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ABSTRACT

POLYMER LIGHT EMITTING DIODES AND ORGANIC SOLAR CELLS
TOWARDS ITO FREE DEVICES AND HIGH EFFICIENCY
DEVICES USING ELECTROCHEMICALLY SYNTHESIZED PO LYMERS

Hezal an ¥zsoy, G°ng¢gl
PhD, Department of Chemistry

Supervisor: Prof. Dr. Levent Toppare

September 2017145pages

In this study, polymer based solar cells and polymer based light emitting diodes
were constructedn the third and fourth chapters of this study, effect of terminal
units and effect of molecular weight on electroluminescence and photovoltaic
properties were investigated. Triphenyl end capped polytdrased PLED shows
luminance value of 10411cdfmat 8.5V whereas benzene end capped polymer P2
based PLED has the peak luminance value of 14583cdtm8V. P2 based
photovoltaic devices exhibited superior performaridee best performance device
based on P2 achieved a power conversion efficiency (PCE)DbP4 with a current
density (d) of 6.59 mA/cm, an opercircuit voltage (Mo of 0.99 V, and a fill
factor (FF) of 0.63

In the fifth chapter, electrochemically synthesized polymers were used in polymer
solar cell applications for the first time in liggure. P3HT, P3EHT, P3OT, P3DecT

and P3DHT were synthesized via electrochemical means. P3EHT based solar cells
showed the highest performance. PCE of 2.03% was obtained Witlvalue of
5.10mA/cn?, Vo value of 0.83V, FF value of 0.4Bernary solar dés comprising



P3EHT, PTB7 and PGBM was fabricated. PCE value of 6.50 % were achieved
with a Voc of 0.72V, Jsc of 14.8 mA/cn? and a FF of 0.62.

In the last part of this study, ITO free polymer solar cell and PLED characterizations
were carried outinstead of ITO, Ag nanowires were used as the anode materials in
polymer solar cell and polymer light emitting diode applications. 1.13% PCE value
was achieved with a 8¢ of 0.53V, 3c of 4.99mAEN? and FF of 0.43with the
device structure of glass/Ag mamire /P3HT:PGiBM/ LiF /Al. 2625cd/n?
luminance value was obtained with P2 incorporated electroluminescent device with

a lower turn on voltage than the one for R@® based device.

Keywords: Conjugated polymergolymer soar cells,polymer light emitting

diodes.electropolymerization
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Bu -al ékmada polimer tabanl é g¢nexk pil |
creti Bmi kbl EXxmanén ¢-¢n¢ bl ¢megnde t er mi
ajerl ejéenén elektoluminesans ©°zell ikl eri
parametrelerin fotovoltaik ©°zelliklere

chitesi i 1éek spoonlliamnmedré r @ P M) 289 .uSmi mahstt a e €
gostermiktir. Benzen ¢nitesi bi58acdimMsonl ar
l umi nans dejer.| gestermi ktir. RIA1gku!l | ané

-evirim veriminedewlra&kéviométkatjéer .0. 9AVek keés

mA/cn?, dol um dejeri 0.63 bulunmuxktur.

Bu -al @ékmanén bekinci bel ¢m¢e¢nde el ektrok
pol i mer g¢nek pilii uygul amal arénda kull a
biril ktir. P3HT, P3EHT, P3OT, P3DecT ve P
sentezlenmi Ktir. P3EHT kull anél arak ¢ret
ul akél méxkt ér . % 2.03 ge¢’keésavidreivmev earkiemi
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0.83V a-ék deivree vOol4 &) ddlejrar fAKt&cg il e u

P3EHT, PTB7vePGBM i -eren ¢-1¢ geée¢nexk pilileeri creti|
% 6.50 g¢- -evirim verimine ul akeél méxkteér .

Bu -al é&kmanén altéenceé ¢nitesi | TO bul undurr
dyot |l ar ¢retil mesine ayreél méxter . | TO yerine
organi k géneck pil i uy g \[CandAga haaateé n/d a kul | a

P3HT:PGB M/ Li F/ Al cihaz mimarisine sahip g¢necx
verimine AlakenMma&wrwé¢e. 0. 53V, kesa’> devre akeé

dolum dejpbadiunmukdBur . P2 kull anél ar ak creti
2625cd/ml umi nans dejeri elde edilmiktir.
Anahtar Kelimeler: Konjuge polimerler, polimergn e@ilke r i , pol i mer ékKkeék ye

diyotlar, dektropolimerizasyon

viii



To Kaan



ACKNOWLEDG MENTS

I would like to express mygratitudeto my supervisor Prof. Dr. Levent Toppare for
his guidance, support, encouragemand advice.l alwaysfeel his trust to me.l
became more passionate with his tri3tiring weekends we worked together for

electrochemical polymerizations, it was a great experience.

| would like express my gratefulnessfor o f . Dr . \Aluable diséusspresn f or
andsupport. In the masters studies | was in the organic synthesis lab and moved to
organic solar cell lab with his advice to Prof. Toppare. Afterwards OSC lab became

my home. appreciate his trust.

| gratefully acknowledge the funding froEuropean Uniofroject (ECOPIX

| would like to thank tol |B K T ANational Scholarship Program (2211) for PhD
Students.

This work is also partially supported by Scientific and Technological Research

Council of Turkey( T, B K T(”réfect No: 1137269 and Project no:115M036)

and Ministry of Technology, Science and Indust(§AN-TEZ Project No:
1294.STZ220121). | would like to thank to Ozan Erlik andnr e At aoj |l u f or

working for thesgrojects and synthesizing polymers.

| would like to thank toAssoc. Prof. Dr. Yasemin Arslan Udum fowaluable

discussions and for her help in the electrochemical characterizations.

I would |Ii ke to thank to Assoc. Pir of . Dr .

collaboration.



| would like to thank toAsisst. Prof. Dr. G°rkem G¢nbak for v al

| would like to thank to my dear frienfmine Kaya for her support in all stagds o
PhD.

I would |Iike to thank to GGRChealy¥ktem f or

Here it comes to the family and friends who shape us, who makes life amazing!

| would like to thank to my frierl Nur dan Bakar dantheir¥zge |

friendship

| would like to thank toA h me t Hak an K o Zeliha FEésr€apty JC @IV i K |,
G khGegwy)] a®°r kem ki mkek Kk éntheir friendship a8d nan k

their support.

| would like to thank all my friends from high school and university years whose

names are nohentioned here, but always baammy heart.| love all!

Iwouldli ke to thank to Mi ne ¥zsoy and Cengi

Words fail to express my eternal gratit
Hezal an, Z doyavway baie¥irgan mee,ngiving me endless support and

unconditional lovedlal so t hank to my brother in | aw

I woul d | i ke to t ha fokhispatiends,wbderstangimgnd a a n ¥
love. Words fail to explain my gratefulness. PhD was a long journey full of up and
downs,Kaan was the one who made me langbst.He not only cooked delicious

food, but also helped me in OLED characterizations after work.

