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BTP-eC7

diyl)bis(methanylylidene))bis¢bxo-1,2-dihydro-3H-
cyclopentala]naphthaler&3-
diylidene))dimalononitrile

2,2-((22,2'2)((12,13bis(2-ethylhexyl}3,9-diundecy}
12,13dihydro|1,2,5]thiadiazolo[3,4
e]thieno[2",3":4',5'|thieno[2',3":4,5]pyrrolo[3,2
g]thieno[2',3":4,5]thieno[3;b]indole-2,10
diyl)bis(methanylylidene))bis(6;difluoro-3-oxo-2,3
dihydro-1H-cyclopenta[b]naphthaler2, 1-
diylidene))dimalononitrile

2,2-((22,2'2)((12,13bis(2butyloctyl)-3,9-diundecy}
12,13dihydro[1,2,5]thiadiazolo[3,4
e]thieno[2",3":4',5']thieno[2',3":4,5]pyrrolo[3,2
g]thieno[2',3":4,5]thieno[3;D]indole-2,10
diyl)bis(methanylylidene))bis(6;difluoro-3-oxo-2,3
dihydro-1H-cyclopenta[b]naphthaler2, 1-
diylidene))dimalononitrile

dithienothiophen[3,2bpyrrolobenzothiadiazole

2,2-((2Z,2'2)((12,13bis(2-ethylhexyl}3,9-diundecy}
12,13dihydro[1,2,5]thiadiazolo[3,4
e]thieno[2",3":4',5']thieno[2',3":4,5]pyrrolo[3,2
g]thieno[2',3":4,5]thieno[3;b]indole-2,10
diyl)bis(methanylylidene))bis(5;8ichloro-3-oxo-2,3
dihydro-1H-indene-2,1-diylidene))dimalononitrile

2,2-((22,2'2)((12,13bis(2-butyloctyl)-3,9-diundecyt
12,13dihydro[1,2,5]thiadiazolo[3,4
e]thieno[2",3":4',5']thieno[2',3":4,5]pyrrolo[3,2
g]thieno[2',3":4,5]thieno[3;b]indole-2,10
diyl)bis(methanylylidene))bis(5;8ichloro-3-oxo-2,3
dihydro-1H-indene-2,1-diylidene))dimalononitrile

2,2*((22,2'2)((12,13bis(2-hexyldecyl}3,9-diundecyt
12,13dihydro[1,2,5]thiadiazolo[3,4
e]thieno[2",3":4',5']thieno[2',3":4,5]pyrrolo[3,2
g]thieno[2',3":4,5]thieno[3;b]indole-2,10
diyl)bis(methanylylidene))bis(5;fichloro-3-oxo-2,3
dihydro-1H-indene-2,1-diylidene))dimalononitrile

2,2-((22,2'2)}((12,13bis(2-butyloctyl)-3,9-diheptyt
12,13dihydro[1,2,5]thiadiazolo[3,4
e]thieno[2",3":4',5']thieno[2',3":4,5]pyrrolo[3,2
g]thieno[2',3":4,5]thieno[3;b]indole-2,10
diyl)bis(methanylylidene))bis(5;fichloro-3-oxo-2,3
dihydro-1H-indere-2,1-diylidene))dimalononitrile

XV



BTP-eC9

BTP-4F-8

BTP-4F-12

BTP-H2
BTP-M
Ceo

CA

CB

CCL
CdTe
CF

CH1007

C8-ITIC
CI-ITIC
CN

COIi8DFIC

2,2 [[12,13Bis(2-butyloctyl}12,13dihydro-3,9-
dinonylbisthieno[2",3":4",5"thieno[2',3":4,5]pyrrolo[3,.
e:2',3'0][2,1,3]benzothiadiazoig, 10
diyl]bis[methylene(5,&chloro-3-oxo-1H -indene
2,1(3H)}dimethylene)]]bis[malononitrile

2,2-((22,2'2)((12,13bis(2-ethylhexyl}3,9-diundecy}
12,13dihydro|[1,2,5]thiadiazolo[3,4
e]thieno[2",3":4',5'|thieno[2',3":4,5]pyrrolo[3,2
g]thieno[2',3":4,5]thieno[3;b]indole-2,10
diyl)bis(methanylylidene))bis(5;6ifluoro-3-oxo-2,3
dihydro-1H-indene-2,1-diylidene))dimalononitrile

2,2-((22,2'2)((12,13bis(2butyloctyl)-3,9-diundecy}
12,13dihydro|[1,2,5]thiadiazolo[3,4
e]thieno[2",3":4',5'|thieno[2',3":4,5]pyrrolo[3,2
g]thieno[2',3":4,5]thieno[3;b]indole-2,10
diyl)bis(methanylylidene))bis(5;6ifluoro-3-oxo-2,3
dihydro-1H-indene-2,1-diylidene))dimalononitrile
Replacing the end groups with-8r of L8BO
Replacing the end groups with-I& of Y6
Buckminsterfullerene

Contactangle

Chlorobenzene

Crystal coherence lengths

Cadmium telluride

Chloroform
2,2-((22,2'2)((12,13bis(2ethylhexyl)3,9-diundecy}
12,13
dihydroselenopheno[2",3":4',5"|thieno[2',3":4,5]pyrrol
3,2-g]selenopheno[2',3":4,5]thieno[3,2
b][1,2,5]thiadiazolo[3,4e]indole 2,10
diyl)bis(methanylylidene))bis(5;6ifluoro-3-oxo-2,3
dihydro-1H-indene2,1-diylidene))dimalononitrile
Replacing the-hexylphenyl in ITIC with octyl.
Replacing the end group of ITIC with {Cl

1-chloronaphthalene

2,2-[[4,4,11,1tetrakis(4hexylphenyl}4,11-
dihydrothieno[2,3 :4,5]thieno[2,3

XVi



Cv

D18

DFT
DIO

DPP
DTP

DTTC-4CI

Eg

EL
ELoss
Enonrad
EQE
EQEEL
ESP
ETL
Eu

FF

F5IC

d]thieno[2 ,3 :4 ,5 ]thieno[2 ,3 :4 ,5 ]pyrano[
2 ,3 :4 ,5]thieno[2,3:4,5]thieno[3,2b]pyran2,9
diyl]bis[methylidyne(5,6difluoro

Cyclic voltammetry

Donor
5-(5-(4,8-bis(5(2-ethylhexyl}4-fluorothiophen2-yl)-
6-methylbenzo[1,2:4,5b"ldithiophen2-yl)-4-(2-
butyloctyl)thiopher2-yl)-8-(4-(2-butyloctyl)-5-
methylthiopher2-
yhdithieno[3',2":3,4;2",3":5,6]benzo[},2
c][1,2,5]thiadiazole

Densityfunctional theory

1,8-diiodooctane

Diketopyrrolopyrrole

Dithiend3,2-b:2',3-d] pyrrole

Dithieno[3,2b]thiophenecyclopentacarbazole (DTTC
based\NFA with IC-2Cl end groups

Optical bandgap

Electroluminescence

Energy loss

Non-radiative energy loss

External quanturefficiency

External quantum efficiency of the electroluminesce
Electrostatic potential

Electron transport layer

Urbach energy

Fill factor
2,2-((22,2'2)((4,4,9,9tetrakis(4hexylphenyl}4,9-
dihydro-s-indaceno[1,2b:5,6-b']dithiophene2, 7-

diyl)bis(methanylylidene))bis(5;6ifluoro-3-oxo-2,3
dihydro-1H-indene2,1-diylidene))dimalononitrile

Xvil



F6IC

F8IC

FaIC

F10I1C

F-ITIC

FPIC

FREA
FRET
FTAZ

FTPS-EQE

GaAs
GIWAXS
GL
HOMO
HTL

IC

|C-Br

IC-Cl

IC-2Cl

IC-F

IC-2F

Replaégng the central benzene core witlfe TT unit in
F5IC

Replaégng the central benzene core witlfe TT unit in
F71C

Adjusting the number diised ringsn the backbone of
ITIC, based orithieno[3,2b:2336d]thiophene (TTT)

Replaéng the central benzene core witlfe TT unit in
FoIC

Replacing the end group of ITIC withdE

The benzene core was replaced vpiginenein the IDT
backbone with IFend groups

Fusedring electron acceptor
Fdster resonance energy transfer
Fluorobenzotriazole

Fou#stireamsf orm photocurre
guantum efficiency

Gallium arsenide

Grazing incidence widangle Xray scattering
Gl ycer ol

Highest occupiednolecular orbital

Hole transport layer
3-(Dicyanomethylidene)indaft-one

2-[5(6)-Bromo-3-oxo0-2,3-dihydro-1H-inden1-
ylidene]malononitrile

2-(5,6-Chloro-3-oxo0-2,3-dihydro-1H-inden1-
ylidene)malononitrile

2-(5,6-Dichloro-3-0x0-2,3-dihydro-1H-inden1-
ylidene)malononitrile

2-[5(6)-Fluoro-3-oxo-2,3-dihydro-1H-inden 1-
ylidene]malononitrile

2-(5,6-Difluoro-3-oxo-2,3-dihydro-1H-inden 1-
ylidene)malononitrile

Xvili



1C-l

ICes0BA
IC70BA

IC-M

ICT

IDIC

IDT
IDT6CN-M
IDT8CN-M

IDTIC

IDTT

IHIC1

IM -4F

IMCG6 -4F

IP
IPS

ITCF

IT-2Cl

IT-4Cl

2-[5(6)-lodo-3-0x0-2,3-dihydro-1H-inden 1-
ylidene]malononitrile

IndeneC60 bisadduct
IndeneC70 bisadduct

2-(6-methyt3-ox0-2,3-dihydro-1H-inden1-
ylidene)malononitrile

Intramolecular charge transfer
2,7-bis(2-methylene(3-(1,1-dicyanomethylene)
indanone)) 4,4,9,9tetrahexyisindaceno[1,2:5,6
b'ldithiophene

Indacenodithiophene

By reducing one thiophene ring in one side of FVIC

By adding one thiophene ring one side of ITIEGM

Indacenodithiophene (IDT) backbone wgh
(Dicyanomethylidene)indat-one(IC) end groups

indacenodithieno[3;B] thiophene

The benzene core was replaced wieiphthalenén
indacenodithiophen@DT) backbone wit8-
(Dicyanomethylidene)indat-one(IC) end groups

Replacing the hydrogen the central benzene ringf
IT-4F with two methylgroups

Replacing the hydrogen the central benzene ringf
ITC6-4F with two methylgroups

In plane
lonisation Potential Spectroscopy

Replacing thdluorine atomof IT-4F with amethyl
group

3,9-bis(2methylene((3-(1,1-dicyanomethylened, 7-
chloro}indanoneps,5,11,1tetrakis(4hexylphenyl
dithieno[2,3d:2',3*d']-s-indaceno[1,2:5,6
b'ldithiophene

3,9-bis(2methylene((3-(1,1-dicyanomethylenep, 7-
dichloro}indanone)p5,5,11,1tetrakis(4

XixX



IT-4F/F71C

INPIC-4F

|PT-4F

IPTBO-4Cl

ITC6-IC

ITCT-DM

ITIC

ITIC-M/IT -M

ITIC-Th

IT-10
IT-20
IT-30
IT-40
ITO
ITTC

J52

hexylphenyhldithieno[2,3d:2',3*d']-s-indaceno([1,2
b:5,6-b']dithiophene

3,9-bis(2methylene((3-(1,1-dicyanomethylenep, 7-
difluoro)-indanone)5,5,11,1 ttetrakis(4hexylphenyh
dithieno[2,3d:2,3 -d ]-s-indaceno[1,20:5,6

b ]dithiophene

5,5,12,12tetrakis(4hexylphenylindacenobis
(dithieno[3,2b:2 ,3 -d]pyrrol) with IC-2F end groups

Replacing the DTP blockt one side othe INPIC-4F
backbonewith athiophene ring

Replacing the I€F groupsand thehexylphenylside
chain of IPF4F with IC-2Cl end groupsind
butyloctyl group respectively.

Hexyl side chaingreintroduced into the TT block ir
the backbone of ITIC

Replacing the hydrogen atormsITTC with methyl
groups

2,24[6,6,12,12tetrakis(4hexylphenyl)s-
indacenodithieno[3;b]thiophengmethylidyne(3
oxo-1H-indene2,1(3H)
diylidene)]]bis(propanedinitrile)
3,9-bis(2methylene(3-(1,1-
dicyanomethylene)indanonmethyl))5,5,11,11
tetrakis(4n-hexylphenyBd i t hi eno [-2, 3
indaceno[ 1, 2b:5,6b06] di

Replacing thghenylside chainsn ITIC with
hexylthienyl side chains

ITIC-basedacceptors with methoxgnd groups
ITIC-based acceptors with ethozgd groups
ITIC-basedacceptors with propoxgnd groups
ITIC-basedacceptors with butoxgnd groups
Indium tin oxide

Replacing théenzene inTIC with thiophene

Poly[[5,6-difluoro-2-(2-hexyldecyl}2H-
benzotriazoled, 7-diyl]-2,5thiophenediyl[4,8bis[5

XX



J71

Jph

Jsat

Jsc
J-V curve

L8-BO

L8-HD

L8-OD

LE
LUMO

MALDI -TOF-
MS

MelC

(2-ethylhexyl}2-thienyl]lbenzo[1,2b:4,5
b'ldithiophene2,6-diyl] -2,5thiophenediyl]

A medium bandgap 2donjugated BA copolymers
based on bithienythenzodithiophene (BDTT) donor
unit and fluorinesubstituted benzotriazole (FBTA)
acceptor unit

Photocurrent density

Photocurrent when all of the photogenerated excit
are dissociated into free charges and collected by
electrodes at a higéffective voltage

Shortcircuit current density
Currentvoltage curve

2,2-((22,2'2)((12,13bis(2ethylhexyl}3,9-(2-
butyloctyl}12,13dihydro- [1,2,5]thiadiazolo[3,4
e]J]thieno[2",306":46, 5"]
g]thieno[2',3":4,5]thieno[3;D]indole-2,10
diyl)bis(methanylylidene))bis(5;@lifluoro-3-oxo-
2,3-dihydro-1H-indene2,1-
diylidene))dimalononitrile

2,2-((22,2'2)((12,13bis(2ethylhexyl}3,9-bis(2-
hexyldecyl}12,13dihydro[1,2,5]thiadiazolo[3,4
e]thieno[2",3":4',5'|thieno[2',3":4,5]pyrrolo[3,2
g]thieno[2',3":4,5]thieno[3;b]indole-2,10
diyl)bis(methanylylidene))bis(5;6ifluoro-3-oxo-
2,3-dihydro-1H-indene2,1-
diylidene))dimalononitrile

2,2-((22,2'2)((12,13bis(2-ethylhexyl}3,9-bis(2-
octyldodecy}12,13dihydro[1,2,5]thiadiazolo[3,4
e]thieno[2",3":4',5']thieno[2',3":4,5]pyrrolo[3,2
g]thieno[2',3":4,5]thieno[3;b]indole-2,10
diyl)bis(methanylylidene))bis(5;6ifluoro-3-oxo-
2,3-dihydro-1H-indene2,1-
diylidene))dimalononitrile

Local exciton
Lowest unoccupied molecular orbital

Matrix-assisted laser desorption/ionization time of
flight mass spectrometry

Replacing the hydrogen in the end groups of ITTC
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m-ITIC Changng the position of hexyl at the-hexylphenyl

chainsof ITIC
MoOs Molybdenum trioxide
N3 2 ,-2 (NR Z-((2azbis(3ethylheptyl}3,9

diundecyl12,1adihydro[1,2,5]thiadiazolo[34
e]l]thieno[ 2n, 3n: 46, 56
g]thieno [ 2 Njligdhie2410 5 ]
d|yI)b|s(methanylylldene))bls(S ;8ifluoro-3-oxo-
2,3 16 dihydre1H-indene2,1-
diylidene))dimalononitrile

]
t

N4 2,2-((22,2'2)((12,13bis(4-ethyloctyl)3,9-
diundecyt12,13dihydro[1,2,5]thiadiazolo[3,4
e]thieno[2",3":4',5']thieno[2',3":4,5]pyrrolo[3,2
g]thieno[2',3":4,5]thieno[3;D]indole-2,10
diyl)bis(methanylylidene))bis(5;8ifluoro-3-oxo-
2,3dihydro-1H-indene-2,1-
diylidene))dimalononitrile

NFA Nonfullerene acceptor

NFBDT IsomerizedTIC based on BDT core

NIR Nearinfrared

NMR Nuclear magnetic resonance

NOE NuclearOverhauser effect

NOESY NuclearOverhauser effect spectroscopy

OoOoP Out of plane

OSCs Organic solar cells

P3HT Poly(3-hexylthiophene)

PBDB-T Poly[[4,8-bis[5-(2-ethylhexyl}2-thienyl]benz¢l,2-

b:45-b]dithiophene2,6-diy]-2,5thiophenediyl[5,7
bis(2-ethylhexyl}4,8-dioxo-4H8H-benzo[12c:4.5
cldithiophenel,3-diyl]]

PBDB-T-SF Poly[(2,6(4,8bis(5(2-ethylhexylthio}4-
fluorothiophenr2-yl)-benzo[1,2b:4,5
b6é] di t h-altg5bll 4 ddi-PBthienyks5 6 ; 7 «
bis(2et hy | he xy Ic):bdebndzbod|i 1t 6h, i
4,8-dione)]

PBQ-0F Poly[5-(5-(4,8-bis(5(2-ethylhexyl)thiopherR-yl)-6-
methylbenzo[1,2:4,5b"ldithiophen2-yl)thiophen

XXil



PBQ-QF

PBQ-4F

PCs:BM
PC71BM
PCE
Pecoll

PDBT-T1

PDCBT

PDI

PDINN

Puiss

PEDOT:PSS

PFBDB-T

PIBT4T

2-yl)-8-(5-methylthiopher2-yl)-2,3-bis(3
(octyloxy)phenyl)quinoxaline]

Poly[5-(5-(4,8-bis(5(2-ethylhexyl)thiopherR-yI)-6-
methylbenzo[1,2:4,5b"|dithiophen2-yl)thiophen
2-yl)-6, 7-difluoro-8-(5-methylthiopher2-yl)-2,3
bis(3-(octyloxy)phenyl)quinoxaline]

Poly[5-(5-(4,8-bis(5(2-ethylhexyl}4-
fluorothiophen2-yl)-6-methylbenzo[1,2b:4,5
b']dithiophen2-yl)thiophen2-yl)-6, 7-difluoro-8-(5-
methylthiopher2-yl)-2,3-bis(3
(octyloxy)phenyl)quinoxaline]

[6,6]-phenytCs1-butyric acid methyl ester
[6,6]-PhenytC7i-butyric acid methyl ester
Power conversion efficiency
Charge collection efficiency

Poly[[5,10-bis(5-octyl-2-thienyl)dithieno[2,3d:2 ,3 -
d ]benzo[1,2b:4,5b ]dithiophene2,7-diyl] -2,5
thiophenediyl[5, 7bis(2-ethylhexyl}4,8-dioxo-
4H,8Hbenzo[1,2c:4,5c¢ ]dithiophenel,3-diyl]-2,5
thiophenediyl]

Poly[5,5bis(2-butyloctyl}(2,2-bithiophene}, 4~
dicarboxylatealt-5,5-2,2* bithiophene]

Perylene diimide

N,N'-bis[7-(dimethylamino)4-azaheptyH3,4,9,10
perylene tetracarboxylidiimide

Exciton dissociation efficiency

Poly(3,4ethylenedioxythiophene):polystyrene
sulfonate

Poly[(2,6-(4,8-bis(5(2-ethylhexyl) thiopherR-yl)-
benzo[1,2b:4,5b ]dithiophene)jalt-(5,5-(1 ,3 -bis(4
fluorothiophen2-yl)-5 ,7 -bis(2
ethylhexyl)benzo[12 -c:4 ,5 -c ]dithiophene4,8
dione)]

Poly(Naphtho[1,2:5,6-c]bis[1,2,5]Thiadiazole)
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PfBT4T-20D

PffBT4T -CoH 19

PL

Plight

Pin

Pm

PM6/PBDB-TF

PM7

PTB1

PTB7

PTB7-Th

PTPDBDT

PTQ10

PTQ11

Poly[(56-difluoro-2,1,3-benzothiadiazold,7-diyl)
[3,3"-bis(2decyltetradecy[R,2":5'2":5" 2"
quaterthiophene$,5"-diyl]]

Poly[(56-difluoro-2,1,3-benzothiadiazold,7-diyl)
[3,3"-bis(2octyldodecyl)2,2":5'2":5" 2"
quaterthiophene,5"-diyl]]

Photoluminescence
Light intensity

Input power

Maximum output power

Poly[1-(5-(4,8-bis(4-fluoro-5-(2-
ethylhexyl)thiopher-yl)benzo[1,2b:4,5

b Nj] di t-Zhyl)tltigphe eAyl)-5,7-bis(2
ethylhexyl)3-(thiophen2-yl)-4H,8H-benzo[1,2
c45c Nj] di t-4,8dopeh e n e

poly[(2,6 (4,8 bis(5 (2 ethylhexyl 3
chloro)thiophen2 yl) benzo[1,2b:4,5

b ]dithiophene))alt (5,5 (1,3 di 2 thienyl 5,7
bis(2 ethylhexyl)benzo[12 c:4,5 c]dithiophene
4,8 dione)]

Poly[dodecyl 6(4,8bis(octyloxy)benzo[1,2b:4,5
b'ldithiophen2-yl)thieno[3,4b]thiophene2-
carboxylate]

