARSCER VR RLI FEAL A T S AT 1
AHUKFH RE At S AF PR REFEAR W3R 2 P,

0Pz ik R AR G AR, BRI it AT
TSI L.

PBDT-HBTA PBDT-FBTA
(J50) (J51)

B7  FET AR BDT S TsC AT ARSI 1 RENG AR

2012 4, Hwang MW iH& R 7 7€ BDT #ot R
B R E I M BE AR Y PBDT-LBTz. PBDT-YBTz(
5k), DA K¢ B A7 wE wy 2L 5000 B AR ) BDT #2901
PBDTT-LBTz. PBDTT-YBTz(/&l 9a). %k &+, BTA #
TCNEE g BB Jot B (S i ) B S BE Joe i (1- 9 B T 4,
HVUFhES AR ARL ) 41 S5 R 3 T IEHE o M, VEE RIS
T g TR R PERE R, Hid PBDTT-YBTz HJ
JeAR RO . 3T PBDTT-YBTZ/PC;iBM(w/w,
1:1.5, 3.0 vol% DIO)#EE Ve 4 0.74 'V, Jie 2N 10.3
mA/cm? FF 4 43.0%, PCE N 3.20%.

Figure 7 J-series donor materials based on the BDT or its derivatives with conjugated side-chains
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Table 2 The electrochemical properties of J-series donor materials based on the BDT or its derivatives with conjugated side-chains and the photovoltaic
characteristics of the corresponding solar cells

Optical and electrochemical property Photovoltaic characteristics of corresponding OSCs device

Donor E Y Jsof Ref.
opta g S¢ 0, 0,
E, eV HOMO/eV LUMO/eV oV Acceptor Vool V (mAscm™) FF/% PCE/%
PC; BM 0.58 7.4 56.5 243 (100]
PBD(}?(_)[)BTA 1.88 —5.13 —3.16 1.97 N2200 0.60 13.9 58.7 4.90 (4]
ITIC 0.71 12.9 53.0 4.80 1)
PC; BM 0.75 11.9 67.2 6.00 (100]
PB[{JF;:?TA 1.91 —5.26 —3.08 2.18 N2200 0.83 14.2 70.2 8.27 (4]
ITIC 0.82 16.5 69.0 9.26 431
152 ITIC 0.73 13.1 57.8 5.51 (461
(PBZ) 1.96 —5.21 —2.99 2.22 IT-4F 0.60 17.0 63.2 6.40 (53]
BTA3 1.07 14.6 60.3 9.41 (631
J60 1.93 —5.32 —3.08 2.24 ITIC 091 16.3 60.4 8.97 (461
ITIC 0.89 17.4 61.5 9.53 461
J61 1.93 —5.32 —3.08 2.24 N2200 0.90 12.1 60.2 6.58 (641
m-ITIC 091 18.3 70.6 11.77 7
J61-F 2.03 —5.45 —2.91 2.54 ITIC 0.95 13.1 66.1 8.24 49
J62 1.92 —5.31 —3.08 223 ITIC 0.92 16.9 70.1 10.81 (501
J63 1.92 —5.28 —3.04 2.24 ITIC 0.87 15.7 59.6 8.13 (501
J64 1.92 —5.33 —3.09 2.24 ITIC 0.89 154 62.7 8.59 (501
J70 1.99 —5.37 —2.91 2.46 m-ITIC 0.92 18.1 69.8 11.62 1
PC; BM 0.92 11.0 67.0 6.79 (601
ITIC 0.94 17.3 69.8 11.41 48]
J71 1.96 5.40 3.24 2.16 N2200 0.91 131 78.0 931 (64]
m-ITIC 0.94 18.1 70.6 12.05 1
172 1.98 —5.42 —3.29 2.13 m-ITIC 0.96 16.4 65.0 10.23 su
173 1.98 —5.46 —2.92 2.54 m-ITIC 0.97 16.5 66.9 10.71 (1
174 1.99 —5.56 —3.06 2.50 m-ITIC 0.99 15.9 61.2 9.63 1
ITIC 0.95 15.3 73.1 10.60 (290]
181 1.93 543 298 245 m-ITIC 0.96 16.5 69.8 11.05 (290]
J91 2.00 —5.50 —3.02 2.48 m-ITIC 0.98 18.0 65.5 11.63 (541
ITIC 0.89 18.8 62.0 10.40 (521
PFBZ 1.94 5.36 3.42 1.94 N2200 0.90 135 67.0 8.10 53]
IT-4F 0.80 17.7 68.3 9.70 (53]
PBZ-Cl1 6
(J52-Cl) 1.94 —5.39 —3.41 1.98 BTA3 1.24 132 66.6 10.50 (631
Yo 0.84 23.8 61.4 12.31 (6]
PBZ-CISi 1.94 —5.66 —3.50 2.16 IT-4F 0.93 19.2 71.5 12.80 (53]
J46 2.00 —5.27 —3.27 2.00 ITIC 0.74 7.4 42.7 2.34 57
147 2.00 —5.43 —3.30 2.13 ITIC 0.96 15.6 60.0 9.01 (571
J55 1.94 —5.26 —3.58 1.68 ITIC 0.81 12.8 58.0 6.03 (58]
J65 1.94 —5.38 —3.60 1.78 ITIC 0.93 13.3 56.0 6.91 (58]
175 1.96 —5.43 —3.58 1.85 ITIC 0.94 17.0 69.3 11.07 (58]
_ - PC; BM 0.94 11.6 70.8 7.71 (601
175 1.93 349 366 1.83 m-ITIC 0.96 17.1 69.5 11.41 (601
B B PC;BM 0.90 12.7 73.0 8.37 (60)
176 1.86 5.41 3.66 1.75 MmoITIC 091 170 712 11.04 {601
J101 1.97 —5.30 —3.50 1.80 ZITI 0.94 21.3 72.5 14.43 o1
J11 1.96 —5.48 —3.23 2.25 m-1ITTC 0.94 18.1 73.0 12.32 (621
J12 1.94 —5.51 —3.26 2.25 m-1TTC 0.94 16.6 55.7 8.74 (62]
“ Optical bandgap calculated from the absorption edge (onset) of the polymer films: E ™= 1240//cqq. * Electrochemical bandgap obtained from: E,*=Ejymo—
Evowmo.
-3 -
> 18 1 o 2
2 Sl - B - S )
:*1E H:HE:E H = : H. - MW : N: P s 5
s [t H Ml N : 8T H MW H: :H: H: A:H:
=] o = g R < ~ S
-5 2 3
-6 -
B8 T IATMEE R BDT $Feal AT AR 1 RIS EMEH e gor 2 A

Figure 8 Energy level diagram of J-series donor materials based on the BDT or its derivatives with conjugated side-chains
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2012 4, 4[N FEAECOIR 1A B T PBDTTDTBTz(&
9b), H BDT Hix bk ey 5 e (1) e B A BRI 2-
CFECHE. LT 150, H Erumo A1 Enomo 2B TR E.
%F PBDTTDTBTZ/PC7iBM(w/w, 1 : 1, 120 nm)#sE ()
Voe N 0.54 V, Jio N 9.5 mA/em?, FF N 60.6%, PCE i %)
3.10%.

2016 4F, 38 K. PN, ML ESILLEA AL
SR WE Wy 2K JF . ME Wy (dithieno[2,3-d:2',3'-d"]-
benzo[1,2-b:4,5-b"|dithiophene, DTBDT)AF A 45 14 . 7t
it & T PDTBDT-FBTz(& 9c). #F PDTBDT-
FBTz/PC7iBM(w/w, 1 © 1.5, ~110 nm) &4 Vo N 0.95
V, Jie N 9.3 mA/ecm?, FF A 62.7%, PCE i5 §] 5.55%, &1
4T PBDTTDTBTZ/PC7BM #5441 PCE(3.10%). iX
FKHUIEZE R P 5] N DTBDT ¥t K AE K L5 T K
AR T Hemas ek ae.

2018 4F, i K. MAEZESEH4 K T PBTA-BO(A
9d), L BDT oo FMEEMEDY BRG] o F1 B A7 B3N
% T PBTA-BO/N2200(w/w, 2 : 1, 100 nm, 0.5 wt%
DBE)#$ 41 Voe N 0.87 V, Jie A 11.0 mA/em?, FF N
75.8%, PCE A 7.05%; &N 30 wt%1) % 75 B R &4
PNTB 1E NS =45 )5, AT ARG R 4 AN RIS o,
BB R S B LR R R R AR, BT
PBTA-BO/PNTB/N2200(w/w, 1.4 > 0.6 > 1, 130 nm, 0.5
wt% DBE)H = G811 Ve N 0.84 V, Jo N 154
mA/cm?, FF & 76.7%, PCE 4 9.93%; #:F PBTA-BO/
PTzBI/N2200(w/w, 0.6 : 1.4 I 1, 120 nm, 0.3 vol% DIO)
ZICEESN V. N 0.84 V, J. N 15.6 mA/em?, FF A
78.3%, PCE N 10.12%.

7t PBTA-BO [t b, 35 €. MAETILLLH &
AL HMTS) B ) L N BTA B0 ke
B, Wit &R T PBTA-Si(l 9e). %7 PBTA-Si/N2200
(wiw, 2 11, 165 nm)281FI Ve N 092V, Jio N 13.8
mA/cm?, FF A 73.1%, PCE & 8.31%, ftL T 3T
PBTA-BO/N2200 #3411 PCE(7.05%)& A $2 5, FKH
TEZR AT, 78 BTA o0 E5| N HMTS & A Fl T+
MR R AR YERE. B GIATT A—ANR R
PTzBI-Si ¥ iH& A5, HiRn PTzBI-Si 1E N =4
r)E, #F PBTA-Si/PTzBI-Si/N2200(w/w, 1 2 1 1 1, 150
nm)/NH AR (0.04 cm?) = Joas 1) PCE it — B A 2
9.56%, Jf X WL BAR R K OB . BT
PBTA-Si/PTzBI-Si/N2200(w/w, 1.3 : 0.7 : 1, 350 nm, 0.1
vol% DBE) KHE#1(0.91 cm?)=7c 2] PCE 7] ik F|
10.00%.

2018 4F, BRAFMESET25] N TPD(MEW: FF itk g — i,
thieno[3,4-c]pyrrole-4,6-(SH)-dione) %% & # 5 , LA
BDTT-BTA 5 BDTT-TPD fEHNFHE, 152 TCMILEY)
PTAZ-TPDx(I& 9f), FFHH 55T [FIFE BB AE N2200 1)
Bty BAS 2O IL R Z AR Ak PNDI-Tx ILEC, #R1
T THEE RS SRR R ERE M R
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WL ER M, BAEV T E RN 2 B2 5 H 4y
T, TS ULRAREEE RS, T
PTAZ-TPDO0/PNDI-TOO(w/w, 1.5 : 1, 100 nm, 2.0 wt%
ODT)#EH Voo N 0.87 V, Joe A 11.3 mA/em? FF A
68.0%, PCE ¥ 6.60%.

2018 4, MR HEZEIHRYE) T BTA #oo B ASFbE
EXPER R M, wit& 8T L24. L68(RI
PBZ-Cl). L810(K&l 9g), Hr BTA o ke B0 a5 %
WK, AN 2-2 ek, - T, 2R
Bidk. M L24 2 L68, FEI1L810, Erumo Ml Enomo XM F#
X, H5 IT-4F (P3RS BRI TS0 4
ISR I SR BN A 4OIR DK AR 5 159). T 5
IT-4F(w/w, 1 : 1, 100 nm, 0.25 wt% DIO) &% 1) 3= Z it
RETR ARSI IZ W2 TE, Voe A 0.50 V(L24)RTHE 0.79
V(L810), Ji. M 7.4 mA/mi(L24) & 7+ & 20.8
mA/cmX(L810), FF M 36.3%(L24)1RTHZE 73.5%(L810),
PCE M 1.33%(L24)#&F+ & 12.10%(L810).

2019 4, PMEITZE9% A T L2(1& 9h). L2 7] LA
BRI L68 45kt (1) BDT H. 70 % iy BDF 2115 5.
FAEEZ T, F Erumo A1 Enomo FFIKZ) 0.02eV, H L2 731
FiaTormi. 3T L2/TTPT-T-4F(w/w, 1 : 1.5, 0.5
wt% DIO)EE K] Ve 4 0.86 V, Jie A 22.2 mA/cm?, FF Ky
73.6%, PCE ~ 14.00%, =131 L68/IT-4F #5141
PCE(9.30%), &z R+ 5 N BDF HoofFTHEm
PORHRD AR MERE. 530k, EAEREE, 2K REIH
RAFptaett, £ HE 1800 h J5, PCE {5 Al ik £
SR 1) 92%.