Xi



TABLE OF CONTENTS

AB ST RA CT .. oottt e et et et e et annnrrrarerrnees v
et ———— e e et et e et ————— i —————eeeettttrann s vii
ACKNOWLEDGMENTS. ... eeee s ee e e e e X
TABLE OF CONTENTS .. .ottt ettt mmne e Xii
LIST OF FIGURES . .....cooiiiiiiiiie ettt enee e XVi
LIST OF TABLES..... .ot eees s enenr e e e e e e e e e e e e e e e e emmnes XX
LIST OF ABBREVIATIONS.......outiiiiiiiiiiiiiee et nnne e XXi
CHAPTERS
L. INTRODUCTION . ..ottt eees et e s emnsssss e eeeaaeeaaaeaeeeeann 1
1.1 Photoelectric Effect: Photons In Electrons Qut...............ccccuvvimemniiiinnnnns 1
1.1.1 Types of Solar Cells and Current Situation..............cccccuvvimmmnninninenne 3
1.1.2 Organic Solar Cells..........cccceeiieeiiiiiiceeeiiiciiiceeeeeeeeeeeeeeee e A
1.1.3 Operation Principles of Organic Solar Cells.............ccoovvvviieeeeeeee 7
1.1.4 Absorption of LIGht.........cooeriiiiiiiiie e 7
1.1.5 Exciton Diffusion and DiSSOCIation..............cooevivvimmeneeeeiieciiiieee 8
1.1.6 Charge ColleCtiQN...........ooeeeiiieiicmme e 8
1.1.7 Characterization of Organic Solar Céllsnportant Parameters........ 10

1.1.8 Historical Development and Current Status of Organic Solar.Celld42
1.2 Electroluminescence of Organic Materials..........cccccooeeviiieeeeiiiiiiie e, 20

1.2. 1 PhOtOIUMINE S NG ... e e e e eee e e e e e e naeens 20

Xii



1.2.2 EleCtrolUMINESCENCE. ... e e et 22

1.2.3 OLED FabriCation...........uueeiiiiiiiiiiieeeeiieeeeee e 22
1.2.4 DEVICE SHIUCTUIE......ciiiiiiieeiieie e e e 23
1.2.5Working Principle of Oleds...........ccccuiiiiiiiiiieeeieeeeeee e 24
1.3 Outline Of the TNESIS..........uuiiiiiiiiie e 26
2. EXPERIMENTAL ..ottt eeei ettt sme e e eeen 29
2.1 MALEIIAUS. ...ttt 29
2.2 PolymeiSolar Cell Fabrication............c.oooiiiioiemmn e 30
2.3 Polymer Light Emitting Diode Fabrication.............ccccccvviiieemiiiiiinnnnnnnn. 31
2.4, CharacCteriZatiONS...........ueiiieiiiiiiiieeeee e e e ettt e e enan e e e e nnreeeeas 32
2.4.1 Gel permeation ChromatogrglEPC).........ccccuvvvviiiiiieieeieeeeiviviieee 32
2.4.2 Cyclic Voltammetry (CV).....coooiiiiiiiiiiiei e 33
2.4.3 UVVIS SPECITOSCOPY . ..ceereiiiiiieeeeaaieaieiimee e e e e e e e e e e e sseene e 35
2.4.6 Atomic Force Microscopy (AFM)........ccooeiiiiiiiiiiimmeniieiveeeee 38
2.4.7 Organic Solar Cell Characterization..............cccuuuvvvieemriiiiiiiiiineeeee. 38
2.4.6 Polymer Light Emitting Diode Characterization...............c..eceeeeeeu 40

3. EFFECTS OF TERMINAL STRUCTURE AND MOLECULAR WEIGHT ON

ELECTROLUMINESCENCE PROPERTIES OF POLYMERS..................... 41
3.1 Introduction and Aim Of WOIK ..........ccouiiiiiiiiie e 41
3.2 EXPEIIMENTAL.....oeiiiiiiiiiiiie e eeeer s e e e e e e e e e e e e e e e eranans 45
3.3 RESUItS @Nd DISCUSSION......cctiiiiiiiiiieiiii it 47

4. EFFECTS OF TERMINAL STRUCTURE AND MOLECULAR WEIGHT ON

PHOTOVOLTAIC PROPERTIES OF POLYMERS.......oooioeeie e 57
4.1 Introduction and Aim OF WOTK ... e 57
4.2 EXPEIIMENTAL ...ttt ieeeit ittt e eeer et e e e e e e e e e e e e e e e e s s smnns 61

Xiii



4.3 RESUILS AN DISCUSSION. ... e et et eem e e e e eeaaes 61

5. SYNTHESIS, ELECTROCHEMICAL CHARACTERIZATIONS AND
PHOTOVOLTAIC STUDIES OF ELECTROCHEMICALLY SYNTHESIZED

POLYMERS. ...t e e e e 71
5.11Introduction and Aim Of WOrK...........ccooiiiiiiiiiieen e 71
5.2 Electrochemical Synthesis of Polymers...........ccoovvviiieeee e 78
5.3 RESUILS aNd DISCUSSIONL. .....ceviiiiiiiiiieeiiieere et mmne e 80

5.3.2 PhotovoltaiC StUIES..........ccooiiiiiiiceee e 88
5.4. Ternary Solar CellS.........ccccuuuiiiiiiiiiiieeeiiiiiiiiee et a8

6.1TO FREE ORGANIC PHOTOVOLTAICS AND OLEDS............cceevivnnennn. 103
6.1 Introduction and aim Of WOIK............ccuviiiiiiiiicmnee e 103
6.2 EXPEriMeNntal........ccoooiiiiiiiiiiiee e 104
6.3 RESUILS aNd DISCUSSIONL. .....evviiiiiiiiiieei it emmee e 105

6.3.1 Ag Nanowires as Anode Materials in PSCS...........ceeeiiiiiiceennns 105
6.3.2 Ag Nanowires as Anode Materials in PLEDS...............oeeeeeveeeeeene 109
6.3.3 Ag Nanowires as Top Electrode in PSCS..........ccccceiiiiiiieviinnnnnn, 113

7. CONCLUSIONS AND OUTLOOK .. ..ottt ereee et e 117
7.1 CONCIUSIONS...cceiiiiiiiiiii e eee et rme e e e e 117
7.2 OULIOOK. ...ttt eeei et e e e me e 119

REFERENCES..... .ttt e e e e nmmmeeees 121

APPENDICES

APPENDIX A : THERMAL ANALYSES ... 135

Xiv



APPENDIX B: SPECTROELECTROCHEMISTRY..........ccoiiiiiiiiiiiiiieee, 137

APPENDIX C: PLED CHARACTERIZATION......covviiiiiiiiie e 138

CURRICULUM VITAE ...ttt 139

XV



LIST OF FIGURES

FIGURES

Figure 1 Results of photoelectric experiment..............ccoovvvvieeerie e eeieeeeeeeeei 2
Figure 2 Best research cell efficiencies CHart.............cocoveeuviceeeer e, 4
Figure 3 Bilayer vs. bulk heterojunction device geometries............cccceeeriaeee. 5
Figure 4 Binary, tandem and ternary solar cells..............ccccoiiieeciiiiiiiiin. 6
Figure 5 Working principle of an organic so@ll.................cccvvviiinn il 9
Figure 6 Typical V curve for a solar cell under illumination.......................... 12
Figure 7 Structures of representative PPV polymers..........cccccovvvviccceeeeenenn. 13
Figure8 Structure Of P3HT........uiiiii e 14
Figure 9Structure of PCPDTBT.........ccooiiiiiiiieeeeeee e 15
Figure 10 Structure of PDT BDT based polymer...............iiiiiimmeeeeninnnnnnns 17
Figure 11 Structures GTTB derivatiVes.............ooooiiiiiiiiiemen e 19
Figure 12 Structures of PTFB and PABTATFCoH13 ......uvvviiiiiiiiiiiiiiiiiiieeeeeee 20
Figure 13 Energy diagram for fluorescence and phosphorescence.............. 21
Figure 14 OLED StacCK..........oouviiiiiiiiii i ereesee s e e e e 23
Figure B Operation prinCiple of OLEDS.............uuuiiiiiiiiiiieeeiiiiiiiieiceeeeeee e 25
Figure 16 Snapshot of PLEDs constructed in our research graup................ 26
Figure 17 Photograph of oxygen and moisture free glove box system......... 31