Poly([4,8bis[(2-ethylhexyl)oxy]benzo[1,b:4,5
b']dithiophene2,6-diyl][3 -fluoro-2-[(2-
ethylhexyl)carbonyl]thieno[34]thiophenediyl])

Poly[(4,8bis(5(2-ethylhexyl}4-fluorothiophen2-
yl)benzo[1,2b:4,5b']ldithiophene2,6-diyl)-alt-(3-
fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3;4
b]thiophene)-2,6-diyl)]

A thieno[3,4c]pyrrole-4,6-dionebased conjugated
polymer

Poly[(thiophenexlt-(6, 7-difluoro-2-(2-
hexyldecyloxy)quinoxaline)]

Poly[(thiophenexlt-(6, 7-difluoro-2-(2-
hexyldecyloxy)3-methylquinoxaline]
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PTVT-T

PVSCs
Qx
RMS

RT

St

SCLC
Se
SRID-4F
T
TDDFT
TEM
TGA

6TIC

TP

TPTT-2F

TPTTT-2F

TRID-4F

TT

Poly(bis(2-butyloctyl) [2,2 : ,25terthiophene}4,4
-dicarboxylateb,5 -diyl-vinylene)

perovskite solar cells
2,3-diphenytquinoxaline
Rootmeansquare

Room temperature

Sulfur

Ground state

The first excited state

Space charge limited current

Selenium

SesubstitutedT-4F

Thiophene

Time-dependent density functional theory
Transmission electron microscopy
Thermalgravimetricanalysis
Propanedinitrile,2,2[6,6,12,12tetrakis(4
hexylpheny}6,12-
dihydrothieno[2",3":4",5']thieno[3',2":4,5]cyclopente
%jtzr;ieno[Z'",3"ChemicChemicalbookalbook':4",5"]t
eno[2",3":3',4"|cyclopenta[l',2":4,5]thieno[2,3
d]thiophene2,8-diyl]bis[methylidyne(3-oxo-1H-
indene2,1(3H)}diylidene)]]bis
Thiophene[3,2b] pyrrole

Replacing the TT blockf ITIC-2Fwith athiophene
ring

Replacing the TT block of FOIC with athiophene
ring

isomerizedSRID-4F

Thiophene[3,20] thiophene
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TTT

UV-Vis

Veft

VMD

Voc

Y5

Y6

Y6-Se

Zn0O

Dithieno[3,2b:2 ,3 -d]thiophene
Ultraviolet visible spectroscopy

Effective voltage
Visual moleculardynamics
Opencircuit voltage

2,2-((2Z,2'2)}((12,13bis(2-ethylhexyl}3,9-
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Abstract

Organic solar cells (OSCs) have received wide research attention for their
unique properties such asemitransparency, light weight, low cost,
flexibility, and easy to fabricate. The development of bulk heterojunction
(BHJ) OSCs has been surging ahead accompanying with the rapid
development of multifarious nefiullerene acceptors (NFAs). At present,
thewell-known NFAs such as ITIC and Y6 series, have replaced fullerene
derivatives in fabricatindnighly efficient BHJ OSCs due to their simple
synthesis and purification, tunable spectral absorption, and modulable
frontier energy levels in comparison withl&rene acceptors, NFAs based
OSCs have achieved a very promispayver conversion efficiencyPCE)

of approaching 19% recently.

N-heteroarene based NFAssone of themain kinds of NFAs, exhibited
great potential in fabricating higberformance OSCs for their unique
features, such alsigher energy level$acilitated bythe strong electron
donating nitrogen atom, rezhifted absorptionand an extra reaction site
for side chain modificationChapter 1 demonstrates teaperioritiesof
theseN-heteroarene basedFAs in fabricating high performance OSCs.
Hence Chapter 2 provides a comprehensive overvieWdfeteroarene
based NFAsThe development oN-heteroarene basedFAs and the
construction are reviewed and discussed in this chapter. dudrgéy,
Chapter 3 presentthe essentiamethodologies and analysis techniques

employed in this thesis tharacterize NFAandthe devices

Firstof all, thiophene[3,2b] pyrrole (TP)building blockwas introduced to
construct two fuseding conjugatedNFAs, named as PTBTRF and
PTBTR4F (Chapter 4)When blending with donor PBDB, the PTBTP

4F fabricated devices affordedP&€Eof 12.33% with av 0f 0.86 V, ab

of 20.74 mA cn? anda FF of 69.02%.
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Core engineering has been demonstrated effective to achieve high
performance NFAs, as molecular conjugation andaimblecular charge
transfer can be readily realized through introducing or removing the
aromatic rings on the backbone of NFAsIditionally, the asymmetric
strategy was adopted for molecule modification, which could precisely
regulate the intrinsic optoelectronic properties of NFA#erefore,
asymmetric molecular design strataggsemployed to optimize PTBFP

4F and improve the photovoltai@gormance(Chapter 5) TP block and
thiophene[3,20] thiophene (TT) block were utilized to construct
asymmetric acceptors, PTBIIF/4CI. Ascribedto the great miscibility
between PBDBTF and PTBTF4F and thus exquisitphaseseparationan
outstandingFF of 76.73% was achieved. Eventually, the PBDB
PTBTT-4F based devices afforded a maximB@E of 14.49%.

To further optimizehe PTBTT backboneye dividedthePTBTT backbone
into three segmentsnd reconstructethe TPBTT backbongChapter 6)
After the isomerization of TP block, thECT propertiesimproved a lot,
owingtothe inner placement tiiepyrrole ring. By alternating the position
of pyrrole ring, the isomerized TPBTT backbone obtaimegroved
molecular stacking, leading to higherystallinity and amended energy
disorder.Ascribed toimprovedcharge mobilityand suppresse® , an
impressivePCE of 15.726 was achieved in TPBTHF based devices,
along with a reducedontradiative energy loss0O ) of 0.276 eV and

asignificantimprovement irh .

In conclusionthisthesisproposes aommerciabrganicbuilding block TP
block. Based on TP block, PTBT$eries vere created with suppressed
O . Asymmetric design strategy was adopted in PTBTP backbone
modification, and constructed PTBTT series witimproved device
performance. Eventually, TPBTT series en@ obtained through
isomerizationyhich furtherachievedmore orderednolecularstacking and

an improved®CE
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Chapter 1

Introduction

1.1 Synopsis

This chapter begins witla background introductiorio organic solar cells
(OSCs) which work as aravailablemethod tofacilitate solar energylt gives
an overview ofdonor and acceptor materials used in QS#3swell agheir
unigue propertiesincluding energy levelsabsorption andtheir photovoltaic
performancein binary OSCs Afterward, he chapterriefly introduces the
design principles of acceptor materials, especially rfullerene acceptors
(NFAs), followed by highlighting the challenges in developBAs. In the
end,the aims and objectives as well as an outlindefthesisare provided

1.2 Organic Solar Cells

OSC is one of the emerging photovoltaic technoleg featuring solution
processability and feasibility in performance tunedh®molecular design of
key organic photovoltaic material®SCs haveeceived wide research attention
for their unique properties such as se¢ransparency, light weight, low cost,
flexibility, and easy to fabricateHowever,to go beyond perovskite solar cells

(PVSCs),they arestill facingsome challenges and issues



1.2.1 Introduction of OSCs

Solar cell technology has evolvddoughseveral developmental phases, which
can be categorized into four generatidrise first generation of monocrystalline

silicon and polysilicon solar cell&¥an et al., 202)lhave been commercialized

for decadesbut their applicatioparelimited by the constraints gbreparation
technology and cost, as well as the environmental pollutioning the
preparation processSubsequently, the second generation of inorganic solar
cellsbased owadmium telluride (CdTe) and gallium arsenide (GaAs) exddbit
high photoelectric conversion efficiency. However, due to their limited
resources and high cost, their wide application is restriQ&¢ is one of the
third-generation solar cell technologies, along with perovskitel dye

sensitized solar cell®ong et al., 201;&hen et al., 200)9The third generation

of solar cells, represented by organic solar cells and perovskite cells, can be
manufactured on a large scale through printing and spraying due to their light

weight, low cost, and solution processing characterigiibsio et al., 2023

Additionally, OSCs haveshown great potential in preparing flexible and
transparent cells which further broadens their application rahgerefore,
OSCis currentlya hot researckpotin solar energygonversion

Bulk-heterojunction (BHJ) OSCs have attracteghificantattention since 1995

(Yu et al., 199} with an active layer thatonsists ofa ptype polymer as an

electron donor and a fullerene derivative as an electron accdpirBHJ
structure creatt more transport channels and donor/acceptor (D/A)
interpenetrating netwoskn blend films.And sucha spatial network enhande

the efficiency of exciton separation and charge carrier transporthe
beginning, fullerene derivatives were the commonly used electron acceptors in
OSCs. For instance, derivatives of Buckminsterfullerens) (@olecule, such

as [6,6]-phenytCsi-butyric acid methyl estgPCs1BM) and[6,6]-phenyt
Cn-butyric acid methyl estePC1BM), were often chosen as electron

acceptors in OSC&hang et al., 2006 However, fullerene derivatives suffer

from several limitations such as weak absorption, challenging chemical
synthesis, strong aggregati@md unstable morphology. As a result, fullerene

based OSCkavehigh energy loss and low external quantum efficiency (EQE).



Hence researchers are continuously exploring novel molecular structures as
substitutes for fullerene. In the early stages of research, certain groups
investigated new NFAs to pair with the classigype polymey poly(3
hexylthiophene) (P3HT)Although the reported®CEs were relatively low,

these studies have demonstrated that fullerenes are not the sole option as

electron acceptor&ince the emergence of ITIC in 2005 et al., 201%, non

fullerene OSCs have become a highly researched area due tadientages
in mechanical flexibility, lightweight nature, solution processabiptytability,
and semitransparen¢iloo et al., 2020(in et al., 202¢(5hen et al., 2093The

success of NFAs stems from their tunable strustuvkich not only enables the
creation of superior energy level alignment and reduction of energy loss but also
provides the potential to modifypolecular orientation for enhanced molecular
stacking and film morphologZhao, Wang and Zhan, 20¥®u et al., 202p

Fullerene molecules are renowned for their spherical geometry, which is
distinctly observable in contrast to the plahke structure of donor polymers

in bulk medium. In comparison, NFAs exhibit a 2D phiike structure that
complicates film morphologstudiesAs a result, NFAs have a tendency toself
aggregate in solutieprocessed BHblendfilms, leading toreducedelectron
mobility than fullerenebased OSCs. However, this issue can be partially
addressed by incorporating an appropriate amount of fullerene molecules to
reduceselfaggregationand enhancelectron mobility. Furthermore, NFAs
offer several advantages over the @erivatives in terms of cost of synthesis,
tunable structures, and possible use of molecular engineering to control the film
morphology Over the padiew years, noffullerene OSCs have witnessed rapid
advancements and achieved remalk&CEs of over 19%(Liang et al., 202),

exhibiting great potentidbr commercial applications.

Currently, the most promising NFAs primarily includeDAA and AD A 6-®
types. In 2015, Zhan et al. developed the clasdiz-A type NFA called ITIC,
which exhibitedimpressive properties such as appropriate electronic energy
levels, high electron mobility, and favorable morphologfter blendng with

the donomaterias, the device based on the ITIC derivative (4F) achieved
themaximumPCEof 13.7%(Li et al., 201§. However, the development of A

D-A type NFAs has reached a bottleneck due to two main reasons. Firstly, A



D-A type moleculegommonlyhave a large bandgapecondly most of them
suffer from high energy o9 ). Theseissuedimited the improvement of

0 andw . However, the studies of ITIC and its derivatives have enabled the
development of various polymer donorsyhile providing a deeper
understanding of the relationship between molecular structure, photophysical
properties, and device performance. To break through this efficiency bottleneck,
novel NFAs should be developed to realize the milestones foipeighrmance
OSCs.n 2019, Zou et akeportedanovelNFA called Y6(Yuan et al., 20195

which features an A A 6-® type backbone and a ladeiype fuseering

central core ofdithienothiophen[3,2bpyrrolobenzothiadiazole (BTP)This

NFA achieved an optim@®CE of 15.7%atfter blendingwith the classiaonor
PBDB-TF through careful regulation of its absorption and molecular orbital
energy levelsSpecifically,Y6 possessed aniqueC-shaped backbonevhich
facilitated improved morphology between donors and acceptors, promoted
inter/intramolecular interactions, and increased charge carrier mobility and
molecular crystallinity. Additionally, alkyl side chains attached to the retnog
atom of two pyrrole rings enhanced the molecule's solubility and prevented
overaggregation caused by the rigid conjugated skeleton through steric
hindrance. At the same time, eoteric AD A 6-® type-based acceptors
commonlypresenhigh EQE responseeffectivelysuppressingO . Then,
hundreds of AD A 6-® type NFAs originated from Y6were synthesized
contributing tothe development of NFAs

Since then,the Y series molecules va been the mainstreanand the
underlying logic ofmolecular design is still based on the contribution of
electrondeficient core to the whole backbohtowever the electron pushull
effects of AD A 6-®type molecules can be adapted t®AA type molecules
andto adjustICT. To break the record d?CE, novelA-D-A NFAs still need to

be developednstead of Y seriesThe role of structural alteration of NFA
molecules should be discussed in terms of changes in fiimhology and

reducing energy loss for imprioyg device performances.
1.2.2 Working Mechanismfor OSCs

Currently, most device structures for OSCs are based on BHJ device structures.



According to the transmission direction of elecgon holes, it can bedivided
into standard configuration ITO/hole transport layer (HTL)/Active
layerklectron transport layerETL)/Electrode, and inverted configuration,
ITO/ETL/Active layer/HTL/Electrode. As shown faigure 1.1, OSCshavea
typical sandwich structungith the active layer in the middle &fTL and HTL.
Theactive layer is mainly composed of donor awteptor material® absorb
photors. At the same timdndiumtin oxides(ITO) and the metal electrodee

usedto collectthe generatedlectrons and holes.

Electrode ——  Donor Electrode
ETL HTL
Y (|
ITO/Substrate ITO/Substrate

Fi gatTehe di agseamn(dldefdt) and invefted (r
OSC devices.

The general working mechanism of organic solar cells is showigure 1.2
below, which is mainly divided into the following four physical stagigsu et

al., 2013Heeger, 201Huang et al., 2004 First, photoexcitation of the donor
generates a Coulomtorrelated electrdrhole pair, known as an exciton. The
exciton then diffuses to tH&/A interface, where the exciton dissociates to form

a geminate pair. The free charges are then transported and collected at the
respective electrodes. The process of acceptor excitation is similar and,

especially foNFAs, can be of comparable importance for generating current.

1) Exciton formation 2) Exciton diffusion
Electrode

Interfacial layer

3) Exciton dissociation 4) Charge transport and collection

o B
| _

@ Electron Hole [l Donor [ Acceptor

Interfacial layer

Electrode |
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1.2.3Parametersto Evaluate OSCs

Gererally, the fundamentgarametersef OSCs arevaluatedhrough current
voltage ¢-V) curves. The device performance is measured through separate tests
in darkness and under illumination. As illustrated kigure 1.3, key
performance parameters of OSCs, including, 0 , FF and PCE can be

obtained.
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Figure 1.3 The typicalJ-V curve for an OS@evice

1) OpenCircuit Voltage(w )

w isdefined ashe output voltage of the solar cefider opertircuit condition
(when the output current is zgrés is shown irFigure 1.4 and the following
equationw of the devicexan beestimatedoy the energy level difference
between the HOMO energy levels of the donors and the LUMO energy levels
of the acceptor@otscavage, Sharma and Kippelen, 2BG8nalai and Uddin,
2019.

@ O 0O @ 'Q o Q (1-1)
Besidesw is associated with the thicknesfistheactive layer, carrier mobility,

D/A ratio, contact betweetheactive layertransport layer, andlectrode.
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2) ShortCircuit Current Density(0 )

0 is defined aghe currentdensity ofthe deviceunder short circuicondition
(when the output voltage is zér&€ommonly,0 is related to the absorption
region andntensityof the active layerchargedissociationand charge transport
efficiency. At the same timea) is associated with molecular stacking in the
blend films. The closer stacking of the fabricated $iloan lead to better

crystallinity, and thus highar .

3) Fill Factor (FF)

Asis shown inFigure 1.3, FF can be oldined bythe following equation:

00 p Tiht (1-2)
where 0 is the maxmum output power FF of the OSC device is
predominantly influenced by theollection and recombination of charge
carriers.Low FF is always caused bthe recombination of charge carriers
present within the active layein order to enhancéF, optimizing the
miscibility between the donors and acceptors@mase separatiaa beneficial

for forming a 2D interpenetrating network structufy tuning the D/A ratio,
additives,andannealingphase separation can be optimized, leading to higher
FF.

4) PowerConversion EfficiencyPCE)

PCE s defined aghe ratio of th@ per unit effective area of the solar cell to

theinput power(0 ), which can be calculated liye following equation:

060— pmMMbP——— prmmP (1-3)



1.2.3 Development andChallenges ofAcceptors inOSCs

As the most promising /-A type NFAs at that time, ITIC and its derivatives
have distinctive and important molecular structurleading to a great
superiority in photophysical and photovoltaic performar(Gao et al.,

2018gZhang et al., 201§aThe important features from the chemical structure

point of view are: (1) ITIC and its derivatives consist of two eleetleficient

end groups and one electraooh central coreA strongpushpull electronic
effect was generated by the electaeficient and electrenich units, allowing

for the regulation of photoelectric properties such as absorption and energy
levels. Besides the rigid and planar backbone, combined with strong
inter/intramolecular interactions, facilitated efficient charge transfer. (2) The
attachedside chaingould adjust molecular solubility and compatibility with
the donors, resulting in a favorable nanometeale blend with an ideal
interpenetrated network. (3) The-[&A molecules offered multiple reaction
sites for the introduction of functional atoms and groups to tnokecular
structure andhus the moleculaproperties.Therefore, NFAs are commonly
optimized by core engineering, sideain engineering and end group

engineering.

Rather than conventional molecular modification, desigmiieAs through
suppressing  is a new methodComparedo silicon andPVSCs the OSCs
usually suffer from large® and inferior charge mobility, restricting the
further performance improvemerthe reduction o©  in the OSCs using

NFAs was generally over 0.5 YZhang et al., 2021 considerably higher than

that of highefficiency inorganic or perovskite solar cellsq4 V) (Mahesh et

al., 2020. This was primarily due to the highO , a result of low

electroluminescence external quantum efficier®y (0). The lowO D Oin
OSCs could be associated witiore disordered internal structyiéuang et al.,
2023. Hence, tining the interfacial bias throughmolecularengineeringand
molecular packingvould now be critical to squeezing more voltage out of NFA
systems that are already nearly perfect at converting light into photocurrent.
Furthermore,lte characterization @  canprovide insightsnto the nature

of binary OSCsandfurthersuggestions for material design.






Chapter 2

Literature Review

2.1 Synopsis

Despite the remarkable achievenseiit OSCs there arises an increasing
demand for enhancing our elementary comprehension of the interdependent
relationships between the structure and properties of theadttite-art donor

and acceptomaterials.These interconnections initiate from theucturesand
molecular stacking of the organic semiconductors, proceed to the blend
morphology and resultanfphotophysical characteristics The chemical
structures of thedonoracceptor light harvesting materials cdictate the
efficiency of the photoito-electron conversion process, culminating in the
specific performance of the devis@EC devicessuch as charge generation
transfer, separatioefficiency, andO  during these processeBhe device
performance data, in combination with intrinsic material properties obtained
through device processing, can generate a feedback loop, facilitating the
exploration of material design and device fabricatildris chapterstarts with a

brief introduction ofpolymer donorshat have beeunsed in constructing binary
OSC devicesThen a comprehensive discussion is provided of the recent
progress ifNFAs, especiallyhighp e r f or mance AT DIGAN Aype a
type NFAs, and the cresponding highly efficierthinary OSCsystems.
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2.2 Conjugated Donor M aterials for OSCs

Organic optoelectronic functional materials initially focused on the design and
development of donor materials, and various organic optoelectronic donor
materials were rapidly developed and reported. Donor materials can be roughly
divided into two categoes: smalmolecular donors and polymer donors. The
vigorous development and-aepth research of donor materials have greatly
benefited theNFAs andOSCs in recent years, so it is necessary to summarize

the donor materials.
2.2.1 Conjugated Polymer Donor M aterials

Up to now,severakeriesof conjugated polymer donors have been constructed
by the combination of D and Auilding blocks Amongthe polymerdonors
some building blocks havexhibitedimpressive performanda constructing
high-performance polymer dongricluding benzo[1,2b:4,5b"dithiophene
(BDT) (Yao et al., 2015 benzo[d][1,2,3]triazole (BTAJCui and Li, 2019,
quinoxaline (Q) (Liu et al., 2017g benzo[1,2c:4,5c ]dithiophene4,8-dione

(BDD) (Zheng et al., 2020bln this part the progress of some famous polymer

donorsfor application in OSCs summarizedThe chemical structures of the
previouspolymer donors are presentedHigure 2.1.