2019 4F, Ji AR OET “ o AR AHE [ W FL 1 BT
S B ” (same-acceptor-strategy, SAS) T HE, K J52-CI(R
PBZ-Cl, K 9g)5FFEEA BTA 2R ICHSZAAR}
BTA3 VLY. & HIAEnomo /9 0.10 eV, AELumo N 0.28
eV, FTF J52-CUBTA3(w/w, 1: 1, ~100 nm)#$EE I
HEA RIGERR FIERE. P B A, JFae
RO RS TR FREMK, 13 Eos XN 0.52 eV, Ve
N 1.24V, J. N 13.2 mA/em?, FF 4 66.6%, PCE 7 10.5%,
151 Voo NALAEH L OSCs [ B FHHRAL T8 7. fEILEEA
b, RASAAMERE, Wit& /8T J52-F(E) PFBZ) A
J52-FS(B[ J60-F)"S)([E 91), F&T J52-F/BTA13(w/w, 1 : 1,
~100 nm)#&HFRIH TR GRTERE, Ve 9 1.18
V, Jie N 11.6 mA/em?, FF 4 61.3%, PCE A% 8.36%. i
—3GHh, AATTHA T PE31. PE32 Al PE4(E 9j)[65),
H5 J52-CLXFbb, WAL T 0 F IS A R 5 a0t
(195 %&. 5 PE31 MLk, PE32 437 BTA Hijp b &I
Mg, T 28, AT S T R A
J52-Cl1 4y BTA #.0 BRI EURE 8 T 1A FHEN
Koy FRERIMAHEAER 1, b T 0 73S, AR S
PUE FI AL RN 2 00— 8. AR B T He = A i
“27 FIAT RIS, PE4 431 DUFEMEN B G HE N ILEE
i, MHSTEHEEIONELR, 5 Y6 MR
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DU SE ) m-m HEAR TR PR DAL I 45 . T
PE4/Y6(w/w, 1 : 1.2, =100 nm, 0.5 wt% CN)Z:1F 1 Ve
N 0.84 V, Ji N 222 mA/em?, FF N 75.4%, PCE A
14.02%. ZHEREY], SFHIHES) TGS —Fa
RARAL AR A B 1) SR WS

2018 4F, BZamEEUCOHRT T A My TL 000 B X e fR 1
Refsem, K J51 b rfomEmy SRR BE & B vy #oc,
CLRCHE ATy 5 G b e S B B o e B, BT S T
PBDT-Se-TAZ £l PBDTS-Se-TAZ([Xl 9k). i J& 7 Allfifi JR
THIEMER, T T PBDTS-Se-TAZ H I [45 i .
T PBDTS-Se-TAZ/ITIC(w/w, 1 : 1, 110 nm, 0.3 wt%
DIO)ZR ) Voo N 0.84 V, Jo A 19.5 mA/em?, FF N
75.1%, PCE 4 12.31%. J51 1 PBDT-Se-TAZ 1) Z HI1E T
¥ BDT oo i e wy 3L 50 00 8% & e ol vy, BT
PBDT-Se-TAZ/ITIC # 4 #] PCE(10.07%) W% /& T % T
JS1/ITIC 281411 PCE(9.26%). # WITEi%44 & rh 5] Nfifiy
LHEMEE A R T P2 =BG R R RE, B0E 1 TR 5]
NIy B ITAE 375 1 7761600 |- f 1F T 25

2018 4F, PHAZBRERUIERT T b b A 7 2R A0 B
VAR B X AR RE I RE IR, AbAT TS BDT oo Bi)
0] B W Wy BRL T S N R BR BT, GBI AR AR PR B ) 7
HHE 2- 3O, Wit & T m-PBDTPS-FTAZ #
p-PBDTPS-FTAZ( on. kt i A A Az B AL M
m-PBDTPS-FTAZ R H AR 70 F R SR IR
BT, AU SIS R 43 1 45 S VAR R I B
. 3 m-PBDTPS-FTAZ/ITIC(w/w, 1 1, ~110
nm)#51F 1 Voo 4 0.95 V, Jie A 18.8 mA/em?, FF 4 73.9%,
PCE 7y 13.16%. BJ5, FHA=5&. €174 85508 G@ It 7E
BDT 570 ¥ 0 384 008 &5 W 0y 34, 4 5 5 ) A K o 11 e
Wy -2 Jf: —_ 1} (thienobenzodithiophene, TBDT) . 7C A
48 K6 O R 1) — IBE Wy 2K F — IE Y (dithieno[2,3-d: 2",3"-d"]-
benzo[1,2-b:4,5-b'ldithiophene, DTBDT)®#.71, Wil& ik
7 PBDT-BZ. PTBD-BZ #! PDTBDT-BZ(l 9m), #f5t
T TG e R R M. A LT PBDT-BZ A
PDTBDT-BZ ] “2.” “FI3THI%, PTBD-BZ 15+ F
MR EBTELE. Fik, L500MARNIES G2
1A %1 B (BDTB-Ph. BDTB-Na. TBDB-Ph. TBDB-Na)
TR R B E AP 25 e . AR o HEAN,
DL SE T [ B2 AR B R e 254, PCE HIETE 9.2%~12.5%.
T PTBD-BZ/TBDB-Na(w/w, 1 : 1)1 Vo ¥ 0.91
V, Ji N 19.6 mA/ecm?, FF A4 70.2%, PCE N 12.47%.

2018 4, A RN i & B T PBTICI-Bz,
PBT2CI*-Bz. PBT2CIS-Bz 11 PBT4CI-Bz([& 9n), it T
IEWy HLHEO B L S RAIAL A AN Eross IR, £3
a1 T C—Cl ZHB KB SE, Cl---S. Cl---n S5 dESL
MrEEAR LA DL R SE SR o HERUM ELAE D, REBURE
FIFocEs THR IREES. Fik, Frésrilsh
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R, ey AT RE E 4 &I IY &)U PBT4CI-Bz
T FAKI Enomo, 3&T PBT4CL-Bz/IT-4F(wiw, 1 © 1,
100 nm) #8441 Voe N 0.96 V, Jie N 16.4 mA/em?, FF N
58.7%, PCE } 9.25%, Eioss X4 0.54 €V.

2020 4F, ERA EATEGEEEO DU A RN EE HA
) BDF ool A% ksse, #&it& T PBDFP-Bz(K
90). PBDFP-Bz 5 ITIC. IT-M ¥ H B #F 5 AMEIR UL
e, DLECHIRESL. 35T PBDFP-BZ/IT-M(w/w, 1 1)%%
FFH) Ve N 1.02 V, Je N 18.3 mA/ecm?, FF A 69.4%, PCE
N 12.93%, H. Eioss XN 0.57 eV. ¥ p-PBDTPS-FTAZ 5
PBDFP-Bz X} tb & H, 51 N\ BDF B.oc A GE KR B G 1
B AE 15 3E T PBDFP-BZ/ITIC #3141 PCE(11.10%)
W% T35 T p-PBDTPS-FTAZ/ITIC #3141 PCE(10.86%),
XA —E R FRAZA R 5N BDF $ooh FT2
B EHREIR T RE, SRTIAR L2025l

2020 4F, 7RI ZESEEULE WA RE KA R A R
e R AL BRI A, R AP S A
(steric effect-induced miscibility, SEIM)Z%y ¥ i1 5%,
T8 3k 2 ) A7 FEL 2K RS T e S PRy v, P T RS
YRI5 Ve S 2R AR AR, BTH A T PBTZa
PBTZb(H 9p). EA LR ke MEE 1) PBTZb bt 2 A XL
Fra MBS PBTZa I H 5 T4 1Y) rEL s AR i A A
fRYERE. T PBTZL/TIC-ACI(w/w, 1 & 1.3)8M4H) Ve
N 087 V, Ji A 21.8mA/ecm% FF y 76.8%, PCE N
14.53%.

2020 4F, BR HESEEEIFA R T DZ1. DZ2 A
DZ3(Kl 9q), #RbT 1 fe A FER LR E - SR 3L
XPGARYERE I RZ . XEUR 7 IR DZ2 R H Al
RIOGIRMERE, 3T DZ2/MelC(wiw, 1 & 1) B Voe N
0.88 V, Jic ¥ 17.1 mA/cm?, FF N 68.4%, PCE A 10.22%,
T ERE K DZI(PCE N 8.26%) 1 1Y & HUAR i1
DZ3(PCE N 5.97%).

NT BRI TS5 M SCEXTAEHE) ELumo
F Enomo IEZIA, FRATH LA_ERPRLI) 2T RE g B EAT X
b, Wi 10 Fros. AHOCLA AR R AL 2 57 K AH B (1)
A HUKBHBE A CF M REFR AR 3 3 o,

3.1.3 AR TRy 254K AR LAY AR AT A

2014 4F, BRZE DT DUSURAL I 2R = e ot
MimEwy o FEBEFu, WilA K T PFBTA-3T Hl
PFBTA-4T(Kl 11a). R T fEmin i, H =M% L1
B BE N 1-(2- 27 O 3E)-3- 2 FE 3L, 1 5 BTA oA
AR ANERY BT M B A ke 2- 2 O, A
T PFBTA-3T/PCeiBM(w/w, 1 : 1.5, 100 nm, 1.2 vol%
DBE)# 1 Voe N 0.81 V, Jie A 6.73 mA/cm?, FF Ky
55.0%, PCE 4 3.00%; 3&F PFBTA-4T/PCsiBM(w/w, 1 :
1.5, 100 nm, 1.2 vol% DBE)#H 41 Vo N 0.74 V, Jo N
5.46 mA/cm?, FF 2} 62.1%, PCE N 2.51%.
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Figure 9 Donor materials based on the BDT or its derivatives with conjugated side-chains
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Table 3 The electrochemical properties of donor materials based on the BDT or its derivatives with conjugated side-chains and the photovoltaic charac-

