DESIGN AND SYNTHESIS OF POLYMERIC SEMICONDUCTORS
FOR PEROVSKITE APPLICATIONS

by
Daniel D. Astridge



Copyright by Daniel D. Astridge, 2022
All Rights Reservd



A thesissubmitted to the Faculty and the Board of Trustees of the Colorado School of Mines in

partial fulfillment of the requirements for the degree of Doctor of Philosophy (Applied

Chemistry).

Golden, Colorado

Date:

Signed:
Daniel D. Astridge
Signed:
Dr. Alan Sellinger
Thesis Advisor
Golden, Colorado
Date:
Signed:

Dr. Thomas Gennett
Professor and Department Head
Department of Chemistry



ABSTRACT

Perovskite solar cells (PSCs) halamonstrated remarkable efficiency growth in their
brief history, and are considered to be of exceptional potential for commercialization due to their
excellent absorption properties, varied deposition methods, and compatibility with other solar
technologes. Furthermore, perovskites are demonstrating high potential for other applications,
such as perovskite light emitting diodes (PeEDS), lasers, and radiation detectors. Most
perovskite based devices use hole transporting materials (HTMs) to ask@tge separation
and current generation. The three main categories of HTM are inorganic materials, small organic
molecules, and polymeric materials. Organic materials typically provide the highest efficiencies
for these devices, but have several drawbaaiading low economic viability, lack of
flexibility for use with the various perovskite absorber layers (PALs), and difficulty of
application in the multiple device architectures that exist for these devices. This dissertation
primarily describes the dgn and synthesis of new polymeric materials to improve the
processibility and interfacial interactions of HTM and PAL, leading to high efficiency, high
stability, and low cost PSCs.

Our current research into HTMs takes a fpunged approach; We foutight utilizing
the BuchwaleHartwig amination protocol using primary aryl amines and aryl dihalides afforded
highly reproducible, high yielding family of polymers, which could be purified by a simple
sequence of precipitations. Appropriate selection oflaetfunctional groups, such as electron
donating methoxy, or electron withdrawing fluorine, allowed for highest occupied molecular
orbital (HOMO) tuning, as did the utilization of electron rich carbazole versus the neutral
fluorene in the polymer backbon@ontrol of the glass transition temperaturg),(&
characteristic vital to extended lifetime at elevated temperature, was demonstrated by
manipulation of the alkyl side chains in the polymer, which allowed for a balance of solubility
and improved {. Finally, side chain engineering of the polymers, incorporating more
hydrophilic functional groups, was explored to improve the processibility of the PAL on top of
the polymer HTMs. This allowed for the manufacture of devices that did not require an
interfacial layer or UV/Ozone treatment to form a consistent perovskite film, removing a variable

in the device, as well as reducing processing time and cost



TABLE OF CONTENTS

ABSTRACT € ettt ettt e e e e e s ettt tnent e e e e e e s s bbbt eeeeeesnssannntseeeeeesannnnneeeeeeend i
LIST OF TABLES. ... .o s ere e e e e e e et e e e et e e e ean e e e aaan s XV
LIST OF SCHEMES ... ..ot e e e e e et e eeene e e e e e eeanns XVii
ACKNOWLEDGEMENTS. ..o creer e et e e mmt e et e e e et e e e ea e ennneees XViil
CHAPTER 1 INTRODUCTION AND THESIS STATEMENT.......ccovviieiie e 1
1.1 An Introduction to the Perovskite Solar Cell and Polyeriddle Transport Materials....1
1.2 Synthetic Procedures Commonly Used for HTM Poly8arthesis.............ccccccceeeenne 2
1.3 TRESIS StAtEMENL.....cciiiiiiii e ee bbb enensss bbb eeneees 3
R L= =TT [T TP 7
CHAPTER 2 SYNTHESIS OF HOLECONDUCTING POLYMERS AND THEIR
APPLICATION IN PEROVSKITE SOLAR CELLS........cccoviieiieeeeeeen 11
Y2205 I [ 0T [ Td 1 o] o 11
2.2 Polymers with th&riarylamineMOIety ..........ooooii i 14
2.2.1 EarlySynthesis ofPolymersContainingTriarylamines.............ccccuvveveereeieencinnnnnnne. 14
2.2.2 Synthesis andcorporation oPolymersContainingTriarylamines into PSCs....... 20
2.3 POIYtNIOPNENES.......eeeiieiii ettt et 30
2.3.1 EarlyApplications ofPolymersContaining therhiopheneMoiety ............cccccce....... 30
2.3.2 PEDOT PSS .. oottt emee ettt e e e e et eenet e e e e e et e e e e e e e et b annnrrraaeeeeaann 32
2.3.3 Poly(3hexylthiophene) anBerivatiVeS..............ooeeviiiiiiiicceeeeeeeeeee e 35
pZ2 4 11 1 o o <R ERRRRR 46
2.5 REIBIBNCES. ...ttt e e e e e e e e e e et eeaeaa s e s e e e e e eeeeeeeeeeeeestnnneeeeeeeeeeeeennnnnnnns 46
CHAPTER 3 POLYMER HOLETRANSPORT MATERIALS FOR PEROVSKITE
SOLAR CELLS VIA BUCHWALD-HARTWIG AMINATION ................ll! 58
G 200 I 111 0 T U Tox 1 oo 1P 58
3.2 Experimental SECHQN...........coiiiiiiiie e eree e 60
Nt R |V = 1= = | PP PPUPPPPPPRRR 60
3.2.2 SYNINESIS ... ittt e et e e e nnrn ] 60
CIZRC R B =YV ol I =T o] [or= 1 o] o PRSP 61
I N O = L = Tod (= 74> 1o ] o 1P 62
3.3 RESUILS QN DiSCUSSION......cuuuuuuuuiiieeeeeeeeereenniaaassaaeeeeeeeeeesammessseeeeeaaaeeeereeeeennnsnnneeees 63



3.3.1 Polymer Synthesis and Characterization...................eiccceveeeeeiriiiiiiienee e e e 63

3.3.3 Device Fabrication and TeSHNG.........ccovviiiiiiiiiiieme e eee e eeeeeeannae 69
3.4 CONCIUSIONS....cciiiiiiiiiieee e eeee e enensnnsnnsnseeseeeeees d &
3.5 ACKNOWIEAGEMENTS ...t eeeeenee e 74
A Ol B U= (=] 1] o] =P 75

CHAPTER 4 POLYMER HOLETRANSPORT MATERIAL FUNCTIONAL GROUP
TUNING FOR IMPROVED PEROVSKITE SOLAR CELL

PERFORMANCE..... ..ot e e e e aan s 81

g R | 11 o o [ 3o 1] o P PPPPPPPPRRRTR 81
Y 1 1 T T £ URRRRPP 83
A.2. 1 MALEIIAIS.....cceeeiii ittt eee sttt eens bbb e e et et e e e e e e e e e e s emamreeeaaaeaaeeeeaans 83
4.2.2 POlYMEr SYNNESIS. .. uuuiiiiii et eeee e smmeenes 83
4.2.3 Device FabriCatiOn..........ooueeiiiiii e e 84
4.2.4 Characterization MethOdsS..........uuuiiiiiiiiiiiieeeiiiiiii e 84
4.3 RESUIS @NA DISCUSSION......uuiiiieieeeeieieiiieees s e e e e e e e e et e e e e e eeeeeaatmnneeeeeeeeeeeesssessnnn s smmrenes 86
o o 1113 o ] o 1SR 98
4.5 ACKNOWIEAGMENTS ..ottt eeene e e e 98
Gl =] (=] €= g o > S Q9

CHAPTER 5 IMPROVING POLYMER HOLE TRANSPORT MATERIAL
PROPERTIESBY SIDE CHAIN MANIPULATION FOR EFFICIENT

METHYLAMMONIUM -FREE PEROVSKITE SOLAR CELLS............... 105

o0 A 01 (o o 18 ox 1o o 0SSOSR 105
A b o =T 10 0= 0] r= | U PPPPPPPOPPN 106
5.2, 0 SYMNESIS .ottt et e et eeee e e e e e e e e e et a—eer e e e e e e e e e ee ettt et et — it b ———————aaaeeararn——. 106
5.2.2 DeVvice FabriCation............oooiiiiiiiiieeen it e e e e e e e e e e e e 107
5.2.3 Characterization MethOds............uuuuiiiiiii e 108
5.3 RESUILS @Nd DiSCUSSION......uuuuuuuiiiiieeeeeeeeeiisaaseeeeeeeeeeeeeeeeanneseeeeeeeaeeeeeeeeeessnnnnnnnnees 109
5.3.1 Synthesis anm@haracterization..............cccoouuuuiiimeer e eeeeeeee e 109
5.3.2 DEVICE PeITOIMANCE. ... uuiiiiiii ittt eeee e e e e e e e e e e e e e e eeeeeeeannnes 116
I N 0o [od (1] o o 1P 118
5.5 REIBIENCES. ...ttt ettt 118
CHAPTER 6 SUMMARY AND FUTURE OPPORTUNITIES.......ccccooviiiiiieee e 121
(G0 R [T f0 o [0 Tod 1 o] o TP 121



B.2 FUTUIE WK, ..o et 123

5.3 RETEEINCES. ...ttt ettt e e e e e e e e e e e e e e e e e e e e e e 124
APPENDIX A COPYRIGHT PERMISSIONS FOR FIGURE REPRODUCTION IN
CHAPTER 2.ttt ettt e emmne sttt e e e e e e e e s e 127
A.1 Permission fOor FIQUIE 2.00..........oiiiiiiiiitieeee et eeee e e e e e e e e e e e e e 127
A.2 Permission for FIQUIE 2.10.........ooiiiiiiiiieeme et e e 128
A.3 Permission for FIQUIE 2.14.........ooo oot e e e 129
A.4 Permission fOr FIQUIE 2.17........cooiiiieeeeiieeme et e e e e e 130
A.6 Permission for FIQUIE 2.18.......ccoo oo eeeeeeeeeee e mmme e 131
A.7 Permission for FIQUIE 2.19.........ooo e e e 132
A.8 Permission for FIQUIe 2.20...........oooiiiiiiiiieeme e e e e 133
A.9 Permission for FIQUIE 2.2L..........ooooiiieeeme e e e e e e e 134
A.10 Permission fOr FIQUIE 2.24...........oou oo 135
APPENDIX B SPECTRA, TABLES, ADDITIONAL FIGURES AND PERMISSIONS
FOR CHAPTER ..o ettt e e e e e e 136
o o N TR 136
B.2 ThermogravimetriC ANAIYSIS.......cooiii e 139
B.3 Differential Scanning Calormetry. ...t 142
B4 UV-ViS ittt ettt e e e e amnne e a e e e e e nrraaes 145
B.5 Gel Permeation Chromatography............eeeeeeiiiiceceiiiiicis e eeeers e 145
B.6 HTM LayerOptimization Of CZAN.........cciiiiiii e eeeee e e 147
B.7 SyntheticScaling andPolymer CostANalySIS..........ccooeeeiiiiiiiiiiiieee e 148
B.8 Resistanc&esting OfPOIYMEIS. .. ..o 148
B.9 CrossSeCtioNal SEM........uuiiiiiii et enee e e e annee 149
B.10 COAULNOr PeIMISSIONS.....ccieciiieiieeeeeeeetieeme ettt sme e e e e e e e e e e e e eean 149
APPENDIX C POLYMER SYNTHESIS, SPECTRA, ADDITIONAL FIGURES,
TABLES, AND PERMISSIONS FOR CHAPTER.4........coovviieiieeeeee, 151
C.1 POIYMEI SYNTNESIS. .. .uuiiiiiiiiiiiiiii ettt es e 151
C.2TH-NMR ..t eemea e et te e e ateeteementeeraeeteeteeneeeaeens 162
(O T U AN L PRSP 165
C.4 Gel Permeation Chromatography..........coveeeiiiiiiiieeeiii e 165
C.5 ThermogravimetriC ANAIYSIS........cooviiiiiii e reme e 168
C.6Differential Scanning CalONMELY..........uveiiiiiiiiiiii e 171

Vi



C.7 4Point Probe Measurement of POIYMELS...........cccoiiiiiiiicceccine e eeeeee, 174

C.8 Extended Table of POlymer PrOPErlES. .......uuuuiiiiiii it veees e 175
C.9 Water Contact Angle and Precursor Contact Angle Comparison...............ccccuee-. 175
C.10 Table of Device CharaCteriStiCS. ........ceeeiiiiieiiiiieeee e emme e eeeeeeeeeenes 176
C.11 Device Performance of Select Materials after 24 hidtuafination.......................... 176
C.12 Photoelectron Spectroscopy in Air (PESA)........cooiiiiiiiiiiieeee e 177
C.13 External Quantum Efficiency Measurements of DeVICES.............ceeeiiviceevrrnnnnnns 178
C.14 Series ResisStanue. Fill FACLON............coouiiiiiiiiieeee e 179
C.15 Grain Size of CzAnS, FIAnF, and FIAn through Top Down SEM....................... 180
C.1l6TgRel ati ve to Average Device Fil.l..Ed48tor an
C.17 ToFSIMS of Degraded Devices Compared to CONtrols........ccceeeeeeeeieeeeciennn. 181
C.18 ICRMS Data forResidualPalladium inSelectedSynthesizedPolymers.................... 182
C.19 COAULNOr PEIMISSIONS.....ccciiiiiiieiiiiiiiiiiimmmeeeeeeeteeeaaa s e e e s smmeesnsann s e e e e e e eeeaeeeean 183
APPENDIX D SPECTRA AND ADDITIONAL INFORMATION FOR CHAPTER 5........ 186
0 T B 1Y TR 186
D.2 Gel Permeation Chromatography..............ciieiiiiieceeiiiiiise s ereena e e e e 190
D.3 Differential Scanning Calorimetry..........ccooeeiiiiiiiiiiieee e 193
D.4 Thin Film Water and Precursor Contact Angle Images...............uvvvvvceeveveevnnnnns 197
D.5 Perovskitddeposition orHighly WettablePolymers.............cccoovvviiiiiiiee e 202
D.6 AdItIONAIJ-V CUIVES......ccoiiiieeeeeee et s e s e e e e e e e e e e e e e e e annn s 203

vii



Figure 1.1

Figure 2.1

Figure 2.2
Figure 2.3
Figure 2.4
Figure 2.5
Figure 2.6
Figure 2.7
Figure 2.8
Figure 2.9

Figure 2.10

Figure 2.11

Figure 2.12
Figure 2.13
Figure 2.14

Figure 2.15
Figure 2.16
Figure 2.17

Figure 2.18

LIST OF FIGURES

Top performing device configurations in a-p configuration by Zhao and
co-workers (A) and a4p-n configuration (B) from work by Jiang et al. White
layers are HTM layers, orange layers are ETM layers. Green layers are
passivatindayers. . . 66 . G EE EEEEE 66 GO6E 6 6 6 &

US Energy Information Administration projection of electricity generation

,,,,,,,,,,,,,,,,,,,,,,,,,

""""""

NREL best research cell efficiency cléad é é ..

,,,,,,,

.eeeeeee..

""""

The mostommon device architectures for P8Gs é é 14

,,,,,,,

,,,,,,,,,,,,,,,

""""

A selection of polymers from the microwave assisted polymeriz&tiéng é 18
Bridged triarylamine polymers synthesized via Suzuki coupliigé é € € 19
Polymers synthesized using-{iterocyclic carbene) Pd

,,,,,,,,,,,,,,,,,,,,,,,,

a. Device structure containing PTBD (c, polymer 40), and PCBM (d). b:
relative energy levels of the device layers, showing excellent HOMO

alignmentof PTBD for electron donation, and excellent electron blocking
property of shallow LUMO. Reprinted by permissioom Nature Photonics

JV curves from Xu et al. a: sppg@MeTAD controls with and without doping.
b: PVNPB with and without interface doping by molybdenum oxide. c and d
demonstrate the results of the thermal stress test. Adaptedesitiispion

from Adv. Mater 2016 28, 2807 2815. Copyright 2022, John Wiley and

///////////////////////////

. 4 .
Side chain triarylamine polymers synthesized via radical initiationé . € é25
Polymerssynthesized by Sonogashira polycondensaiti@éné é € . € € é é26

Polymers 4648 and their charge transfer mechanisms. Reprinted with
Permissionfrom Macromolecules2019 52, 47574764. Copyright 2022,
American Chemical SOCIEE . ....coooiiiiiicciiiee e 27.

2019 polymers described by Valeroeéad é é € e é é e é é e e é é .28

,,,,,,,,,

Schematic of MAPRIperovskite and proposed degradation pathway of
perovskite layer caused by water ingrés$apted with permission froitNano
Lett.2014 14, 5, 2584590. Copyright 2022, American Chemical Society. 33

PEDOT:PSS and increasing HOMO level demonstrated via PESA for lower

viii



Figure 2.19

Figure 2.20

Figure 2.21

Figure 2.22
Figure 2.23

Figure 2.24

Figure 2.25

Figure 3.1

Figure 3.2

Figure 3.3

Figure 4.1

PSS ratios in the suspension. Adapted with permission $alar Energy
2015 122, 892899.Copyright 2022Elsevier. . ¢ € é € é .é e é e éé A

a) Cartoon schematic of thei4p structure and b) SEM cross section of a
typical device employed by Conings et al, showing uneven perovskite layer
leading to uneven layers above. Adapted with permission Advn Mater

2014 26, 20412046. Copyright 282, JohrWiley and Song € é ¢ é € é . 35.

Vacuum deposition and in situ polymerization to form polythiophene HTM on
ITO substrate. Reproduced with permission fl&@S Appl. Mater. Interfaces
202Q 12, 5, 64965502.Copyright 2022, American Cheugal Societye € € € 37

a) structures of Spir®MeTAD, P3HT and FEH synthesized by Jeong et al

and b) HOMO/LUMO energies of these materials. Reproduced with

permission fronDyes and Pigment2019 164, 16. Copyright 2022,

Elsevieré € ¢ 6 é 6 éé6éecééééeéeéeé.éeéeéeé. 37
Thiophenebenzothiadiazole epolymers via a Wittigpolycondensatiné é é 38
Low band gap polymers containing thiophene or fused thiophene rings adopted

/////////////////////

inearlyPSCe é e éeééeéeéeéeéeéeéeé.eée. ed

Performance of devices containing DTB(XDEG) polymer:-¥)clirves, bVoc
andJsc, ¢) FF and PCE, d) stabilized power outputs at maximum power points,
e) External quantum efficiencies, f) PCE evolution in ambient atmosphere.
Reprinted with permission froldv. Funct. Mater2019 29, 1904856.

""""

Copyright 2022, John WileyandSoh é é é é €. . e &€é e é é é ..42

rrrrrrrrrrrrrrrrrrr

HOMO, LUMO, and optical bandgap of the HTMs and PTAA. For the HTMs,
theHOMO position increased with respective increase in electron donating
strength of the aryl halide core and the primary amine. LUMO positions were
calculated by subtracting the optical bandgap from the HOMO positions

//////////////////////

determinedbyPESA é é € é € € é¢é . éé & éééééééééé b7

(A) Cross sectional SEM image of a typical-R perovskite photovoltaic

device fabricated in this study. PH was used as an interfacial wetting layer
to impart similar wettability to synthesized HTMs and PTAA controls. Reverse
biasJ-V scans of champiodevices for FIX (B) and CzX (C) materials used in
this study comparedto PTAAé é é € € € € € € é€éééééeée. ééB8
GPC curves for two series of FIAnlgmers, different reaction times resulting

in a variedVlw (A) and different precipitation solvent systems allowing for the

,,,,,,,,,

(A) Cross sectional micrograph showing the PSiéhplevice architecture

used. (B) Contact angle measurements of the LHP precursor ink on ITO,
PTAA, and HTM substrates. HTMs were classified into three categories based
on thevisible amount of LHP deposon achieved without the use of a
PFNBrwettinglayeré ¢ é é € € € € € é€éé . 6é€éééééeée. . éerd



Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 5.1

Figure 5.2
Figure 5.3

Figure B1
FigureB.2
Figure B.3
Figure B.4

(A) Device characteristics of the twelve HTMs and PTAA controls. Two
materials, CzFl and FIAnS, showed PCE comparable to or greater than
PTAA. Jsc was compaiale between all HTMs. Generally, fluorene core
materials exhibited high&foc and carbazole core materials exhibited higher
FF. (B) Devices under illumination exhibited improved performance with
the best materials (FIAnS and CzBUtperforming PTAA. Averages were
obtainedfrom 1535 devices for each material and error bars represent
standarddeviation.Data presented waseasured in reverse biés.é é é .¢ .91
(A) EBG, HOMO, and LUMO of the twelve HTMs and PTAA groupedtihy
chemical identity of the core group and further arranged by the electron
withdrawing/donating strength of the pendant group M&)as a function of
HOMO energy revealed two distinct regions. In, the red region, d¥gice

was limited by the HOMO/VBverlap, as indicated by the linear trend. In the
blue region, a separate recombination bottleneck |fyts Error bars in

"""""""""

(A) Crosssectional micrographs of (i) FIAnF, (i) FIAn, afi) CzAnS. Large
void formation at the HTM/LHP interface likely contributed to the e
exhibited in devices that used FIAnF. (B) Precursor contact angle on HTM
substrates as a function of PEE showedower contact angles correlated to
higher PSG-F. Error bars in (B) represestandarddeviationé é ..& é é é .94

llluminated stability over 1000 hrs at 35°C of four HTMs and PTAA controls.
Six to fourteen devices were used per material to evaluate performance. Error

,,,,,,,,,,,,,,,,,,

ToRSIMS signal (intensity normalized to total counts) for degradation
products in (A) PTAA and (B) CzAn (regsentative material) at 60s sputter
time (BCP/C60 layer) and 600s (LHP layer) for common products of LHP
degradation and In. PTAA had significantly more products indicative of LHP
degradation diffused into the BCP/C60 layer compared to the synthesized
HTMs, while the HTMs had In present in the LHP and BCP/C60 layers

////////////

(A) Overlay of TGA spectra for copolymers and FIAnS polymer,
demonstrating reduced mass loss as alkyl content deceeab€éB) plot of %
alkyl content vs §demonstratindinearly increasing Jas alkyl content

,,,,,,,,,,,,,,,,,,,,,,,,

. €181

,,,,,

,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,
,,,,,,,,,,,,,

rrrrrrrrrrr

rrrrrr

,,,,,,,,,,,,,,,,,,,,

X



Figure B.5
Figure B.6
Figure B7

Figure B8

Figure B9

Figure B10
Figure B11
Figure B12
Figure B13
Figure B14
Figure B15
Figure B16
Figure B17
Figure B18
Figure B19
Figure B20
Figure B21

FigureB.22

Figure B23

FigureB.24
Figure C1
Figure C2

FigureC.3
Figure C.4
Figure C5
Figure C.6
Figure C7

Figure C8

'H-NMR spectrumof CZAnE é é ¢ ¢ ¢ é é é 6 ¢ ¢ éééé¢éé .é 138
'H-NMR spectrumofCzC& é é ¢ é é ¢ é 6 ¢ é éééééééé ..138

///////////////

,,,,,,,,,,,,,,,,

///////////////
,,,,,,,,,,,,

/////////////

,,,,,,,,,,,,,

,,,,,,,,,,,

"""""""

//////////////

////////////////////////////

HTM solution concentration impact on power conversion efficiency (A),open
circuit voltage (B), fill factor (C), short circuit current (D), and HTM layer
thickness (E). Crossectional SEM of devices with different HTM layer

,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,
////////////////

rrrrrrrrrrrrrrr
,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,

UV-Vis absorption of polymers CzAnS, FIAnS, FIAnO, CzAnO, FIFIl, and
CzFlinTHF solutioné é . é e ééeéeééeééeeéeecéée. 165

rrrrrrrrrrrrrrrrr

Xi

14



Figure C9

Figure C10
Figure C11
Figure C12
Figure C13
Figure C14
Figure C15
Figure C16
Figure C17
Figure C18
Figure C19
Figure C20
Figure C21
Figure C22
Figure C23
Figure C24
Figure C25
Figure C26

Figure C27

Figure C28

Figure C29
Figure C30

Figure C31

Figure C32

Figure C33

,,,,,,,,,,,,,,,,,
/////////////////
,,,,,,,,,,,,,,,,,
,,,,,,,,,,,,,,,,,,
,,,,,,,,,,,,,,,,,,
,,,,,,,,,,,,,,,,,,,,
,,,,,,,,,,,,,,,,,,,,
,,,,,,,,,,,,,,,,,,,,
,,,,,,,,,,,,,,,,,,,,
,,,,,,,,,,,,,,,,,,,,,,
,,,,,,,,,,,,,,,,,,,,,,
,,,,,,,,,,,,,,,,,,,,
,,,,,,,,,,,,,,,,,,,,
,,,,,,,,,,,,,,,,,,,,
,,,,,,,,,,,,,,,,,,,,
,,,,,,,,,,,,,,,,,,,,,

"""""""""""

. 174

llluminated 4point probe measurement of carbazole (A) and fluorene (B)
materialsand PTAA. Dark measurements for carbazole (C) and fluorene (D)
,,,,,,,,,,,,,,,,,,,,,,,,,, 174

Water contact angle of all synthesized HTMs, ITO, and PTAA (A) compared

to theperovskite precursor contact angle of the same materials as presented in

rrrrrrrrrrrrrrrrrrrrrrrrr

Box and whisker plot of performance of PTAA, CzAn, FICz, FIAnS, and
CzFldevices before (left) and after (right) 24 hrsliofminationé é é é ... él76

Photoelectron spectroscopy in air results for carledzased HTMé é . é.é 177
Photoelectron spectroscopy in air results for fluorene based HTMs and

,,,,,,,,,,,,,,,,,,,,,,,,, 7

PTAAé éeeececéeéééeeceececeeccéééeeceeceececéeé é.178

EQE of carbazole (A) and fluorene (B) based HTMs compared to PTAA
(black).PTAA hadhigher EQE resulting in the high photocurrent observed in

PTAAbaseddevicesé é ¢ 6 éééééecééecé. éééeééé 178
llluminated (A) and dark (b) series resistance of devices made with
SynthesizedHTMs vs. fill factoré ¢ ¢ ¢ é é 6 é é .6 é éé éé é é . 179

Top down SEM of perovskite film on FIAnF (A), FIAn (B), CzAnS (C)
HTMs. Grain size calculated through intercept method was similar between
all three materials. No major morphological differences were observed

Xii



Figure C34

Figure C35
Figure C36

Figure D1
Figure D2
Figure D3
Figure D4
Figure D5
Figure D6
Figure D7
Figure D8
Figure D9
Figure D10
Figure D11
Figure D12
Figure D13
Figure D14

Figure D15
Figure D16
Figure D17
Figure D18
Figure D19
Figure D20
Figure D21
Figure D22
FigureD.23

""""""""

. 180

Fill factor vs. glass transition temperature of the twelve synthesized HTMs
showed an interesting trend with a large FF drop off around the

115 éeeéééeeeceééeeceeééeececeé . ceeceé.