Figure 18 lllustration for spin coating of polymer PCBM blend or light emitting

POIYMIET. ..o e ——————————— 32
Figure 19 Schematic diagram of Gel Permeation Chromatograph............... 33
Figure 20 Demonstration of electrochemistry experiment set.up.................. 33

Figure 21 Demonstration of oxitlan and reduction onset values obtained from CV

...................................................................................................................... 35
Figure 22Schematic diagram of a fluorometer / spectrofluorometer........... 36
Figure 23 Schematic diagram of TEM............coooiiimiiiieeneeen e 37
Figure 24 The definition of various global (G) air mass (AM) condit®ns......39

XVi



FIQUIE 25 TP CE SEL UP....ciiiiiiiiiiiiiiiiiie ettt erees e e e e e e e e e e 40
Figure 26 Structures of fluorene based copolymers.............cccovvvveeeneeennnnn . 43
Figure 27 Structures of  diphenylamieadcapped oligofluorenylthiophene

(0L 1 7= LAY PP .
Figure 28 Structures of TPA end capped polyfluorenes............cccccoeeveeevnneee 45
Figure 29 PLED StACK.........coviiiiiiieiiiiiii e 46
Figure 30 Structures of polymers P1 and.P2...........cccccoiiiimamn 47
Figure 31 Cyclic Voltammetry of PLand P2..........ccccccccccviivvvvvvvviiivvnnnnnnn. . 48
Figure 32 Absorption spectra of polymers P1 and RAimfilm form.................49

Figure 33 Photoluminescence spectra of polymers P1 and P2 both in solution and in
thIN FIlM FOrM .. e e e e ennn s 50

Figure 34 Electroluminescence spectra of the PLEDs based on P1 and.P251

Figure 35 Snapshot of the PLEDs based on P1 (left) and P2 (right) with their CIE
(o0 o] (o[ F= 1 (=PSRRI 51

Figure 36 Luminance vs. voltage and current density vs. voltage dependence of the

a) P1 and b) P2 based PLEDS.........cccoooiiiiiii e eeeeeeee e 52
Figure 37 Snapshot of the PLEDs based on a) P1 and b) P2 constructed on ITO
coated PET SUDSIIAIES......ccoiiiiiieieeeeieieeee et 54

Figure 38 Electroluminescence spectra of the flexible PLEDs based on P1%3Hd P2
Figure 39 Structure of PTBZ.........coooo i 58
Figure 40 Structure of PPDT2FBT.......ccooviiiiiiiimmee e eeanaae 59
Figure 41 Structures of polymers with no terminal ends and with thiophene5hds
Figure 42 Structures of DT8DT copolymers with H and tolyl terminal ends .60
Figure 43 Structures of PEDOTF with bromine terminal end and H terminalednd

Figure 44 Structuresf polymers PL and P2.............ccooovvviiiiieee e, 62
Figure 45 Current density (J) vs. voltage (V) characteristic for P1 based solar cells
....................................................................................................................... 63
Figure 46 Current density (J) vs. voltage (V) characteristics for P2 based solar cells
....................................................................................................................... 64
Figure 47 EQE of P1, P2 and P3 incorporated PSCS..........ooooiiiiiiieeneennnnd 67
Figure 48 TEM analyses of a) P1:RBM blend b) P2:P&BM blend c)
P3:PG1BM blend with a scale bar of 200NM.............ccoooiiiiiiie 63

XVii



Figure 49 TEM analyses of a) P1:PC71BM blend with a scale bar of 100nm b)
P2:PC71BM blend with a scale bar of 500nm c¢) P3:PC71BM blend with a scale bar

(0] 100 100 o ] o 1 PP PPPPPRPPRRR 68
Figure 50 AFM analyses of a) P1:RBM blend b) P2:P&BM blend c)
P3:PG1BM blend with a scale bar of 400nm.............cccccviviiimmmnniiiiiieeee 69
Figure 51 Overview of head to head-kH, tail to tail (T-T) and head to tail (H),
CONNECHIONS TOr P3AT ... ernnn e e e e en e e e L D
Figure 52 Synthetic pathway for the synthesis OfFRBAT............oovvvviiiiiiiireee 75
Figure 53 Synthetic pathway for the synthesis OfFRBAT............oovvvviiiiiiierenes 75
Figure 54 Structures of electrochenliggynthesized polymers........................ 77

Figure 55 Electrochemically polymerized benzodithiophene derivatives where X is
SN o] T =TT {7

Figure 56 Structures of electrochemically synthesized polymers.................. 78

Figure 57 Possible defects that can be formed in the course of electrochemical
POIYMETIZALION.......ciiieeiee oot e e et e e e e e s eeeneeee s 79

Figure 58 Experimental set up for the electrochemical synthesis of polymei&0

Figure 59 EC-E mechanism of electrochemical polymerizatian..................... 81

Figure 60 Repeated potential scan electropolymerizations ofHBx@lthiophene

b) 3-Ethylhexylthiophene c) -®ctylthiophene d) Decylthiophene e) 3, -4

Dihexylthiophene at 250mV/s in 0.1 M TBAP®&N platinum electrode............. 83
Figure 61 Cyclic voltammetry of a) P3HT b) P3EHT c)P30T d) P3DecT e) PDHT
in the presence of 0.1 M TBARE ........uuiiiiiii e 85

Figure 62 Absorption spectra of polymers in solution and in thin film form...86

Figure 63 Current density (J) vs. voltage (V) characteristic for P3HT based solar

(o= | TP PRSP PPPUUPRPPPRP 89

Figure 64Current density (J) vs. voltage (V) characteristic for P3EHT based solar
(07| £ 91

Figure 65 Current density (J) vs. voltage (Vaddcteristic for P30T based solar
CRIIS. e e 92

Figure 66 Current density (J) vs. voltage (V) characteristic for P3DecT based solar
CEIS e e ———————————————— 94

Figure 67 IPCE curves of P3HT, P3EHT, P30T, and P3DecT based.RSCs97

XVili


file:///C:/Users/GNL1/Desktop/tezim_gonul_21eylul.docx%23_Toc493774673
file:///C:/Users/GNL1/Desktop/tezim_gonul_21eylul.docx%23_Toc493774673

Figure 68Structures of PTB7 and P3EHT............coooiiiiiiiiicciiieeeeiiin a8
Figure 69Absorption spectrum of a) P3EHT and PTB7 in thin film form b) ternary
blend in thin film fOrM...... ... 29
Figure 70J-V curve for a PTB7:P3EHT:P4BM comprising ternary device...101
Figure 71 Schematic representation for Glass/ Ag nanowire/PEDCEIPS