CeHy3 0OBOOC

0OBOOC,

7 N\ s 7\
S \ X S n
COOBO

PHBT4T-CgH,y  CoHio CoiHae PTVT-T

Fi g@tTehehemi cal prevgdluysmasr odonor s

In 1986, since P3HTHaugeneder et al., 19pwas applied in OSCs by Jen et
al., polythiophene derivatives halseenwidely used in the field anldavebeen

11



used ever sincgli et al., 2005Kim et al., 2008, owing to their good stability

and strong crystallizationHeeger et al. optimized the morphology of
P3HT/PG1BM blend film through thermal annealing, achievirl@@Eover 5%
in 2005 (Ma_et al., 200nr Since then, with the development of fullerene
derivatives with higher LUMO levels (KBA, IC70BA, etc.), P3HTbased
devices achieved an efficiency of {%u et al., 2016Cao et al., 201)/Hou et

al. (Zhang et al., 20)introduced ester groups into polythiophene fragment

units and successfully synthesized PDC®Michexhibitedcloser-~ st ac ki ng
The enhanced stackingaes beneficial foefficient charge transpartence, he
PDCBT/PGoBM based devicerealizda PCEof 7.2%togethemwith improved

@ andFF, simultaneouslyAs the low bandgap NFA of ITIC watesignedo

fabricate OSCs, the PDCHBJased deviceachieveda PCE of 10.16%,0wing

to the broadening aheabsorptiorregion ofthe blend filns. Subsequently, Yan

et al. (Liu et al., 201% prepared a series of polythiophene derivative donor

material;namedasPffBT4T serieshy inserting difluorebenzothiadiazole (BT)

into polythiophene fragmentsOwing to the excellent crystallinity and
temperaturesensitive molecular aggregation, the morphologyP&BT4T-
series based films can bectively regulated by hot substrate and hot solvent
spincoating.Eventually, the device based on PffBFT2DD/PGoBM realized

a PCEof 10.8% with anFF of 75%. After side chain engineering, PffBT4T
CoH10 based devices achieved an efficiency of 11.7% by modulating the active

layer morphology with a twsolvent strategyZhao et al., 201§aRecently,

Houet al. (Ren et al., 2021reported a moreeadily prepared polymer PT\ET

T with low cost and strong aggregation behaviofprming nanoscale
aggregations and faam orientation. After blending with the electron acceptor
of BTP-eC9, this polymebased device showedmaximumPCE of 16.2%.

BTA, as aweak electronwithdrawing unit, can be employed to construct
polymer donors with either wide or medium bandgépgure 2.2) You et al.

(Price et al., 200)1successfully designed and prepared two BbAtained

polymer donors, one with fluorine atoms and one without. In contrast to the
BTA-based donor, the fluorinated Bi#ased donor (denoted as FTAZ)
possessed comparable optical and aggregation charactewstiesfeaturing a

significantly deeper HOMO energy level ardhancechole mobility. After

12



castingwith PGs:BM, the FTAZbased devices yielded a higHeCE (7.1%)
thanthe BTA-based counterpart (4.3%)hen Li et al. (Bin et al., 2016p

employeda fluorinated BTAbased polymer donor (J52) to fabricate binary

devices by combiningith alow bandgap acceptor of ITIC and obtaindGE
of 5.51%. To realize a 2Btructure, the alkylthiophene side chainl52was
replaced by trialkylsilylthipheneto yield J71(Bin et al., 2016n After side

chain engineering, Jtealizeda deeprHOMO energyl e v e | of 15.40
formeda favorable BHJ morphologthroughthe combination with ITICThe
corresponding deviseachieved a highelPCE of 11.41% compared with the
J52based deviceRecently Ding et al. (Liu et al., 2020p designed a wide

bandgap polymecalled D18 by combining with BDT, BTA, and thiophene
bridge. After blending with Y6 the D18:Y6 based deviseshowed an
outstandingPCE of 18.22% owing to more delayed exciton lifetime of D18.
Therefore, D18 is commonly usedthsternary compound to bredkrough the

efficiency record.

Fi g@2Tehehemi cal 8fTrobaeabpégemerofdonors

Qx is another populaglectronwithdrawingbuilding blockin exploring high-

performance polymer donoss exhibitedin Figure 2.3, manylatestQx-based

polymer donors have bedesignedand applied in OSCs. Haat al. (Liu et al.,

2019 successfully preparethree polymer donors, PBQF, PBQQF, and

PBQ-4F, with different numberof fluorine atoms on the conjugated skeleton.

Among the three polymers, PBQF obt ai ned t he deepest I
eV, because of the introduction of fluorine atoms. RPBQbased devise

13



realized aPCEof 8.55% by casting with P@BM. Despite the slight deviation
of 30 by 0.04 eV andO by 0.24 eV between PB@F and ITIC, the
PBQ4F: ITIC baseddevice exhibiteca maximumPCE of 11.34% owing to
more sufficientcharge separation arsdippressedbimolecular recombination
(Zheng et al., 2008 Compared tdullerenebaseddevices devices based on

NFAs require less driving force between donors and acceptors, thus
demonstratindgheir greatpotential for superiodevice performancdrecently,
PTQ10 was developeuth a simple structure and loewst, which was regarded
as a promising donamaterialfor industrialization(Sun et al., 2019aThe

PTQ10 IDIC blend films exhibited a favorable morphology, with strong face
on stacking thus achiewng a PCE of 12.7%. SubsequentlyPTQ11 was
developedoy introducing methyl groups on®TQ10to realize anup-shifted
HOMO level.In addition PTQ1lobtainedenhancedthole mobility and stronger
crystallization than PTQ1@zading toan impressive®CEof 16.32%eventually
(Sun et al., 2020

¢
Fi g@3Tehehemi cal Qo aurctt apionkiynngg ¥ donor s

TT is a quinoid structure heterocyalath remarkable stabilityRecently TT
has beeralways usedo construct lowbandgap polymergFigure 2.4) Yu et
al. synthesized®TB1 in 20@ with complementary absorptiavith PGs:BM and
a bandgap of 1.6 e\Although the PTB1:P&BM based deviceexhibiteda
higherv of 12.5 mAcm?, theshallowHOMO level of PTB1 led to a quite
low w of 0.58 eV(Liang et al., 200p To furtherimprove the morphologand
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downshiftthe HOMO energylevel, a series of polymer donors based o8P
were developed byncorporating fluorine atosiand tuning the side chains.
These efforts ultimately led to @étsuccessof PTB7 (Lu and Yu, 201%and
PTB7Th (Sun et al., 201§c The versatility and effectiveness BITB7-Th

derivativeshavebeenwidely usedin semitransparent organic solar cells as well

as in tandem solar cells as the realt materia(Hu et al., 2020

COOC,Hys COOEH
CgH470 STN HEO STN_f¢

S s
4 //\ Y //‘

CzHs

C4Hg
PBDB-T PBDB-T-SF PBDB-TF

Figure 2.4 Thechemical structures @fT and BDDcontainingpolymer donors

Recently,BDD wasregarded as the famous building bldokconstructhigh-

performance polymer donorgFigure 2.4) Hou et al. (Qian et al., 201p

synthesized the first BDibased polymer donor, PBBB, which exhibited a
robust temperaturdependent aggregation property and excellent
interpenetrating network morphology time neat films. In 2016, PBDBT was
combined with ITIC tdabricatetheactive layer with matched energy levels and
complementary absorption, resulting in enhandeht harvesting and
suppresse® . Theblend films alsorealizeda favorable nanoscale phase
separation morphology, leading to an outstan@i@d of 11.21%(Zhao et al.,
20168h. After fluorination, Houet al. developed PBDBI-SFbased on PBDB

T and IT-4F based on ITIC The resulting PBDB-SF: IT-4F based filng
exhibited significanty redshifed absorption and thus a higher efficiency of
13.1%(Zhao et al., 201)7 togethemwith anenhanced of 20.5 mA cn¥ and
maintainedw of 0.88 V.PBDB-TF, also known as PM6, exhibited better
phaseseparation morphologwhen blendingwith IT-4F, resulting inhigher
charge mobilities and RCE of 13.7%(Li et al., 2018. Recently, a PBDHF-

15



based device achievedPLE of over 17%by using BTReC9as the acceptor
material(Cui et al., 2020k Currently,the PBDB-T family hasbeen widely used

as donor materials to fabricate OSCs wittivelNFAs.

2.2.2 The Challenges inDesigning Polymer Donors for High-

performance OSCs

Conjugated polymer donors have been considered as promising BHJ materials
for achieving highly efficient OSCs. In addition, their functions in tandem,
ternary, semitransparent, and indoor O8&@sgebeen explored for applications.
However, there are several obstacles that must be addressed to further improve
device efficiencyOne of the challenges involves designing and synthesizing
novel conjugated polymers with optimized hole mobilitiddost high
performance polymer donors exhibit low hole mobilitiesjolhis detrimental

to enhanmg charge collection efficiengysuppresiag O and further
fabricatng thick film devices Additionally, controllingthe morphology of the
active layer is critical for enhancing device performance, as it influences exciton
generation, charge separation, and collection proceddesever the
underlying mechanism of the interplay between the polymer damor NFAs
remains unclearFor instance,although some building blocks, such as
diketopyrrolopyrrolg DPP)(Song et al., 2019Ban et al., 2090 demonstraid

high hole mobilities, their photovoltaic efficiencie®re underwhelmingafter
castingwith NFAs. Consequently, understanding the molecular interactions
between the donsrand acceptaris crucial in guiding the design of polymer
donors. Once the aforementioned challenges are addressed, the advancement of

OSCs will be greatly accelerated.

2.3 RecentProgresson NFAs for OSCs

Electron acceptor materials, as a crucial part of the active layer in OSCs, have
attracted increasing attention due to their tunable photophysical properties in
recent years. In terms of the development of electron acceptor materials, fused

ring electron aceptor (FREA) materials, particularly fused aromatic diimide
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derivatives (such as perylene diimides and naphthalene diin{ides) Chen

and Chen, 2009fullerene acceptors,-B-A type fusedring electron acceptors,

and AD A 0-® type FREA, have made significant contributions to the
advancement of OSCs. Originally, fullerene derivatives and fused aromatic
diimide acceptors were widely used as electrorpites, but these two types

of acceptors have inherent drawbacks. Fullerene acceptors have weak
absorption in the visible and neafrared region, unstable morphology, and
difficulties in molecular modification and purification, while fused aromatic
diimide acceptors havenarrower absorption range and difficuityadjusting
energy levels. Consequently, these two types of acceptors linlRGEdo a
moderate level of no more than 13%. However, with the invention-DEA

type fuseering electron acceptors in 2015 by Zhatral.and AD A 6-Btype
fusedring electron acceptors in 2017 by Zeual, the PCE of OSCs swiftly
increased to 19%. In this chaptérreviews the existing materials utilized in
OSCs regarding structural properties and photophysical modifications. Based
on the existing donor materials, this chapter also focuses on the design rules of
NFAs, especially AD-A type and AD A 6-® type fusedring electron
acceptors, and exammehe relationship between molecular structure and

device performance.
2.3.1 A-D-A type NFAs

As is shown irFigure 2.5, the emergence of ITIC, featuring the typicaDAA
structure)ed the exploration and boast OSCs(Lin et al., 201%. As the most

promising acceptor at that time, ITIC and its derivatipessess distinctive
molecular structure,leading to great superiority in phoptysical and
photovoltaicpropertiesThe molecular structure of ITIC and its derivatives had
several notable features: (1) ITIC and its derivatives consist of two electron
deficient end groups (A) and one electraoch central core (D, fused backbone).

The strong pusipull electronic effect resulting from these A and D units can
easily regulate the photophysical properties such as absorption and energy
levels. Besides, the rigi and planar backbone as well as strong
inter/intramolecular interactions was beneficiai charge transfer(2) The

molecular solubility and the miscibility with the donors can be modulated by
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sidechain engineering to form a favorable blend and interpenetrated 3D
network for sufficient charge transfer tunngl3) There are several reaction
positions in AD-A type molecules, enabling thatroduction of functional
atoms and group® finely tune the molecular structure and thus the molecular
propertiesin this sectionthe development of ®-A type acceptorbasedon

ITIC would be summarizedpcusng on the modification of fusedng core,

end groupsand side chains

1) Backbone=ngineering

Thebackbonef ITIC consists of a central benzene and two flanking thig&eo

b] thiophene (TT)blocks that are bridged by two cyclopentadiene groups.
Modifications to theusedring backbonenvolve replacing théused rings as
well as introducing heteroatoms, isomerization, and asymnsitgtegy
constructingexpanded conjugated backbene

As is shown irFigure 2.6, thebenzenecenteredDTIC wasfirstly reported by
Zhanet al (Lin et al., 2016} constructingoentacyclic indacenjd,2-b:5,6b ]
dithiophene (IDT) backbonéfter blendng with the polymer donor PDBT1,
thePDBT-T1: IDTIC based device®alizedaPCEof 7.39% and a highh of

0.9 V.To optimize IDTIC the central benzemneas replaceavith naphthalene

to create IHICIwith a more ceplanar backbone, expandednjugation,thus
boosting theelectron mobility for IHIC1Owing to the elevated LUMO energy
level, the FTAZ:IHIC1 based deviceobtained an enhanced , and a higher
PCEof 9.21% Furthermore, FPIC was developed by replacinghtghthalene
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core and 3-(Dicyanomethylidene)indafi-one (IC) end groupin IHIC1 with
pyrene core and 2-(5,6-Difluoro-3-oxo-2,3-dihydro-1H-inden1-
ylidene)malononitrile(IC-2F), respectively to expand the conjugation length
(Cai et al., 201p The optimized PTB-Th: FPIC based devices achieved an

efficiency of 8.45%The enlarged p linaha aenter resulted ablueshifted

absorptionand a broader bandgap, lurtmatched absorption region with the
donor materialsBDT central core was introduced owing to its high planarity,
togetherwith enhanced absorption and great charge transfer performance.
Based orBDT core, ITIC was isomerized to the novel NFBIHan et al.,
2017, which exhibited strong absorption among the range of8®00nm and

a narrowedO of 1.56 eV After blending with PBDBT, an impressivd®?CE of

10.42% was achievedn addition, TT unit is also considered apramising
central coreto construct NFAsByY introducing TT unit in the backbone,
enhanced ICT and intermolecular interaction can be realized. Based on TT
central coreand ITIC major structw; Jenet al. successfully designed and
synthesize®TIC (Shi et al., 2018 6TIC exhibited a redghiftedof around 150

nm absorption compared to ITIC. And the PTBT.6TIC based devices

realized 8PCEof 11.07% eventually, owing to the suitable absorption region.
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Imic 6TIC
Figure 2.6 Replaement ofthe central benzeneith the fuseering core

Altering the conjugation length is regarded as another common methoe to tun
the photophysical properties of NFAGzigure 2.7) Through adjusting the
number of fusedings in the backbone of ITIC,5FC, F7IC and F9IC were
synthesized based dhiopheneg(T), TT, anddithieno[3,2b:233&d]thiophene
(TTT) (Dai et al., 2018p Narrowed bandgaps and elevated energy levels were

obtained as the increasimymberof rings. Along with the enhanaeent of
intermolecular interaction, the electron mobilities of the blend films led to
increasedPCEs from 5.6% to 11.7% forHHC, F7ICandF9IC, respectively.
Zhanet al.(Dai et al., 2018greplaced the central benzene core with TT unit in
F5IC, F7IC and F9IC, constructing F6IC, F8IC and F10lGree optimized
NFAs exhibited simila property patterrs like F5IC, F7IC and FOIC, while

stressing the importance of extending molecular conjugaBased on the
symmetric backbones, asymmetric strategy was used tctuige the
photophysical properties and enhance the dipole moments;Hmvinghigher
carrier mobility and better blend morphology. Then, Yab@l. (Gao et al.,
2018hGao et al., 201§cemployed asymmetric strategy and synthesized
asymmetric IDT6CNM and IDT8CNM, based on T, TT and TTT units and
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methylated IC (IGM) end group. The asymmetric acceptors realized higts
of 77% and 79% after casting with PBEB

IDT6CN-M IDT8CN-M
Figure 2.7 Conjugated lengtlexpansiorof thebackbone

Heteroatom substitution, including oxygen, nitrogen, silicon, and selenium, also
has gained popularity in designing novel NFABigure 2.8) For instanceDing
et al. (Xiao et al., 201yincorporated oxygen atoms into the bridging group of

cyclopentadiene and explored carbmxygenbridged AD-A type NFAs.In
contrast with F8IC, thecarbonoxygenbridged COI8DFIC exhibited red
shifted absorption anélevatedenergy levels, leading to improvedkvice
performance The Selenium §€ atom in selenophene is more polarizable

compared to th&ulphur §) atom in thiophene, resulting ilower electron
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density around it. This characteristic gives rise to stronggermolecular
interaction for Sesubstituted backbondeading to better charge transport
properties.Subsequently,hie Sesubstituted NFAs, SRHAF and TRID4F,
exhibited higher) values and lower energy loss than thefi@e IT-4F,

highlighting the superior properties of Se.

CeHys F CeHyz
TRID-4F SRID-4F

Figure 2.8 Introdudion of asymmetric backbone and heteroatoms

2) End group engineering

End group engineering isn effective method to adjust the ICT and
intermolecular interactions, owing to the strong electteficient properties. IC
and itsderivativesare the most famous among the ermhpping groups. By
substitution of the halide groups or alkyl growpigh the hydrogen in IC, the
stacking inside the blend fisncan be affected a lot. Herein, end group

engineering based on IDTT casdisplayed inFigure 2.9 and reviewed.
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Figure 2.9 End group engineering on-B-A type NFAs

To explore the impact of halogenation ArD-A type NFAs,four ITIC based
NFAs namedasF-ITIC, CI-ITIC, Br-ITIC, I-ITIC were synthesize@yang et
al., 2017%. The halogenated NFAs realized +ghifted absorptiorand down

shifted energy levels, because of the heavy atom effect of Se and its stronger
electrondeficient ability. After blending witiPTPDBDT donor these ITIC
derivatives achieved highBxCEsthan ITIGbased devices.urthermore, I2F
and IG2Cl wereintroduced to construct HIF (Zhao et al., 201)7and IT-4Cl
(Zhang et al., 201§aCompared to 192F/2Cl, IT-4F/4Cl exhibited reghifted
absorption and deeper energy levels, causing a lawedbut increased and
FF. Eventually thedevices based on PBBBF and IT4Cl/4F achievedCEs

over 13%.Additionally, methyl and methoxy groups were always introduced

into end-capping groups. Methdubstituted IT™ was developed by Hoet al.
with a blueshifted absorption and tghifted energy levelsSubsequently, the
PCE of PBDB-T:IT-M devicesachieved 12.05%alongwith anenhancedy

(Li et al., 201§. In another work, Yangt al introduced F atontogether with

methyl group to the end groups and prepared ITHEE® et al., 2010 realizing

a high PCE over 13%with an impressivd-F approaching 79%Hou et al.
utilized a range of alkoxygroupswith differentlengtts to construct ITO1 to
IT-O4 (Zhu et al., 201y The NFAswith longer alkoxyl chaingxhibitedlarger
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domain sizethusresulting inlimitedv andFF. Hence, IFO1 realized better
device performance of 11.68&nong this serieg\fter repladng benzene in IC
by thiophene, aovelend group and its derivatives were explorgdu et al.

(Zhang et al., 20J)7developed a novel terminal growpth thiophene group

and synthesized a novel NFA callBdrC, by connecting thendgroup with
theIDTT core.Owing to its narrowe&® and higher energy levels, the ITTC
based devices obtained a high€E of 10.4% compared to ITIGn addition,
Yanget al. (Luo et al., 201Band Zhanret al. (Yan et al., 2018pintroduced

methyl groups ot the thiophene&ing and successfully synthesized two new
acceptors, MelC and ITGDM, with higher energy levels. As a resulthe
J71:MelCand PBDBT:ITCT-DM devices showed impressive efficiencies of
12.54% and 10.56%, respectively.

3) Sidechain engineering

The manipulation of side chains is pivotal in regulating both the solubility and
photophysical propertieBodification on the side chains {i central benzene
ring, R in cyclopentadiene, Rn TT unit) in the backbones can be an effective
methodof trimming molecular structuresis depicted ifrigure 2.10. Herein,
sidechain engineering based on IDTT core would be reviewed on behalf of A
D-A type NFAs.

IDTT core
Figure 2.10 Sidechainengineering otDTT core

Significant efforts were invested modifying the side chains ¢gRon IDTT
backbone(Figure 2.11) Among various sidehain engineering, the common
approach involved attaching side chains to thehgpridized carbon of the
bridged cyclopentadien®©wing to the paired Sghybridized carbons, which
were centrosymmetric and located diametricaity the backbone four
hexylphenyl chainkeading talifferent directionsvere resulted.i et al.(Yang

et al., 201% alteredthe position of hexyl in theside chainsof ITIC and
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synthesizedn-ITIC, leading to enhancedbsorption coefficientand better
crystallinity. As a consequencéhe J61:mITIC devicesdisplayed a superior
PCEof 11.7% compared to ITHbased devicesit the same time, Zhaet al.
(Lin_et al., 2016p introduced thiophene ring instead of benzene in the side

chains to construct ITIKTh. The thienyl side chains were beneficial for
improved intermolecular stacking and more sufficient charge transfer.
Consequentlythe PDBT-T1:ITIC-Th basedlevice achieved RCE of 9.6%.
Besides, alkyl chains were alsmmmonly utilized in NFAs. For instance,

Heeneyet al.(Fei et al., 201BreportedC8-ITIC with octyl sidechairs, leading

to a decreased optical bandgap and enhanced crystallihity.modification
eventuallyresulted in aimpressivePCEof 13.2% when blended with PFBDB
T.

m-ITIC
CeHi3
'~~-©,CGH13 ITIC-Th
p
-CgHq7 cs-ITIC

Figure 2.11 Sidechainengineering o2 side-chain

Compared to the modificatian Ry, sidechain engineering based Baand R
in IDTT-basedNFAs were seldom exploredin 2018, hexyl side chaingere
firstly introducedinto the TT block in the backboneof ITIC to lock the
conformation andevelopa novel SMA namedsITC6-IC (as shown ifrigure

2.12) (Zhang et al., 2019bAccording to the calculations of torsion angles, the

hexyl substituted TT unit in ITGBC with stronger steric hindranceyas
beneficial to form a more plananolecularstructure Different from ITIC,
ITC6-1C obtained slightly blushifted absorption and elevated LUMO energy
level, leading to enhanced of 0.97 V and thus a promisirRCEof 11.61%,
after casting with PBDH'. Furthermoreanovel NFA, namea@sIM -4F (Zhang

et al., 20200 was successfully designed and synthesizedrdyylacing the

hydrogen in Rwith methylgroups Consequently, IMAF exhibited reehifted

absorption compared to 44F, owing to the electredonating propeyt of
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methoxy and methyl groups Benefitting from the enhanced ICT, HF
obtained elevated energy levels. ThereftrePBDB-TF:IM-4F based devices
realizedimproved0d andw , togetherwith a PCE of 14.17%, respectively.
Based on IMAF and ITCe4F, IMC64F was designed combined with
conformation lock andnethyl substitution in the centrabre, delivering an
impressivePCE of 15.57%, with an outstandingF of 77% (Zhang et al.,
20208).