ToFSIMs plotsfor all HTM materials with Shand C included to indicated

,,,,,,,,,,,,,,,,,

180

ICP-MS data for CzAn and FIAn polymers showing residual palladium
concentrations both prior to and pagtatment with a gedium scavengér & 182

,,,,,,,,,,,,,,,,

H-NMR spectrum of FIANS 80:20 polyméré ¢ é é é € ¢ ¢ é é é € ...186
H-NMR spectrum of FIANS 60:40 polyméré € € € é € é € € é é € ...187
H-NMR spectrum of FIAnS 50:50 polyméré ¢ ¢ é é é € ¢ é é é é ...187

""""""
/////////////

""""""

,,,,,,,,,,,,,

///////////////
rrrrrrrrrrrrr
,,,,,,,,,,,,,

rrrrrrrrrrrrr

Plot showing the relationship between glassditton temperature (Tg) and
weight average molecular weight ¢y1 number average molecular weight
(Mn) and polydispersity (PDI). Values at 120 °C are for FIAnS polymer,
146 °C are FIAnS 80:20, 165 °C are FIAnS 60:40 and values at 178 °C are
,,,,,,,,,,,,,,, feé . 192

rrrrrrrrrr

rrrrrrrrrr

193
194
194
195
195

////////////
,,,,,,,,,
,,,,,,,,,
,,,,,,,,,
,,,,,,,,

"""""

Xiii



Figure D24
Figure D25
Figure D26
FigureD.27
Figure D28
Figure D29
FigureD.30
Figure D31
Figure D32
Figure D33
Figure D34
Figure D35
Figure D36
Figure D37
Figure D38
Figure D39
Figure D40
Figure D41

FIANnS 1/3:1/3:1/3 thin film with DMF droplet é ¢ é ¢ é € é € é é é ...200
FIANS 1/3:1/3:1/3 thin film with HO dropleté ¢ é € é € é € é € é é é .200
FIANS 25:50:25 thin film with DMF droplet é é ¢ é € € é é € é é € ...201

,,,,,,
//////
,,,,,,,,,,,,,
,,,,,,,,,,,
,,,,,,,,,,,,,
,,,,,,,,,,,,
,,,,,,,,,,,,,
,,,,,,,,,,,

,,,,,,,,,,

///////////

Xiv



Table 3.1

Table 3.2

Table 3.3

Table 3.4

Table 4.1

Table 5.1

Table 5.2

Table B.1
Table B.2
Table B3
Table C.1

Table C2

Table C3

Table C4

Table C5

LIST OF TABLES

Physical properties of synthesized polym&&RC data obtained using THF as
eluent with polystyrene calibration cur’®ecomposition temperatures
recorded as 5% mass loss ungigiogené ..€é € € é é éé e e e e éé .66

Average device parameters for HTM materials. Data presented as an average of
10-16 contacts with + as standatdviationé ..&6 é é € .6 é é é é é e é70

Average device parameters and GPC data for FIAn reaction time series. Device
datapresented as aaverage of 141 contacts with + as standard deviatiah 72

GPC data, §, and average device parameters for FIAn at various
re-precipitation conditions. Device data presented as an average26f 18

contacts with + as standadldviationé ..é ¢ é ¢ é ¢ é é ééeéééé. 73

Physical, thermal, and electrical properties of the PTAA and the HTM
polymers2GPC data obtained using THF as eluent with polystyrene
calibration curve®Decomposition temperatures recorded as 5% mass loss
under nitrogerusing thermal gravimetric analy$isGA). GPC, TGA, DSC,
and 4point probe conductivity data can be found in Append& € € é € € 87

Thermal, optical, and electronic properties of the synthesized polymers.
aTd calculated at 5% mass lo&seasurements taken in THF solutioré é . 112

Terpolymer ratios with electronic properties and contact angle measurements.
*Contact anglesaken from literature'Electronic band gap calculated from
UV-Vis. Measurement taken in THF solutiGRlOMO energies calculated

using photoelectrospectroscopy in aifELUMO = EHOMO + EBGé ..é . .115.

/////

rrrrrrrrrrrrrrrrrrrrrr

llluminated and dark series resistance of devices with synthesized EITEVI$48

Extended table of polymer properties. Columns not included in Table 1
include yield, weight average molecular weithif r o m @EMax anc-
2m Max from UV-Vis and emission spectroscopy, and dark conductivity
measurements fromp@robe measurements. Alscluded are HOMO,

///////

rrrrrrrrr

Table ofdevice characteristics after 24 hrs illumination and % change relative
to the initial measurements for PTAA, CzAn, FICz, CzFI, FIAnS based

,,,,,,,,,,,,,,,,,,,,,,,,,,,

devicest é e ¢ éééeéééeecécéeceeéeceeceéeeceé 177
conditions and averagefillfactere e ¢ € é é é é é e e e e e é é ...178
Device characteristics of select HTMs annealed at 11Materials were

selected on core group (fluorene) and varigdihe device fill factor for

XV



Table C6

HTMs with Tq closer to or surpassed by the elevated processing temperature
had no change or wasproved. Thisobservation suggests thaghiad little

,,,,,,,,,,,,,,,

TOF-SIMs data at 60s and 600s for LHP degradation products and In.
Synthesized HTMs had lower amounts of LHP degradation products in the
BCP/C60 layer (60 s) relative to PTAA. However, In was present in the
synthesized HTMs within the LHP and BCP/C60 |ay&vhile not observed

in PTAA devices. It is important to note das derived from one device and

////////////////////

XVi



Scheme 2.1
Scheme 2.2

Scheme 2.3

Scheme 2.4

Scheme 2.5

Scheme 2.6

Scheme2.7

Scheme 2.8
Scheme 3.1
Scheme 4.1

Scheme 5.1

Scheme 5.2

LIST OF SCHEMES

//////////

Yamamoto coupling for synthesis of PTBD polymers by Neumann and
Thelakkat.é € é e éééeéeéeéeéeéeéeéeeéeée.éee
In situ thermal polymerization of VNPB to create highly crlisked HTM
utilizedby Xuetalé e é e éeéééééeéeééeecéeéeée. ézs
Yamamato coupling employed by Kim et al to produce sequentially fluorinated
PTAAsé ¢ é .eééeééeéeéeéeéeéeéeéeéeee. 20
BuchwaldHartwig chain growth polymerization demonstrated by Grisorio and

////////////////////////////

"""""""

(A) Buchwald-Hartwig amination used to synthesize the investigated polymer
HTMs with a fluorene (top) or carbazole (bottom) based aryl dihalide as one
group of monomers coupled with varying primary aromatic amines. (B)
Chemical structures, abbreviations, and tieacyields of the twelve

polymeric HTMS SyntheSizefl € . ...........oooviiiiiiiiiiieee e, 86

Synthesis of the copolymer variants of FIAnS. Values for x equal 0.8, 0.6, 0.5

,,,,,,,,,,,,,,,,

(A) Synthesi s dX7dibrome9Hiiloonene®8-diy)bg, 3 6
(N,N-dimethylpropanl-amine) and (B) general polymerization strategy for
wettable terpolymers. Values for X, y and z can be found in Tablé 2 € . 113

XVii



ACKNOWLEDGEMENTS

How does one adequately express gratitude to every individual that has guided me
throughmy graduate studies here at Mines? | would like to start with an expression of the
deepest thanks to my advisor, Dr. Alan Sellinger, who has supported and mentored me from the
very beginning of my research career. Without your guidance | would not besttacher | am
today. To my committee members, Dr. Jeramy Zimmerman, Dr. Dylan Domaille, and Dr.
Shubham Vyas | am indebted to you for your efforts and mentoring over the last few years.
Speaking of mentors, | would like to thank all of my research gnoafies through the years,
especially Dr. Allison Lim for her patience and teaching during my first 18 months, Dr. Tracy
Schloemer for her feedback and enthusiasm for this research, and Dr. Joshuaféoobiek) a
constant source of knowledge in the fiefdorganic synthesi<Caleb Chandler, Anastasia
Kuvayskaya, and Jake Levin; you have been pillars of strength and willing sounding boards over
the last couple of years. All of you have been my friends.

My field of research has been highly interdisciptinaand as such | would have achieved
little without the amazing collaborators that | have been blessed to work with. | would like to
recognize two individuals who have been instrumental in this work. Firstly, Dr. Jacob Hoffman,
my device partner in crimier the first two papers that resulted from this research. You taught
me most of what | know about how these devices work and are made. Secondly, Dr. Tobias
Abzieher who gave great feedback and showed great patience with me during the work on
chapter 5.

The chemistry department has been a welcoming place to be in these last 4 %2 years and
this comes down to the leadership of Dr. Tom Gennett, and the incredible work and kindness of
people like Megan Rose, Samuel Nez, Edward Dempsey, and Dr. Yuan Yangnaypiitg
continue!l would be remiss to ignore the amazing cohort that started graduate school at Mines
with me. In particular, Christine Plavchak for her amazing efforts at creating a social atmosphere
in the department, Dr. Gun Su Han for his efforts wh#h CGA, and Dr. Alison Biery for
teaching me gel permeation chromatography!

Last, but most certainly not least, | would like to recognize my family, especially my
amazing wife Hollie. You have supported me
myself. | love you, and thank you.

Xviii

an



CHAPTER 1INTRODUCTION AND THESIS STATEMENT

1.1 An Introduction to the Perovskite Solar Cell and Polymeric Hole Transport Materials

Since the report of dopgablyacetylene by Shirikawaand-woor ker s i A t he 197
polymeric semiconductors have been of great interest to the research community due to their
exceptional physical and electronic properties such as high glass transition tempé&gpture (
relatively high conductivities, typically high thermal stability, and solution processibility. These
materials havéeenusedin the fields of organic light emitting diodes (OLEDSs), organic field
effect transistors, organic solar cells and also by researcherswgarith perovskites as active
layers for LED and solar applicatioss®

Perovskite solar cells (PSCs) have seen exceptional growth in efficiencies in just over a
decade since the seminal report of a 3.9% efficiency device in 2009. Record devicel/current
exceed 25% in single junction devices in botlhmand pi-n configurations (Figure 1.1%,>with
tandem devices incorporating one or more perovskite layers exceeding 30% efffo@icy.
particular interest are-pn type PSCs, as these are fuljusion processible for loveost, large
scale manufacturing, demonstrate significantly reduced hysteresis relati+p tdavices, are
simple to incorporate into tandem devices either with dual perovskites or other technologies such
as crystalline siliconand can be fabricated at low temperatures, allowing for the potential use of
flexible substrates. The highest performing perovskite devices are typically fabricated with
defined layers in a planar configuration, though mesoscopic devices do existayadials a

specific purpose, with each contributing to the efficiency and stability of the device.

(A) (B)

A
Au &
Spiro-OMeTAD/LIiTFSI
Ceo
PEAI

LiF
Perovskite
Perovskite

MeQ-2PACz

Figure 1.1 Top performing device configurations in aii-p configuration by Zhao and €o
workerg (A) and a pi-n configuration (B) from work by Jiargt al ® White layers are HTM
layers, orange layers are ETM layers. Green layers are passivating layers.



Hole-transporting materials (HTMs) have become a highly researched aspect of the PSC
device stak, as these layers can be a bottleneck to device efficiency and stability. Many types of
material have been studied for use in this role: inorganic conductors such as C§a@nriad
of doped small molecule HTMs of whigpiro-OMeTAD is the most comnmdy used? °and
various polymeric HTMs, where PTAA and PEDOT:PSS are the most widely addptethe
focus of this dissertation is dhe development of a new family pblymeric HTMs While
existing materials perforwell in specificcircumstancegheyare limited in their range of use.

For example, PTAA is an exceptional HTM due to its conductivity, consistency in processing,

and energetic alignmentith certain absorberdt is held back from widescale commercial use

due to the exeamely high cost of the polymer, the difficulty of processing a perovskite active

layer directly onto it without posteposition modification, and the general lack of ability to

modify it for use with a wide range of absorber lay&r PEDOT:PSS, anoth@xceptional

material, suffers from different problems: its highly hygroscopic nature is a pathway for water to
access the perovskite layer, which leads to rapid degradation and device performance failure, and
its highly acidic nature leads to rapid caian of both the electrode and perovskite layer at the
interface with the HTMY’

1.2 Synthetic Procedures Commonly Used for HTM Polymer Synthesis

There are two general types of polymers utilized as HTM polymers in PSCs. The first, of
which PEDOT:PSS is a member, are polythiophenes and derivatives, which contain a thiophene
moiety. Polymers containing this moiety are almost universally synthesized following a Stille
coupling protocol, a palladium catalyzed reaction between organotin artthadgd groups to
form a new carbotwarbon bond®2° Palladium removal from polymers can be a difficult task,
due to the difficulty of performing column chromatography on polymers. This can lead to
polymers contaminated with palladium, which has been detraied to reduce device
performance?! Notable exceptions to the use of Stille coupling are PEDOT:PSS and P3HT
which have multiple approaches, each with benefits and drawbacks. For example, P3HT was first
synthesized with high regioregularity using N&gicoupling, and current commercial synthesis
isvia direct arylation polymerization (DAJPThe result is a highly conductivieighly
regioregular polymehowever stillrelies on a palladium catalyst which is both expensive and
difficult to remove fromthe final polymer. PEDOT:PSS is typicallpreparedy oxidative

chemical polymerization using Fe@h an aqueous solution of poly(styrene sulfonic acid). This



leads to a dispersion of polymer particles in agueous solution, which regxtiresely thorough
treatment post deposition to ensure that the remaining HTM layer is fully dry, as even a small
amount of water will rapidly degrade the perovskite.

Typically, polymers containing the thiophene moiety absorb light in excess of 500 nm,
which makes them poor candidates for HTMs fafrpdevices due to parasitic absorption. The
second family of polymers are materials containing the triarylamine moiety, such as PTAA.
These poly(triarylamine) polymers are also mainly synthesized using dipallaatalyzed
reaction, such as Stille or Suzuki coupling. Furthermore, these materials generally follow a
laborious multistep synthesis, leading to high labor costs and low overall yields which is
demonstrated by the high cost of the final polyrffeidditionally, these types of materials are
difficult to customize, with most research focusing on changing alkyl group position and length.
This may improve processing ability but does not allow for electronic tuning and improved HTM
wettability. The resealcof Turner and cavorkers in the late 2000s and early 2010s
demonstrated the ability to synthesize poly(triarylamines) for OFET applications using a one
step synthesis following thmalladium catalyze8uchwaldHartwig protocol with N
heterocyclic carbenkgands and microwave technology?®

In summation many routes are available to high quality HTM materials, but the use of
palladium as a catalyst is almost ubiquitous and removal can be challenging. Further problems
with these materials are the mtstep syntheses and laborious purifications that are required to
obtain a useable polymer. While polymers exist for specific uses, there remains a gap in the
research where electronic and physical properties of HTM polymers can be tuned through
functionality.

1.3 Thesis Statement

This dissertation takes a systematic approach to the development of highly efficient, cost
effective HTMs for perovskite applications. There are many criteria to consider in the process:

1. Synthetic approach for commerciabpplicatonsthere are a number of factors that

must be considered.
1 Simplicity T the synthesis and purification munsit be laborintensivewith as
few steps as possible
1 Reproducibilityi a consistent outcome with regards to molecular weight,
polydispersity, and yield is necessary



1 Scalabilityi do results remain the same at a larger scale?
2. Processibility vs material properties
1 Alkyl side chains are a necessity for solubility of the growing polymer during
synthesis, but are a major factor in gsing thermal stabilitgnd wettability
1 Polymeric materials demonstrate improved conductivity as molecular weight
increases, but solubility and processibility become more problematic
1 Functionalities can be used to turpcelectronic properties but magsult in
a change in solubility, either during synthesis or device manufacture
3. Application in devices
1 Do polymer characteristics such as molecular weight and polydispersity affect
device performance?
Can the materials be engineered to allow direct perte/pkocessing?
Do the materials work with a range of absorber layers?
Do the materials work on their own, or do they require doping of post

deposition modification?

A systematic approach allows for targeted materials to be produced, which can then be
usedin devices, with results and feedback from the performance influencing the development of

improved or alternative materials. To accomplish, thisumber of questions must be answered.

Question 1How do polymer synthesis, structure, and properties affect device performance?

A review of the literature was performed and is presented in Chapter 2. As has been
previously mentioned, semiconducting polymer research has been a popular field of sidy sin
the 1970s, and the materials are widely utiliZBgically, literature reviews in the HTM field
focus on the incorporation and performance of the materials in the fabricated devices, with little
discussion of the synthetic methods uséds review covers palladium catalyzed syntheses, as
well as more traditional synthetic routes such as oxidative coupling, and reviews strategies for
improving performance of the materials in several types of devices, with focus being on

perovskite solar cellsThe impact of properties such as glass transition temperature and



molecular weight are investigated, as well as techniques like side chain engineering and

functional group incorporation to tune electronic properties.

Question 2Can we refine a prexiging method to make highly reproducible, efficient, and low

cost HTM polymers?

The BuchwaleHartwig crosscoupling reaction between aryl amines and aryl halides has
been wel |l k n o wandhas baeo éemonkbtratedia® Opatidway to
poly(triarylamines) since as early as 19993°Despite this, only a handful of studies have used
this pathway for polymer synthesis, and none have been used in perovskite devices. Furthermore,
aryl dihalides and aryl amines, the building blocks for this type of pelyare varied, widely
available, and low cost. In Chapter 3 we demonstrate the ability to synthesize HTM polymers
based on carbazole and fluorene rahain cores with high yield, scalability, and high
reproducibility. We demonstrate a novel, time sayngfication strategy based on sequential
precipitations. We investigate how polymer properties such as molecular weight and
polydispersity are affected by the presence of functional groups, and how these properties are
affecting device performance. We demstrate that through the incorporation of pendant
functionalities and by choice of fluorene or carbazole as the main chain moiety we can influence
the highest occupied molecular orbital (HOMO) energy, as well as physical propertigs like
We demonstratthe effectiveness of thegea t e rvs PA AAsirddevices using the FAMACs

perovskite absorber, a commonly used wide bgayl materiaf!

Question 3Can we fine tune the electronic properties of the HTM for use with a wide range of

perovskite absorbers?

The composition of the perovskite and valence band energy can vary widely. This is an
important attribute for performance as narrow bgad materials (~1.21 eV) have the highest
theoretical efficiency, according to the Shock{@yiessar limit. Further, tsurpass this limit,
there may be a requirement to use multiple perovskite absorbers in tandem to maximize
efficiency. It therefore follows that a number of HTM materials will be needed, each with a

different HOMO energy to best compliment the valence lem®algy of these varying layers. In



Chapter 4 we present a strategy to manipulate the HOMO energy over a wide range via pendant
group functionalization and investigate the effect of these functionalities on polymer properties
such as molecular weight andncluctivity. We dig deeper into how polymer properties such as

Ty, wettability, and HOMO energy affect device fill factéiH) and opertircuit voltage Voc)

and how these affect overall device performance. We demonstrate the general application of
these meerials with the FAMACSs perovskite, showing selected materials have superior

efficiency and stability over time than PTAA. We hypothesize that the increased stability is due
to the conductivity of the materials as the order of degeneration matches thetratydf the

HTMs.32

Question 4Can we improve thermal stability without sacrificing other polymer properties and

device performance?

The thermal stability of the family of polymers synthesized thus far has been good but
could be improved upomas @rtain applications require materials that are stable at higher
temperatures. For example, deviosfgall inorganic perovskitabsorber layersequire higher
temperature processingplar cells for space applications which need to withdtange
temperaturdluctuations includingabove 200 °Cand perovskite laser applicatiofigatgenerate
high temperatuiunderhigh currentdensities® > The Ty value is greatly impacted by tiadky!
side chains which are required for solubility during synthesis to allow higher molecular weight
materials. In Chapter 5 we demonstrate that we can increaSgualkeie of the polymer FIANS
by replacing the dihexylfluorene monomer with dimethylferee, up to a 50% ratio before the
polymer begins to run into solubility issues. This increask ia linear with respect to the mass
percentage of the alkyl side chain compared to the average momas®mterestingly, there is
no trend in change of number average molecular weight, or degree of polymerization when the
dimethylfluorene is incorporated at 50%, 40%, 20% and 0% ratios, with these numbers
remaining remarkably consistent. These polymers aporated into devices containing a
third different perovskite absorber with the formula CsFAPbI, a methylammonium free
perovskite which is stable at higher temperatures. The polymers perform comparably to PTAA in

standard devices.



Question 5Can we us sidechain engineering to improve perovskite processibility?

Polymers containing sigehains with groups that have Lewis basicity have been
successfully used in-ip devices due to the ability to passivate thé idn in the perovskite
layer, leadingd improved efficiency*¢ While this approach should yield the same benefit in
p-i-n devices, could it also improve the ability to process a perovskite layer directly onto the
HTM without any postleposition modification or interfacial layer? In thedhg donatable
electrons on these moieties should be available to hydrogen bond with the solvents used in the
perovskite ink precursors, reducing the contact angle, and allowing the deposition of defect free
perovskite films. In Chapter 5 we demonstrateiticorporation of a fluorene monomer, with
dimethylaminopropyl side chains at the8sition, into the FIAnS polymer at various ratios. We
show that the materials retain hydrophobicity while improving their ink affinity. Interestingly,
we observehat theincorporation of this monomer leads to betteanexpectedly values, likely
due to the polymers improved intermolecular force strength. We demonstrate the ability to
directly process a perovskite layer onto the HTM, and proof of concept devices show potential
for high efficiency.

To summarize, a new family of ity efficient, lowcost holetransporting polymers
have been synthesizedd characterizedsing simple synthetic organic protocols, with full
customizability of theioptcelectronic and physical properties fully realized by effective choices

in functionalzation.
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CHAPTER 2
SYNTHESIS OF HOLECONDUCTING POLYMERS AND THEIR APPLICATION IN
PEROVSKITE SOLAR CELLS

Daniel D. Astridgéand Alan Sellingér>?

2.1 Introduction

With climate change causedpart by emissions from traditional power sources, a major
field of study is hat of emissiosiree renewable energy such as wind and solar:Nino
sources of electricity generation in the US are forecast to reach 14% share of the total by the end
of 2021, up from 4% in 2011 as shown in Figure!arithat time, the share of solar power has
grown 36fold to reach a 3% market share. The current goal in the solar industry is to reach a
20% market share by 203 he predominant technology in the solar industry is crystalline
silicon, which is highlyefficient. Due to economies of scale crystalline silicon solar cells are
relatively economical, though they rely on ultigh purity silicon, and processing at very high
temperatures both of which are energy intendRerovskite solar cells (PSCs) hadaen
studied extensively since the seminal work of Miyasetka in 2009 with the report of the
perovskite methylammonium lead iodide (MAPbI) as a potential photosensitizer for dye
sensitized solar celfsSPSCs have since grown in efficiency from 3.8%ntexcess of 25% for
research cells containing small molecule hole transport materials (HTMs) as can be seen in
Figure 2.25" One of the main areas of research in this field is the development and application
of new HTMs, which have increased in publioathumber per year from the single digits in
2012 to over 600 in 2019.

The key parameters for HTMs are as follows; i) excellent conductivity for efficient hole
transport, ii) high stability to air, water, heat, chemical and optical stressors, iii) ggochaitit
of the highest occupied molecular orbital (HOMO) with the valence band of the selected active
layer perovskite, iv) smooth, pinheleee film morphology? and full transparency to visible
light. Ideal HTMs will also be inexpensive and easy to pmeesvacuum deposition or solution
processing such as spin coating or inkjet printing. HTMs for PSCs fall into three categories:

inorganic materials, organic small molecules, and organic polymers. Inorganic materials are low

! Affiliated with Colorado School of Mines, Department of Chemistry, Golden CO
2 Affiliated with Colorado School of Mines, Department of Materials Science, Golden CO
3 Affiliated with National Renewable Energy Laboratory (NREL), Golden CO
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cost and intrinsically show ¢in hole mobility, though suffer from inferior film quality compared
to organics and require higamperature posinnealing processes to recrystallize the HTM,
largely ruling them out of flexible applications as the target substrates cannot tolerate these high
temperatires? Devices based on inorganic HTMs are also generally inferior to organics, though
a device with champion power conversion efficiency (PCE) in excess of 22% was reported in
2019 by Zhou and eworkers® Organic small molecule HTMs are intensively stéaddue to

their customizability, high purity, and ease of proces$tithe main drawbacks are the
requirement for doping to improve hole conductivtynd difficulty of incorporation into4p-n
device architectures due to solubility in the perovskikesolvents. Semiconducting polymers
have been of great interest to the research community since the work of Shieakhoa

doped polyacetylene in the 19780lymers have solutieprocessibility, high thermal stability
and high charge conductivity without doping, though they suffer from complex purification

methods, batch to batch consistency, and tricky characterization.
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Figure 2.1 US Energy Informatiodministration projection of electricity generation by fuel
typel

Thin film PSCs fit into t woi-pdiafnfde roe-imtv ed d wid
architectures, whereinp can be either mesoporous or planar, with a cartoon of edlcbseaf
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architectures in Figure 2131n a mesoporous structure, the perovskite ink penetrates the
inorganic electron transport material (ETM) layer onto which it is processed, incorporating a
random nature into the interface of the perovskite layer and. ATpanar structure has

uniform, consistent layers of materials. Mesoporougpmevices have demonstrated excellent
efficiencies with both polymeric and small molecule HTMs, while organic small molecules
generally outperform polymers in planai-p PSG® Where polymers have the advantage are
in planar pi-n PSCs, where the perovskite is processed directly on top of the HTM.
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Figure 2.2 NREL best research cell efficiency chart.