P3HT:PG1BM / LIF/AL AEVICE. .. ... 105
Figure 72J-V curve for P3HT comprising solar cell on Ag nanowire transparent
BIECIIOTE. ...t 107
Figure 73 Schematic representation for Glass/ Ag nanowire/PEDOT:PSS/
P3HT:PG1BM / LIF/AL AEVICE. ... eee e 108
Figure 74 JV curve for P1 comprising solar cell on Ag nanowire transparent
BIECIIOTE. ... 108

Figure 75Schematic representation for glass/ Ag nanowire/PEDOT:PSS/ P2 / Ca
B0 =)o PSSP 109
Figure 76Electroluminescence spectrum for Ag nanowire based PLED......110
Figure 77J-V relation for a glass/ Ag nanowire/PEDOT:PSS/ P2 / Ca /Al déJite
Figure 78Snapshot of thglass/ Ag nanowire/PEDT:PSS/ P2 / Ca /Al devicel12
Figure 79a) SEM image of Ag nanowire thin films b) Cross sectional SEM image
Of tNE TBVICE. ... .o e e e e e e e ennn s 113
Figure 80Snapshot of the semitransparent polymer solar.cells................... 114

Figure 813V curve for P3HT:P&BM comprising semitransparent solar celtk15

Figure 82 TGA analySiS Of PL.........uuiiiiiiiiiiiiiieeeiiieeeeeeeee e 135
Figure 83 TGA analySiS Of P2.........uuiiiiiiiiiiiiiieeeiiiieeeeeeeeeeeeee e 136
Figure 84 Spectroelectrochemistry of P1 and.P2...........ccccoooiiieeeciiceennnn. 137

Figure 85 Current density vs voltage and luminance vs voltage characteristics of P3
DASEA PLEDL.......cci it annnr s 138

XixX



LIST OF TABLES

TABLES

Table 1 Summary of electrochemical parameters............cccceevvveeeeeeeeeeeeenennns 49
Table 2 Summary of luminance values for P1 and P2 based PLEDs............ 55
Table 3 Summary of photovoltaic parameters for P1 based RSCs................ 63
Table 4 Summary of photovoltagparameters for P2 based PSCs.................... 65
Table 5 Summary of photovoltaic parameters for P1, P2, P3, P4 based .RPS®&§
Table 6 Synthetic routes for the synthesis of conducting polymers............... 73
Table 7 Summary of the optical properties of the polymers................coceeee. 87
Table 8 Summary of the electronic properties of the polymers...................... 88
Table 9 Summary of photovoltaic paraters of PSC based on P3HT.............. 90

Table 10 Summary of photovoltaic parameters of PSC based on R3EHT.....91
Table 11 Summary of photovoltaic parameters of PSC based on.R30T........ 93
Table 12 Summary of photovoltaic parameters of PSC based on P3DecT...94

Table 13 Summary of photoltaic parameters of best performance PSC based on

P3HT, P3EHT, P3OT and P3DECT......ccccoiiiiiiiieee et 96
Table 14 Summary of photovoltaic parameters for PTB7: PCBM, P3EHT:PC71BM,
PTB7:P3EHT:PC71BM comprising deVICeS........cccovviiiiiiiiiime e 101
Table 15 Summary of photovoltaic parameters Glass/ Ag nanowire/
PEDOT:PSS(HTL) / P3HT:PGBM / LiF/Al device.........ccovvveeiiiiiiiieeeeee. 106
Table 16 Summary of photovoltaic parameters for glass/ Ag nanowire/
PEDOT:PSS(HTL) / PL:PC71BM [ LIF/AlL ..o 109

Table 17Summary of PLED performances fabricated using Ag nanowires and ITO
AS ANOAE MALETTALS. ... .uuuuiiiiiiiiiiiiie e e e e e e e e e e e e e e e e e mnes 112
Table 18 Summary of photovoltaic parameters for P3HT:B® comprising

semitransparent Solar CellS.............cuuuiiiiiiieeeiiii e 115

XX



LIST OF ABBREVIATIONS

ACN Acetonitrile

AM1.5G Air Mass 1.5 Global

BHJ Bulk-heterojunction

CT Charge Transfer

CP Conducting polymer

CVv Cyclic Voltammetry

D-A Donor Acceptor

J-V Current DensityVoltage

EL Electroluminescence

Eel Electronic band gap

EQE External Quantum Efficiency

FF Fill Factor

GPC Gel Permeation Chromatography
HOMO Highest Occupied Molecular Orbital
IPCE Incident Photofto-Electron Conversion Efficiency
IQE Internal Quantum Efficiency

IPA Isopropylalcohol

LUMO Lowest Unoccupied Molecular Orbital
MeOH Methanol

XXi



Voc Open circuit voltag

Eopt Optical BandGap

OLED Organic Light Emitting Diode
OPV Organic Photovoltaic

OoSC Organic Solar Cell

P3HT Poly(3-hexylthiophene2,5-diyl)
PCE Power conversion efficiency

PEDOT:PSSPoly(3,4 ethylenedioxythiophene):poly(styrenesulfonate)

PL Photoluminescence

PF Polyfluorene

PSC Polymer Solar Cell

Rs Series Resistance

SQ Shockley and Queisser

Rsh ShuntResistance

Jsc ShortCircuit Current Density

TBAPFs6 Tetrabutylammonium hexafluorophosphate
VB Valence Band

PCes1BM [6,6]-phenyl C61 butyric acid methyl ester
PC7:BM [6,6]-phenyl C71 butyric acid methyl ester
o-dcb 1,2-dicholorobenzene

DIO 1,8-diiodooctane

XXii



CHAPTER 1

INTRODUCTION

1.1 PhotoelectricEffect: Photonsin Electrons out

The photoelectric effect was first observed in 1839 by Edmund Becquerel while
working on silver coated platinumlectrodes which were immersed in electrolyte
solution. It was observed that in the presence of light, current running between
anode and cathode was higher. The reason behind this fact is when light shines the
metal surface, electrons are emitted from gheface of the metalin 1887, Hertz
observed the photoelectric effect while working on a spark gap genesaitdr is

the early form of a radio receiver.

RobertMillikan reported that no matter how bright the light is, light with lower
frequency than threshold value did not eject electrons from the metal surface. This
observation cannot be explained with classical physics which predicts higher
intensity of light would eject more electrons from the surface of the nfaegalre 1
explainsthe results of photoelectric experiment.


https://en.wikipedia.org/wiki/Robert_Andrews_Millikan

no electrons are ejected

Potassium — 2.00 eV is needed to eject an electron

Figure 1 Results of photoelectric experiment

In 1905, Einstein reported that light behaves as tiny particles; quanta or photons. He
proposed that the energy of these particlespavportional to the frequency of the
electromagnetic radiation. He was awarded with Nobel Prize in 1921 for the

detailed explanation gdhotoelectriceffect.

Einstein described the photoelectric effect using a formula that relates the maximum
kinetic erergy (Kmay Of the photoelectrons to the frequency of the absorbed photons

(#) and the threshold frequenayoj of the photoemissive surface.

0 Qu d Q)

where h3 is the energy of the alsher bed
energy needed to eject an electron from the surface of a metal which is the work

function of metal ().
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Energy of the absorbed photon is

0 ‘™ ER 3)

Threshold frequency and wavelength of light depends on the fundtion of the

metal.