IMC6-4F

Figure 2.12 Structure design for IMC8IF

2.3.2 A-DAD-A type NFAs

As Y6 was reported by Zat al.(Yuan et al., 2019kn 2019, the inception of

a new era in NFAs was startélthe peculiar molecular structure of Y6 and its
derivatives induced exceptional absorption and photophysical properties.
Moreover, the energy levels of these molecules can facilitate efficient electron
hole transferbetween NFA and donordike PBDB-TF, D18 and PTE10.
Compared to AD-A type NFAs, he A-D A 6-A® configurationand Gshaped

conformationenable sufficienproperties in the moleculeSimilar molecular
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engineering method® optimize theA-D-A type NFAs,can beapplied toA-

D A 6-®type NFAs as wellRecently the PCE of single junction OSCs has
risen from 15.7% to 19.6%@ccompanyingwith the innovation of Y series
NFAs. It is crucial toconductcareful structural modificationsn A-D A 6-A
type NFAs as the slightmodificatiors can affect the performance a |8t the
same timethe C-shapedstructure of ¥seriesNFAs shouldbe maintainedo
keep a large dipole moment. Consequently, there was seldonomibackbone
modification And thisthesis will focus on core engineering instead of backbone

engineering.
1) Coreengineering

Modi fying the D and A®6 moieties can tu
properties of the ¥series NFAsUntil now, the BT core in Y6 has been replaced

by Qx and2-alkylbenzotriazole (BTzj)o reconstruct the central cor&idure

2.13) The modificationon the D moietywould influence the properties of Y

series to a large extend, thus only Se substitution was rep@igure 2.14)

Fig@Xt@&8he structure o-DAGH et ywpee rYaScsceenp tad ri

Zhu et al. first introduced Qx cores into Y series and reporteddy®thyt
substituted AQxL and AQx2 without substitutior{Zhou et al., 2020b Owing
to the slightly electromonating methyl group, AQ% obtained reghifted

absorption in chloroform solution compared to AQXWVhile the absorption of
neat films exhibited different trend, because the steric hindrance of the methyl
groups in AQx1l caused weaker intermolecular stacking and -bhiited
absorption. Hence, the PBDB-: AQx-2 based deviceachieved a highd?CE
(16.6%)thanthat of thePBDB-TF: AQx-2 based devicg4.3.3%), owing to the
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stronger stacking in PBDBF: AQx-2 blend films.Later,Lin et al.and Yanet
al. independently reported NFAs based ors8bstituted BT core, denoted
Y6Se and Y6&Se(Yu et al., 202) with the same chemical structur@fter Se

substitution red-shifted absorption was realizém Y6Se,which accouned
for the increased and thus an impressiVWCEof 17.®6 from theD18:Y6Se
based device&Zhang et al., 202)cBased on Y6,He S atom inD moietywas
replacedvith Se atoms by Jesgt al.(Lin et al., 202(), andconstruced CH1007

with varied ICT.ConsequentlyCH1007 realizealoserstackingwith a shorter

-~ di sD38 A)compafed to YGD3.7 A), that wasobservedrom in the
single crystal characterization. The ternary dewscbased on PBDHF:
CH1007:PC;1BM achieved &PCE of 17.08% with an impressiue of 27.48

mA cn 2, benefiting from the broad absorption and ligbharge mobilities
thanthat of Y6 counterpartsThe innovation of Yseries NFAswvas attributed

to the implementation of various molecular engineering originated frddrAA

type acceptordt is evident that introducing a strongeruditor a weaker
uni t i nt ooretresuitdirDeAh@rized ICTFor furtheroptimizing the
A-D A 6-BtypeNFAs, enhancing the ICT effetd a feasible method to obtain
more redshifted absorption. However, setting up suitable energy levels is

particularly challenging with compress@dinduced by stronger ICT.

Y6-Se CH1007

Figure 2.14 Coreengineering on ADA 06 -B type NFAs

2) End group engineering
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The end group engineering irA A 6-®type NFAs is similar to AD-A type

NFAs mentioned abovdC-2F and IG2CI have been the most popular end
groups usetbr endcappingHouet al.suggested that K2Cl based NFAs tend

to exhibit more suppress&l than other species. Therefore, more NFAs
with 1C-2Cl end groups emerged in the past three ydéoseover, there are

also some successful examples of end group engineering in reinforcing ICT and

absorptions.Kigure 2.15)

\
| BTP-M | Br BTP-H2 Br

Figure 2.15 End groupengineering on ADA 0 B type NFAs

Zouet al.(Yuan et al., 2019autilized original IC group and preparéth, which

showeda blueshifted absorptionedgecompared toY6. Y5 was compatible
with many donor polymers. Among them, the PBDBY5 based device
achievedthe highestPCE of 14.1%. Later, a series of NFAs based on
benzoindanonend group was reported by Marisal. (Li et al., 2021 called
BT-LIC, BT-BIC, BT-L4F, and BFBO-L4F. Benefitting from more extended

conjugation structure, BBO-L4F obtained a narrowd and a reeshifted

absorption edge. Subsequently, the PBOB BT-BO-L4F based devices
achieved a higPCE of 16.6% with an outstanding of 27.8 mA cni?2. In
addition, monesubstituted IC can act as potential end groups due to their
moderate electredeficient properties. For instance, Chetnal. (Zhan et al.,
2020 designed the BT with mid band gagdor ternary OSC devices. By
incorporating methyl groumto the IC end group in BT, the absorption of
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BTP-M blue-shifted slightly. And th& CEof PM6: Y6: BTP-M ternarysystem
increasedrom 15.61% tol7.03%,with suppressed energy loasdenhanced
0 . Recently, Chemt al. (He et al., 2022ppresented an NFA, BFR2, with
single brominated end grouwhich obtaineademarkable OSC performance of
19.2%in PCE(aw of 0.89 V, a) of 26.68 mA crh?, andanFF of 80.7%)
after being integrated as the third component in the RIHBO blend. As the

introduction of IGBr group, the BTFH2 based films exhibited more ordered
molecular packingtogethemwith a slightly blueshifted absorption edg@éfter
adding BTP-H2, the YO of the ternary device was significantly
suppressedhuspromotingsufficientchargegenerationThe desigmulesof the
end groupfor Y-series NFAsvere similar to AD-A type NFAs However, the
goal of end group engineeringas still limited to promadhg the molecular
stacking and chagg for higherPCEs instead of stability. To further improve
the stability of devices, next generation of end gsosipould possess more

robust structures.
3) Sidechain engineering

The solubilities, crystallinities, morphologies, and photophysical properties of
Y -series NFAs can be altered through sitlain engineering, which also affects

the packing of NFA molecules.

As is shown irFigure 2.16, theN-alkyl chains in Y serie@TP-4F/ACI8, BTR
4F/ACH12, and BTP4ACI-16) with varied lengths (@&thylhexyl, 2butyloctyl,
and 2hexyldecyl) were synthesized to explore the designing rules etbala
engineering(Hong et al., 201@ui et al., 2020m Consequently, the2-
butyloctyl substituted BTRIFH4CI-12 exhibited balanacke solubility and
crystallinity for decentfilm morphology. And thePCEs of PBDBTF:BTP-
4F/ACI12 based devices realized 16.4% and 17.0%, respectiiealyther
successful sidehain engineering was reported by Yaml.(Jiang et al., 2079

with different side chains in the pyrrole ringhe alkyl chains in B and N4
were beneficial for enhancing aggregation and crystallimtaddition N3 (3
ethylheptyl) and N4 («thyloctyl) with extendedlkyl chainswould alleviate
the steric interactions between the core and branéhestually, N3-based
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OPV devices (PM6:N3 and PM6:N3:RA8M) showed exceptiondPCEs of
15.98% and 16.74%, respectively.

X=F BTP-4F-8 X=F  BTP-4F-12
X=Cl BTP-4CI-8 X=Cl BTP-4Cl-12

BTP-4Cl-16

S’
|
~ T,
O CoHy C4Hg C4Hy

Figure 2.16 Sidechainengineering orthe N-alkyl chains inA-DA 0 B type
NFAs

There was also many successful sitti@n engineering in outer alkyl chains.
(Figure 2.17) Hou et al. investigated the impact of outer side chains with
different lengtls and synthesized BTHC7, BTReC9, and BTRRC11(BTP-
4CI-12) (Cui et al., 2020p They chose Zbutyloctyl as theN-substituting side
chain, andh-heptyl, n-nonyl, andn-undecylas outer side chains BTP-eC7,
BTP-eC9, and BTRC11, respectivelyAfter optimization, BTPeC9 exhibited
more balanceé crystallinity and solubility.Owing to more ordered stacking
indicated from the lower Urbach energy in B&R9 blend filns, the PBDRB
TF: BTP-eC9 based devices achieved a promidd@E of 17.8%. Another
remarkable worlon tuning the outer sidehainswas reported by Suet al. (Li

et al., 2021n L8-BO, L8-HD, and L80OD weresynthesized with modified side
chains of2-butyloctyl, 2 hexyldecyl, and dctyldodecyl The blueshifted

absorptions of these NFAsgereattributed to their distinct molecular packing
patterns compared to Y6, as demonstrated in sicrgkal characterization.
Benefitting from the elevated LUMO energy levels, three molecules exhibited
enhancedo and maintained . At the same timethe PBDB-TF: L8-BO
based devices realizedemarkable?CE of 18.32% withan outstandingF of
81.5% Not only solubility and processabilityhe modification of inner and
outer sidechains also impacts the photophysical characteristics of Y series
NFAs by tuning the aggregation in the blend filnThe employnentof these
bulky side chaingsuch as branching side chairegn improve the LUMO
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energy levels and thusbtainedhighercwy and maintained absorption and,
making them ideal third components for energy lewath ladder patterrand

alloyed morphologyn high-performance ternary OSCs.

L8-BO F L8-HD F L8-0D
Figure 2.17 Sidechain engineering orthe outer chains i\-DA 6 B type
NFAs

2.3.3 The Challenges inDesigningNFAs for High-performance
OSCs

This chapter reviews therogresson polymer donors antiFAsin OSCs The

following conclusions can be drawn based on the above discussion

(1) Though the efficiency o©SCshas achieved 19%, the material innovation
has arrivedat bottleneck.The NFAs used in the active layaeported
hardlyleave without BTReC9, L&BO, Y6, andN3. It canbereckonedhat
therehas beerseldom substanti\ye meaningful progresen NFAs. And
BTP-eC9, L8BO, Y6, and N3 are ADA®D-A type NFAs based on the

similar BTP core. Therefore, it is necessary to design novel cores instead

of BTP derivatives.

(2) Theunderlying logic ofmolecular design is still based on the contribution
of electrondeficient core to the whole backborfctually, the electron
pushpull effect of AD A 6-®type molecules can be adapted teDAA
type molecules antb adjust thdCT.

(3) As reviewedaboutA-D A 6-®type molecules, the construction of pyrrole
rings relies on the ringlosure reaction, which is challenging for molecular

design and synthesi8dditionally, the pyrrolecontained building block
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utilized in NFAswerelimited. Therefore, it is essential to explore novel
building blocks in NFAs.

(4) Theenergy loss mechanism in OSCs is still unclear. Until now, seldom
works regarthg materials in OSCs focus on suppressing energy Ioss.
addition, aly when the devices were characterized andigh®w was
obtained, the energy loss was considerebetanalyzel in these works,
which is unreasonable and illogicélence, i is challengingout essential
to design molecules with suppressed energy loss before synthesis and

device fabrication.

2.4 Aims and Obijectives

In this thesisa novelTP blockwasintroduced in backbones to construein
NFAs andto investigate the design rulégr highly efficient binary OSCslt
aims to providea more comprehensive understanding of the mole@dargn
of novel backbonego give insights into better material design\#As andthe

corresponding device¥he main objectives of this thesis include:

(1) Designing novel NFAs based on TP block and the reliable reaction routes
to obtain these molecules. These NR#suld beprepared by mulstep
organic synthesis, and each intermedsiteuld becharacterized by nuclear
magnetic resonand®IMR) and matrixassisted laser desorption/ionization
time of flight mass spectrometry (MALBIORMS).

(2) Photophysical property analysi©nce obtaining the goal NFAs, the
photophysical characterizations, includidfraviolet-visible spectroscopy
(UV-Vis) andlonisationpotentialspectroscopyIPS), should beconducted
to learn the absorption, energy levels, atrdcturalpropertyrelationships.

The dectrochemistry anghotophysical propertiesf NFAs are essential to
help chocse appropriatedonor materials, when constructing binary solar
cells.

(3) After choosing proper donor and acceptor materials, OSC devices will be
fabricated and optimizedby manipulating donor/acceptor blend ratios,

introducing various additives, and varying annealing tempegature

33



Subsequently, thenptovoltaic propertiesf the corresponding devices will
be tested to evaluate the binary devices and the synthesized NFAs.

(4) To explain the photovoltaic differences in the devices, the surface
morphology of thalifferentblend filmsshould becharacterized bgtomic
force microscopy (AFM) and transmission electron microscope (Ti&M)
checkthe surface roughness and phase separatiormdtghology of D/A
blend films can be illustrated to compare different NFAs after blending with
the same donor material. The results caovide guidance forfurther

structural optimization

(5) The stacking in the blends can be detected to evaluate the intermolecular

interaction. Commonly, more orderéd stacking in the blends tesdo
facilitate enhanced crystallinity anildwer energetic disorder in the blend
films. Therefore, thenolecularstacking properties will be used to compare
the energetic disorder3O , and electron mobilities. Around the

stacking properties, NFAs can be optimizesbughmolecular engineering.

Based on the introduction d¢he TP block, it is expected to obtain highly
efficient NFAs with suppresseéd , which will benefit the understanding and

design of NFAs and the corresponding devices.

2.5 Outline of Thesis

This thesis is organized into the following seven chapters:

Chapter 1 provides a concise overvi@wthe evolution of OSCsTheworking
mechanisnand device architecturésr OSCs are also introducefidditionally,

this chapter highlights th#evelopment and challengies acceptors in OSCs.

Chapter 2 reviews the existing materials utilized in OSCs regarding structural
propertiesand photophysical modificationsBased on the existing donor
materials, this chapter also reviews thesign rulesof A-D-A type and A

D A 6-®typeNFAs, followed by the introduction of challenges and barriers in
designing higkefficient NFAs.
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Chapter 3 describes the methodology and characterizations utilized in this thesis.
It starts from the characterizatiofithe organic intermediates and final products.

It then specifisthe characterization methodsranemorphology otheactive

layer, includingAFM, TEM, and grazing incidence wigngle Xray scattering
(GIWAXS), etc. Moreover, the device physics, including interfacial electronic
structures an®® , is important for understanding the working mechanism of
OSCs Therefore, the characterization methods for device physics are illustrated
to seek new approaches to further improve the photovoltaic performance of
OSCs.

Chapter 4demonstratethe novel TP building blockand exhibitsits potential

for constructing highly efficient NFAShe TP unitwas firstly introduced as a
building block to construct pyrroleontaining conjugaté backbones for
synthesizing NFAs. Two novel acceptors, namely, PTRFRnd PTBTRIF,

were designed and synthesized successfully. The photophysical and
electrochemical properties, device performai@e, , and morphology of the
blend filmswereinvestigated to evaluate the performance of the novel acceptors.
The endgroup capping effects on the acceptors éuedperformance of the TP

unit were also investigated through evaluating the performance of the acceptors.

Chapter 5demonstratethat asymmetric design strategy would be a promising
method for finely regulating the molecular structamed synthesizing high
performance NFAdor fabricating OSCs with higlkFs and lowO . Two
asymmetric acceptors PTBT4IF/4Cl were designed and synthesized, derived
from IT-4F/4ClI and PTBTRIF/ACI. The photophysical and photovoltaic
properties of IT4F/4ACl, PTBTF4F/4Cl and PTBTP4F/ACI were investigated

to address the influence of molecular backbone engineering of acceptbes on
device performance of OSClaree chlorinated acceptors were synthesized and
compared with fluorinated acceptoes a check experiment to verify the

asymmetric design strategy in this work.

Chapter 6 further optimized the PTBTT backbone through core segmentation
and isomerization.The chapter provides a rational method of further
suppressingy loss and improvinghe ultimate device performanc&he
isomerized TPBTH#F/4Cl obtained stronger ICT, thus leadingdievated
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HOMO energy leveland reduced bandgap(). According toO 0O

Nw , the reduce® and enhanced indicatedO was suppressed in the
TPBTT-4F/ACI based devicesurthermore, compared to PTBTT derivatives,
the isomeric TPBTT derivatives exhibited planar molecular structure and closer
intermolecular stackinggffording higher crystallinityof neatfilms relative to
PTBTT derivatives. Therefore, the reduatkrgydisorder anatorresponding
lower Urbach energy@ ) in TPBTT-4F/4Cl based devices exhibitkav O

and high chargearrier mobility in OSCsBenefitting fromsynergetic control
of molecularstackingand energetioffsets amaximumPCE of 15.726 was
realized in TPBTH4F based devices, along with a redus€x of 0.276
ev.

Eventually, Chapter 7 summarises the main finding$HAs based o P. The
principal contributions of this thesis are emphasized, followed by the
exploration of potential extensions and future research directions.
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Chapter 3

Methodology

3.1 Synopsis

The chapter would first review the device fabrication methimiOSCs, and
introduceamore detailed fabrication method usedhis thesisThen, it would
move on to the calculatiomethods for molecular structures, including
molecular optimization, energy levelsind electrostatic potentia(ESP).
Subsequently,hie charactezation technologiedor the organic intermediates
and final products are described. It then spexifie characterization methods
of nanemorphology oftheactive layerincludingAFM, TEM, and GIWAXS,
etc. Moreoverthe characterization methoéts device physigssuch a$O
andspace charge limited current measuremearts introducedThe specific

characterization procedurase discusseith each chapter.

3.2 Fabrication Methods of OSC Devices

Not only the device performance but alsormegerial utilization and cost relate
closely to the fabrication method. The fabrication mesteaekn affect surface

roughnessind molecule arrangement.

Numerous researches reported about the deposition methods like thermal

annealingGuo et al), and sputterin@Jeon et al., 20)6The vacuum deposition
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method has been widely used to fabricate organic semiconduespescially
for small molecules, multilayer devigeand controlling the thickneg§Vang

and Zhan, 2016 The organic materials squeezed by point injection were

evaporated at high temperatsitender high pressure on the ITO source plate.
This method always leads to poditm uniformity, and the point source
sometimes results in material wasting which is one of the main problems in the
process. Additionally, large aressze panels, as well as largeale production

(Chatterjee, Jinnai and le, 202ldemanda larger vacuum environment.

Therefore, the original vacuum technique is unrealistic for applications in

digital displays owing to the high manufacturing cost and waste.

Compared to the relatively high cost of vacuum deposition methods, solution
processing methods like spooatingis simpler with higher resource utilization

and easier to scale up. Symoating iscommonly chosen to fabricat®©SC
deviceqLi et al., 2022 The whole process is shown beldwigure 3.1). The

solution containing organic molecules is coated on the ITO layer. Then the layer

with high viscosity is rotated at high speed and dried with airflow. When the
film preliminarily forms, it is then heated to remove the solvent further and
obtain the ihal film. The spin speed controls the thickness of the filfnas to

be noticed that th&lm roughness is related to fabrication methods. From the

AFM imagesit is found thathe spincoatd devicas muchsmoother.

Figure 3.1 Procedures of spinoatingfor preparingDSCs

Eventually, be devices were fabricated witls@ndardarchitecture of indium
tin oxide (ITO) /PEDOT:PSS/active layer/PDINN/Ag. The ITO substrates were
first cleaned by sequential sonication in sdapnized water, deionized water,

and ethyl alcohol for 15 min, respectivelihen, he substrates were dried with

38



high pure nitrogen gas and treated with oxygen plasma for 3 min to improve
their work function and clearance. The p@B/4-ethylenedioxythiophene):
poly-(styrenesulphonicacid) (PEDOT: PSS) (clevios P VPAI 4083, purchased
from H. C. Starck co. Ltd.) solutin was spircoated to fabricate thin films on

the cleaned ITO substrates at 450 for30s and annealed at 150 € f&0

min in air. All of the solutions in chloroforiwereat atotal concentration 016
mg/mL, with different D/A ratios and volume ratios of -i#@odooctane (DIO)

or 1-chloronaphthaleng-ei et al) as the additive. The solutiswerestirred for

14 hours at RT and then spginated at 2500pm~3500 rpm for 30s ortop of
thePEDOT: PSS layer in high purity nitrogéitled glove box. The active layer
was then thermally annealed for 5 minvatioustemperatures. Afterward, a
PDINN cathode interlayer was spiowated onto the active layer2800 rpm for

30s. Finally, 100 nm Ag was deposited by thermal evaporation with a shadow

mask.