The pi-n planar architecture is favorable due to several factars; @grchitectures
demonstrate reduced hysteresis versisp nevices, they allow for facile incorporation into
tandem devices, particularly involving a crystalline silicon active layer, and can be wholly
fabricated using low temperature processing teclesgWhile many types of polymers have
been utilized, the two predominant families of polymers contain either a triarylamine or
thiophene moiety, due to their electron rich properties, wide availability, stability in ambient

conditions and relatively higtonductivity.
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Figure 2.3 The most common device architectures for PSCs

2.2 Polymers with theTriarylamine M oiety
2.2.1 Early Synthesis ofPolymers Containing Triarylamines

Poly(triarylamines) (PTAAS) are electron rich, sesunjugated polymenwith a
repeating triarylamine moiety. They have demonstrated ionization potentials ranging B8om
to-5.2eV, and excellent electron blocking properties. The hole conductivity of PTAAs are largely
dependent on purity, molecular weight and polydispet$iGonductivity is improved by the
incorporation of planar moieties such as fluor&riehey were first described by Ohsaetzalin
1987 with further development in 19991°A Kumada type crossoupling was used with a
nickel (1) catalyst to create anitial family of PTAAs (1-4) in Figure 2.4.
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1. PTPA-H 2. PTPA-ME 3. PTPA-OME 4. PTPA-NET

Figure 2.4:Structures of first reported polytriarylaminés!®

These initial variants of PTAA had high yields (63%%), though reported low
molecular weights, ranging from 2, 680000g mof, partly due to the moisture sensitive and
functional group intolerant Grignard reagents, and the lack of solubilizing groups on the
polymer. Polyme# was insoluble in all organic solvents due to its highly crosslinked nature.
Polymer2 was synthesizedybOginoet alin 1998 using oxidative coupling with
chloroform as solvent and ferric chloride in catalytic amotfidter a 36minute reaction time
at 50°C a yield of 68% was recorded with a weight average molecular wdighof(3, 1009
mol™. Increasng this to a 1.5our reaction time demonstrated a 96% yield, though with the loss
of solubility of 58% of the total polymer in the reaction solvent due to the increased molecular
weight and likely crosslinking. Fractions of this polymer were collecteéedas their
solubilities in different organic solvents, and demonstrated sanging from 3008©500g mot,

with a glass transition temperatuiig)( of .20 7

: N : : N. :
n n
5. P-nBTPA 6. P-rBTPA

Figure 2.5PTAAs synthesized by oxidative couplifig.

In an attempt to solve the dual problems of low molecular weight and poor OPV and

OLED device performance due to aggregation, étegd prepared variations of polym2mwith
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butyl (5) andt-butyl (6) groups in the para position via the oxidative coupling mechanism,
described in Scheme 2.1, deviating from the previous reported method by gradual addition of
FeCk, a quarter portion per hour, as opposed to full addition at initi4tidhe structures fo

these polymers can be observed in Figure 2.5. A full optimization study was conducted which
showed an optimal reaction time of 4hrs at 60°C for solééh highestMw. Their findings for
polymers2 and5 indicated an optimal temperature of 50°C wil same conditions. Using

these conditions, polymers wiki, of 24, 000g mot (2) to 29, 000g mot (6) were obtained.
Unsurprisingly, polydispersities were the highest reported thus far, as number average molecular
weight (Mn) was reported at @00-7, 000g mot. TheTq reported for these materials range from
177°C to 207°C, which is considerably higher than thtphenylbenzidine (TPD), a popular

HTM at the time, illustrating that these materials may have superior lifetimes when incorporated

into devices.

Q. T

FeCl,, CHCI,
50°C/60°C, 4hrs

L.
R= methyl, butyl, t-butyl
R R

Scheme 2.1General synthesis of PTAAs via oxidative coupfhig?

Palladium catalyzed polymerizations became more popular as the reaction optimization
progressed. The Buchwald Hartwig crasaipling, though seemingtgilor-made for
polytriarylamine synthesis, was impractical for polymerizations due to competing side reactions,
one of which was the incorporation of the catalysts ligand into the polymer chain. There was also
the potential for reductive dehalogenatioaatigons resulting in low molecular weights due to
premature endcapping and cyclizatidhgdditionally, the inclusion of phosphorus into the
polymer is problematic for HTM applications due to its propensity to oxidize. Haetval
overcame the issue twiw molecular weight in 1998 by utilizing the twstolylphosphine ligand
and secondary aromatic diamines to create polymeravvittanging from 3, 00@5, 000g mol
1 22 Switching to a tritert-butylphosphine ligand led to both an increase in molecugégiw and
elimination of phosphine inclusion in the polynfér.

16



T~ B P e
Toluene, H,0, NaOH Pd,(dba), P(t- Bu)3 Q

TBAB, 60°C NaOtBu, Toluene
R=Hexyl/Octyl 100°C, 36hr R’ = H, Methyl R'

Scheme 2.2General synthesis of fluorene based PTAAs via Buchalidwig
polycondensatiof®

The first incorporation of fused aryl groups in the polymer backbone wagnkgesis of
PTAAs incorporating fluorene substituents in 2002, as shown in ScherffeThig.was an
important advance as thep®@sition of fused aromatics like fluorene and carbazole can be easily
functionalized with alkyl groups for increased solubifitfFurthermore, these are readily
available at relatively low cost. The polymers synthesized in this study had high molecular
weights (>29, 000g md) and high yields (>70%) and their structures can be seen in Figure 2.6.
Notably, theTy for these matesis suffered significantly due to the presence of large alkyl groups
on the fluorene, resulting in a reductionlgf r om 120 8toa G®I yfm@mr pol ym
due to the expansion of free voluiteddditionally, the highest occupied molecular orbital
(HOMO) energies for these materials were reportef.aeV, measured by cyclic voltammetry,
which is significantly higher than TPB55eV), and even the PTAAs created by oxidative

coupling, which were reported as approximatélgeV.

n

a9 ““Q D ’iQ Y 5

7. PFA1 8. PFA2 9. PF(Oct)A2

Figure 2.6:Fluorene based PTAAs synthesized by Jeinal >

Turneret alwere able to demonstrate the rapid synthesis of fluorene, carbazole, and
biphenyl based PTAAs for application in OFETSs utilizing the Buchvirkddwig
polycondensation with the assistancenxérowave radiation, drastically reducing the time
required to obtain these materials to 5 minge€ A selection of these can be seen in Figure
2.7. The biphenyl polymers in the first study retained relatively kigli14, 800g mol), with
polydispersities increasing in value, to 4.13 for the optimized reaCtitields were almost
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guantitative for reaction times up to 5 minutes, with decreasing yields and molecular weights
longer than 5 minutes. This was determined to be caused by clyaalalon caused by
prolonged microwave irradiation. This study also describes thespgo#tesis endcapping of the
polymers with diethylamine andlBromoanisole to remove terminal reactive bromo and amino
moieties, that may act as charge carrier trapeuices. The purification of these polymers was
described in detail in the 2008 study. Crude yields were higl®@82) though once subjected to
Soxhlet extraction the final yield was drastically reduced. This reduction in yield came with a
considerable ragttion in polydispersity, from 2.84 to 1.40 for polyni€x.

Figure 2.7:A selection of polymers from the microwave assisted polymeriza%?oi"?s.

A Suzuki coupled synthesis of polymér16 (Figure 2.8) resulted in exceptionally high
molecular weight polymers with low polydispersitidg.he ability to utilize AB monomers over
difunctional monomers removes the inconsistencies from stoichiometry. This explains the high
Mw, Mn, and low polydispersity of polyméd. This was a relativeliow yielding reaction
compared to the other polymers prepared in this study with a 66% yield, comparatively low
compared to other synthetic methods. This is compounded by the relatively low yield of the AB
monomer, due to the difficulty of monoborylatiohtbe starting dibromotriphenylamine, and the
subsequent purification of the monomer. Overall yield for this polymer was 41%. Furthermore,
this study also demonstrated the improvement in charge carrier conductivity of almost one order
of magnitude for PTAA when they incorporate a fused structure between the triphenylamine
moieties?® Additionally photo electron spectroscopy in air (PESA) determined the HOMO levels
at-5.2eV,-5.4eV and5.5eV for polymerd.4-16 respectively.
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14. PTAA 15. PF8-TAA 16. PIF8-TAA :

Figure 2.8Bridged triarylamine polymers synthesized via Suzuki coupfing.

Sprick and ceworkers revisited the Buchwaldartwig polycondensation reaction in a
series of publications from 2012 to 2014 usingh@erocyclic carbeng)alladium complexes as
pre-cataysts for the synthesis of PTARS®l ni t i al synthesis of- a si mp
dibromobiphenyl and 2,-dimethylaniline demonstrated that hilyh, (24, 000g mot) and
relatively low polydispersity of 2.6 could be achieved with their optimized catalytic system and
in-situ end-capping of the polymer with 0.6mol% oftpomoanisole, while maintaining a
respectable yield of 6798.Building on this optimized catalytio/stem, a library of PTAAS1E-
29, Figure 2.9) were synthesized and investigated with varying dihalides and aniline derivatives.
Overall yields were low, ranging from 11% to 47% for the fully purified polymers, though
polydispersities were generally belowdtie to the effectiveness of timesitu end-capping.
Further issues reported were that the system was less effective for carbazole based polymers,
requiring increased catalyst loading, and ineffectiveness for dibenzothiophene polymers due to
the thiophiicity of the Pd(ll) complex, resulting in rapid catalyst poisoning. For the
dibenzothiophene polymers the catalyst had to be genenagéd via the addition of the
carbene ligand and a Pd(0) soutt&hese polymers achieved a wide range of moleculayhise
(6, 00631, 800g mot), with HOMOs measured frord.5eV to-4.9eV by cyclic voltammetry.

This series of studies also investigated the effect of extended fused systems in OFET
devices. PolymeB2 showed significantly lower hole conductivity thanyokr30 despite
apparent increased conjugation. It was determined from calculated optimized geometries that
while the bridged phenylenes in the indenofluorene unit apdastar, the bridged phenylenes in

the diindenofluorene unit exhibited a double twisucing the effective conjugatiéh.
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Figure 2.9 Polymers synthesized using-fi¢terocyclic carbene) Pd catalyst systémt: 23

2.2.2 Synthesis andincorporation of Polymers Containing Triarylamines into PSCs
Poly(triarylamines) were first incorporated into PSC devices in 2013 when Heo-and co
workers investigated the performance of PTAA in mesoporays tevices with a device
design of glass/FTO/Ti&IMAPbI/HTM/Au.3* When compared with similar devices containing
alternative thiophene based HTMs, the PTAA device demonstrated superior short circuit current
(Jsg) with competitive open circuit voltage ¥), exceeded only by PCDTBT (0.90V vs 0.92V).
Fill factor (FF) was bw at 61.4%, resulting in a power conversion efficiency (PCE) of 9.0%,
considerably higher than the next highest performing material pbgxglthiophene) (P3HT) at
6.7%. Jeon and ewaorkers were able to improve upon this with the same PTAA HTM by
changimg the cation composition in the perovskite active layer, adding in varying amounts of
formamidinium in place of methylammonium to create double cation perovskite active layers,

achieving a maximum PCE of 18.4%, largely due to a stabilized perovskitéi&ysther
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improvement of the perovskite deposition led the same group to a PCE of 20.2%¥- with
77.5% Voc of 1.06V, andlsc of 24.7mA cn.36

Br. Br Br. Ni(COD),
N . N 1,5-Cyclooctadiene ‘ N 38 R1 (Suzuki) PTPD1
+ xmol % e 39 R1, x=5, PTPD2
80°C 40 R1, x=0, PTPD3
41 R2, x=0, PTPD4
R (o] R
R1 O\j\/\/ ﬁ

R2 0O

Scheme 2.3Yamamoto coupling for synthesis of PTBD polymers by Neumann and Thefakkat.

Methylated PTAA continues to be the benchmark for wide band gap perovskite devices
containing polymeric HTM$%4? including being the world record holder in 2018 with a small
cell PCE of 22.194% A 2020 publication from Tepliakovet aldescribed an alteative Suzuki
polycondensation reaction to afford hilgly, with lower polydispersity when compared to
commercially available PTAA. This demonstrably improved device performance by 0.9% PCE
over commercial PTAA due to the supetityc from this materiaf?

More recently, research has been focused on developing materials that improve the
performance of PTAAs through increased functionalization and alternative methods to deploy
the triarylamine moiety in the HTM. Additional work has ate®n conducted in trying to
optimize the polymerization reactions for consistdirtand polydispersity. Research conducted
by Neumann and Thelakkat in 2014 presented a series of poly(tetraphenylbenzidines) (PTBD)
synthesized by Yamamoto polycondensatamshown in Scheme 2.3. This research investigated
the effect of side chain engineering, with the inclusion of ethylhexyloxy and ethylene glycol
oligomers attached to thpara-position of the side chain phenyl groups, and the effeépand
Mw on the intusion of an endcapping moiety from the initiation of the synthesis. Without the
monobrominated triphenyl endcap, ta was significantly higher (147, 500g miols 29, 5009
mol?) while M, remained relatively low leading to higher polydispersitiehe hydrophilic
polymer with the ethylene glycol oligomer side chain reached a reasdnalblie21, 900g mot
with a polydispersity index of 1.99. These materials also showed suitgloleapplication in
PSCs, with a range of 124°C to 157°C, well above operating temperatures. Hole mobilities for
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the polymers were tested and determined that molecular weigpbbispersity had no effect.
The hole transport property of PTPCBB) was improved by an order of magnitude when doped
with a 10% weight Co(lll) comple¥X.

In 2014 Malinkiewiczandcwor ker s ut i hbisa-lexylphemidNy -NH NO
bisphenyl)benzidie @0) in a perovskite f-n device architecture comprising
ITO/PEDOT:PSS/PTBD/MAPbI/PCBM/Au and detailed in Figure 2.10. This was the first high
efficiency PSC with all organic chargensport layers, demonstrating PCE up to 2%,
improving upon the work of Docampo andworkers from the previous ye&t.

a b
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Figure 2.10a. Device structure containing PTBD (c, polymé), and PCBM (d). b: relative
energy levels of the device layers, showing excellent HOMO alignment of PTRile&bron
donation, and excellent electron blocking property of shallow LUR€printed by permission
from Nature Photonics2014 8, 128132. Copyright Springer Nature, 20%2.

Triarylamines as the side chain as opposed to backbone for PSC integration were
investigated in 2016 by Xet al. N, N-Bis- (1-naphthalenybN, N-bis-phenyt(1, 1-biphenyl}4,
4'-diamine (NPB) was functionalized with two vinyl groups to create VNPBghwvas then

thermally polymerized at mild temperature with no initiator, as shown in Scheme 2.4. This
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allowed for layer by layer spin casting withsitu polymerization to form insoluble cro$isked
polymer networks, producing a smooth polymer layeropnof the perovskite layer shown by
SEM#' As this polymer had similar hole transporting capabilities as the popular small molecule
HTM spirocOMeTAD, a method to dope the interface using molybdenum oxide was employed.
This led to increases ilsc, Voc, andFF similar to spiro doped with LiTFSI, though with

negligible hysteresis as shown in Figure 2.11.

Heat

L

o OO

Scheme 2.4n situthermal polymerization of VNPB to create highly criisked HTM utilized
by Xu et al*’

Device stability was explored using a thermal stress test, with comparison to LiTFSI
doped spiro devices as the control. After 24hrs at 110°C a significant IBEsaimdVoc were
reported for the controls with negligible losses for the devices with the crosslinked polymer. The
enhanced degradation in the controls was likely due to morphology changes and phase separation
of the dopant and spiro hd$tFurthermore, the crosslinked polymer devices showed very little
degradation after 30 days in 70% relative humidity, whereas the spiro controls showed visible
degradation after 10 days, with a Ppéak that exceeds the perovskite peak in intensity when X
ray diffraction was used to evaluate the changes in the perovskité’|ayés.enhanced stability

was due in part to the highly hydrophobic nature of the polymer, protecting the perovskite layer.
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Figure 2.11JV curves from Xuet al. a: spireOMeTAD cmtrols with and without doping. b:
PVNPB with and without interface doping by molybdenum oxide. ¢ and d demonstrate the
results of the thermal stress testlapted with permission frorAdv. Mater.2016 28, 2807
2815. Copyright 2022, John Wiley aBons?’

Radically initiated polymerization is an alternative method to incorporate the triarylamine
moiety as a side chain group into a polyifet’Polymers41 and42, described in Figure 2.12,
were prepared in 2018 using AIBN as initiator, and withse materials showed promising
qualities such as highy (253°C) and the ability to change HOMO energy based on functional
group attachment%.29eV and4.95eV for41 and42 respectively), the device performance was
poor when compared to spi@MeTAD controls, even when all materials were doped with
LiTFSI. Tremblay and cevorkers improved upon this with polymé8 synthesized using AIBN
as initiator in toluene at 60°C to ette random copolymers of bis(diarylamino)biphenyl acrylate
and a cinnamate acrylate in a 70:30 ratio. These were therliolass$ by UV-light in-situ. This
is advantageous over traditional thermally initiated ctioésng as it does not degrade the
perowskite layer*® While initial PCE for undoped devices was slightly below that of doped

PTPD controls, these devices showed excellentterg stability, with improvement in
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performance over the first 1000hrs of aging at 85°C, retaining this gain untiB@@@hrs of
aging®® This was shown with an initial PCE of 16%, while the stressed device reached a

stabilized power output of 18.7%.

G

n n
JORSN Jomst
o o o N~
! 41 | | 42 |

CO,CH,

Figure 2.12 Side chain triarylamine polymers synthesized via radical initidBdn.

Another variant of the sideain triarylamine was described by Sun anevookers
utilizing a Sonogashira cross coupling with triarylamine functionalized fluorenes as the side
chain, with a view to investigating the effects of utilizimgtaandpara phenyl linkers in the
polymer backbone. Thearalinked PPE144, 31.6% yield) was obtained at significantly lower
yield than themetaPPE2 45, 86.1% yield), due to the formation of macrocycles as
byproducts® The polymer structures are described inuFég2.13. Reportelll, (10, 80011,
900g mot') were almost identical with low polydispersity (1.32). Rovas observed via
differential scanning calorimetry, and HOMO energies were determined t& deV by cyclic
voltammetry. These polymers were tested pi-n device stack without doping and compared
against doped PTAA. Polyméb was very competitive with the doped PTAA controls. This was
due to perovskite surface defect passivation with phenethylammonium iodide, reducing non
radiative recombinatiaf' This induced a 0.11V increaseViac and a 2% increase FF for a
champion PCE of 21.3198.Polymer45was significantly higher performing than polynser
which was determined to be due to larger grain sizes. This is due to the greater wettability for
polymer45with DMF which is typically used to deposit the perovskiteShdditionally it is
likely that there is increased conjugatior#) reducing thebility for charge tunneling due to

isolation of radicals§?
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Figure 2.13Polymers synthesized by Sonogashira polycondensation.

Suzuki coupling is a well understood synth&siand continues to be a popular route to
polytriarylmines, despite theuttistep pathway and lower overall yields due to monomer
synthesis. A family of polycarbazoles was created in this manner by Xie amorkers in 2019.
The total synthesis was astiep reaction, starting with a nucleophilic aromatic substitution and
couping reactions to produce a dibromocarbazole with the triarylamine attached at the 9
position, some of which was then borylated to give carbazoles with boronic pinacol esters at
either the 2 and 7 positions or the 3 and 6 positions for the subsequent@umlikig>?
Polymers46-48 (Figure 2.14)were prepared, all exhibiting hidgfly (>261°C). Polyme#7 had
the highesM\y due to the low steric hindrance at the 2, 7 positions while polggweas the
lowest, due to increased cyclizatithiThese materials all exhibited similar HOMO levels when
measured by PESA of5.2eV. The best performing polymé8 outperformed a PTAAantrol
due to slightly improvedscandFF. The improvedscis likely due to its improved hole
conductivity, as it has increased conjugation in its oxidized quinoidal state than pdmer
allowing for greater intermolecular charge transfer, while retgithe ability to develop

localized radical cations to allow for charge tunneling, which is absent in poliyiner
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Figure 2.14 PolymersA6-48 and their charge transfer mechanisReprinted with permission
from Macromolecules2019 52,4757%4764. Copyright 2022, American Chemical Socréty.

Valeroet alutilized the Suzuki and Yamamato couplings to develop a family of new
triarylamine copolymers4@-53)° and to introduce perfluorinated alkyl chains to PTAB&#nd
55).51 Molecular weights for polymes9-53 (Figure 2.15) were on the lower side ranging from
4, 7469 mol to 12, 443g mot, likely due to the lack of solubilizing groups on monomers like
spirobifluorene, or the steric hindrance caused by the ethylhexyl groups on the thiophene
moiety° A surprisng range of HOMO energies were recorded ranging f@ieV to-4.68eV
making these polymers interesting candidates for work with narrow band gap perovskites. In
testing versus PTAA using the FAMACSs perovskite inigonarchitecture, polymesl and53
were competitive, recording PCEs of 12.7% and 12.4% to PTAAs 1%8.8bis was due to
PTAAs significant advantage lzcandFF over51, and substantial advantage 0%8iin Voc.
Significantly, these polymers performed better in a heghperature stability test than PTAA
controls, though this test was a relatively short 19hPalymerss4 and55 were reported with
comparableMy, (16, 00017, 600g mot) with low polydispersities (~1.6). Additionallf was
very high for these materials excess of 270°C, though the HOMO energies were distinctly
different due to the delocalization of the HOMO on the additional nitrogen atom in pdtier
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Interestingly, these polymers were deployed as an additive to the perovskite layefiip an n

device stack with spir©@MeTAD as the HTM. This resulted in a decrease in average PCE vs
undoped devices from 14.1% to 13.9% and 13.6% though these devices retained their efficiency
better than the controls when stress tested, which is partially dueitersased hydrophobicity
provided by the perfluorinated alkyl groufs.
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Figure 2.152019 polymers described by Valexbal °: 61

s

0 CGFH

6F13

Yamamato coupling was also used to prepare sequentially fluorinated PTAAs, initially at
theparaposition on the pendant phenyl group, then abttigo position 66 and57, Scheme
2.5). This produced HTM materials with exceptionally deep HOMO ener§ié2eV and
5.63eV respectively measured by PESA, due to the strong electron withdrawing nature of the
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fluorine moietieS? Interestingly, increasing the fluorine incorporation led to increadingrhis

is unsurprising when the fluorine replaces methyl abttieo position, as there is lower steric
hindrance from this group. These materials were incorporated intgpastructure with
(FAPDbk)o.ssMAPDI3)o.15perovskite material, which has a vehyep valence band €5.58eV,
which explains why polymes6 had exceptional performance when compared %ithnd a
synthesized version df. As these polymers were deployed in anparchitecture, notable
hysteresis was observed with a ~2.0% losdfioiency for 14 and56 and a staggering 8.4% loss
for 57. Nonetheless, these devices exhibited excellent stabilized power output, with paymer

maintaining a 21.2% efficiendy.

R, R4

: Ry Ni(COD),, BPY, COD __ _ : R, 14: Ry = CH;, R, = CH,

N THF - N 56: Rl = F, RZ = CH3
57:R,=F,R,=F
Br Br

n

Scheme 2.5Yamamato coupling employed by Kiet alto produce sequentially fluorinated
PTAAs 2

A more recent advance in palladium catalyzed polymerizations is the direct arylation
polymerization (DArP$>7° Li, Mori and Michinobu synthesized DRPMe (58) in anoptimized
microwave reaction to obtain polymer with, = 7, 900g mot and a polydispersity index of 2.2.
Unfortunately, when incorporated intei4p devices performance was poor, with maximum PCE
of 4.06% obtained when doped with LiTFSI. Device metrics were generally poolawith
~0.8V,Jsc~11.5mA cn? andFF <50%/*

As the BuchwaldHartwig synthesis has become better understé6ttjevelopments
have been made utilizing this method in the contrdllo&nd polydispersity. Grisorio and
Suranna demonstrated a chain growth style polycondensation by preloading a paltadjlex
with an endcapping phenyl group and synthesizing an AB monomer with a fluorene core and
functionalized phenylamine attached at thgosition with a bromine group at thep@sition,
which can be found in Scheme 2.6. While polymerization yields gevd (>68%) with
reasonablé/n (9, 50617, 900 g mot) and low polydispersity, the-8 type monomers were

obtained in low yields (241%) due to the difficulty of both monofunctionalization and
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purification/® An interesting aspect of this study was #dity to use various aniline derivatives
which are economical, widely variable, and may lead to high quality PT2&\&9, 20). Further
impact of polymer properties was reported by Palomares andideers when they
demonstrated thatinp devices using PTAA with higha&d,, (115, 000g mot) had significantly
better device metrics, leading to a PCE of 18.43%, an increase of e8€5%0, 000g moi

PTAA devices, and 0.3% better than devices containing-€§ileTAD as the HTM®

Monomer Synthesis

NH
Br . Br . 2 Pd(OAc),/dppf. NaOtBu . H
Toluene Br Q O N

' Q

Chain-growth polymerization

FI"Bu3

Pd,,
58: X=H
H > n 59: X = OMe
Br Q'O NZ NaO'Bu, THF Br Q'O Nz 20: X =
X X

Scheme 2.6BuchwaldHartwig chain growth polymerization demonstrated by Grisorio and
Surannd?