N — 4)

Detailed explanation of photoelectric effect was very important for the development
many technologies and also for understanding how nature works. It is the basis for
photosynthesis, which is very similar @aovery efficient solar cell where sunlight is
absorbed by plants to make them grow. Thus this discovery opened new research
eras such as photovoltaic devicdsrst solar cell was constructed in Bell
laboratories in 1950. 6% power conversion efficiency &ahieved with a silicon

(Si) solar cell?

1.1.1Typesof Solar Cells and Current Situation

Solar cells are divided into three generations. First generation solar cells are
Crystalline Silicon solar cellSemnd generation solar cells aenorphous silicon,
CIGS (Cul(Ga)Se) and CdT&CdS which are also known as thin film solar cells.
Third generation solar cells includes efficiency record holder multijunction solar

cells, dye synthesized solar cells, peroteskblar cells and organic solar cefls.

Figure 2 demonstrates thehart showing the best research cell efficienciewas
prepared by National Renewable Energy Laboratory (NREL). These results were
all certified by NREL#
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Figure 2 Best research cell efficiencies chért

1.1.2 OrganicSolar Cells

After the discovery of conducting polymetsnew research areas are opened and
conducting polymers have beesed in many electronic applications like organic
photovoltaics and organic light emitting diodes, organic field effectsistors.
Especially the interest towards organic photovoltaics are growing and make low
cost photovoltaic technology promising. Ongamaterials have several advantages
like low cost, application to flexible substrates and easy manufacture by solution
processing such as printing and spin coating. In addition to these, organic materials
are good chromophores with absorption coeffiseatound 16cm? 8.  Most
importantly electronic and optical properties of these materials can be tuned via

chemical modifications using versatility of organic chemistry.

First organic solar cklvas constructed by Tang in 1986. In that study, Indium tin
oxide (ITO) was used as the anode material. On top of ITO, copper phtalocyanine

was evaporated which acted as the donor material. Perylene derivative which acted



as the acceptor material was ewwgied on donor material. Silver metal was
evaporated as the cathode material. With this device structure which is known as
bilayer device architecture, 1% power conversion efficiency was achieved.

Due to short diffusion lengths and short lifetimes of excitons in organic materials
bilayer device architecture has some drawbacks.10®nm thickness is needed for
substantial amount of absorption of light.bilayer devices, my the excitons in 10

20 nm distance to the 18 interface can reach the interface.

To annihilate this drawback bulk heterojunction device architecture was realized in
which donor and acceptor moieties are blended to form the active layer. This
architecture was first realized Wyiramoto group by the eevaporation of donor

and acceptor moleculésFirst bulk heterojunction PSCs were constructed by
Heeger® and Friend® groups, independentl¥igure 3 demonstrates thiddyer and

bulk heterojunction device geometries

Bilayer Structure Bulk Heterojunction

Figure 3 Bilayer vs. bulk heterojunction device geometries

Although device processing innovations, interfacial engineering efforts and
synthetic efforts have been made there is still absorption limit of a material and

Shockley Quessier limit which is a tradd# between photo current and



photovoltage in singlgunction OSCs. With the efficiency of broad spectrum
absorbers thermalization losses are reduced. To annihilate these limitations tandem
device geometry was realized. It is composed of two sub cells with complementary
absorption profiles. It not only improse absorption but also decreases
thermalization losses. However fabrication and optimization of sub cells are hard.
Therefore, ternary device geometry was realized. Ternary solar cells are composed
of D- A moieties and the third component which can be pelymmanoparticle,

small molecule or dyeStructures of binarytandem and ternary solar cells are

depicted in Figure 4.
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Figure 4 Binary, tandem and ternary solar cells



1.1.3 OperationPrinciples of Organic Solar Cells

Working principle of an organic solar cell is summarized in four main steps. (1)
Upon absorption light, coulombically bound electron and whole pair (exciton) is
formed. (2) Exciton diffuses to donor (D) acceptor (A) interface. (3) Exciton
dissociates intdree charge carriers. (4) Free charge carriers are transported and

collected at the respective electrodes.

1.1.4 Absorptionof Light

Due to the large band gap of organic molecules only the limited portion of solar
light is harvested. A polymer with a dhigap of 2 eV, absorbs the sunlight up to
620 nm, which means that 70% of the solar photons are waskeadtunately,
absorption coefficients of organic molecules are high compared to those of
inorganic counterparts, 100 nm thick active layer is enough if reflective back
contact is use# Upon sunlight absorption, through photo excitation process,
coulombically bound electron and hole pair which is called singlet (Frenkel) exciton
IS generated. The ratid the generated excitons to the energy of incident light is
call ed absor mt Organic neateriais baveelowcdielectric permitivity
values around -&, therefore they exhibit large exciton binding energies (hundreds
of meV). Thermal energy (kTat room temperature (at 298 K) is 0.025eV is not
enough for the dissociation of excitons. There is a need for driving force for
dissociation of excitons. In organic solar cells polymers and small molecules are
used as donor materials which is analogoup tgpe materials in inorganic solar
cells. There is a need for second material which has higher affinity to electrons.
Mostly fullerene derivatives are used as the acceptor materials in organic solar cells
which are analogous to n type materials in inorgasolar cells. Fullerene
derivatives are the most commonly used acceptor materials due to several reasons.
They have high electron mobilities up to o' st. 2 They can be reduced up to

6 electrons thus negative charges are stabilized. Most importantly photoinduced



charge transfer to fullerene derivatives takes place ultrafast (ca. 45fs) with a not
favorable back transfer raté.

1.1.5 Exciton Diffusion and Dissociation

The electric field built in donor acceptor interface is a driving force the separation of
excitons. Therefore excitons must diffuse to thé hterface within their diffusion
length which is 120 nm in organic materials. Therefore, exciton diffusion length
limits the thickness of the layers in the bilayer device geometry in which donor
acceptor are coated on top of each other. Due to thigation bulk heterojunction
device geometry where donor acceptor is mixed have been realized. In this
geometry diffusion length of excitons limits the donor acceptor phase separation
length. Excitons decay radiatively or nonradiatively before reachingnteddce.

The ratio of the number of excitons that reach thé ihterface to the total number

of excitons formed with photoexcitation is defined as the exciton diffusion
efficepncy (d

After excitonsreach to DA interface, charge transfer processetablace. Electrons
which are still coulombically bound to holes are transferred from LUMO of the
donor to the LUMO of the acceptor. The energy difference between the LUMO
levels of donor and acceptor is the driving force for electron transfer. Empirical
studies showed that 0.3 eV energy difference is needed and a higher energy
difference is not advantageous.

1.1.6 Charge Collection

As a result of electric field built, excitons dissociate into free charge carriers and
collected by the respective electesd Efficiency of this process is called charge

col |l ect i osc Fadlly, free holesrandyelectrons drift to anode and cathode



respectively. For the highly efficient charge extraction, bicontinuous phase
separated donor acceptor pathways arei@rubDiscontinuous routes lead charge
carriers to encounter oppositely charged carriers which is called non geminate
recombination. There are three main driving forces that help the holes and electrons
to reach respective electrodes. The energy differbateeen HOMO of the donor

and LUMO of the acceptor which determines th&\treates internal electric field

and aids field induced drift of carriers. Second, using asymmetric electrodes (high
work function electrode for collection of holes and low workdtion electrode for
electrons) will contribute to the drift of charge carriers. Third, concentration
difference of charges will be the driving force for diffusion of charge carriers.