teristics of the corresponding solar cells

Optical and electrochemical property

Photovoltaic characteristics of corresponding OSCs device

ech
Donor E, eV HOMO/eV ~ LUMO/eV E‘ZV/ Acceplor TV mAJC/m o FE% PCEM Ref.
PBDTT-LBTz 1.94 —5.41 —347 1.94 PC; BM 0.67 4.5 42.0 1.25 3]
PBDTT-YBTz 1.90 —5.48 —3.58 1.90 PC; BM 0.74 10.3 43.0 3.20 3]
PBDTTDTBTz 1.82 —4.92 —3.01 1.91 PC; BM 0.54 9.5 60.6 3.10 (66]
PDTBDT-FBTz 2.02 —547 —3.25 2.22 PC; BM 0.95 9.3 62.7 5.55 (671
PBTA-BO ~1.92 —5.39 —2.80 2.59 N2200 0.87 11.0 75.8 7.05 (681
PBTA-Si 1.93 —5.32 —2.93 2.39 N2200 0.92 13.8 73.1 8.31 (701
PTAZ-TPDO00 1.94 —5.23 —3.24 1.99 PNDI-T00 0.87 11.3 68.0 6.60 (721
L24 1.95 —5.42 —347 1.95 IT-4F 0.50 7.4 36.3 1.33 (73]
L68 1.95 —5.51 —3.56 1.95 IT-4F 0.76 19.5 63.2 9.30 (73]
L810 1.99 —5.56 —3.57 1.99 IT-4F 0.79 20.8 73.5 12.10 (73]
L2 1.86 —5.50 —3.39 2.11 TTPT-T-4F 0.86 222 73.6 14.00 (4
J52-F 1.94 —5.36 —3.42 1.94 BTA13 1.18 11.6 61.3 8.36 (73]
J52-FS 1.93 —5.32 —3.39 1.93 BTA13 1.24 6.74 46.0 3.84 (73]
PE31 1.89 —5.24 —3.35 1.89 Y6 0.80 20.5 46.9 7.62 631
PE32 1.92 —5.20 —3.28 1.92 Y6 0.75 18.4 53.0 7.31 (6]
PE4 1.93 —5.42 —3.49 1.93 Y6 0.84 222 75.4 14.02 (631
PBDT-Se-TAZ 1.92 —5.23 —3.43 1.80 ITIC 0.81 18.6 66.7 10.07 (761
PBDTS-Se-TAZ 1.90 —5.29 —3.52 1.77 ITIC 0.84 19.5 75.1 12.31 (761
m-PBDTPS-FTAZ 2.00 —5.40 —3.40 2.00 ITIC 0.95 18.8 73.9 13.16 7
p-PBDTPS-FTAZ 1.96 —5.32 —3.36 1.96 ITIC 0.89 18.1 67.4 10.86 n
PBDT-BZ 1.92 —5.38 —3.56 1.82 BDTB-Ph 0.92 17.6 65.2 10.59 (78]
PTBD-BZ 1.90 —5.40 —3.59 1.81 TBDB-Na 0.91 19.6 70.2 12.47 (78]
PDTBDT-BZ 1.91 —5.32 —3.51 1.81 BDTB-Ph 0.88 133 55.3 6.50 (78]
PBTICI-Bz 1.93 —5.39 —3.57 1.82 IT-4F 0.71 16.9 63.5 7.60 (791
PBT2CI*-Bz 1.97 —5.48 —3.56 1.92 IT-4F 0.79 134 41.8 4.43 (791
PBT2CI*-Bz 1.96 —5.47 —3.58 1.89 IT-4F 0.77 15.6 65.2 7.80 1791
PBT4CI-Bz 2.01 —5.64 —3.57 2.07 IT-4F 0.96 16.4 58.7 9.25 (791
ITIC 0.97 17.8 64.2 11.10 (80]
PBDFP-Bz 1.91 5.46 3.41 2.04 IT-M 102 183 69.4 12.93 201
PBTZa 1.93 —5.12 —3.14 1.98 ITIC-4C1 0.84 13.7 73.6 8.50 81
PBTZb 1.93 —5.20 —3.23 1.97 ITIC-4C1 0.87 21.8 76.8 14.53 81
DZ1 1.84 —5.26 —3.05 2.21 MelC 0.81 15.2 66.7 8.26 (82]
DZz2 1.92 —5.32 —3.13 2.19 MelC 0.88 17.1 68.4 10.22 (82]
DZ3 1.97 —5.40 —3.17 2.23 MelC 1.00 10.3 60.9 5.97 (82]
“ Optical bandgap calculated from the absorption edge (onset) of the polymer films: E ™= 1240//cqq. * Electrochemical bandgap obtained from: E,*=Ejymo—
Evnowmo-
3
2 ~ 7 B
A HEH: N:B:R:H:F:M:0:0.0:H:8:
z EA"H MEiEB:EH "H:E H:H:0:H:H:H:H B :
g 8 8 E g KB g a2 EHEHE S B
5 -5 - L5 o o 3 o
6 -

B 10 ETIHUMEERCK BDT ST sCHAT RV SR 45 AR B REZUR R

Figure 10 Energy level diagram of donor materials based on the BDT or its derivatives with conjugated side-chains

2014 47, B SESIETRA R T 8 A TS EEY BT
(1) PAT2-FTAZ(K 11b). fEiZE AV, 5 BTA #o0H
BT A EER B TAMI B A I HAREE y 2-F R+ ke
B, S EE Yy BT R, AT R E AR
PT2-FTAZ, AL NS PRT2-FTAZ (Wi 4145,
ST RERAR. 3T PAT2-FTAZ/PC7iBM(wiw, 1: 1.2,
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250 nm, 2.5 wt% DIO)#FMH] Vo N 0.82 V, J N 13.6
mA/cm?, FF N 71.0%, PCE 4 7.80%. 7£ PffT2-FTAZ K
Fefith b, ABATE BTA SRoTii ey b be 8% 2 4
BARM 2-28 DUk, Wit & T PT2-FTAZ-
2DT(& 11c)®. J:T PT2-FTAZ-2DT/IEIC(w/w, 1 :
1.5, 80 nm) &1 1) Voo B RARTHZ 1.00 V, {HERAF1ERE
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F F R

FTB#A%, PCE P E 7.20%.

B2, BB IR 5] N 8, PRI R
SRR SO AR R e, WA T
PTFB-PCHH A7 XU ELAR) A PTFB-O(ZB A7 X FR AR ) (1]
11d). M\ FHR LA, BT F--SEM{EMH, PTFB-O L
(R AN Ry SR B [ [, 1 PTFB-P - f 5 /N I8y PR EY
) S0, 32T S T A AR Ry B G b e A R E ), B
PTFB-O LMk ist 2 “)\” =845, 1 PTFB-P L)
P gk 2 OPATHES. X P HESIE/S PTFB-P 5T 23
WA ERMES, B EEEIms a5,
BB A7 B AN, Wsgm T 45 2R R 3,
HT PTFB-P 5 ITIC LRI A RE R R = 46 i i, TRk
RUFMTES, #PEREEMR T 2T PTFB-P/PC/BM #3
rERe s, 52 M, #&F PTFB-O/ITIC # 4K
PCE(10.13%) % T 3 T PTFB-O/PC;BM 2% 14 (6.53%).
Ht—5Hh, #T PTFB-O/ITIC-Th(w/w, 1 : 1.5, 100 nm)
BAEI Voo N 0.92 V, J A 17.1 mA/em?, FF N 67.0%,
PCE 1% 10.88%.

7E PTFB-P [12EA I, Biyar S SOn XU AR (1 2R 30
BN S-%-KIFME MR on, Wil ST
PIBTAZ, X4 BTA HICHMImEyy b b ket i % -
S-FR I R R Ey I, AR T PIBTAZS(K 1le),
TR FT T 2 Ak 2R Hp e S AR AL A6 e R M RE I R2 ).

CoHs CoHs CoHs CoHs
CaHg C4Ho C4Ho CaHo CaHy
a N N \
s s s _s_ _S
Yavir OO,

b N
NN R
\
s s s N
\ / A/ I
FoF F
CgHiz  CgHiz
Ciof CioH

THEMI TN TR RN R .
AR R ECMIE. M2 R, PIBTAZ B A Hia T
P 2B 4R, S5 RAERE, M T K
RSFE R 4ERIES, R 53T $06 2 a6k
O-IDTBR FJFEVR BRI BRI &, FEEF
PERE N P%, PCE N 7.70%, TMi%ET PBTAZS/O-IDTBR
(wiw, 12 1.5)28EI) Voe N 0.98 V, Ji. A 16.4 mA/cm?, FF
N 62.0%, PCE N 10.40%. 3T [HFEM & B, 7
PTFB-P )5 T 25 R (2t b, BT 4 SO BTA $o0M
ey b 1y e BB 72 B B T X5 A IA 1 79 ) g
Wy b, #itA T PTFB-PS(A 11f), ¥ 5 PTFB-P %f
EL #1521 T 5 T id 14k R (PIBTAZ/PIBTAZS) M BA ) 2%
B WHRX T %A R IR EWSIRMEL, 2l L
T BTA HoTHMEy L, i REMER G RAER
£, RWBeFEFE 1) 2 HEREN TR AW T I REAT
NAERE MW, B T SRR R R

fE PIBTAZS EEA b, #4 5-5- 8 IF e e s oo H
P SLHi ) BDT oo HU, SR EE & T
PvBDTTAZ(K 11g). 2T PvBDTTAZ/O-IDTBR(w/w,
12 158451 Voo N 1.08 V, Joo N 163 mA/em? FF Ay
63.6%, PCE  11.60%, H. Eios 1X N 0.55V, WETRF
AIE E] 90%.

CaHy < CgHy

s s s S. SO\
/ST, WA

CoHs  CoHs CHs  CoHs CgHiz  CaHyy CizMas CizHas
4Ho 4Ho 4Ho 10H21 10H21 CioHa1 CioHzq CioHzr CioMzs
PFBTA-3T PFBTA-4T PffT2-FTAZ PT2-FTAZ PffT2-FTAZ-2DT
R Cay CaHy . CaHy CaHy
N N N, 8. N N
", F N\ /N N\ /N N\ /N N\ /N N\ /N
s O s s O s s O s s O S s s s s s s s s
\ / \ 7/ \ / \ /T, \ / WA /T, \/\/\/\/,, \/\/\/\/,7
F F F FF F F FF F F F F
CizHas CiaHas CizHzs CioHas CizHas CiaHas CizHas  CiaHas
CioHa1 CioHa1 CioHzs CioHa1 CioHas CioHas [ CioHzs
PTFB-P PTFB-O PfBTAZ PfBTAZS
f Catty g Cattr h e

N N
NTON F NN s
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Figure 11 Donor materials based on the thiophene units

Acta Chim. Sinica 2021, 79, 820—852

© 2021 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

N

NTON
o/
s s s
\ 7 WA
s F F s S In
\ 4
S Z
[ g P-diF2T  CypHps™ “CioHyy CioHzi” CizHas P-TT CioHzs™ “CioHay
C6H13 CeHis
CgHi7 CgH17
NN F NN F
\ W
s s s
\_/ /NN s VI, T\ /NN s T,
F F 0O F o F F [o} F o
0
PBTZ-CAT Cani &CaHn PBTZ-4TC &Can Cani
CeHiz CeHiz CeHis CeHis

http://sioc-journal.cn 835



oF ¥ R

2018 4F, BKIEGEZESSIZE BTA HG (I ft ey BT
RN SRR EE, WA R T A DY AN ME Gy B G 1)
P-diF2T, 5K & BTA HIoHImAEEY 08
Wl FEEYy oG, AT P-TT(E 11h). P-diF2T 5
ITIC-Th 1L MR I BB 47 RS, By L1l
(ue/pn=1.2)M = TOE B 1y =72 X 107* cm?V les ) Hll
IR R (1e=6.0X 107 cm?V'es™). T P-diF2T/
ITIC-Th(w/w, 1 : 1.2, 105 nm, 0.3 vol% DIO)Z$ {41 Ve
N 091 V, J A 15.0 mA/em? FF & 74.1%, PCE A
10.08%.

2018 4F, I B SFEME IR IEEDy . FFREME TG 7 0l 5
AN+ X8, Wit& 7 B A YA By 3ot
PTT-FBTz 1 PTTz-FBTz(® 11i). 5 PTT-FBTz Htt,
PTTz-FBTz R BAKRH ELumo M1 Enomo, PAKTER F
5> FHES. 3T PTTz-FBTZ/PCiBM(w/w, 1 © 1.5, 100
nm, 3.0 wt% DIO)Z M Ve N 088 V, Jie N 11.3
mA/cm?, FF N 69.9%, PCE 4 7.03%.

2019 4E, B SCHE. #EIEPNS & i T HA 7NN 8E
Wy 57T ) PBTZ-CAT A1 PBTZ-4TC( 11j), 454t 1 Bgdk
(1) DX SR B M0 AR MERE (R B2 M. PBTZ-CAT R B
BT TSR, FEAEFARK RS, HS
() &5 ah FE DL S B 0F RS 1 JZ R 3. B2 T PBTZ-C4T/
O-IDTBR(w/w, 1 : 1,0.75 wt% DIO) £ Ve 1 0.84 V,
Jse N 16.6 mA/cm?, FF 4 66.7%, PCE N 9.34%.

2020 4, PR OCHE . B FLEEPTR AR T
PBTz4T2C-a 1 PBTz4T2C-b(E 11k), R 5FH4 %50 %t
YR e PN KA b A I B ORI B d =B~ S =R Eicd i I O VAR W ]

AP ELER I AR 7R, 3807 Ha itz
5, PBTz4T2C-b &5 ik o, A Bid K, &I 33
HIRERER T %, 2T PBTz4T2C-a/IT2F(w/w, 1 :
1.5) 8845 () Vo N 0.87 V, Jie N 17.8 mA/em?, FF N 71.5%,
PCE A 11.02%.

R TR E AR I T SR S X AR ELumo
A Evomo I52ME, FRATTRE LA_EA B 437 BE 2 AT T
be, @l 12 s, AL AR H A S T R AR R (1)
A WL BH B FIBES (- 1 e TR bR 403K 4 s,
3.14 A FHw £ A AIKE TS SRR

2010 4, PR ZE i %5 P2 DL 7 (fluorene) « I M
(carbazole). I N IT, WitG A T PF-DTBTA.
PCz-DTBTA F1 PPh-DTBTA(K] 13a). M\ PF-DTBTA.
PCz-DTBTA #| PPh-DTBTA,  Erumo M1 Enomo iZHTHz
L B AN AR A, Hd PCz-DTBTA HIYGARPERE B
Rt F. 3T PCz-DTBTA/PCoiBM(w/w, 1 : 2, 80 nm)#}
PR Vo N 0.90 V, Joo N 4.7 mA/em?, FF A 65.3%, PCE
N 2.75%.