2.3 Polythiophenes
2.3.1 Early Applications of Polymers Containing the ThiopheneM oiety

Polythiopheneg0) had been known as a potential conducting polymer for some time,
with some application in OFET® but had been impractical due to the insoluble nature of the
synthesized polymé?:34 The first synthesis of polymeric alkylated thiophenes was reported in
1986 by Elsenbaumer and-asmrkers using a Kumada type cross coupling achieving molecular
weights of 5, 000g mdl- 25, 000g mot, that introduced various alkyl groups to the patym
backbone, albeit at either the 3 or 4 positions due to a lack of regioregularity &vfitrel.
alkylated polymers were found to have increasing solubilities as the alkyl chain length increased.
The synthetic findings were confirmed for methylated theage polymers in 198%.Control
over the regioregularity of polythiophene was first demonstrated by Chen and Rieke with the
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synthesis of poly(@exylthiophene2, 5diyl) (P3HTT 61, Figure 2.16) which had 98.5%+1.5%
head to tail linkage using a Negishpg/cross coupling to afford polymers wit, = 24, 400 g
mol?! and polydispersity of 4.32.This increased regioregularity was demonstrated to
significantly increase the charge carrier mobilities within these materials due to the improved
ordering of the polymers in their solid st&te.

McCullochet alimproved upon the charge carrier mobilities of thiophene based
polymers by copolymerization with thieno[3oXhiophene on a 1:1 scale using a Stille coupling
method to create a series of poly(hi5(3-alkylthiophen2-yl)thieno[3, 2b]thiophenes (PBTTT
i 62) with alkyl side chains ranging from decyl to tetradééylihe hole transport conductivity
was enhanced by both the increased crystalline nature of this polymer due to the rigidity of the
fused ring, and the raised HOMO level of the polymer, frbdheV to-5.1eV due to the
incorporation of the fused ring system which reduces the delocalization of electrons when

compared with a single thiophene ring.
) i 3
s : s
n | N_ 7/ 74
W S S | / s | n
60 61 62

Figure 2.16Early thiophene based polymers used in OFETSs.

Polymer63introduced a doneacceptor motif as fused thiophene rings were coupled via
Suzuki coupling with benzothiadiazole moieties, as shown in Scheme 2.7, by Zhang and co
workers to obtain polymers witidy, = 108, 000g mot andMn 38, 000 g mot.®° Synthesis of
polymer64 was attempted using this method, though only low molecular weights were achieved
due to deborylation of the electron rich thienothiophene monomer, resulting in a Stille
polycondensation as the optimal route, yielding polymers Migi+ 168, 000 g mol. The
HOMO levels were determined by PESA to-beteV, however the hole conductivity @8 was
an order of magnitude higher th@#due to the increased amorphous natur@dof hese
polymers demonstrated exceptional stability over 1000 hours of testingpierg conditions,
when incorporated into OFEPS.
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Scheme 2.7Synthetic methods employed by Zhastgal *°

2.3.2 PEDOT:PSS

Where PTAA type polymers have one gold standard polymer, polythiophenes have 2
standard bearers; P3HT and poly(&thylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS 65). PEDOT:PSS is a highly studied polymer which originated in the 1980s in
the ndustrial research labs of Bayer. PEDOT in its initial form was a highly conductive yet
insoluble polymer, synthesized via oxidative chemical polymerization of EDOT with.PeCl
Further study by Jonas andworkers discovered that processing with polyte sulfonic
acid), a water soluble polyelectrolyte, gave a water dispersible polymer system with exceptional
conductivity®?

PEDOT:PSS saw rapid uptake in the PSC community due to its exceptional hole
transport ability and high optical transparencyhés films ®* % The water dispersibility of
PEDOT:PSS is a major advantage in the OLED and OFET fields as it allows for processing with
orthogonal solvents. It creates a challenge in PSCs due the moisture sensitive nature of the
perovskite layer, makingrpcessing difficult in some configurations. More importantly, the
hygroscopic nature of the polymer promotes water ingress into a device stack leading to faster

degradation of the active perovskite layer, as demonstrated in Figur& 217.
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Figure 2.17 Schematic of MAPRIperovskite and proposed degradation pathway of perovskite
layer caused by water ingregslapted with permission froiNano Lett2014,14, 5, 25842590.
Copyright 2022, American Chemical Sociéty.
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CH3NH,

Despite the drawbacks of PEDOT:PSS, it remains a popular choice for HTM material as
it is highly tunable. By varying the ratio of PSS to PEDOT in the suspension, Chang and co
workers demonsated an ability to tune the HOMO level, with lower levels of PSS leading to
deeper HOMO levels. This was measured using PESA, with plots shown in Figure 2.18. This in
turn improvedVoc, JscandFF allowing for a device with PCE of 11.74%This was due to an
increase in local conductivity caused by conformational change in the PEDOT chaihalSin
provided contradictory results to this with the addition of DMSO 5% v/v to improve the
wettability of their PEDOT:PSS suspension. Using varying ratios of PSS, they demonstrated that
lower ratios of PEDOT led to higher PCEs due to longer charge carrier liféfifies.

demonstrates that even a minor change in processing can lead to significantlgtdiéfenés.

33



~
Q0
~—

(b) (c)

)
-
N
-
N
.5)
-
N

= PEDOT:PSS (1:20 wt%) = PEDOT:PSS (1:6 wt%) ’

2 ) 2:: 4 =) * PEDOT:PSS (1:2.5wt%),
2 10t ) a 10} Y a 10} '
o . S ¥ 2
e 8} ,/'( = 8t : 2 8r s
‘© “ © ’ ) %,
& 6f ; © 6f ,;-' T 6 ¥
E 4 o £ 4 r 2 47 o
S 2[ esannnen?’ 523 S 2 e..etB6 T TR
oo J g gl ] 5 gl
46 48 50 5.2 54 56 5.8 6.0 46 48 50 5.2 54 56 5.8 6.0 46 48 5.0 5.2 54 56 58 6.0
Photon energy (eV) Photon energy (eV) Photon energy (eV)

(d)

© 5.27 o) S0,

= A, NIX

2 / =~ —

2 / ©

5.1 n

3 4 il

x P

§ i PEDOT:PSS 65

5.0

2 4 6 8 101214 16 18 20 22
PSS/PEDOT ratio

Figure 2.18 PEDOT:PSS and increasing HOMO level demonstrated via PESA for lower PSS
ratios in the suspensioAdapted with permission frof8olar Energy2015 122, 892899.
Copyright 2022, ElsevieY.

Doping of PEDOT:PSS is also a viable strategy for improving device performance.
and ceworkers utilized glycerol as a dopant to induce a two order of magnitude increase in
conductivity, boosting PCE from 8.57% to 11.03%, largely due to imprBke This strategy
was expanded by Huang andworkers using catechol derivatives to improve device
performance, which was the result of improved perovskite films in the doped HTM d&¥ices.
Gonget aldemonstrated a three order of magnitude increase iructivity and a >20%
increase in external quantum efficiency when doping PEDOT:PSS with 1.2% of poly(ethylene
oxide). This gave rise to a remarkable 5.5mA?dntrease inscwith a 5% increase in PCE
from 11.43% to 16.52%. The doped devices also deméadtnagligible hysteresi§? These
doping strategies dramatically improve film quality and contacts with the electrodes.

Post deposition treatment of the PEDOT:PSS layer is an important part of improving
device performance. In 2018 Hu andworkers demonstrated an increase in PCE from 13.4% to
18.0% in pi-n devices by rinsing spin coated PEDOT:PSS layers with ultrapuee afeegr
thermal annealing. This is due to the deepening of the HOMO-BdieV to-5.19eV, bringing

the HTM into better alignment with the active perovskite layer. Additionally, the device lifetimes
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dramatically improved, with >50% of initial device ieféncy still evident after 250 hours in
55% ambient humidity, with the control devices at 28 n 2020 Niuet aldemonstrated that
toluene vapor annealing improved PCE by ~2.5%. This was because of imgeawaatd Jsc
due to reduced trap states & trerovskite interface, and a better HOMO energetic alignment
with the perovskité? This work also demonstrated the effects of solvent-fseatment of
PEDOT:PSS thin films with both ethylene glycol and toluene. The less polar toluene allowed for
devices with 12.27% PCE compared with 6.46% for the ethylene glycol washed devices largely
due to superioFF andJsc This is likely due to the significantly higher boiling point of ethylene
glycol causing it to remain in the HTM layédnterestingly, ethylene glycol treated devices had a
significantly higher HOMO level-8.92eV vs-5.21eV) which also explains the poorer
performance of the devices. This is due to the partial removal of the PSS, and could have
significant application in maow band gap perovskite devicés.
2.3.3 Poly(3hexylthiophene) andDerivatives

P3HT has been readily adopted from other fields as an HTM as it has excellent HOMO
alignment {5.37eV) with typical perovskite valence bands used in PSCs. The performance of
this polymer in OFETSs is dictated by molecular weight, with higher molecular weights providing
superior charge carrier mobilities and conductivitfés!®Conings and cevorkers reported-ir
p devices exceeding 10% PCE in 2013 with P3HT as the Hfhe low PCE was due mainly
to a lowFF of 0.542, likely due to shunting caused by uneven deposition of the perovskite laye

leading to very rough films, which can be observed in the SEM-egxg®on in Figure 2.19.

Ag
P3HT —

CH3NH3PBI,Cl

TIOQ

ITO—
glass

(a) (b)

Figure 2.19a) Cartoon schematic of thei4p structure and b) SEM cross section of a typical
device employed by Conings al, showing uneven perovskite layer leading to uneven layers
above Adapted with permission frorAdv. Mater.2014 26, 20412046. Copyright 282, John
Wiley and Song?%

35



The effect of voids in perovskite devices with P3HT as the HTM was described by Guo
and ceworkers in 2014, with an increase in PCE frof@% to 12.4% when the film was 99.5%
void free. Rapid cooling of the perovskigger after deposition was found to greatly reduce the
number of voids. It was also demonstrated that doping with LITFSI andiZzebutylpyridine
(D-TBP) improved the redox function of the HTM, boostitg: by 0.06V and=F by 10%1°7

A 2015 study byong et aldemonstrated a periodic microstructure composite using a
P3HT and spir@OMeTAD mix to boost PCE to 17.7%, which allowed for improved interfaces
with the perovskite layer due to the small molecule. This composite also retained the improved
light harvesting caused by a pillared structure forming reflective mirrors in the perovskite. Thus
instead of a typical planar 2D film, the HTM is a sa$embling 3D layéf? This mirror like
structure, and increasing the thickness of the perovskite lagereaifor a dramatic increase in
capture of wavelengths of light >550nm, leading to the increase in PCE.

Devices with an fi-p architecture were shown to improve by 2% PCE when the HTM
was P3HT doped with gold nanoparticles up to 20% Au by wét§Btrorg e ¥ i nt er act i or
lead to a more ordered polymer chain stacking, demonstrated by the red shifting and increased
peak definition in the UWis absorption spectra. This strategy of doping with Au nanoparticles
had already been shown to be effective in ®R%ing PEDOT:PSE? 111

The solution processability of polymers can be problematic for processing on rough
surfaces, where evaporation offers the highest degree of freedom febyelgger deposition.

Suwa and cavorkers demonstrated a nowelsitupo | y mer i z at i oterthiogphene2, 26 : 5
using iodine as an evaporable oxidizing agent (Figure 2.20) to form a wholly insoluble

polythiophene HTM. These devices suffered from afdweading to a low PCE of 5.9%.

While it is reported that these deviasmonstrate exceptional stability over time, the data and
discussion provided only demonstrated continued function over 5 minutes. Miwptn

analysis is needed to show whether this is a viable method for improving device lifetimes.
Nevertheless, thisesnonstrated a potential new pathway in the fabrication of a wholly vacuum

deposited device manufacturé.
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Figure 2.20Vacuum deposition and situ polymerization to form polythiophene HTM on ITO
substrateReproduced with permission froACS Appl. Mater. Interface202Q 12, 5, 6496
6502. Copyright 2022, American Chemical Sociéfy.

In 2019, Jeongt alreported a fluorinated polythiophene, shmow Figure 2.21, obtained
through a Stille coupling polymerization using tetrakis(triphenylphosphifi@gthe catalyst,
which outperformed both sph©MeTAD and P3HT in A-p devices. The champion
performance was 18.0% PCE, largely due to imprdyedrhe fluorinated polymer showed a
deeper HOMO level than either P3HT or sgd®eTAD, giving better energetic alignment with
both the perovskite and gold anddg.
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Figure 2.21a) structures of Spir®MeTAD, P3HT and FEH synthesized by Jeehgland b)
HOMO/LUMO energies of these materia®eproduced with permission frobyes and
Pigments2019 164, 16. Copyright 2022, Elseviét?
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2.3.4PolymersContaining the ThiopheneM oiety

Recently, the majority of HTM polymers that contain thiephene moiety have been
synthesized via Stille coupling>!?°a palladium catalyzed crossupling between aryl halides
and organotin compounds, due to its well understood Rat(fré3** and stability with electron
rich thiophene derivative.However, due to the toxicity of organotin compounds, alternative
pathways have been investigated. Mahesh andlackers reported new polymerizatiors,(67,
Figure 2.22) via a Wittig reaction tegerate vinyl linkers between donor thiophenes and
acceptor benzothiadiazoles with gddd(9, 562g mot and 20, 553g md) and excellent
polydispersities (1.21 and 1.41), though neither polymer step yields nor overall yields were
reported:** Despite haing HOMO levels 0f5.25eV and5.40eV, that aligned well with the
perovskite for hole extraction, the extremely low band gap of these materials (1.60eV by cyclic
voltammetry, 2.2eV optical band gap) likely led to poor electron blocking properties. This
coupled with parasitic absorption due to the polymers stronyigabsorption up to 500nm led
to low PCEs of 3.80% and 3.48% respectively, which compared unfavorably with undoped
spirooOMeTAD controls at 7.55%.

66

Figure 2.22 Thiophenebenzothiadiazole epolymers via a Wittig polycondensation.

A successful Suzuki polycondensation was demonstrated byefahgith their
synthesis of anthraceiised copolymer$8, 69). By incorporating the reactive boron groups
on the antracene monomer, the problem of deborylation due to the electron rich thiophene was
avoided. The polymers were synthesized in a microwave reactor, with the conditions shown in
Scheme 2.8, with good yield and hilyk and polydispersities around®.Deviceswith p-i-n
architecture were fabricated using these materials which outperformed controls with
PEDOT:PSS as the HTM. Significant hysteresis was noted for both of these polymers however,
with polymer 68 achieving 15.50% PCE during reverse scan while ohignang 11.36%
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during a forward scan, with comparable though lower values for polymer 69. It should be noted
that these materials needed to be doped with significant amountIdDATA (30% by

weight) to improve conductivity, which is likely the causeha significant hysteresis in these
devices. This was due to significant drops in Baib(0.05V) andFF decreases of ~20%.
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Scheme 2.8Suzuki polycondensation forming thiophene containing copolyiiers.

Many low band gap polymers like thasem Scheme 2.8 were developed for OPV use
and have now been incorporated into PSCs with increasing success. Cavarlers explored
PCBTDPP 70) at the same time as Heo andveorkers were exploring PCPDTBT and
PCDTBT (71, 72, Figure 2.23) though thegolymers were significantly less efficient than both
PTAA and P3HT devices with PCE ranging from 3.04% to 58%°Improvements were made
using PTBDCB21 (73), PTB7 {74), and PBDTTTC (75) as HTM, with devices achieving PCEs
of 13.29% with74.13"139PTB7 demonstrated higher conductivity than both sPikdeTAD and
P3HT, and Du and eworkers found that annealing the perovskite layer in ambient conditions
allowed for improved grain size lgiag to better contact with the electron transport material
(ETM). In 2018, Yuanandewor ker s demonstrated-GPbPSC wusing
guantum dot perovskite active layer to achieve 12.55% PCE. The replacement of a traditional
perovskite film with aguantum dot structure allowed for all room temperature in air processing,

that is a potential time and energy saver in device fabric&tignmodified terpolymer of PTB7
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with random incorporation of 5 mol percent 1diBromo5-(8-phenyloctyl}4H-thiend3, 4-
c]pyrrole-4, 6(5H)}dione (PHGTPD) improved the efficiency of traditional perovskite-p

devices to 14.57% vs 12.02% due to improvements in all metrics, and improved HOMO
alignment {5.28eV vs-5.15eV)?* A copolymerization strategy was also enyad by Jiang and
co-workers to incorporate alkyl chains with dimethylamino terminations into the polymer at
varying ratios. When the monomer containing the ediylethylamino side chain was
incorporated at a 40% mol ratio PCE improved to 18.9% hi-p structure, almost epar with
doped spirelOMeTAD, and far outperforming base PTB7 (12.4%). The improved hydrophilicity
of these end chain groups both allows for defect passivation in the perovskite layer and improved
polymer stacking, which was observedsiuperiorFF andVoc.'?® Leeet aldetermined that the
dichlorobenzyl moiety on PTHBCB21 formed a better contact with the active layer through
improved iond i p o | eatiennnteractions, leading to improved charge transport and lower
recombination ratethat improvedscover the analog version lacking this functionattyChen

and ceworkers deployed PBDTTC as a HTM in devices without an ETM leading to devices
with 9.95% PCE, compared with P3HT devices at 6.17%. This was ascribed to improved
energéic matching of the HOMO with the perovskite and fewer losses due to interfacial charge

recombination38

Figure 2.23Low band gap polymers containing thiophene or fused thiophene rings adopted in
early PSCs.
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In recent years, significant progress has been made with Stille coupled polymers. Li and
co-workers demonstrated that improved polymer crystallinity led to better device performance in
n-i-p PSCs, and that thiophene content in the backbone could bedutilizentrol this.
Polymersr6-78 were studied, with polyméf7 containing the thienothiophene moiety exhibiting
the best crystallinity by Xay diffraction and leading to devices with the highest PCE of
14.02%!*® This is in good agreement with a moreemcstudy by Sin and eworkers who
utilized t hi e n-briddestoimpravercenductivity achievmgdevices with
18.7% efficiency:?° Seoet aldescribed a random terpolym@e) deployed in F-p devices
which outpaced P3HT controls with PEB&f 12.22% to 9.53% respectively, thought to be due to
i mproved hole conductivity due sttod®mmnzgo.di t hi o
terpolymer strategy was also employed by Zhang and coworkers to introduce ethylene glycol
side chains in varying ratios to their polymer series DTB(xDBG), (vhere x is the feed ratio
of the phenyldiethyleneglycol monomer. At a feed ratio of 3%hihkest performance of the
device is recorded, with a certified PCE of 20.10%. This is due to both improved interface
mechanics improving thieF (Figure 2.24), and improvédoc due to improved lamellar packing
of the side chain’® Increased hydrophiligitof the polymer due to the diethyleneglycol side
chains also help to passivate the perovaitéM interface, which may be a useful strategy for
improving perovskite deposition and interface with the HTM inianplevice. Increasing the
ratio beyond 3 in@ases the hydrophilicity too far, allowing for moisture ingress and perovskite
layer degradation. Further, these devices retained a higher PCE over 30 days ambient storage
when compared to polymers with feed ratios of 0 and 10. Vivo ambdeers demonsated that
conversion of carbonyl groups in polyn&ito thione in polymeB2improvedFF from 0.50 to
0.64 andlscby 0.8mA cn¥. The improvedscis believed to be a consequence of improved hole
injection yields of 96.2% compared to 77.9% as poly&2atisplays improved quenching in
steadystate photoluminescence experiments. FRés improved due to enhanced
intermolecular charge transport of the thionated poly¥e&i and ceworkers presented devices
with exceptional fill factor of 81.22% in champialevices using PBFC (83) in an ni-p
architecture for PCE = 19.06%, exceeding P3HT controls (64.71%, 14.96% PCE). This was
determined to be due to the passivation of both surface and grain boundary trap states at the
perovskitepolymerinterface!?! Interestingly it is believed that the carbonyl groups on this

polymer are the passivating influence due to their ability to act as a Lewis base to passivate
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under coordinated lead atoms in the perovskite layer. In a similar mannest alalescribed
phenanthrocarbazelhdiophene polymers with substituted selenophed8&sas opposed to all

thi ophene analogs. The 6éLewis softédé selenium
leading to all around improved device metrics, notab#p@of 1.11 and~F of 0.80, giving

devices with a PCE of 20.8% Miyasaka and cevorkers incorporated a dithienosilole moiety

into the backbone of terpolym856 to produce devices which outperformed PTAA and P3HT

with PCE of 14.58% compared to 9.53% and 11.3d8pectively. This study also described the

additive effect of lead(ll) propionate, which allowed for an increa8d#up to 1.36V, though
at significant cost tdsc!?®
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Figure 2.24 Performance of devices containing DTB(XDEG) polymer:-¥)clrves, bMoc and

Jsc, ¢) FF and PCE, d) stabilized power outputs at maximum power points, e) External quantum
efficiencies, f) PCE evolution in ambient atmosph&eprinted with permission fromdv.

Funct. Mater.2019 29, 1904856. Copyright 20220hn Wiley and Son'g?

You et alutilized the Stille coupling to develop polymers PBDTT and PBTdq §7)
with M, 13, 400 g mot and 14, 200g mdiand polydispersities of 2.30 and 4.36, respectively.
Both polymers compared favorably to P3HT and doped -€pM@TAD controls, with85
achieving 20.28% PCE, with &¥ 10 percentage points higher than P3HT and 12 points higher
than doped spiro. Additionig] the devices retained over 80% of initial PCE in ambient
conditions after 720hrs, where spiro devices lost nearly 40% of initial PCE. Atomic force

microscopy showed this to be due to degradation of the perovskite layer, which was not observed
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in the poymer devices, largely due to the hydrophobic polymers protecting against water
ingresst?? Gaoet alreported hydrophobicity of polym&8was responsible for exceptional
device stability over 50 daysith a retention of 95% initial PCE on an averag@®f
unencapsulated devices in ambient atmosp¥{&keong and ceworkers also demonstrated
improved lifetime over 16 days with polym@&9, retaining 91.34% of initial PCE compared with
64.87% in similar spiro devices, with initial PCE 17.52%. The improvémvas attributed to the
improved hydrophobicity due to the inclusion of 2 fluorine atoms on the thiophene unit, which
can be seen in Figure 2.38 An impressive report of stability by Chawanpunyawat and co
workers led to devices prepared with IDTE) retain over 80% of initial PCE after exposure to
65% relative humidity for 10 days, and initial PCE of 19.38%. Furthermore, these devices
exhibited very low hysteresis of 0.44%, that is exceptional for undopgxdevices:?®

Nishiharaet alinvestigated the efficacity of the polymer DT&1J as an HTM in A-p
devices. they found that although low molecular weight polymer outperforms high molecular
weight polymer initially, after being stored in dry air for an extended period higher malecula
weight polymer outperforms low molecular weight polymer. This is due to the increased length
of time required for doping with oxygen due to the denser packing state of higher molecular
weight polymert* Further studies were done using tris(pentafluoeoghborane (BCF) as a
hydrophobic gtype dopant. This greatly improved initial PCE from 1.75% in a device with
pristine DTB to 14.15% with 8wt% BCF. After 77hrs exposure to air however the overall PCE
difference between doped and undoped was negligille aypristine DTB layer slightly
outperforming the 8wt%, suggesting that oxygen doping is a significantly stronger boost to
devices. Notably, the champion device was doped with 4% DTB and achieved a 16.89% PCE

compared with a champion pristine device 6f3D%?4!
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Figure 2.25A selection of low band gap polymers synthesized via Stille coupling utilized in
devices since 2018.
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2.4 Outlook

Polymers as HTMs in PSCs show great potential, especially-mgvchitectures where

small molecules tend to fail due to processing issues. However, existing polymers generally

require extensive muitep syntheses, with time consuming workups that make them generally

economically unviable. Their hydrophobic naturexsellent for device longevity and stability,

yet can pose processing issues which can be remediated by post synthetic treatments such as

ozoneUV modification**? or incorporation of anchoring functional groups, which again

increases complexity and costfofished devices. Future research should focus on high yielding

and simple one or two step syntheses with the potential for facile, low labor workups to improve

applicability on a practical scale.
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CHAPTER 3
POLYMER HOLETRANSPORT MATERIALS FOR PEROVSKITE SOLAR CELLS VIA
BUCHWALD-HARTWIG AMINATION

The original version of this work was originally published in the jout@$ Applied Polymer
Materials, a publication of the American Chemical Society, DOI: 10.1021/acsapm.1c00891.
Copyright 202 The manuscript has been slightly modified for this diasien

Daniel D. Astridgé?, Jacob B. Hoffmat) Fei Zhang, So Yeon Park Kai Zht?, and Alan
Sellingef4>*©

3.1 Introduction

Research of perovskite solar cells (PSCs) has experienced exponential growth since
initial publications in 2009 due torapid acceleration in PCE from 3.8% to over 25%Fhe
most efficient PSCs feature alNP architecture with a metal oxide electron transport mnahte
(ETM) and a doped organic small molecule serving as a hole transport material {R While
thesedevices perform exceptionally well and are beginning to show improved long term
stability,”® P-I-N architecture devices feature attractive advantages in both single junction and
tancem device applications. In alfN architecture for typical lead halide perovskite bandgaps,
HTMs are often organic polymers such as PTAA or pehg8ylthiophene2,5,diyl) (P3HT)
without dopants, while &or related derivatives serve as the EYWhe use of these solution
processable organics and | ow temperature (100
fabricationmethods such as roll to roll processing as well as deposition on flexible plastic
substrates. In the arena of tandem devicddNRerovskite architectures are needed in
combination with weldeveloped silicon based solar céf$! and RI-N architectures are often
used in aHperovskite tandemg:

While PSCs with a #-N architecture have great potential for scalability and integration

with tandem structures, device performance trails behiktll Rrchitectures due to increased

!Reproduced with permission froACS Applied PolymeWaterialsand ceauthors
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recombination at both the perovskite/HTM and perovskite/ETM interfacd®. Bdditionally,
thebest performing HTMs, PTAA and P3HT, are both expensive anaplgdbic resulting in
difficulties processing the perovskite layer in large active area devitdsurthermore,

perovskites are a family of materials with significant variation in band gap and band edge
energies depending on the composition. PTAA artdTPBave highest occupied molecular

orbital (HOMO) levels that are only compatible with certain perovskites. In narrow band
perovskites, a significantly shallower valance band edge requires the use of alternative HTMs
such as poly(3;&thylenedioxythiopheneoly(styrene sulfonate) (PEDOT:PS%5%2 Clearly

there is a need for the development of novel HTMs that can be easily synthesized, processed into
efficient perovskite devices, and provide a simple pathway for HOMO tuning to a \@&riety
perovskite active materials.