Figure 5 demonstrates the working principle of an organic solar cell.
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Figure 5 Working principle of an organic solar cell



1.1.7 Characterizationof Organic Solar Cellsi Important Parameters

Current density (J) vs voltage (V) characteristics of a solar catsed under

illumination. lllumination is standardized at 100mW/cmvith a distribution of

i ncoming |light which matches sunodés spectral

i nci dent angle of 48.2A. By varyenhg the
values are recorded. TypicalMJcurve is showrunder illumination in Figures.

Under darkthere isno current passintirough the device, solar cell obeys the diode
characteristics. Upon applied revetsias no current passes sicbarge carriedrift

to electrodes is high. As the applied voltage increases (when voltage reaches to turn

on voltage) diffusion current over rules the drift current and voltage increase results

in exponential current risg.

As opposedo the processes taking place in dark, under illumination excitons are
formed and charge carriers are transported to the respective electrodes. Therefore,
upon illumination, V curve becomes superposition of the dai¥ durve, shifted

to fourth quadrantvith the solar light induced current.

From the JV curve under illumination, open circuit voltage dy, short circuit
current (do), fill factor (FF), power conversion efficiency (PCE), shunt resistance
(RsH) and series resistancedjRalues can be excted. Short circuit current value

is the current value when there is no applied external field. It depends on the
absorption of light, morphology of the active layer. High absorption coefficients and
broad absorption range is advantageous for highalues. \bcis the voltage value
when there is no net current flowing through the cell. It depends on the energy level
difference between the HOMO of the donor moiety and the LUMO of the acceptor
moiety and limited by the intermolecular charge transfer.stdtdar cells based on
donor moieties having deep HOMO energy levels and/or acceptor moieties having
high lying LUMO energy levels are usually show higbcVFill factor valie defines

the degree of poweasroduced by the solar cell compared to the powat ¢chn be
delivered ideally.As depicted from Figure @nd eqn 5, FF is a degree of

10
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rectangularity of the-¥ curve. It is the ratio of the product ofw¥ and Jie to the
product of \bc and $c. Forhigh fill factor devices charge carriers could be flow
out under the electric field. Parasitic resistances, shunt and series resistances affect

fill factor values significantly.

00 ——— (5)

Rs is calculated by taking the slope ¥ turve around ¥c. It is affected by the

bulk resistances of layers, bulk resistance of electrodes and contact resistance of
interfaces. It is reported that if the series resistance increases per 0.1%, the FF of an
inorganic solar cell declines about 2.5%In the case of copper phtalocyanine and

Ceo incorporated organic solar cell FF is improved from 52% to 60% when Rs is
dropped from%%.2 to 0.1Y.cm

Another impatant factor that affect the rectangularity of the gurve is the shunt
resistance. Ry is estimated by taking the slope ofVJcurve around sk It is
affected by the current losses in the solar cell. Current leakage from the pinholes in
the film or bythe traps are the possible current losses in the cell. ldgahRuld
approach infinity, which means there is no current loss in the devicex i$ Bmall,
current passing through the cell will not be constant while potential is swept as a

result 3V curve will deviate from rectangularity hence fill factor value decredses.

Maximum power generated in the cell is the product &, \lc and FF as depicted
in Equation 6. Power conversion efficiency is the ratio of the power output of the

cell to the power of incoming light.

PCE = Pmax Psolar = \bc X Jsc x FF / Psolar (6)

11
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Figure 6 Typical }V curve for a solar cell under illumination

Another important characterization parameters for solar cells are internal and
external quantum efficiencies (IQE and EQE) or incident photon to current / charge
carrier efficiency (IPCE) which is a measure of how absorbed photons are
efficiently converted to chige carriers and collected at electrodes. Therefore it can
be expressed as given by Equation 7. In this method monochromatic light with
certain intensity is shined onto the device and response of the device is measured by
scanning the whole spectrum.

EQE= ad edl dsl c¢ for a particular wavelength (7

1.1.8 Historical Development and Current Status of Organic Solar Cells

As mentioned before first organic solar cell was constructed by Tang by the
evaporation ofcopper phtalocyanine as the donor material and the perylene
derivative as the acceptor materfal.

12



First bulk heterojunction polymer solar cell was constructed by Heeger and Wudl in
1995. In this study, MEHPPV was used as the donor material whergaw&s used
as the aceptor material.Via blending donor and acceptabicontinuousnetwork
of donoracceptotheterojunctionsvere formed?® MEH-PPV 7 and PCBM*8 were

developed by Wudl.

After that MDMO-PPV was developed, it has similar electronic properties with
MEH-PPV. However MDMGPPV has better miscibility with PCBM which is
advantageous for better morphology. 3% PCE was achieved with MBRND
comprisig solar cells with a ¥c value of 0.77V, & value of 7.6mA/cry, and FF

of 0.51.1°

Reynolds and coworkers reported a novel PPV polymer where cyaNd @group is
introduced to vinylene moiety. Due to electron withwling nature of CN groups
resulting polymer has 0.5eV lower HOMO and LUMO energy levels than MEH
PPV. LUMO energy level of the GRPV is-3.8eV which matches the LUMO
energy level of PCBM -4.1eV). However improvement of power conversion
efficiencies wih PPV derivatives is limited by the narrow absorption of these

polymers.Structures of PPV polymers are depicted in Figure 7.
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Figure 7 Structures of representative PPV polymers
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Poly (3hexylthiophene) showed better performance due to higher hole mobility and

broader absorption compare to PPV polym&sgioregulalP3HT based devices

showed the average p o2 Recom \efficiescy ofn ef yci en
P3HT incorporated solar cells belongs to P3KIBA (indeneC60-bisaddut) solar

cells. Without any additive, PCE of 4.12% was obtained withca & 0.87V, 3c

of 7.76mA.cn? and a FF of 0.61. With the addition ofchloronaphtalene (CN)

additive, 74% PCE value was achievedth a Voc value of 0.87V, & value of

11.35 mAcm? and FF value of 0.75. With non fullerene acceptors P3HT based

solar cells had the record PCE of 6.2%Structure of P3HT is shown in Figure 8.

P3HT

Figure 8 Structure of P3HT

Although with P3HT promising photovoltaic results were obtained, due to its
limited absorption rangeresearch interest shifted toolpmers having broader
absorption. For that matteroly[2,6-(4,4-bis-(2-ethylhexyl} 4H-cyclopenta[2,1
b;3,4b 6 ] dphendjait-4,7-(2,1,3benzothiadiazole)] (PCPDTBT) was
synthesized. It absorbs light up to 83® with a maximum at 775nnWithout any
optimization, PCPDTBT:PC61BM comprising solar cells showed 2.67 % PCE
value. PCE value was improved to 3.16% whensiBM was replaced with
PC1BM. 2 Absorption contribution of PGBM results in 35%EQE and 11mA/cih

Jsc value. With the addition of 1,8-octanedithiolto the PCPDTBT, P&BM
solution, absorption maxima shifts to 800nm dueirproved interaction of
polymer chains andenhancedstructural order?* 5.5 % PCE value was obtained
with Jsc of 16.2mAcn?, FF of 0.55 anda Voc of 0.62V. 1,8-Octanedithiol
addition strongly affectabsorptiorand themorphologyof the active layeimplying

that physical interactions between the polymer chaing@ndetween the polymer
andPCBM are affectect®

14



Park et al introduced TiJayer in between active layer (PCPDTBT#8M) and

Al electrode as an optical spacer and hole blocking layer. With this device geometry
100% IQE wasachieved meaning that @bsorbeghotors form a separated

pair of charge carrierand allcarriers reach to theeetrodes A 5.96 % PCE value

was achieved and certified by NREL. It was the record efficiency in 2009.
Structure of PCPDTBT is depicted in Figure 9.