2011 4F, Zeok i SE03ILL B AT s g e 1 P 1) e I
T IBEW} (dithienosilole, DTS) AZ A TN, Fit &k T
PDTS-BTA #1 PDTS-DTBTA( & 13b). #H t& T
PDTS-BTA, HAWEW 40 & # 1) PDTS-DTBTA 4315
&Pk, B3R pevE e, W HaRmmk
Wk . RERHR. B iEgr. BT
PDTS-DTBTA/PC7 BM(w/w, 1 : 1, 80 nm)2efE() Vo N
0.63 V, Jie N 9.5 mA/cm?, FF N 63.3%, PCE 9 3.80%.

R4 FETUENY G IR B TR SR A8 (AR R R A 2 R R KA LS B 8 H vl 2 (R e Fi A

Table 4 The electrochemical properties of donor materials based on the thiophene units and the photovoltaic characteristics of the corresponding solar

cells

Optical and electrochemical property

Photovoltaic characteristics of corresponding OSCs device

ech

Donor E™9v  HOMORV — LUMORV 207 Acceptor ViV ST L L

e (mAescm )
PFBTA-3T 1.85 —5.48 —3.65 1.83 PCaBM 081 6.73 55.0 3.00 7]
PFBTA-4T 1.82 —530 —3.90 140 PC4BM 074 5.46 62.1 2.51 )
PT2-FTAZ 1.94 —530 —336 1.94 PC,BM  0.73 5.3 55.0 2.10 (53
PHfT2-FTAZ 1.88 —5.43 —3.55 1.88 PC,BM 082 13.6 710 7.80 (53
PFT2-FTAZ-2DT 191 —528 —337 191 IEIC 1.00 12.2 59.0 7.20 (34
PC,BM 083 13.1 59.0 6.53 fs5
PTFB-O 2.00 —536 —336 2.00 ITIC 0.92 15.5 700 1013 0
ITIC-Th  0.92 17.1 670 1088 0
PC,BM 081 12.9 72.0 7.59 fs5
PTFB-P 197 530 333 197 ITIC 0.92 12.8 65.0 7.85 1851
PfBTAZ 1.65 N/A N/A NA  OIDTBR  1.00 117 64.0 7.70 s
PIBTAZS 1.65 N/A N/A N/A  OJIDTBR 098 16.4 620 1040 b
PVBDTTAZ 2.05 —547 —342 205  OIDTBR 108 16.3 636 1160 7
P-diF2T 1.83 —5.41 —3.00 241 ITIC-Th 091 15.0 74.1 10.08 0
P-TT 1.85 —535 —2.93 242 ITIC-Th  0.83 13.0 673 7.23 38
PTT-FBTz 1.91 —529 —338 1.91 PC,BM 085 7.4 419 2.63 (59
PTTz-FBTz 1.84 —538 —3.55 1.83 PC,BM 0388 113 69.9 7.03 (59
PBTZ-CAT 1.90 —5.52 —3.65 187 ITIC-ThI 084 16.6 66.7 9.34 (o0
PBTZ-4TC 1.91 —5.56 —3.68 188 ITIC-Thl 0588 157 62.6 8.72 to0
PBTZ4T2C-a 1.89 —5.49 —3.60 1.89 IT2F 0.87 17.8 715 1102 OO
PBTZ4T2C-b 1.83 —5.40 —3.57 1.83 IT2F 0.77 12.9 64.4 6.41 (o1

“ Optical bandgap calculated from the absorption edge (onset) of the polymer films: E°P'=1240/2cqg.

Enomo-

836  http://sioc-journal.cn

b Electrochemical bandgap obtained from: E=Erymo—
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Figure 12 Energy level diagram of donor materials based on the thiophene units

2013 4F, K 7 P RL 5l 08 4 g S
(indacenodithiophene, IDT) N 451K ¥ oc, Wit &M T
PIDT-FBTA(K] 13c¢). #&T PIDT-FBTA/PC7iBM(w/w, 1 :
3,5 wt% CN)EF ] Voe 9 0.92 V, Jie N 9.6 mA/cm?, FF
N 55.0%, PCE A 4.90%.

2018 4, b2 am A5 O 4 il DLOWE AR JE OmE wy
(5H-Dithieno[3,2-b:2",3"-d]pyran, DTP). W& JF —HEW;
(5H-dithieno[3,2-b:2",3"-d]thiopyran, DTTP) A4 14 5.,
W it& W T PDTP-FBTA A1 PDTTP-FBTA(/K 13d). TiAH
tt 3 DTP .5, DTTP oIt d ¥R 1558, 21
BRSPS R 5, Rt PDTTP-FBTA HA R
(1) Enomo~ 5 =y B JR WS WSC 22 45 DA B B e () 45 k. ik
F PDTTP-FBTA/IT-M(w/w, 1 : 1,0.5 vol% DIO, 100 nm)
SAEAER] Voo N 0.81 V, Jie N 17.2 mA/em?, FF A
75.3%, PCE N 10.51%; ¥ 173524k meta-TrBRCNy
YRR EE = 20 55 % B B A M S8 4 i IR WA i 7 S, B T
PBTA-Si/PTzBI-Si/N2200(w/w, 1 : 0.2 : 1,0.5 vol% DIO,
150 nm) ) = T2 Ve 4 0.83 V, Ji N 18.2 mA/cm?,
FF N 76.5%, PCE &7+ % 11.57%.

2018 4, L VEAR RESELTV5p 3l DAIA IR EE ) 27 W
(spiro[cyclopenta[ 1,2-b:5,4-b"dithiophene-4,9'-fluorene],

STF). DTS A%k HTt, &it& s 1 PSTF M PDTS(E]
13¢). AHLLT PDTS, PSTF I H 55 1) n-m HERAH BAE
H, Exomo W & F#{%. PSTF. PDTS 5 PCe;BM VGHC 2544
] PCE(3.66%-~ 2.18%)#1 % m T 5 ITIC VLEC#1FH
PCE(2.42%. 0.99%). %:T PSTF/PCe;BM(w/w, 1 : 1, 70
nm) 24 Voo N 0.77 V, Joo N 8.9 mA/em?, FF K 54.0%,
PCE 4 3.66%.

2019 4, JH ZZHESFUSIDL 5108 A IE T IF gy
(indacenodithieno[3,2-b]thiophene, IDTT) AZ5 1A BT, #
it & W T PIDTT-DTfBTA( & 13f). 3 T PIDTT-
DTHBTA/Y6(w/w, 1.5 : 1, 120 nm)#$/EH Vo N 0.74 V,
Jio N 227 mA/em?, FF A 65.7%, PCE A 11.05%.

2019 4F, 3K, IRANFEDIDL TR OR 40 B
(dicyanodistyrylbenzene, DCN) W45 K H o0, (7% DCN
G bR R LR & T &, Wit & T PT-68
A1 PT-810(F 13g). 51 N\ DCN Hoff =Fp 4>+ BA K|
PERILRE D TB 28, HMEEA R/ OB R, m
Iy TR PT-810-H 5 ITIC f 35k 78 I (1) 2 S A AR
Iy BRI, FEF PT-810-H/ATIC(w/w, 2 1, 100 nm)
PEUEI Voo N 1.04 V, Joo N 12.3 mA/em? FF K 55.0%,
PCE 4 7.03%.

a
Ciatas Crahzs Ciahas P Cile o Calo  Cablo Cayr
A P ;
CgHy7_CeHy7 NCON 4 NN o} NCON CHs g CaHs CHs 5  CoHs NN
OO : GO0~ O (M (M )
\_/ /T, \_/ \ /T, \_/ WA s s —( 1 s s~ \/ /T,
N, N
PF-DTBTA PCz-DTBTA PPh-DTBTA PDTS-BTA CeHyr PDTS-DTBTA

PDTS

B 13 T MR R ITTH SU4 A R

Figure 13 Donor materials based on other types of donor units
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oF ¥ R

N T BRIy 5 S5 A R SRS ARHE) ELumo
A Enomo IIFEMH, AR LB 731 B Bl HEAT XS
P, WP 14 PR, ARSRE VRRARHIR) rE AL 22 5T S AR IS
AHUKFHBE FL it s PHE REFR PR N3R5 P,

-3 -
3 e |5

= < N E B3 < |«

1 HEHEH: B L HE

2 JEEH:HEH:H:E :H: B : E
> : H s & 2 & E B4 K
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w
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Figure 14 Energy level diagram of donor materials based on other types
of donor units

3.5 A TR = RebAT A A0 GG AR A

BT R IF = UM AT AR WA B 45 AR A RL 32 O B
KU AW R R DL E = ome Jf 2R I = A Mk
([1,2,5]thiadiazolo[3,4-f]benzotriazole, TZBTTT). %% _3f
=% (naphtho[1,2-c:5,6-c]bis-[1,2,3]triazole, TZNT). F
W % (imide) B & 1 2K I = & M (pyrrolo[3,4-1]-
benzotriazole-5,7-dione, TzBI) N2 AR BTG HI AR S W).

2012 4F, B K CAE 00Dl om0 gF = e
([1,2,5]thiadiazolo[3,4-f]benzotriazole, TZBTTT) AN 57 {&
5, LLZj(fluorene). MiME(carbazole) N4 A BTE, Wit
AT PF-TZBTTT. PCZ-TZBTTT(® 15a), M1kl
IR BB AR (~1.30 eV). # T PCZ-TZBTTT/
PCBM(w/w, 1 © 4, ~75 nm)#1F 1] Voe N 0.70 V, Joe N
8.5 mA/cm?, FF N 41.0%, PCE N 3.17%.

2013 4, ¥ K. MAAZEIOULL TZBTTT NAZ IR HIG,
PLLHE M EE AR Y BDT gk son, wit&m 1 Pl
x5

P2 F1 P3(I& 15b), E% 7 A TBEY nt i LA e B U
BEWY AT G R PERE I REI . =R RIS R H A 75 1)
RGN 096, 1.00 1.10 eV), HWiiil 7okl
2o, Hb P1 RIS A S 1065 nm. i HARAEH
Eromo(73 9N —4.16. —4.04. —4.03 eV)LL }2 5 PCsBM
)LV R 2 (A 73 BIRAS, WIS 5 T = FA R )
P REM R (PCE 4314 0.10%- 0.40%- 0.25%).

2013 4F, 3 K AENIPLZE  JF = % M (Naphtho-
[1,2-¢:5,6-c]bis-[1,2,3]triazole, TZNT) A2/, Bt
P EE ke, BtkE R PL. P2 AT P3(E 15c¢).
TZNT H6A] LIRS F & W BTA e, ML BTA
LTV /3 =TI s 0 R Y (1S 10N G O o ) | R e N B % £ 2
B LM EE A7 . Rk, P15 B ¥ BTA ST J50( 5
Tayf bk, H Eromo M1 Enomo A FT FF%, HATBRAR%RE. X
=R AR, P2 5 PCoBM 1L IR MR A S 4 1)
3R, HAE7GEBEA X107 cm?eV s YL P1(3X 1073
em2eVles ™)l P3(5X 1076 cm2eVles i I — MR
RT P2/PCiBM(w/w, 1 : 2, 80~90 nm) 1] 2 LFH] Ve
0.92V, J. N 11.7 mA/em?, FF 4 65.0%, PCE N 7.11%.

2015 4F, 38 K. Wi EFEUSIDLEERE Jf BV (DTS) N
PRI, PL TZNT AR IT, wit& a1 P1.P2(El
15d), H ESP(~1.80 eV)MLL T RIIAR =FfE T TZNT
A1 BDT HIGIHIEAEME(~1.90 eV, [E 8a)I] T FF%, iX
525 DTS AR ITH TZNT 524K BT 2 8] 56 35 1) 5
T WA HIACT) . T PI/PCaBM(wiw, 112,
90 nm, 2.0 vol% DIO)EEFI1) Vee N 0.83 V, Jc N 5.5
mA/cm?, FF A 56.1%, PCE ~ 2.58%.