A common thread in the development of both small molecule and polymeric HTMs used
in PSCs is the presence of the triarylamine mdi&tyan electron rich group which may lead to
materials with high hole conductivities. Polymeric HTMs have been demonstrated with either the
triarylamine incorporated into the polymer backiiéri€or as a pendant grodp These
polymers typically require mulstage syntheses with labor intensive purification steps for the
monomers, resulting in materials that will ultimately have high cost and low overall yield. In this
work, we take inspiration from our previous studiéth small molecule HTMs used in-NP
PSCs’ 2’ from polymers developed for organic field effect transistbt$and organic light
emitting diodes?3 to synthesize a novémily of polymers through a one pot Buchwsidrtwig
amination reaction. The high yielding reactions between eithediBt@mo-9-(2-ethylhexyl}
9H-carbazole or 2;dibromo9,9-dihexyl9H-fluorene with selected primary aromatic amines
feature a facile wdaup thus reducing time intensive purification. How reactant moiety impacts
relevant properties for incorporation into PSCs is explored, including HOMO levels and glass
transition temperaturél §). The ability to alter the energetic position of the HOMGhiese
polymers by varying the-gostion of the primary amine demonstrates an ability to customize
HTMs to different perovskite compositions. As HTMs, the polymers produce devices that have
comparable performance to PTAA, illustrating the potential of thederials in perovskite
photovoltaics. In addition, the reaction shows promise for scaling up, as we have produced high
yields up to a skgram scale. Finally, the effects of polymer molecular weight and polydispersity

on device functionality were explate
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3.2 Experimental Section
3.2.1 Materials

All materials for the polymer synthesis were used as received from MiHfigraa
unless otherwise stated. aJibroma9,9-dihexylfluorene was obtained from Boron Molecular
and Ambeed2,7-dibromocarbazole was provided by Francis Bélanger from S&REAS.
Palladium catalysts were purchased from Strem Chemicals. Aniline was purchased from Acros
Organics and vacuum distilled over KOH according to literary procéd@ramino9-ethy+9H-
carbazole was purchased from Alfa Aesar and purified using literature procedures, and 4
fluoroaniline was purchased from Conttliocks and vacuum distilled. For PSC fabrication,
methylammonium bromide andrfnamidiniumiodide were purchased from Greatcell Solar.
Lead (II) bromide (for perovskite precursor), lead (1) iodide (99.99% trace metals basis, for
perovskite precursor), and bathocuproine (BCP) were purchased from TCIl America. Cesium
iodide (99.999% trace metahsis), fullereneCs0(99.9% sublimed) (63), and PTAA were
purchased fronMillipore-Sigma.Poly(9,9b i s({,R-dimethyl)}N-ethylammoiniumpropyt
2,7-fluorenejalt-2,7-(9,9-dioctylfluorene))dibromide (PF¥Br) was purchased fromrhaterial.
Silver pellets (99.99% purity) were purchased from R.D Mathis.
3.2.2 Synthesis

A general reaction scheme for the fluordrased polymers as adapted from literatuie
and is provided in Scheme 1. The synthesis of the polymer, FIAn, used the following method: A
50 mL Schlenkflask nd stir bar were oven dr-dbeto9®t 105
dihexyF9H-fluorene (0.6009 g, 1.220 mmol) and soditari-butoxide (0.3655 g, 3.803 mmol).
The flask was then subjected to three vacuum/nitrogen refill steps. Aniline (0.11031/219
mmol) was added to the flask with positive nitrogen flow via micropipette. Anhydrous toluene
(10 mL) was added to the flask via syringe with stirring. Bisétrt-
butylphosphine)palladium(0) (0.0250 g, 0.049 mmol) was collected from a glove baxided
to the reaction flask with positive nitrogen flow. The reaction mixture was heated to 80 °C for 24
hours. At this time, bromobenzene (0.0075 mL, 0.061 mmol) was added to the flask with
positive nitrogen flow and allowed to react for another hougrednpon diphenylamine (0.0206
g 0.122 mmol) was added to complete the polymer termination. After a further hour of reacting
at 80 °C, the heat was turned off and the reaction mixture allowed to cool to room temperature

with stirring. Once the mixture hadaled, 5 mL of tetrahydrofuran was added to the mixture,
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which was then precipitated dropwise into 200 mL of stirring methanol followed by at least 15
minutes of stirring. The precipitate was collected by vacuum filtration, dried in a vacuum oven at
5 5 then transferred to a 50 mL round bottom flask with a stir bar. Diethylammonium
diethyldithiocarbamate (0.1000 g, 0.45 mmol) was added to the flask in excess to act as a
palladium scavenger, then the contents of the flask were dissolved in sufficienfaintorAn
air condenser was fitted to the flask and the reaction mixture refluxed overnight, causing a color
change from dark brown to a light gold. The mixture was again cooled to room temperature and
precipitated dropwise into 200 mL of stirring metharidie polymer was again recovered by
vacuum filtration and dried for 24 hrs at 40 °C in a vacuum oven. The final polymer was a
yellow fibrous solid, 0.4673 g, 90% yield.The synthesis of the other polymers in this study
followed the procedure described abpCzAn 0.4802 g, 95%, CzAnF 0.4666 g, 88%, FIAnF
0.5013 g, 93%, FICz 0.6065 g, 92%, CzCz 0.6447 g, 97%. Full characterization of all polymers
reported is available iAppendix B The carbazole polymers required an additional synthesis
step because whi 7-dibromo9-(2-ethylhexyl}9H-carbazole is commercially available, it is
cost prohibitive, while the reagents to synthesize it are inexpensively available and the reaction is
high yielding. The method for the-dlkylation was adapted from literatiie.
3.2.3 Device Fabrication

Prepatterned indium doped tin oxi daerd | TO) s L
cleaned through sonication &cetone and isopropyl alcohol sequentially for 20 minutes each.
After sonication, the ITO substrates were subjected to ozone treatment for 15 minutes. Solutions
of synthesized HTM (4.0 mg/ml in chlorobenzene) or PTAA (2.0 mg/ml in toluene) were filtered
with a PTFE syringe filter (0.22 em pore size)
deposited in a nitrogen filled glove box onto ITO substrates through static spin coating at 5000
rpm, 3500 rpm acceleration, for 30 s (HTMs) or 6000 rpm, 23@0agxeleration, for 30 s
(PTAA). The resulting HTM films (film thicknessesynthesized HTM: 12.9 + 2.9, PTAA:R)
nm® were annealed for ten minutes at 100 an
thin layer (<5 nm) of PFMNBr was deposited from solution (0.5 mg/ml in methanol) through
dynamic spin coating (5000 rpm, 30 s) to allow sufficient wetting of the perovskite pretursor.
Triple-cation mixedhalide perovskites of composition (FAMA 0.16C%.05)Pb(b.saBro.16)3
(FAMAC) (500 nm) were deposited from a solution featuring a stoichiometry based a previously
reported method’ The solutionconsisted of 26.4 mg MABr, 88.6 mg PhE200 mg FAI, 570
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mgPbh, and 49 €L of stock Csl solution (1.5 M i
196 ¢eL of DMSO and 981 €L of DMF (1:4 v/iv). T
depositionusing PTFE syringe filter (0.22 em pore si.:
statically spin coated at 6000 rpm, 1300 rpm acceleration, for 45 s, and chlorobenzene anti
solvent (120 e€L) was rapidly dropppdu.Toent o0 t he
films were then i mmedi at el ey(30am)mredBCR(@nmawerel 0 0
sequentially deposited onto the perovskite films through thermal evaporation. The films were
masked to only expose the device active area when therevalborating silver back metal
contacts (100 nm).
3.2.4 Characterization

Thermogravimetric analysis (TGA) was performed using a TA Instruments TGA Q500,
with a heating rate of 10 °C mino a final temperature of 800 °C. Differential scanning
calorimety (DSC) was performed using a TA Instruments DSC Q2000 at a scan rate of 10 °C
mint under nitrogen flow from20 °C to 200 °C, with glass transition temperatures obtained
from the second cycle. UVis absorption spectra were obtained on a Beckman C@ilte300
spectrophotometer using THF as solvent. Emission spectra were obtained using a Horiba Jovin
Yvon Nanolog spectrofluorometer with THF as solvéHtNMR was acquired using a JEOL
ECA-500, using DMSED6 as solvent for 2;dibromo9-(2-ethylhexyl}9H-carbazole and
benzeneD6 for all polymers. Gel permeation chromatography (GPC) was performed on a
Malvern Viscotek GPCmax with refractive index, intrinsic viscosity, and light scattering
detectors, and calibrated using polystyrene standards, using THeasaid a 1 mL mihflow
rate at 35 °C. Gas chromatography mass spectrometry (GCMS) was performed on an Agilent
Technologies 7890 GC system with 5977B MSD. All spectra for compounds are available in
Appendix B Photoelectron spectroscopy in @ESA) data was obtained using an-2@om
Riken Instruments at the Stanford Nano Shared Facility on HTM samplescgtied from
chlorobenzene at a concentration of 4 mg'ohto glass microscope slides. Scanning electron
microscopy (SEM) was performerting a FEI Nova 630, field emission gun with an eleetron
beam voltage of 3 kV in immersidans mode on split devices with an exposed cross sections.
Conductivity measurements were performed using aviowg configuration with four parallel
silver electodes (2 mm spacing) on samples sgast on glass substrates. Thicknesses were

obtained from cross sectional SEM. JV curve measurements were done using a Newport Oriel
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Sol3A solar simulator with a xenon lamp. The lamp intensity was calibrated using alt€&2i f
monosilicon reference cell to 100 mW/énAM 1.5G. Scans were taken in both forward to
reverse and reverse to forward bias directions at a step size of 10 mV and a step delay time of 12
ms. Devices were 0.1 érand were masked to define a 0.05% antive area.
3.3 Results and Discussion
3.3.1 Polymer Synthesis and Characterization

BuchwaldHartwig amination coupling provides a carbaitrogen bond when an aryl
halide is reacted with a primary or secondary amine in the presence of a palladilyst ead a
strong base (Schen3el). 34! In our case we use aryl dibromides with primary amines to prepare
electron rich polymers for application as HTMs in PSC devices. The polymenizatictions
progressed quickly, with the generation of photoluminescence when exposed to a 365 nm UV
lamp within minutes of heating. Further indication of reaction progress was observed by the
gradual clouding of the reaction mixture, owing to the préatipin of sodium bromide
byproduct in the toluene solvent system. To minimize reaction steps and workup, the termination
of the polymers was carried outsitu after 24 hrs of reaction time, with the addition of 0.05 mol
equivalent of bromobenzene to teénate end amino groups, then one hour later the addition of
0.1 mol equivalent of diphenylamine to terminate any remaining aryl bromide endcaps.

It has been demonstrated in previous work that degradation of the HTM can occur due to
dimerization of HTM molecules caused by the generation of a radical afptbstibn of a
pendant group on the amiffeTo reduce the possibility of this degradation, in additan
aniline, amines with functional groups at thedkition were utilized. The functional groups
were also selected to explore the effect of electron donating and withdrawing groups at the 4
position on the functionality and characteristics of the finglmpers. The selected
functionalized amines wereffuoroaniline (FIAnF, CzAnF) and-aminc9-ethylcarbazole
(FICz, CzC2). In theory, this should allow for HOMO level manipulation of the polymers, with a
deeper HOMO for the polymers with the withdrawingstithents, and a shallower HOMO with
the donating groups. It was also hypothesized that the carbazole polymers would have a
shallower HOMO than the fluorene polymers due to the lone pair of electrons on the nitrogen
heteroatom. Long chain alkyl groups wesetected for the-position of both aryl dibromide
monomers to increase solubility in organic solvents allowing a greater chain length of the

resultant polymers.
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Scheme 3.1Reaction scheme and list of polymers synthesized in this study.

High purity semiconductor materials in PSCs and related devices are very important in
order to have highly efficient and long lifetime devié€$4°® The purification of polymeric
materials is problematic, as residual palladium is difficult to remove through traditional methods.
In small molecule syntheses column chromatography is commonly used, however high
molecular weight polymers precipigdstick on the column, rendering this method ineffective. To
circumvent this problem, and ensure maximum palladium catalyst removal, the crude polymer
was dissolved in minimal chloroform in the presence of diethylammonium
diethyldithiocarbamate as a paliaoch scavenget® This solution was refluxed overnight, then
reprecipitated in stirring methanol. The-Bigthylammonium diethyldithiocarbamate complex is
methanol soluble and thus easily separated from the precipitdyedegoolt could be determined
gualitatively that this procedure was effective as there was a notable color change of the solution
overnight, from dark brown to pale gold. The polymerization results are provided in Scheme 1
and show >88% vyield on the 600 mcple. To be commercially viable, the syntheses of these
polymers needed to be reproducible at scale. To demonstrate scalability, polymers FIAn and

CzAn were synthesized at the 6 g and 5.5 g scale, respectively with the ratios of all reactants and
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solvens maintained at the same values. There was no notable difference inyietd Mn.
Extensive characterization of the physical and electronic properties of the polymers was
performed to better understand how different functional groups impact the BdeaHarvig
coupling and the potential application of these materials in PSCs. The results of these
experiments are presented in TaBle with further data provided iAppendix B Gel
permeation chromatography (GPC) was used to determine the poly(stygeiva)jent
molecular weights of the synthesized polymers providing insight into how functionalization
impacts the Buchwaléiartwig coupling (Figure S20). Molecular weights were generally lower
for polymers possessing a carbazole group as the aryl haldenary amine reactant, with the
lowest weight average molecular weight.j reported for CzCz where two carbazole groups are
present. The mesomeric electron donating properties of the carbazole compared to fluorene leads
to faster dissociation during tiheductive elimination step which contributes to lowkrfor the
carbazole polymer§.This is also the case for polymers containiritudroaniline and 3aminc
9-ethylcarbazole. Furthermore, the bulky naturthe 3amine9-ethylcarbazole group relative
the phenyl rings of aniline andfdioroaniline may lead to steric hindrance, causing these
polymers to have the lower overidly.

The polydispersity index (PDI) represents the amount of polydispersity present in the
sample, and is defined B4, divided by the number average molecular welghtThe trend in
PDI closely followed the identity of the primary amine used in the BuchiWaltivig coupling
with PDI ranging from highest to lowest in anilinefldoroaniline, and Zamino-9-ethyl
carbazole, respectively. The GPC curves for the polymers demonstrated significant tailing in the
lower molecular weight region, suggesting poor remo¥amaller chains when precipitated in
methanol alone. This led to high polydispersities for the polymers withMhighVe have
addressed this issue and discuss the method used and effects of removing the smaller chains on

device performance subsequently.
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Table 3.1Physical properties of synthesized polym&&RC data obtained using THF as eluent
with polystyrene calibration curvBDecomposition temperatures recorded as 5% mass loss
under nitrogen.

Conductivity
HTM sM_ (Da) °M,, (Da) apDI bT, (°C) T, (°C) (illuminated) mS/cm
FIAn 21100 126415 6.05 409 116 0.46
FIANnF 17840 65640 3.68 412 109 0.20
FICz 23600 57100 2.42 421 162 3.37
CzAn 9979 60370 5.99 362 146 1.04
CzAnF 19790 60370 3.05 425 156 0.46
CzCz 14430 27270 1.89 403 189 2.85
PTAA 7300 11900 1.32 - - 0.54

Thermal properties for the synthesized HTMs are also presented in3Thable
Thermogravimetric analysis (TGA) was performed to ensure that the polymers would not
degrade at device operating conditioApgendix B2). The decomposition temperaturds)(of
all polymer materials exceeded 350 °C, well in excess of general device operation temperatures.
Similarly, differential scanning calorimetry (DSC) was used to determine the glass transition
temperatureTg) of the polymersAppendix B3). Low glasstransiton t emper at ur es
can reduce the lorggrm thermal stability of devices as well as damadgieNRdevices during
perovskite film fabricatiot®*® The synthesized polymers had a large variatioFyjmanging
from 109 to 189 . Materials synthesi ZTg2@-47usi ng

hi gher than their f 1 uodl§ielikely due to&uhctiogalizat®nat T h e
the 9position where the carbazole aryl halide possesses-etig/lhexylgroup compared to a
dihexyl group in the fluorene aryl halide. The second alkyl chain at the 9 position reduces
polymer rigidity, a property closely relatedTg®° Likewise, CzCz and FICz featured a higfigr
than other polymers due to increased rigidity from the fused rings of the pendent carbazole group
compared to a phenyl or substituted phenyl group. Differencigatween XAn and XAnF
polymers are likely duto differences iMn, with higherM, correlating to higheTy. This
relationship betweeiy andMnis due to decreased influence from the polymer end groups and is
described by the weknown FloryFox equatior?! The polymers were electrically characterized
through conductivity mmasurements using the fgprobe technique. Values for conductivity
ranged from comparable with PTAA to seven times higher than PTAA. These results indicate

our polymers are suitable for use as HTMs without the need of dopantsl#Nge&rovskite
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architecture where HTM layers are relatively thinner compared-teANstructures. Molecular

weight is well known to influence conductivity in polyméfaVhile My deviates significantly
between HTMsM, stays within a narrow range, indicating that variation in conductivity was
driven primarily through differences in chemical structure rather than molecular weight. Between
HTMs, those featuring pendant carbazole groups had higher conductivities likety due

increased aromaticity.
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Figure 3.1 HOMO, LUMO, and optical bandgap of the HTMs and PTAA. For the HTMs, the
HOMO position increased with respective increase in electron donating strength of the aryl
halide core and the primary amine. LUMO positions were calculated by subtracting the optical
bandgap from the HOMO positions determined by PESA.

In P-1-N architecture perovskite devices, light first passes through the HTM before the
active perovskite layer. Thus, HTMs that absorb minimal amounts of the solar spectrum are
preferred in order to minimize parasitic absorption. The optical band deplatad from the
UV/vis onset, show band gaps ranging from 2.81 eV to 2.94 eV (FsgurAppendix B4). The
optical band gap was primarily determined by the primary amine used in the coupling. This is
partly due to increased conjugation of the pendaritazole relative to the phenyl rings of
aniline and 4fluoroaniline. The band gap is also smaller due to the additionaboding lone
pair electrons on the pendant carbazole, which heavily influences the HOMO level. The optical
bandgaps of the HTMs acemparable to PTAA (3.07 eV), suggesting little parasitic absorbance

will be present in R-N perovskite devices when using these materials. In addition to a wide
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bandgap, it is important for the HTM materials to have a HOMO level that aligns well with th
active perovskite material valance band to ensure efficient hole transfer from the perovskite
active layer to the HTM. Photoelectron spectroscopy in air (PESA) was performed on drop cast
films of the HTMs and PTAA to determine the HOMO energetic lev€IMD positions in the

HTMs were in the range 68.87 eV t0-5.36 eV. This range is similar to other reported HTMs
that give exceptional performance when paired with standard perovskite compdsitidighe

data obtained from the PESA study suggeststiiga¢nergetic position of the HOMO can be

tuned by changing the electron withdrawing and donating nature of the primary amine
monomers, as the HOMO energy level increases with electron donating strength. The PESA data
also demonstrated that HOMO levels tloe fluorene polymers were typically deeper than the
carbazole analogs, which is to be expected due to the presence of an additiepairlohe

electrons at the-position of carbazole. The ability to customize these polymers bodes well for
use with a ariety of perovskites due to the numerous compositions with varied valance band
level positions. The LUMO energy level should be shallower than the conduction band of the
active perovskite material to prevent electron transfer to the HTM. In the HTM3,\M©

energy levels ranged fror2.43 eV t0-2.08 eV comparable to PTAA and sufficient to block

electron transfer from the perovskite layer.
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Figure 3.2:(A) Cross sectional SEM image of a typical-R perovskite photovoltaic device
fabricated in this study. PFRr was used as an interfacial wetting layer to impart similar
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wettability to synthesized HTMs and PTAA controls. Reverse bi\asdans of champn
devices for FIX (B) and CzX (C) materials used in this study compared to PTAA.

3.3.3 Device Fabrication and Testing

In order to test the potential of the synthesized polymers as HFMH, PSCs were
fabricated using a standard triple cation perovsiGteve layer,
(FA0.79MA0.16CS.5)Pb(b.sBro.16)3. Manyof the HTMs were too hydrophobic to allow for
solutionbased perovskite deposition. Thpsly(9,9b i s(N,R-dimethyl}N-ethylammoniur
propyt2,7-fluorene}alt-2,7-(9,9-dioctylfluorene))dibromideRFN-Br) was utilized as an
interfacial wetting layer between the HTM and the perovskite layers to allow pinhole free films,
a strategy commonly utilized to increase cell actiyedand deposition quality: *>The full
architecture of the device stack with the synthesized HTMs was ITO / HTM (~13 nm}BIPFN
(<5 nm)/ perovskite (500 nm) / C60 (30 nm) / BCP (6 nm) / Ag (100 nm) (FRj2#g. The
thickness of the HTM layer was optimized using CzAn as a moderiaatresulting in a
deposition concentration of 4 mg/ml or 12.9 = 2.6 nm HTM thickn&ppéndix B6). PTAA
control devices used a slightly thinner HTM layer (~10 nm) based on previously optimized
devices®® J}V curves of champion deviseare presented for the FIX and CzX material families
in Figure3.2B and3.2C, respectively, while average device performance parameters are shown
in Table3.2. Generally, PCE for devices using the synthesized HTMs was betwdai¥d &ith
the best performig material, CzAn, possessing an average PCE of 17.21 + 0.19%, comparable
to PTAA controls (17.35 £ 0.40%). The PCE of PTAA control devices obtained in this study
were comparable to PSCs featuring similar device architectures and perovskite active Ryers.
Devices prepared using HTMs from scaled up reactions of FIAn and CzAn had similar
performance characteristitsthe 600 mg scale reactions, indicating that this synthetic pathway
may be viable to produce large amounts of quality material for device produsgiparn(dix
B.7). Furthermore, a cost analysis for the synthesis of FICz was conductddraadstrated that

these materials can be synthesized on the bulk scale at a low cost peAgpanmd(x B7).
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Table 3.2: Average device parameters for HTM materials. Data presented as an average of 10

16 contacts with + as standard deviation.

HTM  Scan Direction Vo (V) Joe (mA/cm?) Fill Factor PCE (%)
FIAn Fwd 1.045 +0.002 20.77 £0.17 0.75+0.01 16.27 +0.12
Rev 1.046 = 0.001 20.80+0.17 0.76 £0.01 16.46 +£0.14
FIAnF Fwd 1.034 + 0.002 20.42+0.20 0.56 £0.01 11.81+0.20
Rev 1.039 +0.002 20.45=0.22 0.57+0.01 12.07 £0.12
FICz Fwd 1.027 £ 0.003 20.67=0.15 0.78+0.01 16.54 +0.18
Rev 1.030 + 0.003 20.51+0.15 0.79 +£0.01 16.77 +£0.19
CzAn Fwd 1.023 £ 0.008 21.05+0.10 0.80+£0.01 17.17+£0.20
Rev 1.033 £ 0.006 20.94 £0.08 0.80+0.01 17.21+0.19
CzAnF Fwd 1.021 +0.007 20.61=0.21 0.78+0.01 16.40+0.34
Rev 1.023 + 0.006 20.52+0.21 0.79 +£0.01 16.52 +0.29
CzCz Fwd 0.920 +£0.003 20.85+0.16 0.80 +£0.01 15.25+0.13
Rev 0.931 +£0.003 20.71+0.16 0.81 +£0.01 15.52 +0.15
PTAA Fwd 1.039 £ 0.020 21.03=£0.20 0.79+0.01 17.36+0.43
Rev 1.044 +0.020 20.99=0.19 0.79+0.01 17.35+0.40

Interestingly, device performance between HTMs did not have any significant trends
connected to conductivity, HOMO energy levelTgr As conductivity was comparable to or
higher than PTAA, the relatively thin HTM layers likely limit any variation in agrtvity on
device parameters. Although there were no trends across all HTMs for HOMO energy level and
Ty, these parameters may be connected to the two materials that had PCE below 16%, FIAnF
(12.07 £ 0.12%) and CzCz (15.52 £ 0.15%). In the case of G&cayas significantly lower
than the other HTMs. This is likely due to the HOMO of Cz@z87 eV) being the most offset
from the valance band edge of the perovskBetb eV)?’ leading to energetic losses as holes
are transported from perovskite to HTM. Another possibility is CzCz introduces interfacial trap
states, reducing the quasi fermi level splitting as described by Belar® However, since all
other materials studied possess simila¢ and there are no unique chemical moieties introduced
in CzCz, this gplanation seems unlikely. PCE losses in FIAnF are from a low fill factor due to
increased series resistance in devices using this mafgpiaiidix B8). Cross sectional
micrographs of the HTM/perovskite interface show the origin of the increasedmesifta
FIAnF devices was due to void formation at the perovskite/HTM interface, which was not
present in devices using other HTMgpendix B9). The reason for poor perovskite
morphology when using FIAnF is not immediately clear. FIAnF possesses allpvelr 0 9 )
than the other HTMs that is relatively close to the annealing temperature during perovskite
100 , whi ch

deposition, may influence fil
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of fluorine moieties influences perovskite film formation, which is supported by CzAnF

possessing the lowest FF of the carbazole based polymers.
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Figure 3.3:.GPC curves for two series of FIAn polymers, different reaction times resulting in a
variedMw (A) and different precipitation solvent systems allowing for the removal of low
molecular weight polymer chains (B).