3.3 Quantum Chemical Calculations

To make quantum chemical calculations tractable, the-¢biagn alkyl side
group was replaced by a methyl groupdtirthe moleculeswhich speeded up
excited state calculation without altering the nature of frontier molecular
orbitals. The molecular geometries of thie molecules were firstly optimized
using density functional theory (DFT) at the B3LYRYBG (d,p) level. Time
dependent density functional theory (TDDFT) was employed to characterize the
electronic excitations of the acceptors. The lomgge correctedvB97XD
functional in conjunction with the-81G (d,p) basis set was employed to
compute the lowest five singlet states, this functionlacould capture both
short and longrange interactions and describe charge transfer states accurately.
The effects of the size of the basis set and the number of electronic states on the
excited states calculation results have been discussed in our wex&nAll
guantum chemical calculations were performed with the Gaussian 09 program

package(Frisch et al., 2009 while the electronic structwgroperty analysis

was completed using the Multiwfn codes and Chen, 20%Zhang and Lu,

2027). The ESRvas computed to characteride electron distributiobetween
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different structureswhich was presented and painted Wisual Molecular
Dynamics(VMD) (Humphrey, Dalke and Schulten, 1996 obtain the final

resuls.

3.4 Characterisation Technologiedor OSCs

3.4.1 Characterisation of molecular Structures

1) Nuclear Magnetic Resonance (NMR)

NMR spectroscopy is a method commonly used to characterize the structures
of organic molecules. Htechnique relies on the detection of electromagnetic
radiation absorption withim frequency range, typically between 400 to 900
MHz. When waves are absorbed in a magnetic field, a unique type of nuclear
transition occurs.This absorption occurs at specific frequencies which
correspond to the energy difference between the spin states of the nuclei. The
frequency of the radiation needed to cause a transition depends on the chemical
environment of the nuclei, such as the pneseof neighboring atom$herebre,

the NMR spectrum can provide the detailsnaiecularstructure and functional
groups.Because lte chemical shifts and coupling ithe NMR spectrum for

every organic compourareunique NMR has beethemost importantnethod

to identify organic compound§ he most common types of NMR spectrum are

'H NMR and®*C NMR. Under certain situation)F NMR was also used to
characterize théluorinated molecules in OSC<orrelation spectroscopy is
developed from ondimensional NMR, whictcan identify theneighboring
substituents of a functional group and prdgiseecognze the resonances.
Correlation spectroscopy utilizes nuclexentered emissioit detecsresponse

on the correlated nucleus frequency if it is coupled thréagyid or through

space with another nucleuSince the Nuclear Overhauser effectNOE)
depends orthe distanceof the nuclei, quantifying the NOE for each nucleus

allowsmore information in structal analysis and identificaticachievable

Herein,’H NMR and®*C NMR specta are used to charactesi the structures

of organic intermediatein Chapter 46, and Nuclear Overhauser effect
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spectroscopy (NOESYis utilized to judge the molecular conformation i
Chapter 5.

2) Matrix-assisted laser desorption/ionization time of flight mass spectrometry
(MALDI-TOF-MS)

During the mass spectmmeasurementsome organic molecules or polymers
with largemolecular weightare difficult to form molecular ions under normal
ionization techniqguesAmong the ionization techniqueS|ALDI is a simple

and fast methotb give the resultdVith the matrix methogprotonswould be
transferredo the sample molecules firsthich wouldcharge the molecules for
forming charged ionsThen, the charged ions of the fragments can be detected
from the mass spectrum to give the molecular weiglhthe NFAs in the thesis
were charactered by MALDI-TOFMS together witithe NMR spectrum to

identify the chemical structuregcurately
3.4.2 Characterization of Intrinsic Properties of NFAs

1) Ultraviolet-visible Absorption Spectra (UVis)

UV-Vis absorption spectroscopy is a method utilized for detecting the
absorption of light by molecules in the ultraviolet and visible regions. When the
light with varied wavelengths transmithrough the sample, part of the light
would be soaked up by the substance at each wavelebgthmonly, he
absorption spectrum can provideuctural information of the substance, and

the absorption coefficient of different materials.

In this thesis, the UWis absorption speascopy isused to charactee the
parameters, including absorption regiorthe highest absorption peaks,
absorption onseand absorption coefficient. The optical bandgap of the &NFA
can be calculated by the absorption oreeterved fronthe films. And the
absorption coefficienheasuredrom the solution state is an essential parameter

to evaluate the absorption strength of an NEA.is shown inFigure 3.2, an

idea NFA should possess broad and strong absorption, and complementary
absorption region with donor materiaterein, the UWVis absorption spectra
were recorded on a UVis instrument (UY1800, SHIMADZU).
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PL is a methodology utilized to investigate the lightitting characteristics of

materials.The sample is excited by the light source with a certain wavelength,

and the emission speatn of the sample can be measured. From the PL spectra,

the energy band structure and wavelength of highest emission peak can be

obtained. InChapter 6, the PL spectreeremeasured to detect the quenching

efficiency. The higher quenching of the PL spectra implies an efficient

transition from local energy statéo charge trasfer stats of the blend filns,

associated with sufficient energy offsAt.the same time, thenergygap can

be obtained accurately froiine intersectionpoint betweenthe absorption

spectraof the film state and the PL spectha.this thesis, the PL spectra of the

films were measured by HORIBA (FLBL1) fluorescence spectroscopy

Ningbo Institute of Material§echnology and Engineering

3) lonisation Potential Spectroscopy (IPS) Measurements

Different from Cyclic Voltammetry (CV), IPS is an infrequent technique

utilized for measuring the HOMO energy levels of various materials. Under

inert gas atmospher#&e neat films wereionized through exposure to either

photons or electrons. Subsequently, the energy distribution of the emitted

electrons is measuredhrough fitting the measured curves, the ionization

potential can be obtained accurately as the HOMO energ.level
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I n the foll owing chapters, t he HOMO e
measurntence bynization energy #easName mermt
Sunny Tech flkt@d.e,V Ghoinndae)@t WY s.pher e

4) Thermal Gravimetric Analysis (TGA)

TGA is acommontechnique used in thermal analysismeasuringhemass of

asample over time under varying temperatures. A tygleamalgravimetric
equipmenentails a precise balance positioned in a temperature control system.

In this thesis, TGAvas conducted to evaluate the thermal stability of the NFAs

at a hea®i A fmacee ©5 AC t pat8ndo0s p h eurned.e rT
i nstrument type was TGA/ S Décénpdésitios ( Me't
temperatures (Td, 5% weight lossan be obtained directlirom the TGA

curves
3.4.3 Characterization of Photovoltaic Properties

1) Current Densityoltage (V) Measurements

To evaluate the performance of OSC desjtkeJ-V measurements are used to
obtain the most important parameters, suctv asv , andFF. The simulated
sunlightis converted into electricity during the test to give these parameters.
Theparameters canot only help understand the performance of OSC devices
but also providea reference for further optirgation of device structure and
material design. CommonlyJ-V measurements are conducted under
standardied conditions, with a certain strength of illumination and maintained

temperature.

In chapter 46,t hJ&/cur ves were measured in a nit
conductebn a computetl ed Keithley 2400 so

AM 1.5G il l umi natusoinngaF&nA0SSo mWwr ¢ &i mu |
(Enlitech) and calibrated with a NREL
with a protective KG5 filter.

2) External Quantum Efficiency (EQE)

EQEmeasurement is a technique utilized to evaluate the light response intensity

of OSC devices, specifically their phottmelectricity conversion properties.
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The measurement involves determinthg currentdensitygenerated by the
solar cell in response theincident light Hence, th&aQEdepends on both the
absorption of light and the collection of chargéke fabricated OSC devices

are expected to realizestrong and broaBQEresponse for a high value.

Asaresultth € QEpectra were measured by a So
Measurement-REYEXT emEMIEIi t ecBQEaraegt d. )

preséeéeongetdher with integrated current c

3) Space Charge Limited Current (SCLC) Measurements

The SCLC method was conducted to evaluate chiesigeport propertiesf the

blend films The hole and electron mobilitie’s (and' ) of thedevicescan be
determinedand used to evaluate the molecular packing of the corresponding

blend films.Herein e | e cotnrloyn devi ces were fabrica
| TO/ Zn O/ Acti veg, LahherioRblyNdAfiachersi cat ed
utilizing al Tt/ rPEEDtOUTT: € S D/f Acst Ag e Chger
fabricati on conditions of the active
described abomoéil|l Theeshwege deter mi ne

current measur ement curves according t
0 -‘-- Wi (3-1)

wheXies the dark ccuni)lljiélsttuenpbtmi(mAvity

is the dielectric cW¥nstahe effebei beée

Lis the thicknesAcodr dtihneg atcot i tviee | fagrem

electron and hole mobilitiesere calculated in the following chapters.

4)Energy lossQ ) Measurements

ElectroluminescenceE[) measurement is a unique technique to quantify
energy loss in OSC deviceBy applying an electric field to the OSC sample,
photons would be generated due to the recombination of eldadierpairs.
These photons can then be detected and zs@lproviding information about
the energy loss processes occurring within the dsvillee light emission

efficiency underthe varied voltageis denoted a® 0 ‘O, causingzO
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Hence 30O of the device can be calculated fr@D ‘O. Combined with
Fou#tiramsf orm photocurrent Sspectroscop
(FTPSEQE measurementand device parameters, three section®Oof

could bequantified.The detailed calculation proceduresf are plotted in

Chapter 46. (TheF T PESQ Ean also be called highly sensitig€QE, with a

similar testing mechanisro the original EQE spectra but higher precision.
FTPREQB as dways nsed to evaluate the energy loss and defect density

of the OSC devices.)

In this thesis, FTPSEQE spectra were measured with an FHTE
measurement system (Enlite@ECT-600). The EL spectra were collected with

an Enlitech REPS system, which consists of a monochromator in combination
with a StCCD detector.

3.4.4 Morphology Characterization

1) Contact Angle (CA) Measurements

CA measurement is a method used to evaluate the ability of a liquid to wet a
solid surfaceThe contact angle is the angle between the ligoid interface

and theangent tdhe liquid dropTo evaluate the miscibility between the donor
and the acceptor, CA is commonly used to charaeténie wetting properties.

The miscibility between the blemdmponentsan affect morphology and phase
separation to a large extelence, the CA measuremeat® alwaysusedto
investigatesidechain engineeringffects on material performanoe OSCs.
Thesur f ace ener g ycaqiatedayrhefolleving eqeatons: b e
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wherel represents the dispersive componegntss the polar component-
and— are the contact angles of water and glycerol, respectivetizis thesis,
contact angles were measurfed the neatfilms on the PEDOT:PS$oated
substrates.

2) Atomic Force Microscopy (AFM)

AFM has been an essential technique due to its ability to produce high
resolution images ando provide valuable informatioron both surface
topography and physical properties of materials on a nanoscaleltexgizes

a sharp tip to scan over the surface of a sample, generating an accurate-and high
resolution imageMore importantly AFM can provide surface features and
physical properties of a material without destroyingitOSCs, AFM tests are
commonly conducted to observe the surface morphology of the organic layers,
andto provide the parameters such as roughn®ssa general rulghe surface

of the layers should b@mooth for good device performance.

The samplswere fabricated on PEDOHRSS layer above the substata F M

measurements were carried out on the

3) Transmission Electron Microscopy (TEM) Measurements

In TEM measurements, a beam of electrons is transmitted through the fabricated
sample. The resulting images are formed by the electrons that pass through the
sample and are detected on a fluorescent screen. To suoceehing the
images, the thickness of the sample should be extremely thin to allow the
electrons to pass through. At the same time, the copper grids with carbon

membrans were usedn the following TEM teststo enhance the electrical
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conductivity. In OSCs, TEM is frequently used to charaaeerithe
nanostructures andnermorphology of the blend films. From the TEM images,

the phase separation and domain size can be observed directly. The phase
separation of the blend filens related to the miscibility between the doswand
acceptors, the fabricatiatetailsof the active layer, and the annealing procedure.
Hence, the resulting TEM images can give feedbatkhe optimisation of

materials and device fabrication.

In the following chaptersT E Mne a s ur eveecmot nsd uocrii B d r mo
Fisher (Talos F200X). The samples for
t he PEDOT: PSS | ayer wi hugp dtehieo naiczteidv ewalte
40desh copper TEM grids.

4) Grazing Incidence WidAngle XRay Scattering (GIWAXS) Measurements

GIWAXS provides unigue insights to explore theermorphologyof the blend
films at nanoscale levelThe molecular stacking, crystal alignment, and
crystallinity in the films can be probeay a beam of Xay under grazing
incidence(Muller-Buschbaum, 200)4The exampleof diffraction patterngre
exhibited inFigure 3.3, the GIWAXS patternin Figure 3.3 (a&c) suggests

more ordered stacking compared to the patterRignre 3.3 (b&d). Length
scalesfrom nanometers to several hundred nanomegges sensitivein
GIWAXS measurements. Therefore, thrganiclayersin OSCscan be detected

by GIWAXS to examine the molecular packing and cryistiéy . By analyzing

the crystallographic orientation and alignment of the organic materials,
GIWAXS can provide valuable insights into the charge carrier transport and
recombinatiorpropertiesn OSC devices.
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Figure 3.3 Sketch of film crystallinity anthecorresponding 2D GIWAXS data
in case of(a) vertical lamellar stacking,(b) crystallites with vertical and
horizontal orientatiog) (c) oriented domainand(d) full rotational disorder of
crystallites(Muller-Buschbaum, 2004

In Chapter 4 GIWAXS measurements were carried aut the XEUSS
SAXS/WAXS system (XENOCS, France) at the National Cerftar
Nanoscience and Technology (NCNST, BeijinG)WAXS measurements in
Chapter 5were conductedwith the BL14B1 beamline of the Shanghai
Synchrotron Radiation Facility (SSRR)nderan X-ray with a wavelength of
1.2398 A andan energy of 10 keVThe GIWAXS testsshown inChapter 6

were measured at 13A beam line of National Synchrotron Radiation Research
Center (NSRRC, Taiwan}hesesamples for GIWAXS were radiated at 12 keV
X-ray with an incident angle of 0.2°All the samples for GIWAXS
measurements werspincoated on the PEDOT:PSS layer abowvalicon

substrates.

3.5 Concluding Remarks

In this chapterNMR and MALDI-TORMS arefirst introduced to characterize
the molecular structuresf intermediates and NFASecondly, tis chapter
involves some Gaussian calculations for molecular optimization, and, ESP

which shall be used in the following worksAfterward, the conventional
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characterizations for detecting the photophysical and photovoltaic properties are
describedSubsequentiythe morphology characterization methodshafblend

films areillustrated and discusseld. the following chapters, the above methods
will be employed tocharacterize NFAsand the corresponding devices to
investigatethe structuraproperties relationshipis order toconstructhighly
efficient NFAs
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Chapter 4

Organic solar cells based on non
fullerene acceptors containing

thiophene [3,2b] pyrrole *

4.1 Synopsis

Thiophene[3,2b] pyrrole (TP) was introduced to construct two novel fused
conjugatedNFAs, named as PTBTRF and PTBTRIF. By fusing two pyrrole

rings on both sides of an indacenodithiophene (IDT) unit, a brandcentral

core based on TP block (denoted as PTBTP) was achieved to serve as the D core
to construct an AD-A type NFA together withwo accepting units (I& and

IC-2F). Benefitting from the nitrogen atom in the pyrrole ring, both PT-BFP

and PTBTP4F exhibited great film forming property as well as high LUMO
energy levels of-4.09 eV and-4.11 eV for PTBTR2F and PTBTRIF,

* The work in this chapter was published in:
Zhu, J., Zhang, Z. , Lv, Y. , Lan, A. Lu, H

solar cells based on ndullerene acceptors containing thiophene {8]2
py r r Orhaeic ebectronics103, 106461.
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respectively. Since I2F presents stronger electratithdrawing capability
than IGF, PTBTR4F demonstrated reshifted absorptions in solution/film in
comparison with PTBTRF. When blending with donor PBBB, the PTBTP
2F fabricated devices achieved areragePCE of 11.14% with ab of 0.91
V,aUl of 17.89 mA cnf and arFF of 68.66%, while the PTBTRF fabricated
devices afforded RCEof 12.33% with ao 0f 0.86 V, a0 of 20.74 mA cm

2 and arFF of 69.02%.

4.2 Introduction

OSCshave received wide research attention for their unique properties such as
semitransparency, light weight, low cost, flexibility, and easy to fabricate, etc
(Li et al., 2017k iu et al., 2017tPeng et al., 203DPai and Zhan, 20t&hang

et al., 2019Ji et al., 202N The development of OSCs has been surging ahead

accompanying with the rapid development of multifarious NFXspresent,

the weltkknown NFAs such as ITIQLin and Zhan, 201%i et al., 2017gHou
etal., 2018ran et al., 2018&ong et al., 20194hao et al., 2020and Y6(Yuan

et al., 20191Chen et al., 2020Bhang et al., 20203hu et al., 2020series, have
replaced fullerene derivatives in fabricating high efficiency BHJ OSCs due to

their simple synthesis and purificatiotyneable spectral absorption, and
modulable frontier energy levels in comparison with fullerene acceptors, NFAs
based OSCs have achieved a very promiBi@g of approaching 19% recently
(Bietal., 202). Todevelop narrow bandgap NFAs with appropriately matched

energy levels with electron donors has been considered as an effective approach
to develojing highly efficient OSCs with high andw at the same time
(Hodgkiss, 202}

Pyrrolebased NFAs, as the main kindvheteroarene based NFAs, exhibited
great potential in fabricating high performance OSCs for their unique features,
(Wetzel et al., 203;Huang et al., 2018 et al., 2020 such as, higher energy

levels facilitated bythe strong electredonating nitrogen atonredshifted
absorption and an extra reaction site for side chain modific&ienerally, the
pyrrole ring can be introduced biforidge or pyrrolebased building blocks. On
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this basis, Jeet al. and Cheret al. designed and synthesized SN&IE, in
which the fivemembered carbon ring in F6IC was replaced with a pyrrole ring
to enhance the conjugation and to tune the energy levels of the molecule, red
shifted absorption by 83m was thus observed from SN&4E, which resulted

in better utilization of sunlight, the corresponding OSCs achieved aPtigh

of 13.2%(Huang et al., 2008 Zou et al.took advantage of the extra reaction

site in the pyrrole ring and constructed severaleYies acceptors (Y5, Y6, N3)
with expanded geometrgYuan et al., 2019b These acceptors constructed

throughN-bridging strategy have presented many superiorities in fabricating
high performance OSCs. Besided\sbridging strategy, the usage of pyrrole
based building blocks, such as carbazole or dithiend{223-d] pyrrole
(DTP), has also been an effective way to develop high performance NFAs. Hou
et al. introduced a carbazole core to design and construct PATJICwhich
afforded an outstandifgCEof 15.42%(Chen et al., 2020aDTP has also been
the most successful buil ding bl ock

developed several DFPased NFAs, which obtained promisiRGEs of over
15% through systematic molecular optimizat{ong et al., 2020 Although

DTTC-4Cl or DTRbased acceptors were designed modularly based on pyrrole
based building blocks and realized hig@Es, pyrrolebased NFAs still have
not been extensively investigated. At the same time, the category of pyrrole

based building blocks was limited when constructing novel pybrated NFAS.