2019 4, @onZENMILL TZNT NZAREIT, Witd
&% 7 PBDTS-TZNT F1 PBDTSF-TZNT(K 15¢), J5#& )
BDT 4514 50 I e Wy JL 9 0 4 b o gl AR, 26T

BT HE AU AR A B IC R ST 25 AT FAL SR B 2 PR A ALK BH BE Lt s A1 1 RE F A

Table 5 The electrochemical properties of donor materials based on other types of donor units and the photovoltaic characteristics of the corresponding

solar cells

Optical and electrochemical property

Photovoltaic characteristics of corresponding OSCs device

D cch 3 Ref.
onor EMeV  HOMORV — LUMOGY 20 Acceptor ViV SRR, peEme RC
eV (mAecm )
PF-DTBTA 2.24 —5.67 —3.43 2.24 PCsBM 1.00 2.6 51.5 1.30 v21
PCz-DTBTA 2.18 —5.54 —3.36 2.18 PCsBM 0.90 4.7 65.3 2.75 921
PPh-DTBTA 1.87 —5.20 —3.33 1.87 PCq BM 0.55 4.5 56.1 1.39 w2
PDTS-BTA 1.81 —5.09 —2.76 2.33 PC; BM 0.71 5.7 40.8 1.64 3]
PDTS-DTBTA 1.78 —5.05 —2.81 2.24 PC;1BM 0.63 9.5 63.3 3.80 193]
PIDT-FBTA 2.02 —5.45 —2.91 2.54 PC; BM 0.92 9.6 55.0 4.90 3]
PDTP-FBTA 1.78 —5.21 —3.28 1.93 IT-M 0.76 16.2 68.1 8.38 1961
PDTTP-FBTA 1.85 —5.30 —3.33 1.97 IT-M 0.81 17.2 75.3 10.51 196]
_ _ PC¢BM 0.77 8.9 54.0 3.66 vl
PSTF 1.83 5.39 3.26 2.13 ITIC 081 38 340 242 197]
_ _ PCsBM 0.56 9.1 43.0 2.18 o7
PDTS 1.84 5.16 3.16 2.00 ITIC 0.69 53 270 0.99 197]
PIDTT-DT{fBTA 2.02 —5.25 —3.63 1.62 Y6 0.74 22.7 65.7 11.05 18]
PT-68 1.76 —5.48 —3.76 1.72 ITIC 1.02 11.5 46.1 5.39 99
PT-810-H 1.76 —5.51 —3.78 1.73 ITIC 1.04 12.3 55.0 7.03 99
PT-810-L 1.76 —5.51 —3.78 1.73 ITIC 1.04 10.3 55.9 5.99 1991
@ Optical bandgap calculated from the absorption edge (onset) of the polymer films: E,'=1240/)cqge. ® Electrochemical bandgap obtained from: E,*°=Eiumo—
Enomo-
838  http://sioc-journal.cn © 2021 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences Acta Chim. Sinica 2021, 79, 820—852



F F R

e
SR

i

PBDTSF-TZNT/ITIC(w/w, 1 : 1, 100 nm, 0.2 vol% DIO)
B Voo N 0.98 V, Jio A 17.6 mA/ecm?, FF K 70.6%,
PCE 4 12.16%. UL IT-4F %24k, PCE nliff — Pt m =
13.25%, HIET PBDTSE-TZNT/IT-AF 14 R K& 2 st
) PCE Ali& £ 14.52%.

2016 4F, 3 KN EEZEN A i T B % (imide)
A 12K FF = &M (pyrrolo[3,4-f]benzotriazole-5,7-dione,
TzBI), LA TzBI Nk H$0, wita T PTZBIBDT(R!
PTzBI, 156). 51 NI i 45 ¥4 ] DA TR i B L 50 75
FI1 ELumo A1 Enomo!'%®), B AT TESRR T B 5 N 35k it
— BT R . 2R T PTZBIBDT/PCiBM(w/w,
121, 80 nm)#FI1 Voo N 0.87 V, Ji A 13.5 mA/em?, FF
N 74.0%, PCE N 8.63%.

1E PTZBI [F2&Ah E, i 10°72L DTBDT A45 A
JG, HAEMEM SLHIMEE B Aol Nk, Wit & T
PTzBI-DT(/¥ 15g). #ittF PTzBI, PTzBI-DT [f)4>+ 3
BE B I LTI 2, ELumo 1 Enomo 32 R F# 0.05 eV, #2
& T 5T PTzZBI-DT/ATIC(w/w, 1 : 1, 95 nm)#e {1
Voe(0.87 V £ 0.91 V), SR1MTHAE 420~660 nm i [ 4 1]
WS FE B R B, SN R TR TR, H4h,
FF A FTB#R(64.3% % 61.5%), HEMZ5E RN 1
PCE M1 1024% %K% 9.43%. M ERMNZ, T
PTzBVITIC #34t%, 7E3EPEZ NS N 300 nm K, PCE {75 1]
ik B 7.09%, T A AR xR 2- B2 DY Ak
(2-methyl-tetrahydrofuran, MeTHF) #l] #%& 0 %% F
PTzBI/N2200(w/w, 1 : 0.5, 103 nm)2$ 8] Vo N 0.86
V, Jie N 14.8 mA/cm?, FF A4 62.2%, PCE A 8.06%, X4k
SERR AT PTZBI B4 AM B R UF 1038 7).

X FHET PTZBI MR GG MR, 2w
T EE, PRE T AT 42 JEA 4 K BH A HL it A (1) R
AATTAE T8 Sl P P o ) % 5 4 ol e SR I B,
T PTzBI-O( 15h)10 ff OB ORI & 3R T
PTzBI-O/N2200(w/w, 1 : 0.5, 110 nm)2{4 1 Vo N 0.86
V, Je N 14.4 mA/em?, FF N 63.0%, PCE N 7.91%. ¥
BTA 253600845 B 4ok LG H 8 = RS e (HMTS) AR
i) O, Wit &R T PTZBI-Si( 151)%, wEEILINfE
T BE 42 & 7 HAE MeTHF F A MRETE, % T 5
N2200 FI3EVRE SR, 2T PTZBI-Si/N2200(w/w,
1:0.5, 140 nm)#&1F 1) Vo 4 0.87 V, Jie 7 15.8 mA/enm?,
FF N 73.8%, PCE N 10.05%, HFEHH K i 1 #GE ki
. JBE—DHh, 1@ PTZBI-Si 7 T &K
MACTEEE RS, T a0 T80 PTzBLISI 41k 5
N2200 3244 #) All-PSCs [¥] PCE #2728 11.5%. iXEEmf7
WK PTZBI-Si & — MR 7 IR A WA MR, 18
A RAYIRPHBE Fb A ) R 8 FH AT 5

7E PTZBI [ 56t I, #%. NAZI¥ BDT #t
(14 W& Wy A0 25 480 R XU AR (P R A LB %, 1860t
AT PTzBI-2FT(K 15j). #MitkT PTzBI, H Erumo M
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TIREL 040 eV, ArFRNIAHNAETE. T PTzBI-2FT/
ITIC-4F(w/w, 1 1, 100 nm)# 11 Voo N 0.88 V, Joe N
18.2 mA/cm?, FF A 72.6%, PCE N 11.80%; 3T
PTZzBI-2FT/ITIC-4F/N2200(w/w, 20 : 20 : 1, 100 nm)=
TCRSEI] Ve N 0.88 V, Jie N 19.8 mA/cm?, FF 4 74.5%,
PCE 4 13.00%. #t—3DHh, 2K, M. 425502
Wi TzBI oo b5 ke R B i i 7 144, i
A T P2F-EH(— MWk R 1, 2- & 2 &),
P2F-EHp(W MR R T+, 3-8 B 3E) fil P2F-EO( =AMk JR
T, 4-2FE 3 (B 15k), WFIT T e 3Bt iz Rk &0t
2. HEUUCRENENER S, AETRAYS
ZARSRBE IS, b P2F-EHp (GRS S N
S, 3T P2F-EHp/IT-2F(w/w, 1 : 1, ~100 nm)#$1}: 1)
Voe N 0.89 V, J. N 19.8 mA/ecm? FF N 68.5%, PCE A
12.11%. KTHF(1.00 cm?)# 4IRS T 12.25% 1A UE
M, HfoetERIF. 2T P2F-EHp/Y6(w/w, 11 1.2,
120 nm, 1.0 vol% DBE)Z&/F1BI Vo 1 0.81 V, Ji 1 26.7
mA/cm?, FF A 74.1%, PCE A 16.02%.

BTk &, AT SCRDT T EEERy B AL b < 2L
RIEXT AR PERE M S, k& BT PFT-EHp
PCT-EHp(F 15114, PFT-EHp. PCT-EHp. P2F-EHp ]
Evomo HHIE, 29°9—3.20 eV, Enomo WAHIT, Z1°8—5.40
eV. R ZMA R T BDT Hyc FILHiMEEX T 7R
s MRS S BE AR Yo
VLHC, /NEIFR(0.04 enm?®)#3F1) PCE 7354 14.16%-
15.06% 15.65%, T J& P& FR AR (1.0 em?) & £F 1
PCE {/5r] ik %] 13.42%A1 14.39%. it 0 PCsBM 1
RE = EEYEEESG, BTl & A 1116
cm? [{)3F P2F-EHp/PCeBM/Y6(w/w, 1:0.3 11, 100
nm) = JCAE ) Ve 4 0.83 'V, Jio N 26.9 mA/em?, FF N
67.7%, PCE N 15.13%.

SRR P, . MAGEISI WA T
PTzBI-pF il PTzBI-dF(& 15m), i} T i@ HOHBEY n
M BB AL s B R PERE IR, %R R, UL
AL XS FRIR S Wy . /0T R E A W3
G, HAR SR S B PTZBI #GH) PTzBI-dF
BATERNPFHAER > TR, BRI, B0 %
K (1.06 X 1072 cm>V'es)) b PTzBI-pF(2.14 X 1077
em?Voles ) AR, RERRLEERmW T H
B BEAYERE. 2T PTZBI-dF/Y6(w/w, 111, 0.3
vol% CN)ZSEH] Voe N 0.85 V, Ji N 26.3 mA/em?, FF Ky
75.5%, PCE N 16.8%.

HE R AN A R TR RH = E TR,
TR R. 2015 4, JUONAEMOIDLE R =%
M([1,2,3]triazolo[4,5-d]pyridazine). 2-FFE-MEIE I =%
I4(2-cyano-[1,2,3]triazolo[3,4-c]pyridine) - FI&- K I =
% (dicyano-benzotriazole) 7 M E N2 ARG, AT
PrzTAZ. PyCNTAZ F1 CNTAZ( 15n), 5 PBnDT-
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¥ F #H ik

FTAZ %ftt, H Erumos Enomo Al EPH 1) 2 [ #A. 3 mA/cm?, FF ) 62.0%, PCE 4 8.37%, H.104~527 nm ]
T PyCNTAZ/PCsiBM(wiw, 1 @ 2)%%4F 32 8 H 5 i 1 TEPEE RGN, PCE SRILH BRI I ARl i, 1)
A8, 2GRN 300 nm I, H V. 8 0.96 V, J A 14.1 AR HF 6.00% LA L.

CaHs CzHs
a CaHg C4Hs
N, N
CgHi7-_CgHi7 NN CgHy7-_CgHiz NN
SO OOt
) O, OO Ot
NN v
g N\S,N
PF-TZBTTT PCZ-TZBTTT

CoHs CoHs

CaHg

5 CiMo

\H PBDTS-TZNT \H PBDTSF-TZNT e c PTZBIBDT
H, H, PTzBI
S/CAHQ Cy4Hg SA:.HQ CaHo 4Hg 2Hs ( )
CgHia CeHiz
|
S
7oy

CzHs

CoHs CA”;/

h
CgHiz

PTBLSI PTzBI-2FT
C4He™ CoHs z8lst CaHg CaHo
CoHs._CaHg CHs-_CaHo CaHs CyHs._CyHg
, Y p

)
CeHiz

CaHg™ “CoHs PFT-EHp

CoHs_CaHo ot

Y

CgHy7 CoHa CaHg CeHia

p;
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CsHg™ "CeHis
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Figure 15 Donor materials based on the BTA derivatives
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2019 4F, BRXMEL F ZZEENTDIEEm A A 2R I =
B A ZAR BT, Sl X BDT 80 EANEEMEwy BTG B
AL BEAT SR AR, k& T PIBTAZT-H.
PBTAZT-F I PfBTAZT-CI(& 150). £ T “SAS” M
UVGHL () PEBTAZT-CI/BTA3(w/w, 1 © 1, 108 nm) 284 1] Voe
A1.20V, Je A 11.1 mA/cm?, FF 4 60.0%, PCE A 8.00%.