C4Hg C4Hg

PCPDTBT

Figure 9 Structure of PCPDTBT

Yu et al synthesized polymers bearing thienothiophene and benzodithiophene
moities. This study was yet another milestone in polymer design. PTB1 has
absorption maximum at 694nm with an onset value of 784nm which covers the
maximum photon flux region ofofar light. With PTB1:PC61BM comprising solar
cells 4.8% PCE value was obtained whereas PTB1:PC71BM comprising solar cells
reach 5.6% PCE with adé of 0.58V.%7

To anhilate the low ¥c problem, PTB3, a derivative of PTB1 wildlsss electron
donating alkyl chainand PTB4 with fluorinesubstitution which acts as an electron
withdrawing group were synthesized. With PTB3 and PTB4 based polymer solar
cells, 5.85% PCE and 5.90% PCE values were achieved wilvadues of 0.72V

and 0.74V, respectively. Chen et al reported 7.73% PCE valhawadlification of

alkyl chain and introduction of fluorine on thienothiophene uffDifferent
scientigs reported thieno[3,4 c|pyrrole-4,6-dione) i benzodithiophene (TPD

BDT) copolymer, independently.

15



Leclerc group synthesized TRIBDT copolymernamely PBDTTPDand reached
PCE value of 5.5% with the device area of 1ch

While Freclet group was also working on THEDT copolymers, Leclerc group
published above mentioned work. Frethgroup synthesized three polymers with
the ethylhexyl, dimethylagl and octyl side chagon TPD moiety. Polymer
with octyl side chain showed better photovoltaic performavith PSCs based on
polymer with octyl side chain, 6.8% PCE value witkcbf 11.5mA/cn%, Voc of
0.85 V and FF of 0.70Authors attributedgsuperior performanct® reduction of the

side-chain bulkiness, whicleads to the crystallization of polymer.

Zhang et al also reported PSC basedPD-BDT units with dodecyl and branched
ethylhexyl side chains on BDT units. Polymer with dodecyl side chain showed PCE
value of 1.95%and with the addition of 2% DI®CE was improved to 3.42%
through rise in current values. Whereas PSC based opmg@olwith ethylhexyl

side chain had 1.49% PCE valaed with the addition of 2% DI@ was improved

to 4.79%. Authors attributed performance difference to the fact that different alkyl
chains had an influence on solubility of the polymer, packing of chants

morphology of the active layett

Jen group also syntheszdPD i BDT basedcopolymer. 4.1% EE value was
achieved witha Voc of 0.84V, Jc of 9.8 mA/cnt and FF of 0.50% Structure of
TPD-BDT polymer is shown in Figure 10.

16
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Figure 10 Structure offPDT BDT based polymer

Next world record efficiency was from PSCs based on a PTB (thienothiophene and
benzodithiophene comprising polymer) derivative. As mentioned before PTB4
showed promising photovoltaic properties. Liang et al replaced octyl side chain on
thienothiophene unin the structure of PTB4 with a branched ethylhexyl side chain
and called this polymer as PTBAXIkyl chains are very important for the solubility

of the polymer in common organic solvents. However, intermolecular packing,
crystallinity degree of polymsralso influence device performance. Branched alkyl
chains improve the solubility of the resulting polymer hareventingthe order of
chains and charge transport as proven in this literature examplemidbikty of

this polymer was calculated &s8 x10 “cn? V! s. PTB7:PGiBM incorporated

solar cells exhibited an efficiency of 7.4% when prseds with DIO and

chlorobenzené®

Liu et al synthesized®PTB7 derivativeswith different molecular weights (Mn=18,

40, 128 kDa). Power convesion efficienciesof the PSCs were found as 5.41%,
6.27% and 8.50% based on PTB7 with molecular weights 0#4Q8128 kDa,
respectivelyAuthors attributed enhancement of PCE values to the improvement of
light absorption and molity of charge carriers. Polymer with the highest
molecular weight has the lowest PDI value which facilitates a more ordered

structure.The relation between the morphology of the active layer and the molecular

17



weight proved with the TEM images indicatinggtnhanced phase separation with
the increasing molecular weigttt.

He et al constructed inverted solar cells with the device structure of ITO/PFN/
PTB7:PGiBM/ MoOgs/Al. With this structure 9.15% PCE value was achieved with
Voc value of 0.74V, & value of 17.2mA/crhand FF value of 0.72. PTB7 based
inverted devices showed better performance mainly through an improvement in JSC
values which was attributed to increased absorption of light due to decreased

reflectance®®

Hou and coworkers further improvedet BDT and thienothiophene based polymers
via incorporation of thiophene side groups on BDT moiety in ordent¢oease the
2-D orbital delocalization and thus improvirdparge transport propertieResulting
polymer was called as PTBIh where it had aarrower band gap (1.59eV) which
is very close to the optimum band gap value ¢1.5ev)3¢ hence, quite lower than
that of PTB7 Efficiency of devices based on PTBh was 9.0% a with ¥c value

of 0.78V, 3c value of 16.86 mA/cand FFvalue of 0.68' Polymers with narrow
band gaps are sufferingom low VOC values which depernmh the difference
between the LUMO energy level of the eptor and the HOMO energy level of the
donor. It was shown that the PCE of PTBHh based PSCs were improved to
10.61% with a V4c value of 0.825V by increasing the amount of;/fBM loading.
The increase in &% and PCE was attributed to improved domain purities of

PC;1BM. 28 Structures of PTB derivatives are demonstrated in Figure 11.
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Figure 11 Structures of PTB derivatives

Li and coworkers reported that PTHB based polymer solar cells with ron
fullerene acceptorsl0.88% PCE value was achieved which was one of the highest
PCE value in 2016 for single junction solar celfStructureof PTFB-O is depicted

in Figure 12.

Yan and coworkers achieveeecord efficiency of 11% with single junction
organic solar cells. This achievement was certified by NREL and placed in NREL
chart of best research cell efficienciPsly[(5,6-difluoro-2,1,3benzothiadiaze#, 7-
diyh-alt -( 3 ,- 3 dif&jhdnyltridecyl}2 , 2 Nj; 5-tljatertNpNiterd NjNdiyD]
(PffBT4AT-C9C3) PCiBM  comprising solar cells processed from 152,4
trimethylbenzene (TMB), -phenylnaphthalene (PN) exhibited PCE value of 11.7%.
40 Structureof PffBT4T-CoH13is shown in Figure 12.
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PHBTA4T-CoHys