As discussed above, the Buchwaldrtwig coupling reaction produced materials with
large variation irMy and PDI as a result of the chemical identity of the different reactants, while
differences ifMMnwere smaller. To explore if these differences contelsignificantly to device
performance, the reaction time of FIAn was varied freB02rs to produce a series of HTMs
that possessed vari®dtl, Mn, and PDI. The GPC retention time curves for this series are
presented in Figurg.3A with longer reaction thes correlating to earlier peak elution. GPC
curves for the FIAn reaction series indicated Mat M, and PDI increased at longer reaction
times withranges of 3623048900 Da, 160322280 Da, and 2.26.93, respectively (Table
3.3). The shapes of theteamtion time curves for varied FIAn reaction time were similar in profile
to the six chemically unique HTMs synthesized with significant tailing in the low molecular
weight region Appendix B5). Variation inMwand PDI was significantly larger tha,, similar
to what was observed between HTMs with different chemical identities (Babld his
indicates that varying FIAn reaction time is useful to iso\ieM,, and PDI parameters from
HTM chemical identity. Viien incorporated into devices the series of FIAn materials showed a
slightly improved performance from 16.17 + 0.23% to 16.47 + 0.35% as reactioviiynand
PDI decreased. The variation on PCE of the FIAn reaction series was within standard deviation,

suggesting differences in device parameters between the six HTMs are due to the distinct
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chemical identities of the HTMs rather thisla and PDI. In PSCs, variation dfw, My, and PDI
has been shown to primarily impact device performance through bottctbased conductivity
and hole mobility of higiM, polymers and more uniform polymers films from a smaller #DI.
455 The polymers presented possessed siMlaindicating minimal variation in electrical
properties. Thus, the minimal difsmce in device performance between the FIAn reaction time

series is likely attributable to changes in PDI.

Table 3.3:Average device parameters and GPC data for FIAn reaction time series. Device data
presented as an average of2ldcontacts with + as stdard deviation.

HTM Yield M, M, PDI Scan Direction Vo (V) Joe (MmA/em?) Fill Factor PCE (%)
Fwd 1.054 £ 0.003 20.28+0.28 0.77 £0.01 16.47 £0.35
FIAn-2hr 70% 16030 36230 2.26
Rev 1.052 £ 0.003 20.44+0.24 0.77 £0.02 16.64 £0.41
Fwd 1.059 £ 0.002 20.34+0.16 0.76 £+ 0.01 16.31+0.33
FIAn-4hr 86% 21890 68720 3.14
Rev 1.059 £ 0.007 20.52+0.20 0.76 £0.02 16.41 +£0.32
Fwd 1.047 £0.005 20.12+0.23 0.76 £ 0.01 16.19+£0.29
FIAn-16hr  88% 22280 79970 3.59
Rev 1.045£0.006 20.33+0.22 0.76 £ 0.01 16.23 £0.27
Fwd 1.048 £+ 0.002 19.97 +0.28 0.77 £0.01 16.17 £ 0.23
FIAn-20hr  81% 21490 148900 6.93
Rev 1.046 £+ 0.002 20.18 +0.24 0.77 £0.01 16.32 +0.28

All of the synthesized HTMs showed a significant low molecular weight component,
which was the primary reason large PDIs were observed in the polymers. Soxhlet extraction is
typically employed to remove low molecular weight components and improve theurEhjs
process is generally time consuming and requires the use of many solvents. As an alternative to
Soxhlet extraction, simple 4grecipitation strategies with varied solvent systems were explored
using FIAn as a model material. Figl#8B shows GPCetention time curves post-re
precipitation in four solvent systems: the 100% methanol precipitation used during the initial
synthesis, 50/50 methanol/acetone, 100% acetone, and 50/50 acetone/ethyl acetate: As the re
precipitation solvent system changesnfr100% methanol to 100% acetone to 50/50
acetone/ethyl acetate the low molecular weight component is progressively removed (Figure
3.3B). The percent recovery, PDI ahti for each precipitation condition is presented in Table
3.4. Removal of the low moletar weight tail resulted in decreased PDI and increlsasith
complete tail removal reducing PDI to 1.45. Percent recovery was 69% with complete tail

removal for the 50/50 acetone/ethyl acetatpreipitation, indicating this ¥precipitation
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strategyis a viable method to decrease the PDI. This was reproduced with FIAnF, achieving a
reduction in PDI from 3.68 to 1.80 with a 72% recovery. The 50/50 acetone/ethyl acetate
precipitation was also conducted on CzAn, resulting in a reduction of PDI frono52980 with

a recovery percentage of 65%. While not as effective as for FIAn, optimization of the system for
each polymer is still more cost effective than Soxhlet extraction for reducing low molecular
weight fraction.

Table 3.4: GPC datdy, andaverage device parameters for FIAn at varioysregipitation
conditions. Device data presented as an average 20 t8ntacts with = as standard deviation.

Scan
2 i 0,
Solvent System % Recovery M, PDI pirection Ve (V) Jse (MA/cm?) Fill Factor PCE (%)
100% Fwd 1.053+0.002 20.57+0.24 0.75+0.01 16.23+£0.24
N/A 23340 5.85
Methanol Rev 1.054 +0.002 20.70+0.17 0.75+0.01 16.43 £ 0.30
50/50 Fwd 1.055+0.003 20.79+0.25 0.76 £ 0.01 16.59 £0.25
80% 22740 4.74
MeOH/Acetone Rev 1.056 £+ 0.004 20.86+0.22 0.77 £0.01 16.83 £ 0.28
Fwd 1.054+£0.003 20.71+0.24 0.76 £ 0.01 16.66 £ 0.20
100% Acetone 73% 40120 3.92
Rev 1.054+0.003 20.80+0.18 0.77 £0.01 16.87 £0.25
50/50 Fwd 1.057 £+0.004 20.70+0.21 0.77£0.01 16.80 £ 0.24
69% 66260 1.45
Acetone/EtOAc Rev 1.057 £0.004 20.90+0.17 0.77 £0.01 16.93 £0.29

The FIANn reprecipitation series allowed for investigation into how the presence of low
molealar weight components in the HTMs impact the performance of PSCs. The decrease in
PDI from the removal of low molecular weight components led to an incred&g aquantity
that impacts many relevant physical, thermal, and electronic polyrogerties®>° Devices
fabricated with the FIANn rprecipitation series as HTMs are presented in TaldleAs My,
increase@nd PDI decreased, performance slightly increased from 16.23 + 0.24% to 16.80 +
0.24% primarily due to an increased fill factor from 0.75 £ 0.01 to 0.77 + 0.01. Similar to FIAn
with varied reaction time, decreased PDI likely contributed to the improvéatpence of the
re-precipitated FIAn polymers. Additionally, the increadégof re-precipitated FIAn likely
results in superior conductivity and hole mobility, which may also have improved device
performance. However, both variations in FIAn moleculaigiveresulted in PSC performance
differences within or close to standard deviation, demonstrating that devices using these

materials in a RB-N architecture are able to tolerate deviations in polymer size and PDI.
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3.4 Conclusions

A novel library of polyme HTMs were synthesized utilizing a Buchwatiiértwig type
polycondensation of aniline derivatives and either dibromocarbazole or dibromofluorene based
monomers in high yielding, low cost, and simple workup reactions. The polymers were
reproducible at scalend show promise when incorporated into perovskite solar cell devices,
demonstrating results similar to PTAA. Further optimization of devices containing these
polymers may lead to improved results, especially with other perovskite active layers,ow. narr
and/or wide band gap. The wettability of the polymers is a cause for concern,-& BRtdt a
sustainable pathway to widely used materials due to the excessive cost. Future research will
focus on improving wettability, either by using more wettabtaigs such as cyano, or custom
made, lowcost monomers to improve contact hydrophilicity -@ymerizations of groups that
perform well will also be investigated in order to customize favorable polymer properties.
Furthermore, how these polymers impaatide stability and lifetime compared to PTAA will be
investigated. Finally, fine tuning of the HTM HOMO energy level to specific perovskite
compositions is achievable through future experimentation of reactant functional groups and
copolymerization of di#rent reactants.
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CHAPTER 4
POLYMER HOLETRANSPORT MATERIAL FUNCTIONAL GROUP TUNING FOR
IMPROVED PEROVSKITE SOLAR CELL PERFORMANCE

The original version of this work was originally published in the jouf@BApplied Energy
Materials a publication of the American Chemical Society, DOI: 10.1021/acsaem.2c01057.
Copyright 2022 The manuscript has been slightly modified for this dissertation

Jacob B. Hoffmah®, Daniel D. Astridgé®, Soyeon Park FeiZhang, Mengjin Yang, David
Moore’, Steven P. HarvéyKai Zhw ", Alan Sellinget+>©
4.1 Introduction
Lead halide perovskite materials (LHP) have emerged as a promising light harvesting

semiconductor for single junction perovskite solar q&liSCs) achieving a rapid rise in
photoconversion efficiency (PCE) from 3.8% to over 25% since 200%5C device
architectures exist in botti-p andp-i-n configurations with each type presenting différen
advantages and challeng&sn-i-p device stacks currently have superior PCE, but typically use
transparent metal oxide layers as electron transport layers (ETLs) that require high temperature
fabrication methods and doped hole transport materials (HTMs) that can introduce device
degradatin pathwayg: ¥ 13 p-i-n device stacks can be processed with both ETLd-Himnd
deposited at relatively low temperatures by vacuum deposition and solution processing, and
generally the HTMs do not require doping. The current state of tipa-awrtlevice architectures
use Go or relatedderivatives as the ETL layer and dopanefpelymeric HTMs such as
polytriarylamine PTAA) or poly(3hexylthiophene, 5, diyl) (P3HT)": ° The relaxation of
temperature requirements allows the use of flexible substrates, opening pathways for highly
scalable fabrication methodscéuas rolto-roll processing. Additionallyp-i-n device
architectures are typically employed in silicon/LY4# and LHP/LHP 182-terminal tandem

devices. Thusp-i-n device architectures are importanthe future of commercial PSC

! Reproduced with permission froACS Applied Energy Materiaind ceauthors
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technology.

The development of novel HTMs designedern PSCs is an important area of
research to make their PCE competitive wiiap architectures. One important consideration to
improve opercircuit voltage Yoc) is the energetic alignment between the Hiilghest
occupied molecular orbital (HOMO) and the LHP valence band {YB)HOMO/VB energetic
alignment is particularly important as LHPs possess variable VB edge energies that are
dependent on composition. PTAA and pdlBD possess HOMO energies well suited fomgna
standard LHP compositiort4 2° but narrow band gap LHPs containing tin achieve alignment
with relatively shallower HTMs, such as PEDOT:PSHowever, PEDOT:PSS is processed
from an aqueous suspension making it unsuitable-fgy devices, and its hydrophilicity and
acidity is problematic for the long term stability of the active LHPHay®l the electrode io+i-

n devices?® 28 Additionally, understanding the interplay between energetic alignment and
reduced interfacial recombination at the HTM/LHP interface has been an active area of research
to improve devic&/oc.t® 2% 2% 3qn thep-i-n architecture, LHP is deposited directly on the HTM
substrate, requiring HTMs to both have insolubility with LHP precursor solvents and provide
sufficient wetting for continuous LHP layers. Variation in the wettingoprtes of the

underlying HTM impacts LHP film formation and quality, which can impact PSC performance
and increase the complexity of evaluating HTM#}

Recently, we have developed a novel family of HTMs using a simpkpainBuchwald
Hartwig aminationcoupling® This reaction strategy provides flexibility to the functional groups
present in the polymer core and pemtdgroups. Through select variation in the HTMs, relevant
properties to PSCs such as HOMO energy level, hydrophobicity, conductivity, molecular weight,
and glass transition temperatufig)(can be tuned. The initial six HTMs studied produced
devices that @rformed well relative to statef-the-art PTAA and the impact of HTM molecular
weight and polydispersity index (PDI) on device performance was explored. In this report, we
expand the initial HTM set to twelve materials, yielding a set of HTMs of sinhkmeal
structure with a wide variety of optical, thermal, and electronic properties. When incorporated
into PSCs, the HTMs produced devices with comparable or higher PCE thaof-shetart
PTAA. Trends in device parameters in relation to HOMO enengt End wettability are
investigated, providing insight into how functional group variation can impact device fabrication

and functionality. Finally, the device stability of PSCs using the highest performing HTMs was
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evaluated with materials providing siar or superior stability to PTAA devices at 1000 hrs of
illumination.
4.2 Methods
4.2.1 Materials

All materials for the polymer synthesis were used as received from MilliporeSigma
unless otherwise stated. 2Dbromo-9, 9-dihexylfluorene was obtained from Boron Molecular
and Ambeed. 2,-Dibromocarbazole was provided by Franc8aBger from SeqerBCAS.
Palladium catalysts were purchased from Strem Chemicals. Aniline was purchased from Acros
Organics and vacuum distitleover KOH according to literature procedui&8:Amino-9-ethyl
carbazole was purchased from Alfa Aesar and purified using literature procedures, and 4
fluoroaniline was purchased from Conttliocks and vacuum distilled. For PSC fabrication,
prepatterned indiurdoped tin oxide (ITO) substrates negurchased from Colorado Concept
Coating LLC. Methylammonium bromide and formamidinium iodide were purchased from
Greatcell Solar. Lead(ll) bromide (for the perovskite precursor), lead(ll) iodide (99.99% trace
metal basis, for the perovskite precursand bathocuproine (BCP) were purchased from TCI
America. Cesium iodide (99.999% trace metal basis), fulle@6te(99.9% sublimed) (C60),
and PTAA were purchased from MilliporeSigma. Poly(@ © s(K, 3iddjmethyl)-N-
ethylammoiniurapropyt2, 7fluorene}alt-2, 7-(9, 9-dioctylfluorene)idibromide (PFNBr) was
purchased from-Material. Silver pellets (99.99% purity) were purchased from RD Mathis.
4.2.2 Polymer Synthesis

The synthesis of polymers FIAn, FIAnF, FICz, CzAn, CzAnF, and CzCz has been
reported m our previous workR® The additional polymers introduced here were synthesized using
the same method, which is described inebel 4.1A, with the exception of the polymer CzFl,
which utilized a 1:1.05 stoichiometric ratio of aryl dihalide to aryl amine. This was due to the
high molecular weight of the polymer when synthesized with stoichiometrically equivalent
amounts of each, madg solubility of the polymer an issue. The structures of the polymers
synthesized in this study are shown in Scheme 4.1B. A detailed description of the synthesis, the
purification of these materials, and structural characterization thféiMR is availablein

Appendix C
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4.2.3 Device Fabrication

Fabrication of PSCs was done similarly to our previous public&tibhe devices were
prepared on prepatterned | FQvhishindddden cletneds ( 2.
through sonication in acetone asdpropyl alcohol sequentially for 20 min each. The substrates
were then ozone treated for 15 min. Solutions of the prepared HTMs (4.0 mg/mL in
chlorobenzene) or PTAA (2.0mg/mL in toluene) were filtered with a PTFE syringe filter (0.22
pm pore size) prioto deposition. Deposition was done in a nitrojed glovebox through
static spincoating at 5000 rpm, 3500 rpm/s acceleration, for 30 s (HTMs) or 6000 rpm, 2300
rpm/s acceleration, for 30 s (PTAA). The films were then annealed for 10 min at 100 °C and
allowed to cool to room temperature. A thin layer of PBiNvas deposited from methanol
solution (0.5 mg/mL) by dynamic spooating at 5000 rpm for 30 s to allow sufficient wetting of
the LHP precursor. The tripleation FAMACs LHP was deposited on the MTayer using a
previously reported method. The precursor solution was filtered in the same method as the
HTMs prior to deposition. The precursor (60 uL) was statically-spated at 6000 rpm, 1300
rpm/s acceleration, for 45 s and the chlorobenzenesalngnt (120 pL) was rapidly dropped
onto the spinning substrate 11s into the procedure. The resulting films were annealed at 100 °C
for 1 hr. Go (30 nm) and BCP (6 nm) were sequentially deposited onto the films via thermal
evaporation. The final films wemasked to expose only the active area, and the silver back
metal contacts were deposited through thermal evaporation (100 nm).
4.2.4 Characterization Methods

Characterization of the polymers was conducted as foll®MR spectra were
obtained in beremed6 using a JEOL ECAQ00. Gel permeation chromatography (GPC) was
performed on a Viscotek GPCmax calibrated with polystyrene standards, using THF as eluent at
35°C with a flow rate of 1 mL mih UV-vis absorption spectra and fluorescence emission
specta were obtained using THF as solvent on a Beckman Coulter DU 800 spectrophotometer
and a Horiba Jovin Yvon Nanolog spectrofluorometer respectively. Thermogravimetric analysis
(TGA) was performed using a TA instruments TGA Q500 with a ramp rate of 10°€tonin
final temperature of 800°C. Differential scanning calorimetry was performed using a TA
instruments DSC Q2000 under nitrogen flow fre#8°C to 200°C with a 10°C miihscan rate.
Photoelectron spectroscopy in air (PESA) data was obtained using-arird@ Riken

Instruments at the Stanford Nano Shared Facility on HTM samplesagiad from
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chlorobenzene solutions with concentrations of 4 mg mto glass microscope slides.

Conductivity measurements were performed using aviowg configuration vith four parallel

silver electrodes (2 mm spacing) on samples-epst on glass substrates (~12 nm sample
thickness). llluminated conductivity measurements were taken in the same setup under 1 sun
illumination. Inductively coupled plasma optical emissspectroscopy (ICDES) was

performed on a PerkinEImer OES Optima 8300 using argon gas with an internal standard of
10ppm Sc. ICROES was performed by the Ranville group at the Colorado School of Mines.
Samples were prepared following a procedure fromalitee®’ An ION-TOF TORSIMS V

Time of Flight SIMS (TOFSIMS) spectrometer was utilized for depth profiling of the LHP

utilizing methods covered in detail in previous repdtinalysis was completed utilizing a 3

lens 30kV BiMn primary ion gun. igh mass resolution depth profiles were completed with a
30KeV Biz" primary ion beam, (0.8pA pulsed beam current), a 50x50um area was analyzed with
a 128:128 primary beam raster. Sputter depth profiling was accomplished with 1kV Cesium ion
beam (6 nA spudtr current) with a raster of 150150 microhd/ curves were obtained on a

Newport Oriel Sol3A solar simulator with a Xenon lamp without ligbéking. The lamp

intensity was calibrated using a KG2 filtered monosilicon reference cell to 100 mA\Whm

1.5G. Scans were taken forward to reverse and reverse to forward bias directions with a step size
of 10 mV and a step delay of 12 ms. Devices were 0%laoahwere masked to define a 0.059

cn? active area. External quantum efficiency (EQE) was measuredaisivlgr cell quantum

efficiency measurement system (QEX10, PV Measurements). Scanning electron microscopy
(SEM) was performed on a FEI Nova 630 field emission gun with an eldotam voltage of 3

kV in immersionrlens mode on split devices with exposeassrsections, to allow for layer
thicknesses to be measured. Contact angle was measured as a function of time using a drop shape
analyzer (DSA 100, Kriiss GmbH, Hamburg, Germany). A 3 pl droplet of either deionized water
(fig. S9) or LHP precursor solutidffig. 1B) was generated on a 1 mm diameter blunt needle and
deposited on the various sample substrates, 2 substrates of each type were used and 3 drops were
measured on each substrate with the average and standard deviation reported. Stability testing
wascarried out using a sulfur plasma lamp with an intensity of approximately 1.0 sun. All

spectra are available in the supporting information, or through our previousiwork.
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4.3 Results and Discussion

A NH; 1. NaOrBu, Pd(rBu;P),, Toluene
N 80°C, 24hrs
+ | 2. Bromobenzene, 80°C, 1hr
Br Q.O Br R// 3. Diphenylamine, 80°C, 1hr

80°C, 24hrs

\
Br Q O Br * O 2. Bromobenzene, 80°C, 1hr
AZ 3. Diphenylamine, 80°C, 1hr

5\ NH; 1. NaOtBu, Pd(tBu;P),, Toluene

(B) Q‘D @% O'O g@

! czAn FIAnF ' CzanF | F

Yield — 90% Yleld 95% Y|eld 93% Yleld 88%
8o e . o @'@ @
FIAnO ’ ! L Czan0 !
Yle\d 95% Yleij _971‘3/ Yield — 87% Yield - 87%

xgxg;‘:@ : «5@

Yleld 86% Yield — 93% Yield —92% Yield —97%

Scheme 4.1: (A) BuchwalHartwig amination used to synthesize the investigated polymer
HTMs with a fluorene (top) or carbazole (bottom) based aryl dihalide as one gnmgmomers
coupled with varying primary aromatic amines. (B)emical structures, abbreviations, and
reaction yields of the twelve polymeric HTMs synthesized.

The synthetic strategy used to fabricate the polymer HTMs under investigation was a
BuchwaldHartwig amination coupling, that allowed the formation of nitregarbon linkages
from aryl dihalide and primary amine reactants in the presence of a palladium catalyst and a
strong base (Scheme 4.1&)This strategy allowed for a one pot reaction that progressed for 24
hours before being terminated by endcapping through stepwise additions of bromobenzene and

diphenylamne. The removal of residual palladium catalyst is important for these materlads to
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used in devices for high efficiency and stabifity/? A simple strategy was utilized to remove the
palladium from the HTMs through use of a scavenger molecule, diethylammonium
diethyldithiocarbamate, followed bygxipitation of the HTMs in methan®l.Using this reaction

and purification strategy, twelve novel polymeric HTMs were syrtleesirom a combination of

two aryl dihalides and six primary amines with yields ranging fro@8% (Scheme 4.1B) and
residual palladium present in ppb concentrations (supporting information S18). The two aryl
dihalides, 2, ®ibromo9, 9-dihexylfluorene ad 2, #dibromo9-(2-ethylhexyl}carbazole, were
selected as monomers due to the higher conjugation of fluorene and carbazole groups allowing
for relatively high conductivities, while providing different electronic properties due to the
difference in thet@m at the Qosition. The long alkyl chains at thep®sition allowed for high
solubility in organic nospolar solvents. Furthermore, these monomers are readily available at
low cost, and have previously been polymerized via BuchWaldwig aminatiorf? Six primary
aromatic amines, aniline (An);ffuoroaniline (AnF), panisidine (AnO), 4methylthio)aniline

(AnS), 3aminc9-ethyl carbazole (Cz), andd@nina9, 9-dimethyl fluorene (Fl), were selected

to provide customization of polymer tiheal and optoelectronic properties, and hydrophobicity.
Abbreviations for the HTMs were selected based on the identity of the fluorene or carbazole core
(FI or Cz) from the aryl dihalide, followed by the identity of the functionalized pendant group
(An, AnF, AnO, AnS, Cz, FIl) from the primary amine.

Table 4.1Physical, thermal, and electrical properties of the PTAA and the HTM polymers.
3GPC data obtained using THF as eluent with polystyrene calibration EDa@mposition

temperatures recorded as 5% mass loss under nitrogen using thermal gravimetric analysis
(TGA). GPC, TGA, DSC, and-goint probe conductivity data can be foundipperdix C

HTM M, (kDa) PDI T (°C)  PT4(°C) Conductivity (mS/cm)
PTAA 7.3 1.32 - - 0.54
FIANn 20.9 6.05 116 409 0.46
FIAnF 17.9 3.67 109 412 0.20
FIANS 14.6 2.63 120 408 0.95
FIANO 19.7 4.63 118 413 1.69
FICz 23.6 2.42 162 421 3.37
FIFI 154 3.47 158 417 1.84
CzAn 10.1 5.99 146 411 1.04
CzAnF 19.8 3.05 156 420 0.46
CzANnS 7.7 1.77 133 378 0.78
CzANnO 23.6 3.04 153 414 2.36
CzCz 14.4 1.89 189 403 2.85
CzFl 4.0 2.41 162 420 0.48
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The different reactants used in the Buchwldlttwig aminationcoupling significantly
altered the physical, chemical, and electronic properties of the synthesized HTMs. Extensive
characterization was performed on the HTMs to explore relevant propertgsidatial use in
p-i-n PSCs (Table 1). The number average molecular welgf)twas determined through gel
permeation chromatography against polystyrene standards, and varied between HTMs within the
range of 4.23.6 kDa. The distribution of molecular weights, described by the PDI, varied from
1.77-6.05. The values d#l, and PDI ofthe HTMs followed trends found in our previous report
that investigated six of these materifl€arbazole based materials geslly possessed lower
molecular weights, which was attributed to mesomeric electron donating effects of the carbazole
leading to faster dissociation during the reductive elimination step of the re&ctirhe PDI
was a function of the specific primary amine monomer, and attributed to higher fractions of low
molecular weight congtients during rgrecipitation in methanol. Through careful selection of
re-precipitation solvents PDI can be reduced, whilscan be controlled through reaction time.
However, our previous study showed PDI and molecular weight had minimal impact on PSC
performance for these HTMs. Thus, the HTMs were used in PSCs without further re
precipitation®®

Thermal properties of the HTMdegradationTd) and glass transitiofiytemperatures,
were observed through thermogravimetric analysis (TGA) and differential scanning calorimetry
(DSC), respectively. Values afranged from 3781 2 1 , Ssignificantly higt
conditions forphotovoltaic devices and indicative that HTM thermal degradation would not be a
pathway for device failure in PSCs using these HTNsanged from 104 8 9 due to
differences in polymer rigidity and molecular weight with highest values observed inaisateri
with carbazole or fluorene pendant grodp$>Typically, valuesoffigabove 100 ar e
desirable to improve devicability through avoiding unwanted HTM morphological changes
during device operatiol: ¢ Conductivity of the HTMs was relatively high ranging from 0.20
3.37mS/cm under one sun illumination, comparable to or up to seven times higher than PTAA
(0.54 mS/cm). Several trends between chemical structure and conductivities of the HTMs
emergedM, can influence the electrical properties of the HTMs with lakdietypically
resulting in higher conductivities and hole mobilité4® The relatively loweM, of CzFI and
CzAnS likely contributed to the lower conductivities exhibited by these materials. Miheas

within 4.0 kDa between fluorene and carbazole core materials, as is the cage with
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methoxyphenyand4-fluorophenylpendant group HTMs, carbazole core HTMs had higher
conductivities likely due to the additional electron density from the$iton nitroga.