2019 4F, BRMEL & H LSS A K =
By 32 AR BT, JE R A Iy A = SRR R ),
VAR T P32 F1 P33(I 15p), RIS T 1 (i 3
SURTHRHOERIEREMRLI. P32 5 THIC LRI £
I HH B O B AN SRR Y, SRR, s HoF
(ue/pn=1.5) 172 UL 2 (1 =1.05X 1073 cm?+V les )l
BB R (e = 9.12 X 10* ecm?V s, 3 F
P32/IHIC(w/w, 1 % 1, 0.75 vol% DIO)#4i Ve N 0.77 V,

Jio N 17.4 mA/cm?, FF A 64.4%, PCE 4 8.59%.

T E LRI S R CCE X AEHE ELumo
F Evomo HIFZMR, FATTHE LA_EA R 20T RE 2k 3T X
b, Wi 16 B, AHOCLE A BHR) F Ak 27 5t S AH L)
A ML B I 2 PEBR TR AR 3R 6 B,
3.1.6 T RAAKRAAH

BT BTA HITH/N TR MR AR ST 7 A
XD, 2012 4F, 2k A SEIDL = 2K % (triphenylamine,
TPA) N4 K76, UL BTA NZ4AS T, Wit&a T
TPA-DTBTz-TPA(K 17a). HA =445 TPA Hoow]
DU T2 7 R AT BIE WO Tk . B2 7 G # 5 0120],
3T TPA-DTBTz-TPA/PCsoBM(w/w, 1 :2, 69 nm)#sft:
B Voo N 0.74 V, Ji. N 4.3 mA/em?, FF 4 29.0%, PCE iy
0.93%.

R 6 T IHIF RTINS AR A 2 BT R AH 2 A MK FH g H Tt 23 R E R R A

Table 6 The electrochemical properties of donor materials based on the BTA derivatives and the photovoltaic characteristics of the corresponding solar

cells
Optical and electrochemical property Photovoltaic characteristics of corresponding OSCs device
ech
Donor E, ™V HOMOV  LUMO/eV Ege v " Acceptor ViV ( mAJC/m o FEM% PCEM Ref.
PF-TZBTTT 1.33 —5.16 —3.83 1.33 PC; BM 0.65 6.9 44.0 2.56 (100]
PCZ-TZBTTT 1.35 —5.18 —3.83 1.35 PC;1BM 0.70 8.5 41.0 3.17 (100}
P1 0.96 —5.12 —4.16 0.96 PCsiBM 0.51 0.5 32.0 0.10 oy
P2 1.00 —5.04 —4.04 1.00 PCqBM 0.38 1.7 43.0 0.40 to
P3 1.10 —5.13 —4.03 1.10 PCsBM 0.62 0.9 32.0 0.25 (ot
P1 1.90 —5.21 —3.31 1.90 PC;1BM 0.88 7.4 51.0 3.35 (2]
P2 1.93 —523 —3.30 1.93 PC; BM 0.92 11.7 65.0 7.1 (02}
P3 1.90 —5.21 —3.31 1.90 PC; BM 0.84 3.6 49.0 1.50 (102}
P1 1.80 —5.15 —3.35 1.80 PCsiBM 0.83 5.5 56.1 2.58 (03]
P2 1.81 —4.95 —3.14 1.81 PCqBM 0.52 6.7 53.2 1.84 (203]
ITIC 0.94 16.9 65.7 10.45 (104]
PBDTS-TZNT 1.99 5.39 3.30 2.09 ITAF 0.88 18.7 68.9 1131 [104]
ITIC 0.98 17.6 70.6 12.16 (o4
PBDTSF-TZNT 1.97 5.45 3.41 2.04 ITAF 0.93 192 741 13.25 [104]
PC;1BM 0.87 13.5 74.0 8.63 (1051
PF{}%?ZIEBT 1.81 —534 —3.46 1.88 ITIC 0.87 18.3 64.3 10.24 (o7l
N2200ym ¢ 0.86 14.8 62.2 8.06 (108]
PTzBI-DT 1.81 —5.39 —3.51 1.88 ITIC 0.91 16.8 61.5 9.43 (o
PTzBI-O 1.75 —5.44 —3.44 2.00 N2200 0.86 14.4 63.0 7.91 (109
PTzBI-Si 1.78 —5.31 —3.10 221 N2200 0.87 15.8 73.8 10.05 1591
PTzBI-2FT 2.30 —5.38 —3.08 2.30 ITIC-4F 0.88 18.2 72.6 11.80 (i
P2F-EH 1.85 —5.36 —3.04 2.32 ITIC 0.98 12.4 50.5 6.13 (2
ITIC 1.02 13.0 54.8 7.28 (12
P2F-EHp 1.85 —5.38 —3.06 2.32 IT-2F 0.89 19.8 68.5 12.11 (2
Y6 0.81 26.7 74.1 16.02 (3
P2F-EO 1.85 —541 —3.08 233 ITIC 1.01 12.7 52.5 6.73 (12
PFT-EHp 1.80 —5.38 —3.24 2.14 Y6 0.78 25.3 71.1 14.16 (4
PCT-EHp 1.83 —5.46 —3.13 2.33 Y6 0.79 26.1 72.2 15.06 (4
PTzBI-pF 2.09 —5.67 —3.58 2.09 Y6 0.80 49 36.5 1.4 (sl
PTzBI-dF 1.72 —5.55 —3.83 1.72 Y6 0.85 26.3 75.5 16.8 (sl
PrzTAZ 1.93 —5.66 —3.73 1.93 PCsBM 0.96 8.3 59.7 4.75 (el
PyCNTAZ 1.84 —5.67 —3.83 1.84 PCsBM 0.96 14.1 62.0 8.37 (el
CNTAZ 1.77 —5.73 —3.96 1.77 PCsiBM 1.03 9.0 59.9 5.53 (e
PfBTAZT-H 1.82 —5.27 —3.45 1.82 BTA3 0.99 11.6 58.0 6.65 (7
P{BTAZT-F 1.79 —5.37 —3.58 1.79 BTA3 1.05 11.8 62.0 7.69 (7
PfBTAZT-C1 1.85 —5.44 —3.59 1.85 BTA3 1.20 11.1 60.0 8.00 (i
P32 1.68 —532 —3.64 1.68 IHIC 0.77 17.4 64.4 8.59 (8]
P33 1.79 —5.24 —3.46 1.78 THIC 0.77 15.2 56.6 6.63 (18]

@ Optical bandgap calculated from the absorption edge (onset) of the polymer films: E,=1240/)cqge. ® Electrochemical bandgap
Enomo- ¢ HM means N2200 used was with high molecular weights of 75.1 kg/mol.
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http://sioc-journal.cn

841



3
> ] =
(] = =
2 < s KB o

- = i3
< -4 o = I = M = B & & 2 = B z -
¢ |E M= = M - s H fH = H e - § i 1 E E
—'Em o B2 c M 2 M= K= 5 R w ~ I !N
3 18 B = 3 H s S s HF: HE S g E R : EH B 5 2 2
2 |5 M 3 2 N 2 S a I 5 I & ‘E-—qg
o & B E = = o N N = N N R E =
C5 [ = © o S o 5 = BN 2
w -0 — a [ o W O
-6 —

Bl 16 T35 =AM A MR SR bt B B gor i
Figure 16 Energy level diagram of donor materials based on the BTA derivatives
2014 47, BHAZsRAEM2IDIENy SLAE M B B R BDT 5| 8.52%.
BTG TD R T, L FBTA A3EHE o #F, Wit &k 7E HI1 F5EAE E, 2018 48, XA 2K Mi 2L b
7 D(CATBTZT)BDT( 17b). #F D(CATBTZT)BDT/ T 2 () DA R P e oy £ A BE gy /E 5 BDT ROt H4E
PCeiBM(w/w, 1 & 1, 100 nm) &4 1] Voe 4 0.93 V, Jic 4 6.0 5%, ¥ita T BDT(TVT-SR)( 17d), MELT HII,
mA/cm?, FF 4 64.0%, PCE 4 3.61%. HRWCL R R FEZ 74 nm, Enomo W& I A 1%(0.02
2016 4F, TE ] RYVREDMEARM BRI, 22K eV), TIUEH H AP E(3.07X107° cm?V st
229 A R T HILL AT HI2(E 17¢), HBDT #.5¢ E 6.21 X107 cm?V'es™). FEF BDT(TVT-SR),/IDIC(w/w,
Gy ENy LR BB b L. A EE T HI12, A 2D 20 DEER) Ve N 098 V, J N 159 mA/ecm?, FF N
FLHOA M) H11 RILHBGRRC R FRAKE Evomo 71.2%, PCE 4 11.10%.
VLA )5y THEE. 36T HI1/IDIC(w/w, 2 & 1) 834 2019 4F, RILHEPNEITHER T SM-0F. SM-2F
) Voe N 0.98 V, Jic ¥ 15.2 mA/cm?, FF A 65.5%, PCE A F1 SM-4F(E 17e), W70 s E X SR MR () &2 .
9.73%, A4 MITAN 1.00 cm? #34£#) PCE 15 ] % IR 7415 SM-2F Al SM-4F [#) Enomo W15 T F%,

D(CATBT2T)BDT
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Figure 17 Small molecule donor materials
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Hif SM-2F )25 7GEFS (3,52 X 1074 cm?eV les )& i
F SM-4F(2.35 X 10* cm2eV'es™!), EQE 1% =T SM-4F,
DAL S 28 2 I HH B = 1) Jge. 25T SM-2F/PC7iBM(w/w,
12 15845 Voe N 0.75 V, Joe N 11.0 mA/em? FF N
44.9%, PCE A 3.94%.

N T S EUL RISy S5 R R OB AR ELumo
F Evomo 12, FRATEE LA EAPEHE 4> T B S EEAT X
b, Wi 18 Frow. AHICLA PRA R HL Ak 22 P 07 B AH B 1Y
A HUKPHBE b 25 Refa bR 2k 7 s,

-3
> g
2 g 5 8
44 & o - 3
g ) 5 E3 E & b
_>'. b -4 = =
8 = S 5 w s
[} (=] o
[=4
w -5 —

-6 -

B 18 /Ny FRGEMEINRESR R

Figure 18 Energy level diagram of small molecule donor materials

32 ETFRHAZ=ZZTMEBETHZHMR

355 TR R A . & R R L T4
M B TR R LN, B W AT
AR PCsoBM. PC7BM), 7R IAWF 7 b s 1
OSCs K. SR H 1 2 sk S BR ) T 2841 Re 32 &
FISEBRRH: (1) A BOHMERE S AR S, (2)7r T Re AR ME
T (3) R REMHSIF A T RS AT OB X (UV-visible) 6
T (HRDTFE 0.3 eV RN AT A R B 5K
BN71; (5) T REMNAE R NS BULRE Y AT
E S

IEJUE, N TP OSCs Mk e, JEE ¥
14 57 4K ¥4 K} (non-fullerene acceptors, NFAs)fS %I T iz
k7T, BT HEE A2 A MEE1HE PCE L 240
HUAS R PR )33k e NFAs BAT DL AR A5 (1) & st 72

ARG T By () as BR AT, AT IR USRI AT AT A
X (visible-NIR) {156 T, #2 7 AKFHICHIFH 2, 3)%
TRe G, BB S muksh 1) R, FRKT 2%
PEREEAR, MITPT LARINAS 25 Voo B Ju; (4)73F-1H]
BRI men MEAUAH AR A DL B I T R
%[1%,125].

BT =AM i) AR, fER BRI S, R
T A-A BIBE5REE, F1U Gwinner ZE1261L 28I =%
M4 (BTA) A 2 J- 1€ — ¥ (benzothiadiazole, BT) 754+
B, BbE T REYZAEEL P1 I P2(E 19a), 54
RF R P3HT UCHEC 234 PCE N 0.31%. 1M B %5 AH S
FUHIRN, D-A JLHESRE I8 2 H itk se At 20K
W&, 40 A-D-A. A-n-D-n-A. A-DAD-A 2§ XLt g
FIAL SRS IR T 7 B KA =, SRR F I
R . RS DL AR AR RE. BN, A A
B 5> AL HER R, W] DURE RS 7 ) K 7 ) 0 5
RS> TN TR RO, T BTA HG 240 k)
RS R e e o oy vl o N [ 25 S 2 =R L S |
WER I BTA N e e R 51, LA K b AR Ry R i 2 1)
BTA AN Y R4, BiEENZHE, SRl TE
Evumo P11 Voo 4 £, A BN T2 2 st 1 57 Fth sk
NIRRT 5 R 9 S A TR 7S HA A e B R 1y
PCE, fFEN—Fhit: G i 05 I S AR BT £ 52 DR
3.2.1 BTA % 3|2 Rk4+#+

BTA #J51)/& 23T A-n-D-n-A(A-A-D-A-A) B %
THREE 2R 1. 2016 4, i 450270, BTA #.t
N o M, BLIDT N4k D s, LGSt
(2,4-thiazolidinedione, Rhodanine, R) AWK i “ A7 ¥t #
&R T E&HA BTA BouMAEE ¥ id B 214 o+
BTA1(/4l 19b). BTAl BHFHAMN 5 FEHHE. 7FHR
W m-n MEB AR R R I &, 7F 450~670 nm
JuE N BEA BRI R HHE Erovo A1 Enomo FHLEL
T PCeBM BIRFEH, AR THRABFEN Voe. T
P3HT/BTAl(w/w, 1: 0.6, 0.8 wt% CN, 120 nm)#sf
Voo N 1.02 V, J N 7.3 mA/em?, EF 2N 70.0%, PCE A
5.24%.