In this work, TP block, which has been used in synthesizing a tipimole
fused BODIPY photosensitizer (SBDPiR690) for the applications of
photodynamic therapy and dgensitized solar cells(Watley et al.,

2015Kubota et al., 2009 was introduced as a building block for synthesizing

NFAs. IDT unit(Li et al., 2019y has been one of the typical central cores to

construct fuseding backbones for NFAs. By fusing two pyrrole rings on both
sides of the IDT unit, a brantew central core based on TP block (denoted as
PTBTP) can thus be obtained, which can serve as adbt@@onstruct AD-A

type NFAs together with electreaccepting units. Meanwhile, the nitrogen
atom of pyrrole was hexyl functionalized to facilitate sufficient solubility of the
molecule. IGF and IG2F were selected as the endpping groups (A units) to
construct two novel T®ased acceptors, named as PTEHand PTBTRIF,
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respectively(Figure 4.1). In CF solution, both PTBTRF and PTBTRF
exhibited strong absorption among 500-860 nm with a narrow optical
bandgap around 1.46 eV, which resulted from effective molecular stacking and
ICT, that would be ascribed to the highly conjugated and eledth core of

the molecules. Compared with-fiIF, both PTBTF2F and PTBTRIF showed
red-shifted absorption spectra by ~40 nm and enhanced LUMO energy levels
by ~0.15 eV, owing to their stronger ICT induced by more conjugated PTBTP
backbones. The fluorated enecapping groups I& and IG2F are expected to
enhance inter/intramolecular charge transfer and improve the crystallinity of the
films. The impacts of the fluorination effect on the photophysical properties of
the molecules were investigated aslwiglie to the matchable energy levels and
complementary light absorption with PTBPIF and PTBTRIF, PBDBT

(Zheng et al., 2020was chosen as the donor to pair with the two acceptors for

fabricating OSCs and to evaluate the performance of the novel acceptors. As a
result, the PBDBI: PTBTR2F based devices achieved an averdaGé& of
11.14%, while the PBDH: PTBTR4F based devices afforded a high&E

of 12.33%. Although the slightly dowshifted energy levels led to a lower

for PTBTR4F based devices, tiie of them was high up to 20.74 mA &due

to better charge extraction and photon collection capability of the devices,
which can be validated from the EQE measurements. Furthermor@, thef
PBDB-T: IT-4F, PBDBT: PTBTR2F, and PBDBT: PTBTR4F based devices
were determined to be 0.83 eV, 0.62, evid 0.66 eV, respectively. Bothe
PBDB-T: PTBTR2F and PBDBT: PTBTR4F blends showed less nen
radiative energy loss and thus lower total energy loss because of their more
matched energy levels with PBPB The performance of PTBT#- based
devices vassuperior to PTBTR2F based devices, although the wmadiative
energy losswas reduced significantly in the PTBTEF based devices, as
PTBTPR4F exhibited better compatibility with PBDB, which can be verified

from film morphology investigation. The fabricated PTBZP devices thus

presented a reduced energy loss and afforded higreandFFs.
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Figure 41 The molecular structures side view geometrles and calculated
HOMO and LUMO energyevels for PTBTP2F and PTBTRIF

4.3 Results and Discussion

4.3.1 Synthesis andCharacterization

PTBTR2F and PTBTRIF were designed and prepared via modular synthesis
strategy successfully. Firstifhe TP block was prepared according to the
previous method. The PTBTP central core was then synthesized through Stille
coupling and reductive cyettion. Finally, PTBTF2F and PTBTRIF were
synthesized by Knoevenagel condensation ef l@hd IG2F respectively with

the corresponding dialdehydéhe synthetic routes and details for the target
molecules are provided iAppendix |I. The target molecular sttures were
characterized by MFOF,*H NMR, and**C NMR. Benefitting from the extra
alkyl chains on the pyrrole rindRTBTR2F and PTBTRIF exhibited great
solubility in common solvents, that were 97 mg/mL and 91 mg/mL in CF and
67 mg/mL and 58 mg/mL in chlorobenzene (CB), respectively. At the same

time, both acceptors presented higacomposition temperatiwdgTd, 5%
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weight loss) of 34  for PTBTR2F and 345 for PTBTRA4F, respectively
(Figure 4.2).

1004
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Figure 4.2 TGA curves ofPTBTP-2F andPTBTP-4F

DFT calculations were carried out at the B3LYRBKG (d,p) level by Gaussian

09 to optimize the molecular geometry and to determine the energy levels of
PTBTR2F and PTBTRIF (Figure 4.1). The alkyl side chains were replaced
with methyl grougto simplify the calculation process. Both of the NFAs show
planar structures from the side views, which are attributed to the rigid pyrrole
fusedring structure of the backbone. The highly conjugated backbones with
excellent planarity are not only favotatfor transporting charge carriers, but
al so beneficial t o -'i nmeptreocvkiinngg iinnt etrhmo | @
blend films. As depicted iRigure 4.1, the simulated HOMOs of the molecules
were predominately located at the central core, while the LUMOs tended to
delocalize over the entire backbone but without any contribution from the side
chairs. The corresponding HOMO/LUMO energy levels for PTE2HPand
PTBTPR-4F were pretty close, which were calculated te5h®89 eV{3.31 eV for
PTBTR4F and-5.32£3.26 eV for PTBTRF2F, respectively. Compared with
PTBTR2F, PTBTPR4F presented relatively dowshifted energy levels, due to

the stronger electrewithdrawing end group I2F, which complid with the

previous studies.

The absorption spectra of PTBRF and PTBTRF in chloroform solution and
films were measured and showrHigure 4.3(a). The photophysical properties
of IT-4F, PTBTR2F and PTBTRIF are summarized ifable 4.1. As shown in
Figure 4.3(b), PTBTR2F and PTBTRIF exhibited almost the same absorption
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profiles both in solution and films, since the two molecules possessed similar
frameworks and end group structures, thus presgahalogous electron push

pull effecsin the molecules. Hence, similar optical bandgaps of PTBAF Bnd
PTBTR4F were measured to be 1.47 eV and 1.46 eV, respectively. The
molecules in solutions presented strong absorption bands from the visible to
nearinfrared (NR) region (500 na800 nm) with a maximum absorption peak

at 730 nm. Compared with 44F, the absorption spectra BTBTR-2F and
PTBTRA4F redshifted by ~40 nm, owing t@ more conjugated PTBTP
backbone. Moreover, with an increasing number of fluorine atoms and stronger
conjugation, an enhanced tendency of the maximum extinction coefficients can
be observed from FAF (2.06X1.0 Mt cmt), PTBTR2F (2.43X1¢ Mt cm?),
PTBTR4F (2.71x.G M cmt). Compared with the absorption frasulutions,

the maximum absorption peaks of the films located at 772 nm with a distinct
reds hi ft by ~40 nm, suggest i ng nttheartaceant
was generated in the films. As validated by the absorption of the blend films
(Figure 4.4), both acceptors realized complementary light absorption with
PBDB-T to harvest photons sufficiently.
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Figure 4.3 (a) Absorption curves df-4F, PTBTR-2F and PTBTHIF in dilute
chloroform solutions (18 M). (b) Normalized absorption spectra Idf-4F,
PTBTR-2F and PTBTRF in films. (c) Energy levels diagram of the devices.
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Figure 4.4 UV-vis absorptiorcurves ofPBDB-T: Acceptors blend films.

The electrochemical properties of-#F, PTBTR2F, and PTBTP4F were
investigated byPSunder N atmosphere. As shown kigure 4.5, the HOMO
energy levels were measured to-581 eV for IF4F,-5.56 eV for PTBTF2F,
and -5.57 eV for PTBTHF, respectively. Benefitting from the enhanced
conjugation induced by the pyrrole ring tbie TP block, the HOMO energy
levels of PTBTP2F and PTBTRIF upshifted by ~0.15 eV with narrowed band
gaps. Compared with PTBTH-, the energy levels of PTBT4F were slightly
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lower owing to the stronger electravithdrawing ability of the endapping
group. The LUMO energy levels were calculated from the HOMO energy levels
and optical band gaps. The corresponding LUMO energy levels of REBTP
(-4.09 eV) upshifted in comparison with PTBF&F (-4.11 eV) and IH4F (-

4.26 eV), resulting in higheg-gafor the devices based on PTBPP. The
HOMO energy level offsets between the donor PBD&nd two acceptors were
over 0.28 eV, indicating that both of the blend films supplied ample driving
force for charge separation. In all, the two TP block contairesgpdors
possessed complementary aipsions and matched energy levels with PBDB

T. In addition, fluorination of the molecules induced descending HOMO energy

levels which agreed well with the theoretical calculations.

0.02 -

0.00 4

4 5 6 7 8
Photon Energy (eV)
Figure 4.5 IPS curves of T -4F, PTBTP-2F, PTBTP-4F under N.

Table 4.1 Theelectrochemistry and photophysical properties 6iH,PTBTPR
2F and PTBTHIF.

Evomo Eiumo  &m®  Swionse®  Shm e ESD Uhax
[eV] [ev] [nm] [nm] [nm] [nm] [eV] [Mlcm?

IT-4F -581 -426 691 739 719 798 1.55 2.06xX10°
PTBRF -556 -4.09 735 769 772 843 1.47 2.43X10°

Acceptors

PTB®RF -557 -411 732 762 772 849 146  2.71x10°
a n chl or of°&rim 2s40QiJut i on .

4.3.2 Photovoltaic Properties

To characterize photovoltaic performance of the acceptors, OSCs with a
conventional device configuration of ITREDOT:PSS/Active
layer/PDINN/Ag were fabricated. The blend solutions of PBDBPTBTR2F

or PTBTR4F (1:0.8, w/w) in chloroform at a total concentration of 15 mg/mL
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werespin-coated as the active layer. Similarly, the blend solution of RBEDB
IT-4F (1:1, w/w) in chloroform at a total concentration of 16 mg/mL was spin
coated to fabricate control devices. The device performance was optimized by
manipulatingthe donor/acceptor blend ratio, type of additives, and annealing
temperature, as summarized Table 4.2. As a result, the begterformance
device based on PTBH# achieved CEof 12.33% by operating the blends
with the addition of 0.5% DIO and thermal annealing at 10f@r 5 min. Under

the same condition, the optimal device based on PTEH Bxhibited a lower
PCEof 11.19%.The detailed photovoltaic parameters are summarizédbie

4.3. Benefitting from the more electraith backbone, PTBTRF presented
enhanced energy levels and 1sdfted absorption induced by stronger ICT
effect compared with FAF, leading to a highgfgby 0.14 eV of the PTBTP

4F devices. Compared with PTBH, the more electredeficient end
capping group I€F also contributed to the stronger ICT effect and deeper
energy levels of PTBTRF. As depicted irFigure 4.6 (a), the PBDB-T:
PTBTR2F based devices obtained a highar,by 0.05 eV, owing to the

slightly elevated energy levels.

Table 4.2 The optimized photovoltaic parameters of devices based on PBDB
PTBTR4F blends

Rato  Additive [Ié] \[’\j’]c m e 2 [f/; '[DOE]E
1:0.7 : : 0.87 1936 6274 1061
1:0.8 i : 0.88 1829 6633  10.70

11 : i 0.87 1711 6266  9.39
1:1.2 i : 0.87 1760 6067  9.35
1:08  0.5%DIO : 0.89 1839 6801  11.07
1:08 05%DIO&CN - 0.87 1710 6826  10.10
1:08  0.5%CN : 0.87 1951  68.82  10.95
1:08  0.5%DIO : 0.89 1839 6801  11.07
1:08  0.5%DIO 80 0.86 1881 6421  10.39
1:08  05%DIO 100 0.86 2074  69.02 12.33
1:08  05%DIO 120 0.86 1990 6862 1178
1:08  05%DIO 150 0.83 2189  67.60  11.68
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Table 4.3 Photovoltaic parameters of the optimized OSCs based on two
PBDB-T: acceptor blends

Acceptors \[/\C/’]C m A]Ercn . [m\k;:_q [l;l):] p[%];b)
IT-4F (0.72675.2006) (18%%110(?27) 1851 (68.(528i21:3.52) 9.53
PTBTR2F (0.98'793.7003) (17.16793526) 17.04 (68.(568(53.(3.21) 11.14
PTBTRAF (o.sgi8£.2001) (20.260517;23) 20.68 (68.66%%2.37) 1233

dntegrated current densities from the EQE curf¥sieragePCEs from 12
devices.

The EQE spectra of the devices were conducted to understand the photon
collection efficiency of the devicesF{gure 4.6b). The PBDBT: PTBTR4F

based devices presented broader and more sensitive photon response from 300
nm to 860 nm, while the PBDB: IT-4F based evices showed photon response

in a wavelength region frol00 nm to 800 nm, which indicated lower photon
conversion efficiency. Compared with the PTBZIP devices, the PTBFRF
devices realized much higher average photon respdxikeof the above
explained the highelﬁ-] & of PBDBT: PTBTR4Fbased devices. The integrated

I .5 of PBDB-T: PTBTR2F and PBDBT: PTBTR4F based devices were
17.04 mA cn? and 20.68 mA crd, respectively, which were consistent with
those obtained frond-V characterizatios (within 5% mismatch). In sacrifice

with g the PBDB-T: PTBTR4F based devices exhibited an increase of
nearly 3 mA crif in ”ﬁ aWhich was mainly due to thegher EQE response of

the blend films. Compared witihhe PTBTP-2F based devicethe PTBTR-4F

based devices realized more balangegsand !},  and thus highe?CEs.

The dependence of photocurreht; on the effective voltager-yrwasplotted

to probe into the charge generation and collection efficiencies in the de\sces.
shown in Figure 4.6¢c, when ; ; reached the saturatioth(,)-at high applied
voltages, the excitons completely dissociated into free charge carriers, and soon
be collected at the corresponding electrodes with minimal charge recombination.
I, . indicated the light collecting and exciton generation abilities of the devices
which were 20.7 mA cri 20.1 mA cn?, and 21.8 mA cm for the PBDBT:

IT-4F, PBDBT: PTBTR-2F and PBDBT: PTBTR4F devices, respectively.
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The & 71, ratio is an indicator to characterize the exciton dissociation and
collection probability. Thely ;7L ,yalues of PBDBT: PTBTR4F based
devices were calculated to be 94.0% and 83.8% under-ahorit and
maximum power output conditions, respectively, which were higher than those
of PBDB-T: IT-4F based devices (92.6% and 80.7%) and PBDBTBTR2F
based devices (92.7% and 78.2%). The higher, | satio of PBDBT:
PTBTR4F based devices suggested their better exciton dissociation ability and
more efficient charge collection in contrast with those of the other two blends
prepared devices, which led to higltefs of PBDBT: PTBTP4F devices.
Through measuring th&V curves under various light intensitiek'p.r G Wi the
recombination mechanism can be evaluated from the slopeSlinearly fitted

..uﬁ"A | L

|—.' i =i gurves which indicates the extent of bimolecular
recombnation(Figure 4.6d). The weaker the bimolecular recomation inthe
devices, t he ibdlogey® . Thelslepes){of lineatlydited
|—.' i icyrves were 0.996 for PTBHHF based OSCs, 1.006 for
IT-4F based OSCs and 0.966 for PTBAWP based OSCs, respectively. The

results suggested that the bimolecular recombination in those devices was

..uﬁ"A | L

extremely suppressed, which facilitated efficient chargé&aetion, thus
resulted in highFFs. PTBTR4F devices showed weaker bimolecular
recombination due to enhanced crystallinity caused by the strongereun
stacking in PTBTRIF prepared films. Another possibility for enhan&&dand

”ﬁ -could be ascribed to the improved charge transport beh@aanvestigate
the influence ofthe endcapping group on the chargransport behaviorthe
SCLC method was conducted to measure the hole and electron moliities (
andHy) (F i g 4.T).@he PTBTPA4F based films presenteddaof 1.62x10*
cm? Vstand aHyof 3.62 x10% cn? V1 s, while the PTBTP2F based films
owned aH; of 2.13x10* cn? V! st and aHof 2.40 x10% cn? V1 st With
similar hole mobility in comparison with PBDB. PTBTR-2F, PBDBT:
PTBTR4F showed a much highegythan thaiof PBDB-T: PTBTR2F, which
was induced by stronger egdoup stacking and enhanced crystallinity in
PTBTR4F prepared films. The PBDB: IT-4F based films presented-a of
1.50x10* cn? Vst and aHof 2.54 x10* cn? V! s, andHwas also less
than that oPBDB-T: PTBTR4F, which was due to the enhanced election
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core induced intermolecular stacking of PTB4PP and thus enhanced electron

transportatio.
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Figure 4.6 (a) J-V characteristics of the optimal OSEb) EQE spectra and
integraedv s for the IT-4F, PTBTRP2F and PTBTRIF based OSCs. (0) s
versusw s. and (d)0 sversus light intensity of the optimized devices.
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Figure 4.7 (a) Hole and (b) Electron mobilities of the blend films.
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4.3.3 Energy Loss

The influence of the engdapping groups of the acceptors on'@e of the
blends was investigated by FTE®E measurement and EL spectra
measurement. TH®  was calculated according to the following equation:
O O nw , which can also be divided into three parts, i.e.,
O O nw O nw nw nw Nnw Nnw
YO YO YO (Amorim et al., 201p, whereYO arises from the loss
related to the ShockleQueisser (SQ) limi(Rao and Friend, 20iGuillemoles

et al., 2019y, YO is induced from radiative recombination, &M@ is caused

by nonradiative recombinatiohe detailedO  data are summarized in
Table 4.4.

Table 4.4 DetailedO  parameters of the OSCs based on PBDBcceptor
blends

Eg Vgga) qfl Vrc?g b) qu q:EB ELoss
[eV] N4 [eV] [Vl [eV]  [eV] [eV]

IT-4F 1.55 1293 0.257 1.100 0.193 0.378 0.83
PTBTR2F 1.53 1259 0.271 1.229 0.030 0.319 0.62
PTBTR4F 1.52 1.254 0.266 1.219 0.035 0.359 0.66

A2 was calculated according to the Shock@yeisser (SQ) theor Vi was
calculated from EL and FTPS measurements.

Acceptors

In general,coulombic binding force between electrons and holes needs to be
overcomeduring the charge separation process. In OSCs, stronger electron
deficient accepting unit in A-A type molecules is favorable for intermolecular
stacking. Along with the enhanced intermolecular interaction, more hybridized
CT statesare thus formed, leading to a higher energy offset between CT states
and local exciton (LE) states and thus more efficient charge separBtien.
energy barrier to generate free charges depends on appropriate energetic offsets,
YO , which is the difference betwe@& andO (Faist et al., 201;Fisner et

al., 2019 in Figure 4.9. Herein,the study ofthe CT states was involved to

detect the driving force for charge separation. Thes were obtained by
singleline fitting of the FTPSEQE measurements ifigure 4.8. YO was
achieved as 0.15 eV for 44F, 0.08 eV for PTBTRF and 0.09 eV for PTBTFP
4F, respectively, which suggestmore sufficient charge separation occurred in
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PBDB-T: PTBTR4F blend films, and hence the highéstwas achieved for

the corresponding devices.
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As summarized iTable 4.4, the redshifted absorption induced by endpping
groupvariationof two acceptors led to a low®0O (0.266 eV) for PTBTRIF
based devices, whil¥O (0.035 eV) was similar for both blends, a¥i®
(0.359 eV) was higher for PTBH# blends. Thus, a total energy loss of 0.66
eV was induced in PTBTRBF based devicedMeanwhile the PBDB-T: IT-4F
based devices suffered from serious radiative energy loss of 0.193 eV, mainly
becaus®f mismatched energy levels between PBRDBNd IT-4F, reflected in
lowero by ~0.14 \ To furtherexplorethe nonradiative energy 10s€ 0 ‘O
measuremenivhich was directly related 80 , was conducted and exhibited
in Figure 4.10. The'O 0 ‘O spectraof the OS@ based on PBDH: IT-4F and
PBDB-T: PTBTR4F blendswere much lower than that of PTBTH# based
ones, suggesting more serious madiative recombination, leading to higher
YO of the IT-4F and PTBTRIF blends. Therefore, accompanying with the
improvement ofintermolecular interactiom PBDB-T: IT-4F and PBDBT:
PTBTR4F blend films, sufficient charge separation was induced, which

afforded highen s, though it caused enhandé@ and thus certaih loss.

=i—PBDB-T:IT-4F
=—g- PBDB-T:PTETP-2F
—=— PBDB-T:PTBTP-4F

10°

EQEg, (%)

10*

10°
200 250 300 350 400

Current Density (mA cm?)

Figure 4.100 0 'O spectra of the blend films.

4.3.4 Morphology Characterization

To investigate the influence of surface properties and surface morphology of the
active layers on the device performance, contact angles between the neat films
of PBDB-T, PTBTR2F, and PTBTRIF and HO/ glycerol (GL) were measured
(Goh et al., 200Kim et al., 201%. The contact anglesl(and surface energies

( 0) @cteéinFigere 4.11a andTable 4.5.
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Table45Summari zed contact angles and sur
PBDB and two acceptors.

Films dwater [°] deL[7] o[mN m] Gdonor-accepto] K]
PBDB-T 106.9 99.7 16.64 -
IT-4F 93.1 109.2 40.47 521
PTBTR2F 89.7 107.6 45,53 7.11
PTBTR4F 88.6 102.9 37.26 4,10

Three acceptorexhibited similar contact angles with® and GL. Compared

with PBDB-T neat films, smaller contact angles between acceptor films and

H O and GL suggested enhancedvallesopbophi | i
IT-4F, PTBTR2F, and PTBTP4F were 40.47 mN i 45.53 mN rit, and 37.26

mN n1l, respectively, which was favorable for forming decent vertical phase
separation. To evaluate the miscibility between donor and acceptor,

? was also calculatedKim et al., 201)». ? of

PBDB-T: PTBTR4F was lower than that of PBBB. PTBTR2F and PBDB
T: IT-4F, suggesting better miscibility between PBDRNdPTBTR4F, which
may result in higheFFs ofthe PTBTR-4F based devices.

AFM was employed to studthe surface morphology of the active layers
(Figure 4.11b). All three blend films presented qu#emooth surface with the
root mearsquareroughness (RMS) of 1.67 nm for-AF, 1.78 nm for PTBTP

4F based filmsand 1.52 nm for PTBTRF based film, respectively. On the
same scale, the clearer nano phase images of PBE BTR4F blended
films with higher contrast ratio suggedtPBDB-T: PTBTP-4F blended films
realized mordibrillar-like phase separation, which resulted in higher exciton
dissociation efficiency, thus high&Fs of the devicesAs depicted irFigure
4.11c, TEM was employed to further investigate the inner phase separation of
the blend films. As seen from the TEM images,-east PBDBT: PTBTR4F
films exhibited clear andntercalated nanophase separation neta/arkthe
zoomed images. The daikrea indicated material aggregations, while the
brighter area indicated slightly larger phase separation in the PBBBBTR

4F blend films. Compared with PBBB. PTBTR4F blend films, PBDBT:
PTBTR2F and PBDBT: IT-4F blend films exhibited larger phase domain size,
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which resulted in lower interface area and thus lower exciton dissociation

efficiency.