Carbazole and fluorene pendant groups exhibited higher conductivities than phenyl based
pendant groups due to increased aromaticity. Between phenyl based pendan#égroups,
methoxyphenyincreased conductivity antifluorophenyldecreased conductivityletive to

aniline. This is due to the levels of conformational disorder, which reduce hole mobility, with the
methoxy group of AnO limiting conformational changes relative to the hydrogamlofe, and

the highly polar fluorine promoting electrostatisatider>®
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Figure 4.1: (A) Cross sectional micrograph showing the p&@ device architecture used. (B)
Contact angle measurements of the LHP precursor ink on ITO, PTAA, and HTM substrates.
HTMs were classified into three categories based on the visible amount of LHP deposition
achieved without the use of a PfBY wetting layer

A commonly useg-i-n PSC architecture was selected to test the suitability of the
synthesized polymers as HTMs, featuring a triple cation active layer (bandgap of ~1.60 eV)
formed from a precursor solution with a (FAMA 0.16C%.5)Pb(lb.saBro.16)3 Stoichiometry. Figure

4.1A shows a cross sectional micrograph of a typical device stack with color added to better
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distinguish layers. HTMs were deposited on ITO to a previous optimized thickness of <92 nm,
while PTAA control devices utilized slightly thinner optimized layers (~8 fi®ply(9, 9
bi s(N,d-@imethyl)}N-ethylammoniurmpropyt2, 7-fluorene}alt-2, 7-(9, 9
dioctylfluorene))dibromide (PFM¥8r) was used as a wetting interfacial layer, whise/BCP and
silver wereused as the electron transport material (ETM) and metal electrode, respectively. PFN
Br has previously been used to improve LHP precursor wetting in order to improve the
interfacial and morphological quality of the LHP fifth32 5153 Typically, the thickness of this
layer is reported as <5 nm due to low concentration of the deposition solution. Howevd3r PFN
is highly soluble in LHP precursor solvents, indicating this layer is likely removed from the
device stack or incorporated into the resulting LHP film as reported by Boalg*

The use of PFNBr was necessary to deposit a pinkioéee LHP film from solution onto
HTM films, due to the high hydrophobicity of the materialse THP precursor contact angle
was measured for the HTMs, PTAA, and ITO, to further evaluate how the chemical structure of
the HTMs impacts LHP deposition without PHBX (Figure 4.1B). Precursor contact angle
varied for the synthesized HTMs from-864  jch produced a large variation in LHP
deposition ranging from no film formation (red region), to some areas of film formation (yellow
region), to | arge areas of film formation (gr
(40 ), bot h helehfreediendorntation slitalple far use in devices. In tandem, these
results illustrate how a small variation in precursor contact angle can heavily influence the ability
to deposit pinhole free LHP films. HTMs that featured a carbazole core had imprecegsor
wettability compared to those with a fluorene core, likely due to the additional alkyl chain
present in fluorene based HTMs. Between pendant groups, carbazole and fluorene groups
improved wettability compared to phedyhsed groups, likely due the increased solubilizing
effect of the added alkyl groups. Within phenyl pendant groups methylthio and methoxy
functionalization improved wettability while fluoro functionalization decreased wettability, due
to the respective groups promotion or reductn intermolecular forces between the HTM and
the relatively polar inR> *°lt is interesting to note thahe visible trend in LHP film formation
was not comparable to the water contact angle of the HTM films (supporting information S9),
suggesting that precursor contact angle is a more accurate measurement compared to water

contact angle when evaluating LHilPn formation from solution deposition.
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Figure 4.2: (A) Device characteristics of the twelve HTMs and PTAA controls. Two materials,
CzFl and FIAnS, showed PCE comparable to or greater than PJcAWas comparable between
all HTMs. Generally, fluorene core materials exhibited higheyrand carbazole core materials
exhibited higheFF. (B) Devices under illumination exhibited improved performance with the
best materials (FIANS and CzFl) outperforming PTAA. Averages were obtained fr86 15
devices for each material and error bars reptegtandard deviation. Data presented was
measured in reverse bias.

Average devices characteristics (reverse bias) for all twelve HTMs and PTAA control
devices are presented in Figure 4.2A. The synthesized HTMs generally performed well, with
nine HTMs poducing devices with average PCE above 16%. Devices prepared from the best
performing HTMs, FIAnS and CzFl, had average PCEs of 17.12 + 0.29% and 17.56 + 0.19%,
respectively, values that were comparable to PTAA control devices (17.55 + 0.50%). Slight
hysteesis was exhibited in all devices including PTAA controls, typical of the device
architecture and active layer (supporting information S10). Sivaxit current Jsg) was similar
throughout all synthesized HTMs, but slightly lower than PTAA contké@s.for all materials
ranged from 0.94Q.068 V with most materials above 1.020 V and generally fluorene core
materials outperforming carbazole core materials. Values for fill factor (FF) were typically
between 0.76 and 0.80 with the exception FIAnF thasessed significantly lowéiF (0.571 +
0.10). Carbazole core materials generally out performed fluorene core materials in this
parameter. It is interesting to natalues of PCE for PTAA control devices were relatively low
compared to other studies usimgimilar PSC stack due to a low&sc. While this may be

indicative of some recombination initially present within the LHP active film, prolonged
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illumination (>24 hrs) of PSCs with PTAA and the four best synthesized HTMs incréased

and PCE to the expted literature values for this device stack (Figure 4&#endix C10,

C11). For example, average PCE for PTAA, FIAnS, and CzFl improved to 17.93 + 0.45%, 18.21
+ 0.37%, 18.10 = 0.37%, respectively, with a champion FIAnS device reaching 18.79%.
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Figure 4.3: (A)Ess, HOMO, and LUMO of the twelve HTMs and PTAA grouped by the
chemical identity of the core group and further arranged by the electron withdrawing/donating
strength of the pendant group. (Bjc as a function of HOMO energy revealed twstict

regions. In, the red region, devigec was limited by the HOMO/VB overlap, as indicated by

the linear trend. In the blue region, a separate recombination bottleneck/tmitsrror bars in

(B) represent standard deviation.
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The optical anelectronic properties of the HTMs had a significant impact on the device
characteristics. Figure 4.3A presents the optical bandgap efekgydétermined via UV
Visible absorption onseAppendix C3), HOMO energy from photoelectron spectroscopy in air
(PESA) Appendix C12), and the lowest unoccupied molecular orbital (LUMO) found as the
difference between HOMO aritbe. The HTMs possessed a slightly smalteg (2.81-2.94 eV)
compared to PTAA (3.07 eV). The differencebgs between the twelve synthesizdd@Ms and
PTAA likely contributes to the slightly highdscobserved in PTAA control devices. This
difference was supported by a lower external quantum efficiency for devices with the
synthesized HTMs at those wavelengthpgendix C13).

HOMO energy leels are important to consider when evaluating difference®sdn
between devices with different HTMs. Specifically, an energetic offset between the valance band
(VB) of the LHP and the HTM HOMO can significantly inhibisc.!® *°The synthesized HTMs
had a wide range of HOMO energy levels betwded7 and5.36 eV.Fluorene core materials
possessed deeper HOMO energy levels than carbazole core materials due tebthrediman
lone pair electrons on the nitrogen atom at the catb&@zposition making it more
electronegative. Withindth fluorene and carbazole core HTM groups, deeper HOMO energy
levels were correlated to more electron withdrawing functional groups. The impact of the
HOMO energy level on PS¥oc was explored in Fige 4.3B where two distinct trends were
observed. For HOMO energy levels beleid7 eV (red region), the relationship is linear
relative toVoc, suggestind/oc is heavily impacted by the HOMO/VB alignment. Abcv¥ed7
eV (blue region) th&ocflattens in elation to HOMO energy level, remaining level between
1.021.07 V. Neheet alrecently observed optimal HOMO/VB alignment between LHP of this
composition and PTAA, but neoptimal alignment in shallower HOMO HTMs that was
consistent with the observed teelf In addition to the HOMO/VB alignment, other HTM factors
can impact PS®oc such as interfacial recombination, the rate of changetion, and HTM
hole conductivity. Within the blue region of Figure 4.3B, materials possessHiig@dphenyl
pendant group have lower relatiVec, which may be due to the relatively lower conductivity
exhibited by these materials compared to oflyathesized HTMs. Overall, the wide range of
HOMO energy levels observed in the twelve HTMs provides a platform to use a similar
synthetic strategy to produce materials for a wide variety of LHP compositions. In nal&swer

tin based LHPs, VB energies afeallower and may be better suited for HTMs in the red region
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of Figure 4.3B. HTMs like FIAnF, with significantly deeper HOMOs than PTAA, may provide
better HOMO/VB overlap to widEss LHP compositions. In particular, this HTM may be well
suited for Br/l mixed halide species that have deeper VB edges from the contributions of Br p

orbitals®: %7

A FlAn A CzAn
v FIAnF v CzAnF

Fill Factor
o
N

FIANS CzAnS
< FIAnO < CzAnO
® FICz © CzCz

v > FIFI > CzFI
54 52 50 48 46
Ink Contact Angle

o
o))

Figure 4.4: (A) Crossectional micrographs of (i) FIAnF, (ii) FIAn, and (ii)) CzAnS. Large void
formation at the HTM/LHP interface likely contributed to the B exhibited in devices that
used FIANnF. (B) Precursor contact angle on HTM substrates as a function 6Hx80wed

lower contact angles correlated to higher FFCError bars in (B) represent standard deviation.

PSCs that used the synthesized HTMs laikal FF values between 0.76 and 0.80 with
the exception of FIAnF (0.57). Devices with FIAnF as the HTM Jsa@ndVocsimilar to other
HTM materials with a significantly higher series resistance, suggdsfingas low due to
physical defects increasingsistanceAppendix C14). To investigate if major LHP
morphological differences were contributing to the lower obsef¥edf FIAnF, top down and
crosssectional scanning electron microscopy (SEM) was employed on three materials, (i) FIAnF
(FF=0.57), (ii) FIAn (FF=0.76), and (iii) CzAnS (FF=0.80). Top down SEM showed similar
grain sizes in LHP films deposited on the differditMs and pinhole free films with no obvious
morphological differencesAppendix C15). However, crossectional SEM revealed LHP films
deposited on FIAnF and to a lesser extent FIAn had void formation at the HTM/LHP interface,
suggesting the cause of irased series resistance and Efmfor PSCs with FIAnF was due to

poor HTM/LHP interfacial morphology (Figure 4.4A).
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There were two potential reasons for the poor LHP morphology contact in devices that
used FIANF and FIAn that may also apply to the eitif¢ series. First, th&gy of FIANF (109

) and FI An (116 ) were the | owest of alll t h
the LHP film. In fact, a strong trend was observed betweenFFSEhd HTM Ty, with HTMs
possessing< 1 30 p r dcdsuwithi lawgFFdTe test this hypothesis, a set of PSCs
were assembled using a 110 anneal i nfgFFt emper
did not significantly change for devices using HTMs Wiglc | ose t o 110 , Sugge

HTM Tgwas rot related to the lowdfF observed in FIANF and FIAn devices (supporting
information S16). Secon&F trended closely with precursor ink contact angle with higher
contact angles resulting in lowEF (Figure 4.4B). PFNBr was found to be highly soluble in

LHP precursor solvents, and likely dissolves upon deposition of the LHP ink after providing
initial wetting of the HTM substrate. As the precursor film formed during the spin coating
process, the poor innate DMF:DMSO wetting of the HTMs may have impacted film formation,
resulting in HTM/LHP interfacial voids upon crystallization.phi-n LHP solar cellsthe

wettability of the HTM substrate has been shown to play a significant role in LHP film
formation. Hydrophilic substrates, such as PEDOT:PSS, result in small LHP grain sizes, while
hydrophobic substrates result in large grain sizes but can lead ¢atiisous films! These

results are comstent with the deposition challenges associated with hydrophobic HTMs, and
suggests that there are limitations to the effectiveness of interfacial wetting layers such as PFN
Br when assisting solution based LHP deposition on hydrophobic substratesaifhdrsip in

FF between FIAn and FIANnF suggests a critical ink contact angle where the LHP is no longer
able to form a voidree film, leading to increased defects at the interface, and therefore poor

interface quality.
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Figure 4.5: llluminated stabilitgver 1000 hrs at 35°C of four HTMs and PTAA controls. Six to
fourteen devices were used per material to evaluate performance. Error bars represent standard
error.

After identifying suitable HTMs for the used LHP architecture and composition, stability
of the PSCs using CzAn, CzFl, FICz, and FIAnNS were compared to PTAA controls. These HTMs
were selected based upB@E and chemical functional group diversity. llluméathstability was
assessed by subjecting devices to ~1 sun illumination under ambient conditfesslatorder
to focus on stability differences from the identity of the HTM, gold contacts were used in place
of silver and devices were encapsulatedrtotidegradation effects from electrode corrosion and
environmentally driven degradation of the bulk LHP, respectively. After 1000 hours of
illumination significant differences in retained PCE was observed between PTAA and the four
selected HTMs (Figure 4.5Two HTMs, CzAn and FICz, retained PCE close to 80% of the PCE
maximum, significantly higher than FIAnS (70%), PTAA (63%), and CzFl (56%). There were no
obvious trends connecting HTM properties or chemical functionality to retained PCE with the
exceptionof HTM conductivity, which showed higher conductivities resulted in higher retained
PCE. This trend may indicate that HTMs with higher conductivity can diminish charge
accumulation at the LHP/HTM interface that would otherwise result in interfacial deigrad
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Figure 4.6: ToFSIMS signal (intensity normalized to total counts) for degradation products in
(A) PTAA and (B) CzAn (representative material) at 60s sputter time (BicR4&r) and 600s
(LHP layer) for common products of LHP degradation and In. PTAA had significantly more
products indicative of LHP degradation diffused into the BG#H&yer compared to the
synthesized HTMs, while the HTMs had In present in the LHP arf/@&glayers indicative of
reactions between LHP and ITO.

To further assess degradation, time of flight secondary mass spectroscofiM)F
was used to collect information on how components in the device stack migrate before (solid
circles) and afte¢hollow triangles) 1000 hrs illumination (Figure 4.6). CzAn is presented as a
representative HTM material with PTAA, while the T8RS data for the other HTMs is
available inAppendix C17. Two interesting material migrations that indicate device degoadat
occurred during illumination. First, products consistent with LHP degradation@PbN;",
Csil3) were found within the BCPKlayer (~0300 s sputter time), with significantly higher
relative concentrations observed in PTAAPRD', 10* CHsN2", 10 Csil3) based devices
compared to the synthesized HTMs fRb', 10° CHsN,", 10° Cxls) with the exception of
FIAnS, which renarkably showed no increase in these species relative to the control. Second,
indium (In)indicative of ITO corrosion was observed within the BGRl&yer as well as the
LHP layer (~406800 s sputter time) within all synthesized HTMs, while minimahigration
was found in PTAA devices. LHP reactivity with ITO has recently been observed and
electrochemically investigated by Kerredral, where LHRvas able to etch ITO under relatively
low voltages at room temperat®E° In migration has previously been shown to reduce device
stability and performance in both light emitting diodes and photovof4i®ahe absence of

observable In migration in PTAA devices suggéiséd PTAA is significantly more impervious
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to reactant migration relative to the synthesized HTMs. Within the synthesized HTMs, FICz
appeared to be more vulnerable to In migration potentially due to a higlaexd PDlcreating a
more porous HTM layer. Is important to note that the relative amounts of degradation products
did not line up with the observed average device stability and should be taken as primarily
diagnostic. Thus the observed material migrations indicate two potential pathways of device
degradation with PTAA devices suffering mostly from LHP degradation, while the synthesized
HTMs appeared to have generally less LHP degradation but also had evidence ITO corrosion.
Future improvement in synthesized HTWA and PDimay reduce LHP/ITO reaons by
providing a more robust barrier between perovskite and ITO.
4.4 Conclusion

In summary, twelve polymer HTMs of similar structure but varied chemical functionality
were synthesized through a simplechwaldHartwig aminationcouplingreaction followed by
purification. When incorporated inf@i-n PSCs, the synthesized HTMs perfothveell relative
to control devices fabricated using PTAA. Two interesting trends related HTM properties to
device characteristics. First, HOMO/VB overlap impacted deviesat HOMO energy levels
below-5.00 eV, which was dictated by the electron donadimdj withdrawing nature of the
functional groups present in each HTM. Understanding how to control polymer energy levels,
particularly the HOMO, is imperative for designing HTMs for targeted use in the wide variety of
LHP and other LHP species (low, mediumgh bandgap) currently under investigation. The
relative LHP precursor wettability of the HTMs heavily impacted fabricated LHP film
morphology and consequently devie€e. The large HTM library showed how small differences
in LHP precursor contact anglarcsignificantly impact film formation, and serves as a better
indicator than water contact angle. The large variation in LHP film quality despite the use of a
PFN-Br wetting layer shows potential limitations of using wetting layers to assist in LHP film
formation on hydrophobic substrates. Finally, several of the highest performing synthesized
HTMs showed significantly improved stability relative to PTAA, which when coupled with the
strong PCE exhibited by the best HTMs showcased the promise of this tdmbterials in
PSCs.
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CHAPTER 5
IMPROVING POLYMER HOLETRANSPORT MATERIAL PROPERTIES BY SIDE CHAIN
MANIPULATION FOR EFFICIENT METHYLAMMONIUM-FREE
PEROVSKITE SOLAR CELLS

Daniel D. Astridge-? Tobias Abziehe?,Connor HookK: David T. Moore> Alan Sellingef-3®

5.1 Introduction
Perovskite solar celld®SCs) are promising liglitarvesting devices due to their high

efficienciest? facile integration intdandem device¥? and high potential for loveost
manufacturing due to simple processing techniques such ds-roll printing The HTM
layers of these devices play a vital role in both stability and efficiency by assistingge cha
separation and conduction of holes to the cathode. The current benchmark materials for both
0t r adi-itpi oannadl 60 i-nn deerices aeecpdly[bE{ghenyl}(2,4,6
trimethyl phenyl ) a#etrakis(N,Ndi-@niethakyphenylamize®9 67 , 7 6
spirobiflurorene gpiro-OMeTAD), poly(3,4ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) and f@H-carbazol9-yl)ethyl]phosphonic acid (2PACz). Each of these
materials, whilst highly efficient, present their own problems. For example, P3ia;
OMeTAD and 2PACz are prohibitively expensive for commercial applications, while
PEDOT:PSS is highly acidic and hydrophilic which is problematic for long term device
stability.”° SpirooOMeTAD and other organic small molecules require doping for high
efficienciest'3 and cannot be incorporated inté-p architectures ase¢htHTM layer is then
destroyed due to its solubility in the perovskite precursor-&sémbled monolayers (SAMSs) of
phosphonic acids like 2PACz are only useful forrptype devices. PTAA cannot be modified,
so it has a narrow range of usability with geskites before its highest occupied molecular
orbital (HOMO) energy is an energetic mismatch with the valence band of the absorber.
Furthermore, PTAA is highly phobic to the perovskite ink precursors, which typically means an

interfacial layer or postleposition modification with UV and ozone is required to deposit a
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satisfactory absorber layer.

Recently, we demonstrated a family of polymer HTMs synthesized by the Buchwald
Hartwig cross coupling reactidfi!® These polymers had highly tunable HOMO energies
through the incorporation of electron withdrawing and donating groups in the backbone and on
pendant phenyl group$he polymer CzAn was incorporated into a methytamium free Sn
Pb pi-n perovskite device, outperforming PEDOT:PSS in both efficiency and stability.
Furthermore, we demonstrated the improved performanEAMACs devices incorporating
these HTMs both for peak efficiency and longenm stability over PTAA. In particular, the
FIANS polymer was of interest due to its exceptional PCE and stability. These materials however
still required an interfacial layer, meely poly[9,9-b i s(N,Bl-dimethyl}>N-ethylammonium
propyt2,7-fluorene}alt-2,7-(9,9-dioctylfluorene))dibromide (PH¥Br) for effective deposition of
an absorber layer. Additionally we noted that the glass transition tempemijuréthe
materials verelower for the fluorene variants than for the carbazole variants, despite the
generally better performance of these materials overall in wide dgmgerovskite devices. As
there are potential high temperature applications of these matarsahition to this is desirable.

In this chapter, weescriberandom copolymer variants of FIAnS, where the 9,9
dihexylfluorene unit has been replaced with dimethylfluorene in various ratwe\timea
controllableTg with no loss of performance orwabus changes in electronic properties. We
further describe high T random terpolymer which incorporates a small percentage of a third
fluorene based monomer for improved wettability of the deposited HTM and allows for direct
deposition of the active pavskite layer. We incorporate these materials into devices containing
the methylammonium free perovskite CsFARhich is stable at higher temperatures, as proof
of concept for use in higher temperature applications.

5.2 Experimental
5.2.1Synthesis

Sy nt he s-(23dibovomo9Bi-fludréne9,9-diyl)bis(N,Ndimethylpropanl-amine)
monomer A 250 mL round bottom flask was charged with-@ifromo9H-fluorene (3.9977 g,
12.34 mmol) and-8limethylaminopropyl chloride (5.40 g, 44.4 mmol). Tetrabutylammonium
bromide (0.0911 g, 0.283 mmol) was added, and the flask was purged with vacuumlladd refi
with nitrogen three times. The solids were dissolved in DMSO (50 mL) with stirring at room

temperature followed by the addition of 8 mL of sodium hydroxide solution, 50% w/w in
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deionized water. Upon addition, the mixture was observed to turn chdrapdegelatinous. The
temperature was increased to 60 °C and allowed to stir for 1 hour while monitored by thin layer
chromatography, whereupon the reaction was cooled to room temperature and quenched by
pouring into iced water. The mixture was extracteee times with diethyl ether. The organic
layer was washed three times with 10% NaOH solution and three times with saturated sodium
chloride solution, followed by drying over Mg 'he organic solvents were removed by rotary
evaporation to afford a pinkl. The crude product was then purified by column chromatography
(4:1 hexanes:ethyl acetate on silica) followed by recrystallization in hexanes to obtain a fine
white powder, 4.45 g, 73%. Purity was confirmed by GCMS*&hNMR spectroscopy.

Polymer syntasis.All polymers followed the same general procedure, outlined herein.
To an oven dried Schlenk flask sodium4eutoxide (3 equivalents) and appropriate
dibromofluorenes (varying) were added, followed by evacuation by vacuum and nitrogen refills
threetimes. Anhydrous toluene was added to the flask via syringe with stirring. 4
(methylthio)aniline (1 equivalent relative to fluorenes) was added to flask via autopipette with
positive N flow. The palladium catalyst (0.04 equivalents) was added to thewigiskositive
N2 flow. The reaction was heated to 80 °C and allowed to proceed for 24 hrs, when
diphenylamine (0.05 equivalents) was added with positiviioM. After another hour,
bromobenzene (0.1 equivalent) was added to the mixture and allowedttfboremother hour,
after which the reaction was cooled to room temperature. The reaction mixture was diluted with
THF (50% volume relative to toluene) and stirred for a further 15 minutes. This mixture was
then precipitated into stirring methanol and ¢hede polymer was recovered via vacuum
filtration. The crude was then dissolvedliHF and refluxed overnight with diethylammonium
diethyldithiocarbamat€0.3 equivalents, relative to combined fluoreres)ng as a palladium
scavenger. The mixture wasated to room temperature and again precipitated in stirring
methanol. The final polymer was recovered by vacuum filtration and dried in a vacuum oven
overnight at 55 °C to afford polymers in various shades of yellow, with yields in excess of 90%
5.2.2 Devee Fabrication

Glass substrates coated with ¢pagterned) indium tin oxide (ITO) were cleaned in
acetone and isopropanol in an ultrasonic bath for 15 min each, followed by an additional
cleaning step in ozone for 15 min immediately before the deposition of the mspdra

polymer. The hole transport polymer was dissolved with a concentration of 1.5 mg/ml in
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chlorobenzene. The deposition on top of the ITO front electrode was performed by spin coating
at 5,000 rpm for 30 s followed by an annealing step at 100 °C fanirLth inert atmosphere.
The perovskite absorber employed in this work had the compositig@s.sPbk and was
deposited by spin coating. For the perovskite ink, 551.9 mg B&B mg CsCl, and 191.1 mg
FAI were dissolved in a 1 ml mixture of DMF&DMSO (4:1 volume ratio). After all
compounds have been complete dissolved, 33 ¢l
perovskite ink. For the bulk passivation solution, 68 mg Pa@ 20 mg phenethylammonium
chloride (PEACI) were dissolvedi 1 ml DMSO. Finally, the i nk we
PVDF filter. The deposition of the perovskite absorber was performed in-st&pspincoating
approach. After pipetting 150 el of the perov
substrag, the ink was spun at 1,000 rpm for 10 s, followed by a faster spinning at 5,000 rpm for
30 s. 10 s before the end of the second-spmat i ng step, 150 ¢l CB wer €
absorber to initiate nucleation. In order to improve wetting of the petevsk on the hole
transport material, poly(9B i s(N,Bl-dimethyl}N-ethylammoiniurpropyl2,7-fluorenejalt-
2,7-(9,9-dioctylfluorene))dibromide (PF¥Br) was dynamically spin coated right before the
absorber deposition at 5,000 rpm for 20 s withoub&mrannealing. The absorber was annealed
at a temperature of 135 °C for 30 min. Right after the annealing, a surface passivation solution
(2.5 mg/ml of PEACI in IPA) was dynamically spun on top of the absorber at 5,000 rpm for 30 s,
followed by an anneaig at 100 °C for 5 min. All absorber preparation steps were performed in
inert environment. To get a working solar cell, 25 nm @fa&®dd 6 nm of bathocuproine (BCP)
were thermal evaporated on top of the absorber and the device equipped with a 100 nm thick
silver back electrode that was also thermally evaporated.
5.2.3 Characterization Methods

Thermogravimetric analysis (TGA) was performed using a TA Instruments TGA Q500,
with a heating rate of 10 °C mtrio a final temperature of 800 °C. Differential sy
calorimetry (DSC) was performed using a TA Instruments DSC Q2000 at a scan rate of 10 °C
mint under nitrogen flow from20 °C to 200 °C, with glass transition temperatures obtained
from the second cycle. UVis absorption spectra were obtained onealBnan Coulter DU 800
spectrophotometer using THF as solvent. Emission spectra were obtained using a Horiba Jovin
Yvon Nanolog spectrofluorometer with THF as solvéHtENMR was acquired using a JEOL
ECA-500, using DMSED6 as solvent for 2;dibromo9-(2-ethylhexyl)}9H-carbazole and
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benzeneD6 for all polymers. Gel permeation chromatography (GPC) was performed on a
Malvern Viscotek GPCmax with refractive index, intrinsic viscosity, and light scattering
detectors, and calibrated using polystyrene standasisy THF as eluent and a 1 mL rhifow

rate at 35 °C. Gas chromatography mass spectrometry (GCMS) was performed on an Agilent
Technologies 7890 GC system with 5977B MSD. All spectra for compounds are available in the
supporting information. Photoelectrapectroscopy in air (PESA) data was obtained using an
AC-2 from Riken Instruments at the StanfafdiversityNano Shared Facility on HTM samples
spin-coated from chlorobenzene at a concentration of 4 mgento glass microscope slides.