RT AN TIRE PR FAL SR TS AR LA LR 58 H b 88 2 1 RE TR b

Table 7 The electrochemical properties of small molecule donor materials and the photovoltaic characteristics of the corresponding solar cells

Optical and electrochemical property

Photovoltaic characteristics of corresponding OSCs device

ech
Donor E, "9V HOMO/V  LUMO/eV Eiv/ Acceplor VoV mAJC/m o FEM% PCEM Ref.
TPA-DTBTZTPA 2.00 —5.08 —3.02 206  PCuwBM 074 43 29.0 0.93 0]
D(CATBTZT)BDT 1.85 —5.13 —331 182 PCy4BM 093 6.0 64.0 3.61 fi21)
HIl 1.87 —531 —3.03 228 IDIC 0.98 152 65.5 9.73 (122
HI2 1.87 —528 —3.01 227 IDIC 0.96 10.5 54.9 551 122
BDT(TVT-SR), 1.82 —533 —3.18 2.15 IDIC 0.98 159 712 1o 023
SM-OF 1.56 —5.09 —3.53 156  PC;BM  0.73 73 434 2.56 (124
SM-2F 1.49 —5.12 —3.63 149  PC;BM 075 11.0 44.9 3.94 (124
SM-4F 1.55 —5.13 —3.58 155  PC;BM  0.77 9.1 46.7 348 (124

“ Optical bandgap calculated from the absorption edge (onset) of the polymer films: E,°P'=1240/Acggc.

Enomo-
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£ BTA1 Ml b, DAWEME — i (thiazolidine-2,4-
dione, TD)fE W K A G, A ZFEERITERT
BTA2(& 19c)!1281 LT BTAL, Wit i & A B & 1)
W, Erumo 5 Enomo WiE—20427F. 34T P3HT/BTA2
(Ww, 0.6 © 1, 0.8 Wt% DIO)ESF I Voe N 122V, Jic N 6.2
mA/cm? FF 4 60.0%, PCE 5 4.50%. #t—34h, K &
FF 4 3% (dicyanomethylene) 5| A 2K 5fi A oo, 193] &
F 5P 7 (2-(1,1-dicyanomethylene)rhodanine, RCN), i
&R T BTA3(K 19d)129). i T &0 5 iR % i
FIEHA, MELT BTAL 1 BTA2, BTA3 HIWR ST & 4
SRR, WGARY EE 704 nm, MH ELumo
Y5 Enomo MIBRIEK. BT “SAS” &L Jo1 ILFl#s
PRI Voe N 115V, Jie N 10.8 mA/ecm?, FF A 66.2%, PCE
N 8.25%.

7E BTA3 24t b, B —ZF 55050 IDT 0Bl
WE Wy BT B Oy IR EMy BT, WIFA LT BTA13(
19e), 3 Erumo 5 Enomo AL T BTA3 BEH &7, 3+
“SAS” W& J52. J52-F. J52-FS ULRC. H:45524k0A]
AELuM0(0.40 0.25. 0.23 eV)Fl AEnumo(0.21+ 0.05. 0.02
eV)BI B TNEES, BRI Ve & EFHEH(1.05.
1.18.1.24 V), Eioss £ T FE#%4(0.67.0.54.0.48 eV), iX
BT HSINM F-C f S-C JEdLfiit. RiH T
J52-FS/BTA13 1A R AEwumo IR, FEH /N HLF
fEo 2 A%, s 7 s RE. JE T J52-F/BTA13
(wiw, 1:1, =100 nm)# K Ve N 1.18 'V, Jo N 11.6
mA/cm? FF 4 61.3%, PCE N 8.36%.

7f BTA1. BTA3 [2Eat [, A —ZE 200 E — 7
(spirobifluorene, SF) A L5 1A “D” oo, Bit& T

a
NN
\
H T,
R
NN
N
P
CgHi7™ "CgHir
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Figure 19 BTA series acceptor materials based on BTA units
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BTA21. BTA23 fil BTA27( 190), #RUF A A b “A”
T GARPERE B SZ A . T4 AR B, R o 45
TURCRETr . BB D ILIR IS B R,
o BTA21 R MRS ML, 2T P3HT/BTA21
(wiw, 151, 0.8 vol% CN)ZRAFI Voe N 1.02 V, Jie A 5.5
mA/cm?, FF A 59.0%, PCE A 3.28%.

7 BTA2. BTA1 Al BTA3 f3Eat b, J& =z 200
WIETE BTA Hoc BB T WU SRR, Wita T
BTA100. BTA101 A1 BTA103([& 19g), [FREIRTT T A
MRS “A” BITXERIERERTREI. 5] N F A L PR AR
THMEH Erumo, HAER 7] DLS AHBEEYy BT b (1)
SRR RSS A EAE R, MRt 7>+ N i, 26T
P3HT/BTA103(w/w, 1 & 2, ~85 nm)2$EH) Vo 9 0.94 V,
Jee N 8.6 mA/em?, FF N 66.0%, PCE N 5.31%. {Hf37F &
fje, HT P3HT/BTAL00(w/w, 1 : 1, ~85 nm)asf3k
87 134V 15 Ve

i, BEET5IANE IDT BIcARFENE,
WitA A T BTA43 1 BTAS3(K 19h)132. M LLT BTA3,
BTA43 F 5 S % 1) 51 A\ % 4T F B TE BE S8 52 m, (H
BESEE T W R, 1 BTAS3 T8 L C—
O0—C BMIGI NPT BA R B YRR 2R, {6
oA, e 7 H I hm, oy
KRAEWRMARE, WA AT B2 737 nm. 2T
P3HT/BTA43 (wiw, 1 0.5)28F ) Voe N 0.89 V, J N
10.8 mA/ecm?, FF A 68.0%, PCE N 6.56%; # F
P3HT/BTAS3(w/w, 1 © 0.8)2%1F 1K1 Vo 7 0.88 V, Joc A 11.6
mA/cm?, FF 4 62.0%, PCE /4 6.31%.

Acta Chim. Sinica 2021, 79, 820—852



F F R

N TR R BUREE G50 o T HE B 152, 18
BTA3 HIEAa L, B0 5] ARy, Witd
% T BTA4 F1 BTAS(P 19i)133) B, BTA3 70T
HEAR 7 SO AL HERR, 8 5INTR3E, BTAS R
A RFIZHERR, HERUDT B IR ) FEoR B TR 2
MARFE BTA oo EAXRRXRMMEE/ER. & T
J52-F/BTAS(Wiw, 1 0.8)#% 14 Voe N 1.17 V, Jic N 13.8
mA/cm?, FF 4 69.8%, PCE N 11.27%.

N1 HM R I 53 A5 R S BENE) ELumo
1 Enomo HISZIR, FATTHE LA_EAPEHE 201 Be g B3 AT Xt
b, @il 20 s, AH IS SEARME R FLAL S 5T S AH BV )
AWK BHRE B A (- Refabr 0k 8 Fivs.

Energy LevelleV
: IS
L
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BTA13
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o

K20 BT =501 BTA RSB RESOR
Figure 20 Energy level diagram of BTA series acceptor materials based
on BTA units

322 Y AP ARMH

Y RAE—FET A-DAD-A 5K TH RIS 1) 5244
o3, Wl T A FE B 5] N2 A-D-A S5k 55
FHIA D Honrh, #ihE R DAD 805 F AR, 2017 4,
A RE A A5 US4 DL TE Wy I ik i A S 0K R = A e
(dithieno[3,2-b]pyrrolobenzotriazole, BZTP) A “DAD” ¥4,

PL1,1- — &M 2 -3- B B (1,1-dicyanomethylene-
3-indanone, INCN) N K ¥ii A B0, HIXA R T 5T BTA
IR TE o B R R E A AL 2 4k 4 7 BZIC(E
21a). H Ao, & TRy BT | kg BT AR
HLF 2R = M T TR R T & 1 “ D-A-D 7 454, 1
58 140 R A BAE L, (REE T m H R R A A
ML A e, 5 “BEST7 ITIC (EL”=1.59 eV)
FEE, BZIC FIWRWUA A4 T 79 nm, ¥ EZE 857 nm,
ES FEIRE 145 eV, B ARH A B8R &, T
HFQx-T/BZIC(w/w, 1 : 1.5, 0.25 wt% CN, 100 nm)#$/4
] Voo N 0.84 'V, Joe N 12.7 mA/cm?, FF A 59.0%, PCE N
6.30%. EFNY R “HHEST7 2RI b,
BZIC H##7 N Y0.

76 BZIC (¥ 3k af b, 48 #2135 JF g wy
(thieno[3,2-b]thiophene, TT)5| A% “DAD” %L H.oGH
ER“D” 8Tt AT HA Lo LM Y1,
Pl INTC(2-(6-0x0-5,6-dihydro-4 H-cyclopenta[c]thiophen-
4-ylidene)-malononitrile)F A b A "5 TG Y2(I& 21b).
5 BZIC AL, Y1 A Y2 Byl 5t — a2 905
nm F 925 nm, H.HHT INTC Kk HETFHe 15T
INCN, Y2 1) Erumo BT Y1. 2T PBDB-T/Y 1(w/w,
1:1, 0.8 vol% CN, 100 nm)# 141 Ve N 0.87 V, Joe N
22.4 mA/em?, FF N 69.1%, PCE A 13.42%; % T
PBDB-T/Y2(w/w, 1 : 1, 0.8 vol% CN, 100 nm)#s/4 1 Vee
N 0.82 V, J A 23.6 mA/em?, FF N 69.4%, PCE A
13.40%, HiZMFARI Eioss B8N, LN 0.57 eV.

7E Y1 Al b, @I e “DAD” #0005 e R R
TT $Ial) B A0 B AN RI IR EE, AR5 55 G )
T OY16(CHEMEE, B 21c)30 YO(+—ke e, K

R8T =FIMEHITIK BTA RINZAN R HAL 2 VR S A LA ALK B e Vb 8s -k e i b

Table 8 The electrochemical properties of BTA series acceptor materials based on BTA units and the photovoltaic characteristics of the corresponding

solar cells

Optical and electrochemical property

Photovoltaic characteristics of corresponding OSCs device

Acceptor

Jso/ Ref.

E, eV HOMO/eV LUMO/eV Ey" eV Donor Voo/ V 5 FF/% PCE/%
(mAecm )

P3HT 1.02 7.3 70.0 5.24 127
BTA1 1.85 5.51 3.55 1.96 161 124 5o 46.7 302 [128]
P3HT 1.22 6.2 60.0 4.50 (28]
BTA2 2.00 5.43 3.38 1.95 161 1.29 08 28 026 [128]
BTA3 1.76 —5.49 —3.73 1.76 J61 1.15 10.8 66.2 8.25 (129]
J52 1.05 12.7 58.7 7.82 73]
BTA13 1.72 —5.34 —3.62 1.72 J52-F 1.18 11.6 61.3 8.36 sl
J52-FS 1.24 6.7 46.0 3.84 73]
BTA21 2.19 —5.76 —3.56 2.20 P3HT 1.02 5.5 59.0 3.28 (1301
BTA23 2.15 —5.70 —3.57 2.13 P3HT 0.90 4.0 52.0 1.86 11301
BTA27 2.21 —6.08 —3.81 2.27 P3HT 0.60 2.9 36.0 0.62 [130]
BTA100 2.05 —5.32 —3.23 2.09 P3HT 1.34 1.7 47.0 1.04 (s
BTA101 1.88 —5.41 —3.55 1.86 P3HT 1.19 53 56.0 3.55 tsu
BTA103 1.76 —5.37 —3.64 1.73 P3HT 0.94 8.6 66.0 5.31 (s
BTA43 1.78 —5.44 —347 1.97 P3HT 0.89 10.8 68.0 6.56 (132]
BTAS3 1.68 —5.48 —3.58 1.90 P3HT 0.88 11.6 62.0 6.31 ts2]
BTA4 1.79 —5.50 —3.65 1.85 J52-F 1.21 8.39 553 5.61 (133]
BTA5 1.76 —5.55 —3.71 1.84 J52-F 1.17 13.80 69.8 11.27 [133]

“ Optical bandgap calculated from the absorption edge (onset) of the polymer films: E ™= 1240//cqq. * Electrochemical bandgap obtained from: E,*=Ejymo—

Exomo-
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21137, LE B EE 1) 5] AXH Eort TG . BT
PBDB-T-F/Y16(w/w, 1: 1, 1.0 vol% CN)EFH) Voe N
0.91V, Ji. N 21.3 mA/em?, FF N 66.7%, PCE “A 13.00%,
w15 wt% MelCl 1E NS =405 il & 1) = o fF 1)
PCE AJiA %] 14.11%. 3:F PBDB-T-F/Y9(w/w, 1 : 1, 0.5
vol% CN)EER] Voe 4 0.90 V, Ji. N 23.3 mA/em?, FF N
63.0%, PCE “} 13.26%.