To study the molecular packing and crystallinity in the4dH; PTBTR2F, and

PTBTR4F binary blend GIWAXS measurement wasarried out (Figure

4.12). The faceon orientational molecular packing of the acceptor molecules in

their blended films was verified as thep stacking peaks appeared from the
out-of-plane linecuts and the lamellar peaks appeared mainly from-giaria
linecutsThe “stacking along (010) 'forthe ect i o
PTBTR-2F binary films, and ~18 nifior the IT-4F and PTBTR4F binary films,

which correspomnaekli hg @i stance of 3.5
The results indicated that all three blendhé tended to be faeen stacking
orientational rather than edga stacking orientation. Meanwhile, the
crystalline coherentlenggfCCLs) est i mat€dst achki hige peak
about 10.61 nm, 10.67 nand 11.38 nm for the FiF, PTBTR2F, and PTBTP

4F binary films, respectively. The more compact molecular packing and higher
crystallinity can be associyated wintdh st
intermolecular interaction induced by the more electteficient endcapping

group of PTBTR4F, which also liustratedthe larger electron mobility of
PTBTPR4F blend films.In addition, all of the (100) peaks of the binary films
arelocated at ~3.1 nrh The corresponding CCL valsief (100) peaks were
calculated to be 6.63 nm, 6.96 yemd13.38 nm for the I174F, PTBTR2F, and

PTBTR4F binary films. The enlarged (100) CCL values verified more uniform,

finer, and ordered interpenetrating nanofitiké phase separation network as
observed from the AFM phase imagd PTBTR4F, which led to higheFFs

in comparison to the PTBTPF and IF4F binary films.
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Figure 4.12( &[p GIWAXS patterns ofhePBDB-T: acceptosblend films( b )
Theorrespphdineg ( r eoducdpil mene) (bhdck | ines

4.4 Conclusion

In conclusion, the TP unit was introduced as a building block to construct
pyrrole-containing conjugated backbones for synthesizing NFAs. Two novel
acceptors, namely, PTBTH- and PTBTRIF, were designed and synthesized
successfully. The photophysical anelectrochemical properties, device
performance, energy loss, and morphology of the blend films have been
investigated to evaluate the performance of the novel acceptors. @oiwghr
IT-4F, the introduction othe TP unit onto the central core can enhatlee
energy levels of the acceptors, thus leading to higherMeanwhile, the end
group capping effects on the acceptors and the performatieeTd? unit were

also investigated through evaluating the performance of the acceptors.

Benefitting from the welmatched energy levels and complementary light
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absorption of donor and acceptors, the devices based on-#BPBBTR2F
blends achieved an averdg€Eof 11.14%, av» 0f 0.91V,ad of 17.89 mA

cm? and anFF of 68.66%. Compared with PTBTEF, more fluorinated
PTBTR4F not only exhibited slightly dowshifted energy levels and red
shifted absorption, but also afforded weaker bimolecular recombination and
suitable phase separation for efficient charge dissooiaHowever, more
hybridized CT states of PTBTF induced higher neradiative energy loss. In
sacrifice with certaimd , thePBDB-T: PTBTR4F based devices exhibited an
obvious increase i s, and eventually realized a promisiRGE of 12.33%,

with ac® 0f 0.86 V, ab of 20.74 mA cnf and anFF of 69.02%. Our work

has demonstrated that when molecular backbones are designed or optimized,
modular synthesis modeould bean effective method to simplify reaction
routes and to obtain the target molecules, if the building blocks were already
available. As an example, our work demonstrated one novel building block,
thiophene[3,20] pyrrole (TP), had shown its potential fomstructing highly
efficient NFAs.
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Chapter 5

Conformation flipping of
asymmetric nonfullerene acceptors
enabling high performance organic

solar cells with 77% fill factors®

5.1 Synopsis

Considerable progress on high performance OSCs has been achieved in the past
due to the rapid development MFAs. Typically, two kinds of methods have

been employed to manipulate energy levels and aggregation of NFAs, i.e.,
molecular engineering on alkyl side chains and modification of the heterocyclic

rings in the backbone. In this work, a novel asymmetricodg&ed NFA with

AThe work in this chaptexras publishedh:

Zhu, J., Zhang, Z., Lv, Y., Lan, A.Zhou, J.Lv, Y., Lu, H,, Zhou, E., Do, H.,

Chen Z, & Chen, F. (2023) . AConfor mati on
nonfullerene acceptors enabling high performance organic solar cells with 77%
fill BSdacrtl d, 2300161
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flipped molecular conformation, named as PTBAH, was designed and
synthesized. The introduction of the pyrrole ring in the novel NFA would not
only afford extra reaction sites for side chain modification, but also induce
substantial ICT, thus leading &tevated energy levels of the NFA and thereby
lower energy loss of the OSCs. When pairing with polymer donor PBB®
fabricate OSCs, concurrent improvementwin, 0 and FF were realized,
which delivered an outstandi@CE of 14.49%. Benefitting from effective
molecular stacking and optimized phase separation induced by molecular
conformation variation, asymmetric PTBHF fabricated OSCs exhibited

much higheb s andFFs than the symmetrical PTBI4F devices

5.2 Introduction

The innovation of photovoltaimaterials(Wu and Zhu, 2013Vang et al.,
2016Liu et al., 2022@Meng et al., 202Zhang et al., 2023¢specially NFAs
has pioneered many research hot spots of OSCs-tteth exploratiorn the

past decades. With combinational efforts devoted to molecule evolution and
device engineering, tfeCEof singlejunction solar cells has approachguto

19% (Bi et al., 2023He et al., 2022Zhu et al., 2022) Various NFAshave

been developed in recent years, such as DPP or perylene diimide (PDI)
contained molecule@atil and Misra, 20L1$un, Chen and Chen, 20Y8 et

al., 2023, A-D-A type acceptors, i.e., ITIQLin and Zhan, 201%an et al.,
20189, M series(Zheng et al., 2020aand Y series molecule&Cui et al.,
2020hZhu et al., 202fbi et al., 20214 iu et al., 202}, typically Y6 (Yuan et

al., 2019h.

Core engineering has been demonstrated effective to achieve high performance
NFAs, as molecular conjugation and ICT can be readily realized through
introducing or removing the aromatic rings on the backbone of NFAs.
Additionally, the asymmetric strategy was adopted for molecule modification,
which could precisely regulate the intrinsic optoelectronic properties of NFAs.

Derived from symmetric NFAs, i.e., ITIC and-fIF (Zhao et al., 201){ various

A-D-A-type asymmetric NFAs have been designed and synthdSimectt al.,
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2018dCai et al., 2021 Sunds group desi-Zrmmerdd asyr

TPTTT-2F through extending molecular conjugation of the IDT ¢8@ng et
al., 201§. Along with the enhanced conjugation, +&ifted absorption, up

shifted energy levels and more ordered fanemolecular stacking were

realized simultaneouslyranget al.(Sun et al., 2018kntroducedhe DTP unit

in the backbone and designed an electrom central building bloclkand a
symmetric acceptor INPKF, which realized 8CEof 13.13% and a highF

of 71.5% when pairing with polymer donor PBEB IPT-4F and IPTB®4CI
were then developed through asymmetric optimization of molecular
conformation, which facilitated better miscibility and much more balanced
aggregation of the donor and acceptor blends, thus leading to Righesf
74.15% and 72.57%, respectivelyao et al., 202§ang et al., 2020 Fine-

tuning of molecular backbone conjugation is favorable for addressing the

drawbacks of NFAs, such as uncomplimentary absorption region, mismatched

energy levels and ordinary miscibility to a large ex{éntt al., 20194 uo et

al., 2020. More importantly, asymmetric molecular design strategy can

facilitate larger dipole moments, leading to enhanced ICT and stronger

intermolecular interaction of NFA& ang et al., 201:%ao0 et al., 2020 There

are mainly twoways for constructing asymmetric molecular backbones for
NFAs, i.e., adding or removing fused rings and heteroarene substitution. The
former approach can regulate molecular conjugation to a greater extent and flip
the conformation for higher dipole moments, while the latter option is suitable
for subtly tuning the absorptn region or energy levels. Nevertheless, the
asymmetric molecule design strategy also features some issues. Excessive
molecular conjugation may cause pseudo potential between HOMO energy
levels of donor and acceptor, leading to small driving force. Ordh&ary,

lack of conjugation would induce broader energy gaps and eventually blue
shifted absorption onséXia et al., 202). An A-D-A-type acceptoPTBTR4F

we designed previouslfigure 5.1) showed similar issues, though it achieved

reduced nonradiative energy loss owing to enhanced energy levels when pairing
with PBDB-TF, the binary devices suffered from incompatible HOMO energy
levels, and thus limiteBFs and0 s.
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sHi3
X=F IT-4F X=F  PTBTT-4F X=F  PTBTP-4F x
X=Cl IT-4CI X=Cl PTBTT-4CI X=Cl PTBTP-4CI

¥'Fine tuning of miscibility
v'Conformation change (S-shape to C-shape)

v'Enlarged dipole moment
- Enhanced conjugation and energy levels ‘
Figure 5.1 Molecular structures of FAF/ACI (left), PTBTTF4F/4Cl (middle)
and PTBTP4F/4CI (right)

In this work, asymmetric molecular design strategg employed to optimize
PTBTR4F and improve the photovoltaic performance. TP and TT units were
utilized to construct asymmetric acceptors, PTBIH4Cl. Compared to
symmetric IF4F/4CI, the external-hexyl pyrrole would induce flipping of the
endcappinggroupsandt he mol ecul ar conf ormati on c
ACo type correspondingly, owing to ste
thus larger dipole moments were realized. Moreover, effe¢GT and decent
miscibility were achieved for the asymmetric acceptors, ascribing to the
moderate conjugated backbone and properdidén engineering. Benefiting
from enhanced LUMO energy levels, the total energy loss of PTBY4Cl
devices decreasesignificantly. The performance of PTBIF/4Cl based
devices was inferior to asymmetric PTBAF/AC| based devicesspecially in

FFs. Compared with thEDTT backbone, thantroductionof the alkyl chain in

the PTBTT backbone resulted in better miscibwityh polymer donor, which

was also verified from contact angle measurements and film morphology
investigations. Ascribed tdhe great miscibility between PBDBF and
PTBTT-4F and thus exquisitghase separation, an outstanditgof 76.73%

was achieved. Eventually, the PBO®B: PTBTT-4F based devices afforded a
maximumPCE of 14.49%. In all, realized by introducing alkiyinctionalized
pyrrole rings, the asymmetric strategy guaranteed low energy loss, thereby
squeeing morew Wwhile maintaiing high , as better phase separation and
more interfacial area of the blend films were generated. Additionally, the
asymnetric molecular conformation and enlarged dipole moments facilitated
stronger intermolecular interaction of the acceptor molecigadingto higher

FFs.
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5.3 Resultsand Discussion

5.3.1 Materials Synthesis andPhotophysical Properties

Two asymmetric TRcontained acceptors named as PTBIHA4CI| were
synthesized and compared with symmetrigtH/4Cl and PTBTRIF/ACI. The
hexyHunctionalized TP block was synthesil according to the previous

method(Zhu et al., 2022a The PTBTT central core was synthesized using

Stille coupling reactionThe goal products PTBTF4F/ACI| were obtaineds
dark blue soliddy Knoevenagel condensation between dialdehydeeaakd
capping groups (IF/2Cl). The molecular structures BTBTT-4F, PTBTTF
4Cl, and PTBTPACI were identified by NMR and highesolution mass
spectrometry, as summarized Appendix Il. From the NOSEY NMR
measurements, the hydrogen in the-eagping groups exhibited no interaction
andthus no space correlation with the hydrogen in the hexyl alkyl chain, which
indicated he Sshape conformation of PTBTRIF/AClI and Gshape
conformation of PTBTI4F/4ACIl. All three acceptors presented high
decomposition temperatures (Td, 5% weight loss)4ff 3 for PTBTT-4F,
338 for PTBTT-4Cl,a nd 3far®TBTP-4ClI, respectivelyFigure 5.2).

100 4
90 =
S
= 804
=
°
g 704
601 — PTBTT-4F
PTBTT-4CI
50 { — PTBTP4CI
200 400 600 800

Temperature ('C)

Figure 5.2 TGA curvesof PTBTT-4F, PTBTTF4Cl and PTBTHCI

The photophysical properties of-AIF/ACI,PTBTT-4F/4Cl and PTBTRIF/ACI

are summarized ifable 5.1. The absorption spectra of six materials in CF
solution and films are exhibited Figure 5.3a andFigure 5.3b. Compared with
IDTT backbone, the Sphybridized sulfur was replaced with a?gyybridized
nitrogen in the PTBTT and PTBTP backbones. The lone pair electrons in

nitrogen can mo v e al ong t he ’ mo |
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del oc al i-elextton system arfd extending the conjugattdang with

the increased conjugation of the backbones, the maximum absorption peaks in
CF redshifted from 691 nm to 745 nm, together with enhanced extinction
coefficients observed from #FF (2.03x10° Mt cmY), IT-4Cl (2.11X10° M

cml), PTBTT-4F 2.39x10° M cm?), PTBTT-4Cl (2.45X10° Mt cmb),
PTBTR4F (2.74X10° M cm?l) and PTBTP4CI (2.83x10° Mt cml).
Compared with the absorption from solutions, the maximum absorption peaks
of the corresponding films reshifted tothe NIR region, suggestinghat
strongemol " ecul ar stacking f-dF finesd i n
exhibited broad absorption from 550 nm to 840 nm, with a maximum absorption
peak at 764 nm. As validated by the EQE spectra of the blend films, RPABTT
exhibited complementary light abrption with PBDBTF so thatphotonscan

be harvested sufficiently. Meanwhiley combiring chlorine substitution with

TP block introduction, full absorption coverafyfem 700 nm to 800 nm was
realized.Along with theextended molecular conjugation in-4lF, PTBTF4F,

and PTBTP4F, the optical bandgaps narrowed correspondingly, that were 1.55
eV, 1.48 eVand 1.46 eV, respectively. Compared to the fluorinated acceptors,
chlorinated IF4CIl, PTBTT4CIl, and PTBTPACI exhibited more narrowed
optical bandgaps of 1.48 eV, 1.45,eAhd 1.44 eV, respectively, owing to
enhanced aggregationédditionally, the molecular conformations of the
potential rotamers extracted from thraelecularbackbones, simplified as TT
IC2F and PTIC2F, weretheoreticallysimulated, as depicted Figure 5.3d.
Noticeably the surface potential energy of ICT2F and PTIC2F were lowest

at 0 degree, suggesting that the molecular conformations of P#BTand
PTBTR4F (Gshape and Shape) were stable. Owing to steric hindrance
effects induced by thalkyl chain in the pyrrole rings-shape conformation was
achieved for PTBTRF/4CI.
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Figure 5.3 Absorption curves for [#FA4CIl, PTBTT-4F/4CI and PTBTP

4F/4CI (a) in dilute chloroform solutions (2®1) and (b) normalized absorption

curves in films. (c) Energy levels diagram of the devicesS(ajacepotential

energy scan of possible rotamers {[CAF and PTIC4F) extracted from IT

4F/ACI and PTBTRIF/ACI, respectively.

Table 5.1 Electrochemistry and photophysical properties e#HACI, PTBTF
4F/ACl and PTBTRIF/ACI.

Evomo  ELumo o) o Hret ED) Chax®
Acceptors oy ev] [m] [m] [m] [eV] [MZicmd
IT-4F 576 -421 691 719 799 1.55 2.03x1.0P
IT-4Cl 578 -430 703 762 839 1.48 2.11X1.0°

PTBTT-4F -5.68 -4.20 714 764 839 1.48 2.3940°
PTBTT-4ClI -5.70 -4.25 727 783 855 1.45 2.45X10°
PTBTR4F  -5.57 -4.11 733 772 849 1.46 2.74X10P
PTBTR4CI  -5.60 -4.16 745 801 861 1.44 2.8340°

A n chl or ofP&Er 2s40diJut i on.

An ionization energy measurement syst@wakano, Kaji and Tajima, 2091

was employed to detette electrochemical properties tie acceptorsinder

N2 atmosphereAs depicted inFigure 5.4, the HOMO energy levels of T
4F/ACl, PTBTF4F/ACL and PTBTP4F/ACI were measured to b8.76 eV/

5.78 eV, -5.68 eV/5.70 eV, and -5.57 eV/5.60 eV, respectively. In
combination with the optical bandgaps, the corresponding LUMO energy levels
were calculated to b&.21 eV/4.30 eV,-4.20 eV}4.25 eV, and-4.11eV/4.16

eV, respectively. The enhanced molecular conjugation induced by the pyrrole

ring upshifted energy levels gradually and narrowed optical bandgaps of the

77



acceptors. Compared with-AF/4ClI, pyrrole ring contained acceptors obtained
higher LUMO energy levels, which led to higlier and lower energy loss.
Moreover, the HOMO energy levels offset between PBDBand PTBTH4F
wasrealized to be 0.37 eV, which ensured adequate driving force for sufficient
charge separation.

(a) (b)

0.03 4 0.03 4
« IT-4F « IT-4Cl
«~ PTBTT-4F PTBTT-4CI /
PTBTP-4F « PTBTP-4Cl
0.02 4 0.02 4
w y //i
= / o
< " “
-} > P
T 0.014 " .20.01+ v
>- y ‘/
-l
///.
(1T — 0.00]

‘ Phr::ton Energy (eV) ! ¢ Phsoton Ener:y (eV) !
Figure 5.4 IPS curvesfor (a) IT-4F, PTBTT4F, PTBTR4F (b) IT-4Cl,

PTBTT-4Cl, PTBTR4CI under N.

5.3.2 Quantum Chemical Calculations

To make quantum chemical calculations tractable, the-¢biagn alkyl side
group was replaced by a methyl group for the three acceptors, which speeded
up excited states calculation without altering the natureootier molecular
orbitals. The molecular geometries of all three molecules were firstly optimized
using DFT at the B3LYPM&31G (d,p) level. TDDFT was employed to
characterize the electronic excitations of the acceptors. Therdmgg
correctedvB97XD functional in conjunction with the 81G (d,p) basis set was
employed to compute the lowest five singlet states, as this functional could
capture both shortand longrange interactions and describe charge transfer
states accurately. The effects betsizeof the basis set and the number of
electronic states on the excited states calculation results have been discussed in

our recent workJiang, Hirst and Do, 2032All quantum chemical calculations

were performed with the Gaussian 09 program packiagech et al., 2009

while the electronic structueroperty analysis was completed using the
Multiwfn codes (Lu _and Chen, 20%Zhang and Lu, 2091 The ESP was

computed to characterize conformation differences between symmetric and

asymmetric structures. As shownFigure 5.5b & Figure 5.6a, symmetric I'F
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4F/ACI and PTBTRIF/4ACI exhibited centrosymmetric charge distribution
(electron density isosurfaces at 0.001 au), while PTBF/MHCI displayed
axisymmetric charge distribution owing to thesBape conformationAs
indicated by the dashed circle, different fromsi&pe molecules, more
concentrated positive charges (referring to the red area) gathetedcentral
core of PTBTTF4F, resulting in a higher dipole moment of 3.25 Debye. Due to
the enhanced dipole moment, intensified intermolecular interactionbea
realized in PTBT¥4F blends, whichwould facilitate more efficient charge
generation. To clarify the ICT difference between symmetric and asymmetric
molecules and quantify charge separatitile charge density difference
between the ground stateg&nd the first excited stateijSvas analyzed by
separating the molecules into seven moiett@guie 5.5a & Appendix II'). Our
excited state calculations shoed that the HOMGLUMO pair transition
contributel over 99% to the &S; excited state for all three acceptors.
Therefore, multiple excited states were excluded to simplifyctieulation
processAs shown inFigure 5.5 & Figure 5.6, asymmetric PTBTHF/ACI
exhibiteda distinctive ICT process compared to two symmetric acceptors. The
holes (referring to the yellow grid) in PTBTF/4CI concentrated on the TP
block instead of the central core, withe electrons gatheringnto the end
capping group Such unbalanced hekdectron distributiorgeneratechearly
double charge transfer strength from moiety 5 to moiety 2, indicaing
reinforced ICT effect in asymmetric PTBF/4CIl. Conversely, more
dispersed hole distribution in symmetric molecules resultemivieaker ICT
effect in IT-4F/4Cl and PTBTRIF/4CI.
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sH1a
X=F IT-4F PTBTT-4F X=F PTBTP-4F
X=Cl  IT-4Cl = PTBTT-4CI X=Cl  PTBTP-4CI

PTBTP
Figure 5.5 (a) Moiety classification of the holelectron distribution heat map.

(b) ESPof IT-4F, PTBTF4F and PTBTRIF. (c)Isosurface of hole (blue) and
electron(red)distributiors for the A S: (HOMO-LUMO) transition.(d) Heat

map of the fragment contributions (as a percentage) to the hole and electron
distributiors for the $A Sitransition.

0.001 Debye

PTBTP-4CI 0.003 Debye

Figure 5.6 (a) ESPof IT-4Cl, PTBTT-4Cl and PTBTH4CI. (b) Isosurface of
hole (blue) and electrofred) distributiors for the A S (HOMO-LUMO)
transition.(c) Heat map of the fragment contributions égsercentage) tthe
hole and electrodistributiors for the lowest excited state & S;transition.