JV curve measurements were done using a Newport Oriel Sol3A solar simulator with a xenon
lamp. The lamp intensity was calibrated using a KG2 filtered rsditmn reference cell to 100
mW/cn?, AM 1.5G. Scans were taken in hdbrward to reverse and reverse to forward bias
directions at a step size of 10 mV and a step delay time of 12 ms. Devices weré &ntl evare
masked to define a 0.059 éactive area.

5.3 Results and Discussion

5.3.1 Synthesis and characterization

The polymer FIANS was synthesized at a 3 g scale according to previously reported
procedures. An attempt to make a FIAnS variant with 100% dimethylfluorene content in place of
the dihexylfluorene was unsuccessful as the polymer precipitated out of softéroondy one
hour, leading to oligomeric material that was insoluble in commonly used organic solvents like
THF, toluene, benzene, and chlorobenzene. The resulting polymer was exceptionally thermally
stable, as described in Figure 1A, however was of adarghe intended application due to its
lack of solubility. It is also likely that the conductivity of this polymer would be lower than
expected, due to low molecular weight.

To overcome this solubility issue, a copolymerization strategy was employed. For the
copolymers the following ratios of dihexylfluorene to dimethylfluorene were used; 80:20, 60:40,
50:50, and 40:60 with the synthetic procedure outlined in Scheme 1, &slane shown in
Table 1. These ratios were determined to be accurate in the final polynters\iyR analysis.

The methyl peak for the methylthio group in the original FIAnNS polymer is a distinct singlet at
2.05 ppm. As the dimethylfluorene monomer isodticed splitting of this peak is observed,
culminating in a pseudo triplet for the 50:50 ratio as t@endthylthio)phenyl pendant is
observed in 3 distinct environmeritbetween 2 dihexyl units (2.05 ppm), between 2 dimethyl
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units (2.01 ppm) and betwebnth dimethyl and dihexyl units (2.03 ppm). Integration of these

peaks vs the crowded aliphatic region allows for confirmation of the incorporated ratios.

S/

2

O

H,N 1. NaOtBu, Pd(tBusP), .
* * \©\ _Toluene, 24 hrs, 80°C O
Br O.D Br Br 0.0 Br s 2. Bromobenzene, 80 °C, 1 hr
I 3. Diphenylamine, 80° C, 1 hr N 0.0 N~ X
's
/

Schemeb.1: Synthesi®f the copolymer variants of FIAnS. Values for x equal 0.8, 0.6, 0.5 and
0.4. Total value forx +y =1

The thermal properties of the copolymers were obtained via TGA and differential
scanning calorimetry (DSC), with the individual spectra for thesigadain the Supporting
Information. The decomposition temperaturég are based on 5% mass loss and for each
material exceed 400 °C (Table 1), which suggests excellent ability to withstand high operating
temperatures. The initial mass loss in eaclhes¢ materials can be attributed to decomposition
of the alkyl side chains, which is confirmed by the highgralues for the copolymers
containing a higher proportion of dimethylfluorene units, which can be clelasirvedn
Figure 1A. This trend is also observed tioe Ty of the copolymers, with a linear increase
observed as dimethyl replaces dihexyl as shown in Figure 1B. This improverigig in
important for the HTM layer to withstand higher temperatures, for exatopileg the
manufacture of devices containing all inorganic perovskites like gsbtidbr devices that

operate in high temperature environments, such as space applications.
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Figure5.1: (A) Overlay of TGA spectra for copolymers and FIAm®ymer, demonstrating
reduced mass loss as alkyl content decreases and (B) ptoal&l/l content vy demonstrating
linearly increasingy as alkyl content decreases.

Polymer properties such as molecular weight and polydispersity are also knaffecto
the thermal properties of materials. To ensure that this was not the influencing factor in these
polymers, gel permeation chromatography (GPC) was performed to determine these properties,
which can be seen in Table 1. These materials all demonissiatgar values for weight average
molecular weightNlw), number average molecular weight,}, and polydispersity, with the
exceptions of the 80:20 copolymer where the GPC chromatogram was bimodal, and the 40:60
polymer which lacked sufficient solubiliip the GPC solvent. Nevertheless, these polymers
followed the trend for thermal properties and indicated 80:20 and 40:60 incorporation of the
fluorene monomers by NMR spectroscopy as planned. This further showed that the primary
factor in improving th&y of the copolymers was by decreasing the alkyl side chain mass
percentage. The comparison\, My, and PDI is provided iAppendix D14. In addition to
this the degree of polymerization was calculated for each polymer using the average monomer
mass and number average molecular welgased on this polystyrene equivalent molecular
weight approach determined via GPRg tange for the poiyers was 17 to 20 repeat units,
discarding the number for the bimodal 80:20 polymer, which demonstrates a consistent,
repeatable polymerization protocol, and should lead to polymers with similar conductivities.

To ensure that the copolymerization stratdglynot affect optical or electronic
properties, ultraviolevisible spectroscopy (UWis) of the copolymers in THF solution was
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conducted. The UWis spectra, which are available in the Supporting Information, suggest that
the copolymers have similar grerties as the original FIAnS polymer, as no significant shifting
of the absorption maxima or UV cut off was observed. Indeed, on calculating the optical

bandgap of these materials, no change was observed.

Table 5.1 Thermal, optical, and electronic praofpes of the synthesized polymet34 calculated
at 5% mass los§measurements taken in THF solution

aTy Ty b <haxAbS P Eogg Mhn Muw Yield
Polymer (°C) (°C) (nm) (eVv) (gmott) (gmott) (%) PDI
FIAnS 408 120 411 2.90 8660 42800 87 494
80:20 404 146 412 2.90 10800 181000 94 16.8
60:40 406 165 411 2.90 7250 23600 96 3.25
50:50 411 178 411 2.90 8110 37700 96 4.65
40:60 401 194 410 2.90 - - 93 -
100% Dimethyl 413 - - - - - 99 -

The synthesized polymers weneorporated into {-n devices containing the CsMARDI
perovskite, the results of which are discussed later irchi@pter An immediate finding was that
these materials still required some form of paegposition modification to allow deposition of
the perovskite. This was a disappointing result, as our previous work had shown that
incorporation of the dimethylfluorene moiety, albeit as a pendant group, had improved ink
affinity.'® To overcome this challenge, wesorporated a third fluorene based monomer, with
dimethylaminopropyl groups at thep®sition, in place of alkyl chain$he use of functionalized
alkyl side chains has been described in literature as a method to passivaté mesallzough
Lewis basidy,'® and these groups should also provide improved ink affinity through hydrogen
bonding.The synthesis of this material was slightly modified from a previously described
method!® with the synthesis shn in Scheme 2A. Due to tlgelationof the reaction mixture,
the additional heating step was required as this liquified the mixture and allowed the reaction to
proceed to completion, which was verified by thin layer chromatography in hexanes and ethyl
acdate (4:1 v/v).

The resulting monomer was incorporated into random terpolymers at 5% and 10% ratios,

while holding the dimethylfluorene incorporation at 50% as shown in Scheme 2B. The resulting
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yields were 96% and 98% respectively, indicating that ingatjum of these monomers was
successful. This was verified B{-NMR spectroscopy, and integration of the newly introduced
N-methyl peaks confirmed that we had achievedi#sredproducts. The terpolymers were

further characterized in the same mannghasopolymers, with all relevant spectra available in
the Supporting Information. We expected some loss of thermal properties due to the increased
branching of the dimethylaminopropyl moiety compared to the dihexyl moiety which it replaced,
butinterestig |l v t hi s wastheTlgvaluetfohboth madesiads wasaecorded at 183 °C,

an increase of 5 °C over the 50:50 copolymer. We hypothesize that this is due to the increased
strength of the intermolecular forces between the polymer chains, agtickeiaetd tertiary

amine allows for increased hydrogen bonding to occur.

1. DMSO, TBAB
50% NaOH(aq)

/
| rt, 15 min
- HCI s -
(A) B’B’ + Ch NG 2. 60°C, 1 hr > Br Q'O Br

1. NaOtBu, Pd(tBu;P),,

Toluene, 80°C, 24hrs

2. Bromobenzene, 80°C, 1 hr
N 3. Diphenylamine, 80°C, 1 hr

o
N . N/ X
@ Q D O 96-98% \s

¥
s
Q%

\

Schemé 2 (A) Synt hesi g27aibrono8Hefluonened,8-diybbis(NN-, 3 6
dimethylproparnl-amine) and (B) general polymerization strategy for wetttasf@lymers.
Values for x, y and z can be found in Table 2
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Analysis of the terpolymers was performed to confirm the newly introduced hydrophilic
moieties did not affect the electronic properties. From the analysis -&fifJ$pectroscopy, the
electronic bad gap was determined to be the same as the FIANS copolymers, with a calculated

value of 2.90 eV.
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Figure5.2: UV-Vis absorption spectra of the 5% and 10% terpolymers, with comparative spectra
from the100% dihexyl polymer and 50:50 polymer.

Wettability was still a concern for these materials, as the 5% dimethylaminopropyl HTM
still required a PFMNBr layer for perovskite deposition, and the 10% terpolymer showed-tzatch
batch inconsistencies with wettability which were negated by-BFENo overcometis,
additional wettable terpolymers wepeeparedwith the compositions of 40:40:20, 1/3:1/3:1/3,
and 25:25:50, of dihexylfluorene, dimethylfluorene and bis dimethylaminopropylfluorene

monomers respectively.
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Table 5.2:Terpolymer ratios with electronic properties and contact angle measurements
*Contact angles taken from literatufé&Electronic band gap calculated from Lis.
Measurement taken in THF solutictHOMO energies calculated using photoelectron
spectroscopin air.® ELumo = Exomo + Esa.

Polymer 'Bse  ZBiomo *Bumo HO Precursor
Monomer ratio X y Z (eV) (eV) (eV) Contact Angle Contact Angle
100:0:0* 100 O 0 290 -517 -2.27 95.38° 52.43°
80:0:20 80 O 20 290 -519 -229 96.7°+0.8° 37.3°#0.2°
50:0:50 50 0 50 290 -519 -229 935°%0.1° 32.1°+0.1°
45:5:50 45 5 50 290 -516 -226 97.3°+0.6° 27.9°+x1.7°
40:50:10 40 50 10 290 -5.16 -226 91.7°x1.4° 26.5°+0.9°
40:20:40 40 20 40 290 -5.16 -2.26 99.2°%x0.3° 24.4° +£0.9°
1/3:1/3:1/3 /3 13 1/3 290 -528 -238 98.1°+0.3° 34.4°£0.1°
25:50:25 25 50 25 290 -5.17 -227 93.6°*1.3° 21.0°+£0.5°

Photoelectron spectroscopy in air (PESA) was performed on the polymers created in this
study to determine highestcupied molecular orbital (HOMO) energies. To ensure consistency
in the measurements, a sample of the original 100% dihexyl FIAnNS polymer was also tested. This
polymer had already been measureebét8 eV>® and the newly measured value .17 eV is
in good agreement with this result. As expected, the incorporation of fluorene monomers with
different alkyl side chains led to copolymers and terpolymers with similar HOMO energies, as
shown in Table 2, with the cutis exception of the terpolymer consisting of equal amounts of
dimethyl, dihexyl, and bis(dimethylaminopropyl)fluorenes. It was expected that this polymer
would have a similar HOMO energy to the other copolymers, and the deeper HOMO energy
could indicate cotamination of the material, either through the synthetic process, during film
preparation, or during transit for PESA testing.

Contact angle testing confirmed our hypothesis that we could maintain hydrophobicity
while improving the precursor affinity dfie polymer thin films. Each synthesized polymer
maintained a water contact angle in excess of 90°, which is excellent for perovskite protection
from water ingress. Contact angle measurements were also performed using dimethylformamide
(DMF), the solvent sed in perovskite processing. As is shown in Table 2, reducing the amount
of dihexylfluorene in favor of dimethyl fluorene leads to improved DMF affinity, and additional
incorporation of the wettable fluorene monomer leads to further improvement in corgéects

the wettable monomer increases in percentage of total polymer, again with the notable exception
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of the terpolymer with equal monomer ratios of all three fluorenes. This, coupled with the oddity
in PESA data would suggest that this polymer hasesoontaminant, and needs increased
investigation.
5.3.2 Device Performance

The polymers were incorporated inte-p devices with the following structure: ITO
coated glass/polymer HTM/PFBIr (optional)/CsFAPbI/6/BCP/Ag. Initial tests for all HTM
materals, including PTAA displayed poor performance, so a bulk passivation step with
phenylethylammonium chloride (PEACI) was incorporated, which led to improved performance
of the devices. The device performance for all the random copolymers was improvéteover
performance of both PTAA and the original FIAnS polymer, largely due to improved fill factor
(FF) and short circuit current densit¥s€). TheJ-V curves for champion devices for PTAA,
FIAnS, 50:50, and 80:20 copolymers can be seen in Figure 3.
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Figure5.3: }V curves for champion devices. All devices incorporate a-BFMyer between
the HTM and the perovskite

The devices containing the 80:20 and 50:50 copolymers demonstrated greatly enhanced
Jscwith respect to the original FIANS polymer, with a gain ofri/& cni?. This value is linked

to the minority carrier lifetime of a material, and while it is unlikely that this value has improved
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for the copolymers, it iproposedhat there is improved intermolecular and intramolecular

charge transfer withinthe HTMlu e t o i-‘mpstoaveelkdi ng -ahaindtehce al ky |
interference is reduced. This should lead to greater conductivity and improved conveyance of
charge to the cathode from the perovskite, reducing energy loss patfivways.

These improvements from the HTM were still reliant on the 1Bflterfacial layer for
perovskite deposition. The wettable tegpoérs allowed direct deposition of the absorber layer,
intermittently with the 10% wettable monomer incorporation, and with good consistency at 20%
incorporation and higher. The resulting devices were able to retain relatively high efficiencies
despite aeduction inopen circuit voltagéVoc) which was partially offset by improveldc. The
HTMs containing 5% and 10% wettable monomer were also incorporated into devices
containing PFNBr, which greatly improved the performance of the 5% polymer, and allowed
slight improvement with the 10% polymer, largely due to impro¥es This wouldsuggest that
the interfacial layer is vital for controlling the thickness of the absorber layer when used with
these materials, and that more optimization of the perovskite deposition process is required when
PFN-Br is not needed with the fully wettablegelymers.

While the fully wettable terpolymers demonstrate good efficiencies under backward
scanning parameters, there is notable hysteresis and an oddly $hapede for the forward
scan Appendix D6). There are a number of reasons for the redpeeidrmance exhibited here.
Firstly, the increased wettability of these materials could be leading to actual solubility in the
perovskite precursor ink, causing damage to the HTM layer and therefore reducing overall
device performance. Evidence of thighat the 10% wettable HTM does not exhibit the same
odd curve shape either with or without PBN yet all incorporations higher than this do so.
Additionally, after the contact angle testing there was notable damage observed with these more
wettable polyrers, particularly the 50% wettable polym8econdly, there could be an increased
number of trap states and defects due to the wettable groups. As the nitrogen in the
dimethylaminopropyl group can also act as an electron donor, holes may get trappeel at the
sites as the alkyl chain will not allow for conduction. Further optimization of these materials is
required for high quality devices, with a wettable monomer incorporation between 10% and 20%
likely required for wettability and low hysteresis. Additibmaprovement to the deposition of

the absorber layer should offset the redisg¢lfrom the PFNBr free devices.
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5.4 Conclusion

The polymer FIAnS was modified by side chain engineering to improve the material
properties of the HTM. It was shown that fthevalue for the polymer was linearly dependent on
the mass percentage of the alkyl side chain, with incorporation of a monamencw a
dimethylaminopropyl side chain improving perovskite precursor wettability and imprdying
due to the increased strength of intermolecular forces. The modified HTM polymers
demonstrated excellent performance, with improved efficiency overitjiaarFIAnS polymer
and PTAA. The wettable polymers show promise, but optimization of these materials and
devices is still required for anything more than proof of concept.
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CHAPTER 6 SUMMARY AND FUTURE OPPORTUNITIES

6.1 Introduction

Semiconducting polymers have been used by many researchers for a range of
applicationsjncluding in the solar energy field, where they have been popular for organic and
perovskite photovoltaics® The structure of thegmlymers is key to material properties,
including thermal stability, electronic properties, and processibility, and each of these in turn
influences device performance and stability. Understanding how these properties arise and can
be altered will lead twastly improved semiconducting polymers and devices, and it is with this

in mind that this dissertation investigates and develops those areas of understanding.

Questions 1 & 2:

1 How do polymer synthesis, structure, and properties affect device perfoffmance
1 Can we refine a prexisting method to make highly reproducible, efficient, and low cost
HTM polymers?

Physicalproperties greatly impact the performanc@alfymerholetransport material
(HTM) in perovskite solar cells. Chapter 2 investigates existing polymeric materials used for this
purpose, and the synthetic methods behind them. While the HT klatevely smallpart of the
device, for example in aipn device comprising less thafeSof the total processed thickness, it
is vital for efficient charge separati@xtractionand can be used as a protective layer for the
absorber layer. Typically, the most effective polymeric HTMs are made via a palladium
catalyzed synthesis which comégtee end of a mukstep monomer synthesis. In Chapter 3 the
BuchwaldHartwig amination reaction is investigated as a potential route to high efficiency
polymeric HTMs. We found that we could control the molecular weight of the polymers with
good consistecy at scale, easily remove oligomeric material through a rapid precipitation step,
and that the resulting polymers performed well when compared with PTiA&.effects of
polydispersity and number average molecular weight were demonstrated, with minor efficiency

increases for lower polydispersity and higher number average molecular weight observed.

Question 3Can we fine tune theptcelectronic properties of the HTM for use with a wide range

of perovskite absorbers?
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There exists a wide array of perovskite absorbers with different bandgaps, which is a
propertythatresearchers are seeking to exploit for tandem devices. The rgpgigraer HTM
materials that can be used is extremely limited, with PTAA being the clear top performer for
wide and medium bandgap perovskites, and PEDOT:PSS the preferred material for narrow
bandgap perovskite3his is due tahese materials hang the kest highest occupied molecular
orbital (HOMO) energetic alignment with the valence band energy of these abSdrimers.
Chapter 4, we demonstrate the ability to tune the HOMO energy of HTM polymers through
functionalization of bth the pendant group and the main chain of the polymer, leading to a
family of polymers with a range of HOMO energies. We demonstrate that these polymers
perform comparatively well with PTAA in devices containing the medium bandgap FAMACs
perovskite abster, though a few perform less well due to poor energetic alignment due to the
shallow nature of their HOMO energy, or their extreme phobicity to the perovskite precursor

ink.8

Questions 4 & 5:

1 Can we improve thermatability without sacrificing other polymer properties and device
performance?

1 Can we use sidehain engineering to improve perovskite processibility?

Solar devices operate under constantly changing conditions, and potentially in extremely
harshconditions. Additionally, the requirement for commercial production of these devices
requires longerm stability and facile processing of the devices. In Chapter 5, we demonstrate
the ability to tune polymer HTM glass transition temperatugg ¥ usinga dimethylfluorene
co-monomer in place of the portions of the dihexylfluorene monomer which leads to a linear
improvement of §based on alkyl sidehain mass percentage. An unexpected bonus of these
materials is improved efficiency of the devices, whichikely due to improved conductivity of
the polymers -dusthbokingre®sedl S50 introduce
improve the processibility of the absorber layer on top of the HTM. These materials demonstrate
promise, though much optigation is required to work through some device issues such as

hysteresis.
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6.2 Future Work

An Edisonian approach has typically been the prevailing method when it comes to
developing materials and testing in devices, generally due to thetslmmatureof funding for
these types of projects and the rush to publish in this highly competitive field. As good
custodians of the planet, we should favor a rational ddsaged approach and design devices
and materials based eomputational studiepreferablyusing as green a route as possible. We
should also move away from the constant need to push the limits of effieihoyt regard to
long-term stability, as many materials used in these devices are either unstable in a relatively
short period of time, cextremely expensive to prodyaehich in either case makes the uptake of
this technology highly unlikely.

The research in this dissertation has raised several interesting questions. For example, in
Chapter 3 we investigate the links between moleculaghtepolydispersity, and efficiency, and
we show slight improvement in the devices based on lower PDI and high&hig! finding is
not conclusive, and would benefit from greater exploration, particularly in terms of what these
parameters mean fdevice stability over time. In Chapter 4 we describe the ability to tune the
HOMO energy of the polymers by functionalization, however there are many opportunities to
explore here. We can make the HOMO energy deeper by incorporating stronger withdrawing
groups such as cyano or pyridines, but these lead to polymers with high solubility in precursor
inks. While this precludes the ability to fully solution process a devittethese materialghey
may have great potential for wide bandgap perovskites, edlgexs the pyridine moiety has
been shown to have a passivating effect on the meiahg in the absorber laygThe
possibility of copolymers with different aniline derivatives should also be explored, as this may
be a way to fine tune the HOMO enefthe resultant polymers, as well as improve ink
affinity without becoming soluble, a concept we explored in Chapter 5 using different fluorene
monomers.

The ability to control the Jof the polymers is useful, but more work needs to be done to
determire if this property is useful for device stability. Further, by using this technique with one
of the higher § polymers outlined in Chapter 4, we may be able to produce polymers that can
survive the high temperature processing that all inorganic perovskitesas CsPblrequire,
and this should be investigated. Additional optimization of the wettable terpolymers is also an

opportunity, as the ability to remove an interfacial layer may be a vital step in the
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commercialization of these devices. Further wamkhis concept may be the inclusion of
monomers with reactive groups, such as phosphonic or carboxylic acids which can passivate the
conductive electrode, as shown by hole selectiveassémbled monolayet$!?

These materials may also have applications in other technologies. For example, future
avenues that can be explored are the detection of ionizing radiation in thin film devices and
perovskite light emitting diodes (LEDs). A PTAA based thermal neutron detector was
demonstrated by Chatzipyroglou et al in 2020, where semiconducting polymer was doped with
boron nanoparticle¥. The polymers presented in this dissertation have demonstrated the ability
to tolerate thicker layers, and the ability to create bd@nich small organic molecules for
thermal rutron detection has been demonstratdthese materials may present an intengs
low-cost combination for the detection of thermal neutrons in large scale devices.

Perovskite LEDs are an interesting future opportunity for the materials presented herein
as their tunable nature enables high color pdrign additional draw towards this area of
research is the remarkable improvement in efficiencies,exitérnal quantum efficiencies
improving from 1% in 2014 to in excess of 20% in 2022, mirroring the rapid development of
perovskite solar cell®: 1’ These devices are still reliant on semiconducting polymers for
HTMs.1>1% The opportunity exists to explore what characteristics of the polymer lead to high
efficiency. For example, as current increases through a device, the temperature will increase. The
relationship betweengl device sability, and device efficiency should be explored.
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APPENDIX B
SPECTRA, TABLESADDITIONAL FIGURES AND PERMISSIONS FOR CHAPTER 3
B.1'H-NMR
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FigureB.1: 'H-NMR spectrum of FIAn
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FigureB.2: *H-NMR spectrum of FIANF
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FigureB.3: 'H-NMR spectrum of FICz
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FigureB.4: *H-NMR spectrum of CzAn
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FigureB.5: *H-NMR spectrum of CzAnF
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FigureB.6: 'H-NMR spectrum of CzCz
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B.2 Thermogravimetric Analysis
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FigureB.7: Thermogravimetric analysis of FIAn
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FigureB.8: Thermogravimetric analysis of FIAnF
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FigureB.9: Thermogravimetric analysis of FICz
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FigureB.10: Thermogravimetric analysis of CzAn
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FigureB.11l: Thermogravimetric analysis of CzAnF
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FigureB.12: Thermogravimetric analysis of CzCz
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B.3 Differential Scanning Calorimetry

FigureB.13: Differential scanning calorimetry of FIAn

FigureB.14: Differential scanning calorimetry of FIANF
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