6 Y1 43T AR FERE E, AR R 25 8 1K R i
“ AT INCN 3T i 2 U, DL AL ) INCN (2FIC)
VERASG “A” BITER T Y1-4F(Y3)(E 21e)38, HA%
Llﬁﬂl??él%% 953 nm, ELUMoLﬁ Enomom%ﬁﬁ%ﬁ%, %
T PBDB-T-F/Y1-4FE(w/w, 1 : 1, 0.5 vol% CN, =110 nm)
B Vo N 0.83 V, Ji N 25.2 mA/em?, FF K 68.5%,
PCE N 14.80%. [RIFEM), £ Y9 T4t H At b,
Kty “A” FRITHHTREA, 48N FEEA R T XU T

CaHg b
CaHs

BZIC

CoHs CoMs

Y3 (Y1-4F)

P CgHiz
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CroHa1
O N._0O

N,
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<
\/\/n
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Figure 21 Y series acceptor materials based on BTA units
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Y11(E 21HRIREIARH Y14(E 21g)140, BT
PM6/Y11(w/w, 1 : 1, 0.5 vol% DPE, 130 nm)#${4 1 Voe
N 0.83 V, Ji N 26.7 mA/em?, FF Ay 74.3%, PCE ;
16.54%, H. Eioss ¥91009 0.43 V. 3T PBDB-T/Y 14(w/w,
1:1, 1.0 vol% CN, 100 nm) [F] 2845 Voe N 0.80 V, Jic
N 26.2 mA/ecm?, FF A 71.5%, PCE A 14.92%, H il
HiEIE RN 23.69% K& W &1 PCE {5 ml ik
12.67%; [FIFE, ARATT S LAXUEAL ) INCN 7R ARG “A”
HG, 1E Y9 A FEEMMZER EA KT YIS(E 21h)141,
FTF PM6/Y15(wiw, 11 1.8, 0.3 vol% DIO)ZEEM] Vee N
0.87 V, Ji. ¥ 23.8 mA/cm?, FF 4 68.5%, PCE Jy 14.13%.
BIE Y16 R gl AR T, 48R HEEI2E /T
Y18(H 214), T PM6/Y18(wiw, 11 1.5, 0.5 vol% CN)
B Voo N 0.84 V, Ji N 25.7 mA/em?, FF N 76.5%,
PCE N 16.52%, H. Eioss 3R 0.53 eV, W1 7.4 wi%

CizHzs  CigHzs

CioHz1 CioHz

s
AT02 /

PZT-y
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),

ik

PC/BM 1EREE =205 il 25 ) = o284 1) PCE ik %
17.11%. @iExEE Y3, Y18 F1 Y1104 W LAE Y g Ar
AN eSS EE I 5IN, B T 0] LA SR 4 T (10 45
PE, SGEM S EDIRE, [EENE TS T HES Z A,
AT AN TT-2FIC 25/ I Re 95 22, b mi bRk 7
T BT E, AR TR f e 7545 52 A ) () PR A%
. FELCEEAE b, AR R — DX “DAD” #% 0 B
FCHHT IR, & T BA A RRIG 7S e AZ O 45 K 1
Y22( 21j), HHETEAXRZ O Y18, H Eruvo
5 Enomo W& PRI, WISGA A B HERS, 5 PM6 LR
MEFEMEAEREEMES XM EFIEBEER. & T
PM6/Y22(w/w, 1 & 1.2,0.3 vol% CN)EH 1] Voo N 0.85V,
Jio N 24.4 mA/cm?, FF 4 74.1%, PCE i3 1 15.40%.

2020 4, 3K BHAEIEESIDIRIE = FMERI R IR
WE M RO A 2 R TR T IR, AR T
MS-4F \ MS-4CI(& 21k), HA A [A] 1 2 B B 1) 9 A
AL 852 T HE BRSO 7 7 B DA R R I B I .
%:T PBDB-T/MS-4F #l PBDB-T/MS-4CI ] #3512 1L
HEUF Y PCE(11.75%- 11.79%).

DL /Ny P52 b b R B TR B T, SR IX 2R
MR G s 26— IR B A, PR3 BUIR A B A
T AR A 52 R L L AT s B I 4 R RO ARR 35, T DA 2%
FAR A S AS.

2020 4, BRAAEZEMOIWR TG T 2T BTA HooH)
AR 2466 SNTIL NTI A NTTI(E 211), #i+ 7T A
A T X A5 PR W P, 2 1 A SIS A A 5 ) oo 52 A4 Rk
(A E M DA B OGAR T B B s B 908 BH 244 431 BRI
W BB AN FAER E 1 # HL T A v ) i i 3 ) A oK.
#F PBDB-T/NTTI(w/w, 1:1, 0.5 wt% CN)HJ 2+
Voe N 0.77 V, Jie N 17.7 mA/em?, FF N 56.0%, PCE A
7.62%.

2020 4F, mOEEMTR AR “ RSB0 B, 1
SR> T BB AL P ME, AR T & “S0” MR
B AR B K 2 AR A R BTzO-4F(E 21m). # T
PBDB-T/BTzO-4F(w/w, 1 : 1, 0.5 wt% CN)JZEEH] Vee
N 0.84 V, Ji N 23.6 mA/em?, FF A 69.7%, PCE A
13.80%.

[, 257Kk, skEESEHE N TFRAEE
£ (polymerized small molecule acceptors, PSMAs)f
AU Yl N 7R T BTA BG IR B2 R

3 o

> -4

°

g a

[ o s - N -
& CE = Y 2 : B |z
e g BN B
=

[

{=4
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Bl22 ET=FMWHRITH Y RIZEMEHRESR &K

Y18

b 2020 4F, AR BEMNLTHE R T 2T BTA $it
KRB ZA PZT(E 21n), H R EL Tk
B R E AT IC-Bry K, 4k A B T X 38080 B (1)
PZT-y( 13m), AR PZT KIFHMIEE. FHELT PZT,
DX IR B R (6 1S PZ Ty MRS Stk — b 4 %,
By 7 EFET R HERINSE. 5T PBDB-T/PZT-y(w/w,
211, 1 wt% CN)IAREYRBHRE 1) Voe N
0.90 V, Ji. N 24.7 mA/cm?, FF A 71.3%, PCE A 15.80%.
2021 4F, JH ZHEEDONEIHAE R 73T BTA TR E
Yz Ak A702(18 210), T PBDB-T/A702(w/w, 2 : 1, 1
wt% CN) 2 RS WK FH RE LIS AFE] Ve 4 0.90 V, Jse
A 21.9 mA/em?, FF N 60.0%, PCE A 11.84%.

Y e L) BTA Hooh 7 & WK, WZsmt
AV J}% (naphthalenediimide, NDI)¥L7c3t 5, t & —FiyR
EMERE R ARSNGB T 0K0E, 2019 4, 25K
Wi ESLESEISIE AR T LA03(E 21p). LAO3 14
TEH AT DN TE R S VAR AL N2200 1R P ANIEE Y
FCIAE N BTA ¥ot, A HTF N2200, LAO3 R iz 7
W, ELumo FHE1, Enomo FRAK, HPFEHHEIG K. T
PBDB-T/LAO3(w/w, 2 : 1, 1 wt% CN)HI4 2 &4 K FH &g
FLIB A E IR Vo N 0.94 V, Jo N 11.3 mA/cm?, FF 4 61.3%,
PCE N 6.49%, PCE & T-% T N2200/PBDB-T(w/w, 2 : 1)
#F(PCE N 5.85%).

TR E AR I 5 S5 R S RN ELumo
A Evomo MI5EME, FRATTRE LA_EA B 437 BE 2 AT T
bb, @il 22 Fros. AHSGSE AR B A S T R AR R (1)
AWK BH B8 B2 A 1 e TR bR 03K 9 s,

4 RES5RE

TEIE 25 19 20 48], A ALKBH A8 HL it & R IRGE, HaE
AR MAT] SURIEE 18%, X FEIFE T X
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ZRMAE A SIS T R TR T, BRI T
Tz, T =R MR R SRR Ny
TR DL B AR & B /N 53 7 AR A W) 52 AR AN
BT A O R, REAE BT 2RI =AM e T T
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Figure 22 Energy level diagram of Y series acceptor materials based on BTA units
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Table 9 The electrochemical properties of Y series acceptor materials based on BTA units and the photovoltaic characteristics of the corresponding solar

cells

Optical and electrochemical property Photovoltaic characteristics of corresponding OSCs device
AcCeplor  p ey HOMOKV — LUMOGV  E,*"eV  Donor PN mAJC/m o PR PCEM Ref.
BZIC 1.45 —5.42 —3.88 1.54 HFQx-T 0.84 12.7 59.0 6.30 [134]
Y1 1.37 —5.45 —3.95 1.50 PBDB-T 0.87 22.4 69.1 13.42 13s]
Y2 1.34 —543 —4.04 1.39 PBDB-T 0.82 23.6 69.4 13.40 [13s]
Y16 ~1.36 —5.25 —3.66 1.59 PBDB-T 091 213 66.7 13.00 (136]
Y9 1.36 —5.59 —3.78 1.81 PBDB-T 0.90 23.3 63.0 13.26 137
Y1-4F (Y3) 1.31 —5.56 —4.11 1.45 PBDB-T-F 0.83 252 68.5 14.80 [138]
Y11 1.31 —5.69 —3.87 1.82 PM6 0.83 26.7 743 16.54 (139
Y14 1.30 —5.56 —4.01 1.55 PBDB-T 0.80 26.2 71.5 14.92 [140]
Y15 1.30 —5.56 —3.93 1.63 PM6 0.87 23.8 68.5 14.13 {41
Y18 1.31 —5.58 —391 1.67 PM6 0.84 25.7 76.5 16.52 [142]
Y22 1.36 —5.69 —3.94 1.75 PM6 0.85 244 74.1 15.40 [144]
MS-4F 1.41 —5.63 —3.91 1.72 PBDB-T 0.85 19.6 70.6 11.75 [14s]
MS-4ClI 1.37 —5.68 —3.99 1.69 PBDB-T 0.81 20.3 71.2 11.79 [143]
SNTI 1.22 —5.80 —4.20 1.60 PM6 0.47 2.1 43.0 0.42 (el
NTI 1.68 —5.64 —3.94 1.70 PBDB-T 0.72 1.88 33.0 0.45 [146]
NTTI 1.45 —5.38 —3.83 1.55 PBDB-T 0.80 17.1 63.0 8.61 (146]
BTzO-4F ~1.38 —545 —3.88 1.57 PBDB-T 0.84 23.6 69.7 13.80 [147]
PZT 1.39 —5.58 —3.76 1.82 PBDB-T 0.91 23.2 68.6 14.50 [149]
PZT-y 1.36 —5.57 —3.78 1.79 PBDB-T 0.90 24.7 713 15.80 [149]
A702 1.39 —5.41 —3.74 1.67 PBDB-T 0.90 21.9 60.0 11.84 [150]
LAO3 1.64 —6.01 —3.71 2.30 PBDB-T 0.94 11.3 61.3 6.49 (st

“ Optical bandgap calculated from the absorption edge (onset) of the polymer films: E°P'=1240/2cqg. b Electrochemical bandgap obtained from: E=Erymo—
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