5.3.3 Photovoltaic Properties

To characterize the photovoltaic performance of the acceptors, OSCs with
conventional device configuration of ITO/PEDOT:PSS/Active
Layer/PDINN/Ag were fabricated. The blend solutions of PBOB PTBTT-
4F/ACI (1:1, wiw) or PTBTRIF/ACI (1:0.8, w/w) in chlaform at a total

concentration of 15 mg/mL were spioated as the active layers. Similarly, the
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blend solution of PBDBIF: IT-4F/4Cl (1:1, w/w) in chloroform at a total
concentration of 16 mg/mL was prepared to fabricate control devices, as

previously reported(Gao et al., 2019a T h e deviceso perfor

optimized by manipulating donor/acceptor blend ratios, introducing various
additives, and varying annealing temperature, as summaiiaéte(5.2Table

5.4). As a result, PTBTHF blend films were fabricated with 0.5% DIO as the
additive at an optimized thermal annealing temperature of 16fF 3 min.The
optimal PBDBTF: PTBTR4F/ACI and IT4F/IT-4Cl devices were produced
under the same conditions and the detailed photovoltaic parameters are
summarized inTable 5.5. The PBDBTF: IT-4F based devices delivered an
averagePCEof 13.18%, with av 0f 0.86 V, a0 of 20.80 mA cr?, and an

FF of 73.67%. By contrast, the devices based on PBBBPTBTRA4F blends
obtained a lowePCE of 10.49%, a highe® of 0.95 V, a0 of 18.30 mA
cm?, and a loweFF of 60.25% Compared with IT4F based devices, the higher

w s of PTBTRP4F based devices can be ascribed to the reducetbss

(e O nAw ) of 0.55 eV, as the pyrrole substitution nareaoptical
bandgap and elevatedLUMO energy leved of PTBTR4F. The PTBTH4F
based devices not only retained lower energy loss also achieved a
remarkableFF of 76.73%, thus delivarg an outstanding®CE of 14.49%,
owing to suppressed recombination and efficient photon collection efficiency,
exquisite phase separatjand closer molecular packing of the blend films.
Likewise, PTBTF4CI based devicesxhibited superior performance thiose

of the two symmetric acceptomshich obtained av 0of 0.85V, a0 of 22.81

mA cni?, and anFF of 73.82%. Compared with thrériorinated acceptors,
chlorinated IF4CI, PTBTT-4Cl, and PTBTPA4CI based devices obtained higher

0 due to extra light harvesting but lower because of deeper LUMO energy

levels.
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Table 5.2 The optimized photovoltaic parameters of devices based on PBDB
TF: PTBTT-4F blends.

Ratio Additive [Ié‘] \[/\?]C m Ajzrcnz] [E/(l):] IE)E]E
1.0.8 - - 0.87 22.12 64.56 12.40
1:1 - - 0.88 21.04 70.39 13.09
1:.1.2 - - 0.88 21.01 69.39 12.82
1.1 0.5%DIO - 0.89 21.62 70.80 13.72
1:1 0.25%DI10&0.25%CN - 0.89 21.07 71.03 13.30
1:1 0.5%CN - 0.87 22.88 67.54 13.46
1.1 0.5%DIO 80 0.90 21.38 71.70 13.80
1.1 0.5%DIO 100 0.88 21.43 76.73 14.49
1:1 0.5%DIO 120 0.88 23.25 67.76  13.85

Table 5.3 The optimized photovoltaic parameters of devices based on
TF: PTBTT-4Cl blends.

PBDB

Ratio Additive [Ié] \[/\?]C m posd 2 ['(f/('):] EE]E
1:0.8 : : 091 2250 5477 1115
11 : i 089 2263 5099 1212
1:1.2 : i 0.89 2248 5685 1144
1:1 0.5%DIO i 0.88 2433 6134 13.19
11 0.25%DIO&0.25%CN - 0.88 2309 6296 12.80
11 0.5%CN i 091 2256 6303 12.99
1:1 0.5%DIO 80 085 2225 7253 1373
1:1 0.5%DIO 100 085 2281 7328 1417
11 0.5%DIO 120 084 2210 7122 1327
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Table 5.4 The optimized photovoltaic parameters of devices based on PBDB
TF: PTBTRA4CI blends.

Ratio Additive [Ié] \[’\‘;]C m A]grcn-Z] ['(f/; F[:,Z]E
1:0.8 i ] 094 1738 59.08 9.67
11 i i 094 1779 60.06 10.05
1:1.2 i i 092 1843 5803 9.88
1:1 0.5%DIO i 094 1804 6239 10.62
11 0.25%DIO&0.25%CN - 095 1763 6211 1037
1:1 0.5%CN i 095  17.46 6159 10.19
1:1 0.5%DIO 80 093 1840 64.69 11.12
11 0.5%DIO 100 092 1958 6414 1158
1:1 0.5%DIO 120 092 1959 61.06 11.01

Table 5.5 Photovoltaic parameters of the optimized OSCs based on six PBDB
TF: acceptor blends.

Voc Jsc Jear® FF PCE?
13.18
IT-4F 0.860 20.80 19.82 73.67 (12 N3 .1)3
14.49
PTBTT-4F 0.881 21.43 21.32 76.73 (14.21N0.24)
10.49
PTBTRA4F 0.951 18.30 17.79 60.25 (10.284.21)
12.32
IT-4ClI 0.768 22.63 21.78 70.92 (12.07
PTBTT-4Cl 0.848 22.81 21.83 73.28 14"‘17
. . : ) (13.8NO0 .) 2
11.58
PTBTR4CI 0.922 19.58 18.74 64.14 (11.314.22)

3 Integrated current densities obtained from EQE measurentéerage
PCEs achieved from 18 devices.

The EQE spectra were measured to investigatealifference Figure 5.7b).

The EQE spectra of the PBDBF: PTBTT-4F based devigsexhibited broad

and strong response (> 70%) from 450 nm to 780 nm, suggesting efficient
photon harvestingiould be realizedThe average response intensity of PTBTP
4F/4AClwas much lower than 1H4F/4Cl and PTBTI4F/4CI, resulting in the
decrement o) . The wavelength response range of PTBWFFI4CI was
broader than 1#4F/4Cl, which was consistent with the corresponding optical
bandgaps. In additiomlue to the influence of halogenation on absorption, the
response ranges chlorinated I'F4Cl, PTBTT-4Cl, and PTBTPACI blends
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were broader than those of the fluorinated bleAdsa result, the integrated
0 s of PBDB-TF: IT-4F/IT-4CI/PTBTT-4F/PTBTT4CI/PTBTR4F/PTBTR
4Cl based devices were 19.82 mA§r@1.78 mA crif, 21.32 mA crif, 21.83
mA cm?, 17.79 mA cnf and 18.74 mA cm, respectively, which were

consistent with thé-V characterizations.
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Figure 5.7 (a) J-V characteristics of the optimal OSCs. (b) EQE spectra and
integratedd s for the IT-4F/4CIl, PTBTF4F/4Cl and PTBTRIF/ACI based
OSCs. (cp versusw curves (d)0 versus light intensity of the optimized

devices.

To better understand charge generation and collection efficiencies of the devices,
the dependence of photocurreni () on the effective voltagedof ) was
investigated Figure 5.7c) and summarizedT@ble 5.6). 0 can be defined as

0 U ,whereb andv are the currents measured under illumination and in the
dark. Whend reaches saturation current () at higherapplied voltagesi§ ),
charge carriers dissociated from excitons would be collected soon. Thus, the
0 TO ratio was utilized to characterize exciton dissociation efficiefcy {

and charge collection probabilityd ( ) under shoktircuit and maximum
power output conditions, respectively. As a result{the 70  values of IF

4F, PTBTT4F, and PTBTP4F were calculated to be 92.3%/86.6%, 92.5%/87.1%
and 91.0%/72.4%, respectively. The higbBer 70  values of PBDBTF:
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PTBTT-4F based devices implied more efficient exciton dissociation and
charge collection, which contributed to higher. Similarly, PTBTT4CI
obtained highedb 70  values of 96.5%/88.2% amongst three chlorinated
acceptors (I74CI: 93.1%/87.4% and PTBF&RCIl: 92.5%/76.4%). The

0 70 results coincided well with their EQE responsencerning charge
collection propertyFurthermore, charge recomhiron behaviors were studied
and evaluated from the slopdd ¢f linearly fittedd &0 a0 curves
through measuring-V curves under various light intensities ( ) (Figure
5.7d). The bimolecular recombination under shartuit conditions was
commonly described as the slopé$ 6f linearly fittedd &0 a®
curves. | f Ut maeashe binlolecslar recomlminatibn was better
suppressed in the devices. The slopdsmere determined to be 0.990/0.988,
0.996/0.993 and 0.973/0.975 for FAF/ACI, PTBTF4F/ACl and PTBTP
4F/ACI, respectively. The results suggested that PT8A/RCI based devices

had suffered from severe bimolecular recombination, causing Ekger

Table 5.6 The exciton dissociation efficiencies and charge collection
efficiencies.

Active layer Jsau Jor? Jon” Claiss Cleon
(mA/cm?)  (mA/cm?)  (mA/cm?)

PBDB-TF:IT-4F 22.54 20. 8(C 19.53 92.3 86.6
PBDB-TF.:PTBTT-4F 23.17 21. 4 20.18 92.5 87.1
PBDB-TF:PTBTR4F 20.10 18.30 14.56 91.0 724

PBDB-TF:IT-4Cl 24.31 2 . 65 2125 931 87.4
PBDB-TF:PTBTT-4CI 23.63 22. 8 20.85 96.5 88.2
PBDB-TF:PTBTRACI 21.16 19. 5¢&¢ 16.16 92.5 76.4

AUnder short circuit conditio®Under maximal power output condition

The SCLC method was conducted to evaluate charge transport proplesties
NFAs blends As plotted inFigure 5.8 and summarized ifiable 5.7, the hole
and electron mobilities ‘( and*‘ ) of PTBTR4F based devices were
determinedo be 4.29 x1¢ cn? V' st and 2.37 x10* cn? V! s, relatively
lower than 4.49 x1d¢ cn? V1 st and 2.96 x10* cn? V! st for IT-4F based
devices. By contrast, the asymmetric acceptor PTBFTpresented an
increased of 5.34 x10%cn? V's!and a highet of 4.22 x10*cnm?V's

! indicating enhanced crystallinity in PTBHF prepared films*? Moreover,
the' ¥ ratios of PBDBTF: IT-4F/PTBTT-4F/PTBTR4F were calculated to
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be 1.52, 1.27and 1.81, respectively. Compared with symmetric acceptors, more
balanced charge transfer propertyt@dfPTBTT-4F/4Cl blend films contribute
to higherd s andFFs. Additionally, chlorinated IF4CI/PTBTT-4CI/PTBTR

4Cl blends obtained comparative and enhanced , thus realimg more

balanced T

fluorinated acceptors,

enhanced

ratios of 1.19, 1.05 and 1.59, respectively. Compartdthree

indicated chlorinated counterparts

facilitated enhanced crystallinity and closer molecular packing of the

corresponding blend films.

(@449

* PBDB-TF:T-4F

4 PBDB-TF:PTBTT4F
PBDB-TF:PTBTP4F

* PBDB-TF:IT-4CI
PBDB-TF:PTBTT-4CI

= PBDB-TF:PTBTP4CI

Vapp (V)

Figure 5.8 (a) Hole and (b) electron mobilities of the blend films.

8

20 +
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PBDB-TF:PTBTP-4F
PBDB-TF:IT-4CI
PBDB-TF:PTBTT-4CI
PBDB-TF:PTBTP-4CI

2
Vapp (V)

Table57The hol e mobilities and el ectron
Active | a ( 1_468%\/_151) ( 1o Sr%V'lsl) enlce
PBDB-TF:IT-4F 4. 409 2.96 1 5
PBDB-TF:PTBTT-4F 5.34 4. 22 1.2
PBDB-TF:PTBTR4F 4.209 2.37 1.8
PBDB-TF:IT-4Cl 4.30 3.61 1.1
PBDB-TF:PTBTT-ACI 5 03 4. 77 1.0
PBDB-TF:PTBTRACI 4. 39 2. 76 1. 5!

5.3.4 Energy Loss

To investigate the effects of pyrrole substitution in the conjugated backbone on

O

, FTPSEQE and EL spectra were measur&ag(re 5.9a). O of the

acceptors were obtained by determining the energies at the crossing points

between the absorption and emission spectra of the correspondind-fijone

5.10). Energy loss of the devices can be divided into three gecterding to the

following equation:
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yo Yo Yo (5-1)

wherezO is considered as the radiative energy loss due to absorption above
the optical bandgap/O is defined aghe driving force for charge transfer
from the acceptor phase to the CT statasds3O arises from non
radiative recombination. Amongst of thee® is unavoidable for all kinds
of OSCs. As summarized ifable 5.8, 30 varied much between these
devices, which mainly determined the total energy loss, and eventually
contributing to @ difference. According to the formulaYO

QIYTo0 O , 30 can be quantified byD 0 ‘O directly. Therefore,
‘00 O was measured to explore noadiative energy los@Figure 5.9b). The
PBDB-TF: PTBTRA4F based devices exhigi higherO0 O of 1.01x 10
thanthose ofPBDB-TF: PTBTT-4F (6.43x10°°) and PBDRBTF: IT-4F (1.34x
109), along with achieving loweYO of 0.238 eV. Moreover, th® 0 O
improved as the energy levels were elevated due to pyrrole substitution.
Thereby YO of PBDB-TF: PTBTT-4F decreased and achieved a lower
value of 0.310 eV. As expected, the introduction of pyrrole ring effectively
suppressey'O , thus guaranteeing low&®  and maintainedy . In
addition, chlorinated PTBT-RCI/PTBTRA4CI presented similar findings with
reducedyO of 0.327eV and 0.274 e\during charge separation process,
the coulombic binding force between electrons and holes needs to be overcome.
The energy offset betwe& andO plays a decisive role igenerating free
charges in OSC&TPSEQE measurements were condudieihvestigate the
driving force for charge separation in the blend fili@s s were obtained by
dual fitting of the FTPSEEQE curves irFigure 5.11. YO of PBDB-TF:IT-
AF/PTBTT-4F/PTBTRAF/IT-ACI/PTBTT-4CI/PTBTRA4CI were calculated to
be 0.161 eV, 0.055 eV, 0.024 eV, 0.093 eV, 0.038 eV, 0.024aspectively.
Although symmetric PTBTHRF/4CI blends obtained lower energy loss, the
limited YO resulted in poor charge generation efficiency, thus relatively lower
0 s andFFs.By contrasthigher energy offsets in asymmetRdBTT-4F/4Cl
blends led to more efficient charge separatidecording to previous report,

more hybridized CT states ahdjher energy offset can be generated along with
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closer intermolecular molecular stacking. Thus, we suspect Mat

differencemight be resulted from different molecular stacking behaviors of the

blend films.
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Figure 5.10 Absorption and emission curves for neat films based on six
acceptors.
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Table 5.8 DetailedO  parameters of the OSCs based on PBIPBacceptor
blends

Eg Ecr qECT q:Erad E Q EL qEnonrad ELoss
evl [evl [ev] [eV] [%] [eV] [eV]

IT-4F 1.601 144 0.161 0.228 . 344 0.350 0.739
PTBTT-4F 1515 146 0.055 0.269 . 43% 0310 0.634
PTBTR4F 1504 148 0.024 0.291 . 012 0.238 0.553

IT-4ClI 1533 144 0.093 0.296 . 89° 0.376 0.765
PTBTT-4CI 1488 145 0.038 0.275 . 35% 0327 0.640
PTBTR4CI 1484 146 0.024 0.264 . 593 0274 0.562
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Figure 5.11 FTPSEQE and duafitting curves of six binary blend films.

5.3.5 Morphology Characterizations

To explain the outstandingFs of asymmetric PTBT-BF/4Cl based devices,
surface morphology of the three blend films was characterize&iFHdy and
TEM. All the films were fabricated under the same conditions as those for
preparing the optimized device&s shownin Figure 5.12, dl the neatfilms
exhibited smooth surfasewith low RMS. After blending with PBDBIF
(Figure 5.13a & Figure 5.14a), the RMS of PBDBTF: IT-4F/PTBTT
AF/PTBTPRA4F films were measured to be 1.10 nm, 1.07 and 1.18 nm,
respectively, confirming that all the three blend films possessed relatively
uniform surface. Moreover, the AFM phase images of PEPBIT-4F and
PBDB-TF: PTBTT-4F blend films presented clearer and finer filleg phase
separatiordomainsthan that of PBDBTF: PTBTR4F blend films.A larger
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domain size of the phase separation was observed from the-PBCBTBTR

4F phase images, which indicates that limited interface area and thus weaker
exciton dissociation was induced. The speculation can also be validated by TEM
images exhibited ifrigure 5.13b. The much more exquisite phase separation
and smaller phase domain size of PBDB PTBTT-4F blend films were
beneficial to generate much larger interface area between donor and acceptor
which would facilitate effective exciton dissociation and thusstanding=Fs

of the blendsAdditionally, chlorinated IT4CI/PTBTT-4CI/PTBTRA4CI films

also exhibited obvious network phase separation structure but smaller surface
roughness of 0.97 nm, 0.96 nand 1.03 nm, respectively, indicating more
uniform film surface was formed. Amongst three chlorinated acceptors,
asymmetric PTBTH4CI prepared films realized the smallest surface roughness
and much more intricate nanophase separation, which contributesl haher

FFs compared with [74Cl and PTBTR4CI blend films.
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Along with introducing the hexylinctionalized pyrrole, the length of the alkyl
chain increased, which would affect the miscibility between donor and acceptor,
thus the phase separation of the blend films. Therefore, the contact angles
between neat films of PBDBF, IT-4F/ACI, PTBTFA4F/ACI, PTBTR4F/4CI

and HO/glycerol (GL) were measured to investigate the miscibility thus the
phase separation origins. The detailed contact andjemn@ surface energies
(9) ar e FyeeSlsandableb.: The miscibility can be evaluated
according to the empirical equatiof, QW U, wher e G
represents the Flougginsi nt er acti on parameter. I n
indicates better miscibility between two materials, which is favorable for
forming decent phase separation in the blend films. For this réasonwas
calculated to be 0.53/0.77, 0.40/0.36 and 0.28/0.23|TfetF/4Cl, PTBTF
4F/ACI, PTBTP4F/4Clrespectively. As the introduction of alkyl chains in the
pyrrole ring, decreaseédd  values were obtained, suggesting better miscibility
between PBDBTF and PTBTR4F/4ACI was achieved. However, the phase
separation of PTBTRF/4ACI blends was inferior to that of PTB-HF/4CI
blends. Thusbased on the above observation, we reckon that miscibility was
not the determinative factor for phase separation formation, the internal
molecular packing in the blend films would be the key factor that infleence
phase separation and charge separation in our devices.

Table59Summari zed contact angles and surf
TFand six acceptors.

Fil ms dwa t[3r de [ oImN ml] Gdonacceld or
PBDBF 107 . 5 94 .5 20. 24 -

| ‘A F q .7 79 . 8 27 . 29 0. 53
PTB®RT 92 . 7 80 . 3 26 . 33 0. 40
PTBHH 922 .1 82 .0 25. 25 0. 28
IT-4 CI 9% . 6 78 . 6 28. 92 0. 77
PTBTACI 92 . 6 80 . 8 25. 98 0. 36
PT B T-4#C| 90 . 4 83. 5 24 . 83 0. 23
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5.3.6 Molecular Packing

Molecular optimizations were conducted to study the intermolecular stacking
of three acceptors. As displayedhigure 5.16a & Figure 5.17a, compared

with PTBTT-4F and PTBTRIF, better planarity was observed in4¥/4Cl
molecules, which possess smaller torsion angles of 0.1°between the backbone
and terminal groups. By contrast, PTB#F/4Cl and PTBTRIF/4CI presented
larger torsion anglesafound 3.0°3.4) between the backbone and terminal
groups, which induced enlarged steric hindrance and thus negative impact on

the molecular planarity.
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Figure 5.16 ( arhe optimized 3D geometries of-AF/PTBTT-4F/PTBTR4F
( b3D GIWAXS patterns of PBDHF. acceptor blend films( c ) The
correspoaduli mamge (r edpllanmees()blauned liinnes) |

To figure out the realistic intermolecular stacking behaviordTefiF/4Cl,
PTBTT-4F/4Cl and PTBTP4F/ACI films, grazencidence wideangle Xray
scattering (GIWAXS) measurementsvere conducted The 2D GIWAXS
patterns and 1D line cuts of the bindilyms areexhibitedin Figure 5.16 &
Figure 5.17 and summarized ifable 5.10. All the 2D patterns revealed a
predominant (010) peak in the enftplane (OOP) direction, which suggested
that faceon orientational molecular packing wdeminant in the three blend
films. At the same timea strong (100) lamellar signal around 0.30 A was
observed in PTBTRF/4CI films, which was induced by substantial side chain
stacking from the hexydubstituted pyrrole ring&long the OOP direction, the
" stacking apldoeRBDBTF: IB4F, 1715 Allfos PBDB-

TF: PTBTT-4F and 1.669 A for PBDB-TF: PTBTR4F blends, the
corresponditnagcki ng distanceand 3w6he 3. 67
respectivelyln addition, chlorinated PTBT#CI blend films presented closer
packing (3.658) than IT-4Cl (3.66A) and PTBTPACI (3.69A) blends.The
crystalline coherent length (CCL) was calculated to be 19.52 A for PTATT
blend films, which was higher than those of4F (18.35 A) and PTBTRF
(17.51 A), whilethe CCLs of IFACI, PTBTT-4Cl, and PTBTP4CI blends were
calculated to be 18.7%, 18.98A and 18.614, respectivelyAs a resultPBDB-
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