Figure 12 Structures of PTFBO and PffBT4TFCoH13

1.2 Electroluminescenceof Organic Materials

1.2.1 Photoluminescence

Photoluminescence, chemiluminescence, triboluminescence, and bioluminescence
are several forms of luminescence. Luminescence is the energy release by the
emission of light. If the stimulisi a chemical reaction, mechanical action or
absorption of a photon Iluminescence is called chemiluminescence,
triboluminescence and photoluminescence, respectively. Fluorescence and
phosphorescence are the forms of photoluminescence. Fluorescence illybasica
emission of light upon absorption of photons. Emitted light usually has lower
energy than absorbed photon, therefore emission takes place at longer wavelengths.
If emitted light has the same energy and the wavelength with the absorbed photon,

this is alled resonance fluorescence.
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In the case ophosphorescence, emission does not take place immediately after the
absorption of photon. Excitation of electrons to a higher state is accompanied with
the change of the state of the spfdnce in a differentsn state, electrons cannot
relax into the ground state readilgince the reemission involves quantum
mechanically forbidden energy state transitidiigure 13 explains the fluorescence

and phosphorescence phenomena.
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Figure 13 Energy diagram for fluorescence and phosphorescenc
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1.2.2 Electroluminescence

Electroluminescence is defined as the generation of light upon electrical stimuli.
This phenomenon is realized in most of the semiconductor materials including
organicsemiconductors. It was first reported for anthracene single crystal inf1960.
However it is not significantly improved until 1980s. Tang and Van Slyke
constructed electroluminescent devices comprisikitydoxyquinoline aluminum

as the emissive material and diamine derivative as the hole tramsatatial*

With the discovery of conducting polymers in 187&dvances in this research era
took place fast. In 1990, first polymer based elecinohescent device was
constructed by R.H. Friend. In this study, polplpenylenevinylene) wasused as

the emissive materié?.

1.2.3 OLED Fabrication

OLED fabrication can be made by thermal evaporation and wet coating techniques.

Small molecule based OLEDs are usually constructed by thermal evaporation
technique. With this techniqu is possible to coat multilayers on top of each other
with high thickness control. OLED display of the Motorola cell phone was
fabricated using Kodak small molecule evaporator. Fraunhofer Institute produces

white OLEDs via thermal evaporator for ligirig purposes.

However thermal evaporationcteniques camot be used for polymer coating since
polymers decompose or cross link upon heating. Therefore polymers are coated by
wet coating techniques. Wet techniques are spin coating, doctor blade, inkjet
printing, screen printing, hot microprint contact and micro stamping. All these
solution based coating techniques require kdelumaterials and additionally
different layers should have mutual insolubility in each other. Doctor blade is useful
for coating thek (thicker than 100nm) uniform films over the substrates with the

precision®*® ool #fbladeo.
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Polymer comprising light emitting devices have several advantages like efficient
light generation and low manufacturing costs. The main inteogsirtls polymer

based LEDs lies in the room for lower cost due to no need for expensive vacuum
systems. Whereas inorganic materials and small molecules require vacuum
deposition systems which does not meet the requirements of low cost and large area

coating

1.2.4 Device Structure

In basic device structure of PLEDSs, electroluminescent laysmall molecule or a
polymer, is sandwiched between two electrodes. Cathode material is usually
calcium and aluminum. For thengssion of light at least one electrodaust be
transparent. Indium tin oxide serves as an excellent anode material due to high

conductivity and transparenc$tructure of an PLED is depicted in Figure 14.

ITO

Figure 14 OLED stack

As an alternative to ITO, polyanilif@®ANI) 4°, silver nanowire$® and graphené’
were used as anode materials in literature. Worlction of ITO is around 4.5eV
and it increases to 5.1eV with theygen content. As the worifkinction of the ITO

increasexsharge injection process becomes easier and brightness and efficiency of
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the OLED increases. Ozone treatment, etching ITO with aquaregia and etching with

plasma are utilized for oxygen saturation.

PEDOT:PSS is the most commonly used hole transport layer. HOMO energy level
of the hole transport layer lies in between HOMO of the emissive layer and the
work function of the anode material. Incorporation of this layer reduces the injection
barrier of hoks. As an alternative to PEDOT:PSS, platinum (&) copper
phthalocyanine (CuPc) %S, NBiskBMjethybheny}N , Miphenylbenzidine
(TPD) 504 NDi(MN-tNgphthyl}N , Miplhenyt( 1 -bighBlipyl}4 |, -diaNjine (NPB

or NPD)>%°233were also used as the hole transport materials in literature.

Phosphorescent small molecules and/or fluorescent polymers were used in the
emissive layer of OLEDs. Since plpp®rescent molecules generate light both from
singlet and triplet excitons, internal quantum efficienciesm @uadrapole the
efficienciesof OLEDs based on fluorescent molecules which can only generate light

from singlet excitoné?

Low to medium work function metals are used as cathode materials. Calcium
faluminum, lithium fluoride / aluminum, cesium fluoride / aluminum and

magnesium /silver are commonly utilized cathode materials.

1.2.5Working Principle of Oleds

Upon applied electricafield across the device, electrons are injected from the
cathode toLUMO of the polymer.Holes are injectedrom the anodento the
highest occupied molecular orbital (HOM®©) the polymer. Holes and electrons
recombine and decay radiativetly form a liht emission.Operation principle of
OLEDs is outlined in Figure 15.
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Figure 15 Operation principle of OLEDs

Using versatility of organic chemistry and knowledge of structure property relation
of polymers,it is possible to control the electronic and optical properties of
polymers. Figure16 demonstrates the snapshots of the PLEDs that are fabricated in

our labor#ories with different polymers.
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Figure 16 Snapshot of PLEDsonstructed in our research group

1.3 Outline of the Thesis

In the first chapter of this thesis dissertatiorifoductory informatiorand current
status opolymer solar cells angolymer based OLEDareemphasized.

In Chapter2, fabricationstepsof polymer solar cells an®LEDs arementioned.

Details of characterization meth®dreintroduced.

Third chapter is abouteffect of terminal structure and molecular weight on
electroluminescencbehaviors.Benzene and triphenyt@ne end capped fluene,
benzotriazole and thiophene bearing polymeee synthesized. Their

electroluminescencproperties are investigated.
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In chapter 4,effecs of end capper andnolecular weighton photovoltaic

performances investigated.

Chapter 5 is devoted to the electnemical synthesis of polymers and their
photovoltaic studiesTo the best of auknowledge,this is the first study in
literature where electrochemically synthesized polymease used in organic
photovoltaic applicationsVorks on ternary solar cells basen electrochemically

synthesized polymers are also covered in this chapter.

Chapter 6 cover$TO free polymer solar calland PLED. Instead of ITQ Ag
nanowiresare used aghe anode materialin polymer solar cell and polymer light

emitting diode apjptations.
This chapter also covers rghminary studies on semitransparent organic

photovoltaic devicesTransparent Ag nanowireare used as top contacts and

semitranspare®3HT based polymer solar cells are fabricated.
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CHAPTER 2

EXPERIMENTAL

2.1 Materials

For electrochemical characterizations ITO coated glass slides (8ohm/square) were
purchased from Delta Technologies. Supporting electrolytes, solvents (acetonitrile,
nitromethane, dicholoromethane) were obtaifredn Sigma Aldrich. For UWis,

and photoluminescence analyses, glass slides from Sigma Aldrich were used.

ITO coated glass substrates for device fabrication werehpsed from Visiontek.
All chemicals and solventssed for etching, cleaning of substend active layer
preparation were purchased from Sigma Aldrich. For active layer preparation
anhydrous solvents were used. PCBM[60] and PCBM[70] were purchased from
Solenne. Active layer solutions were prepared in vials (Sigma Aldrich) and filtered

throph PTFE syringe filters (Ossila) with

For evaporation of metassystem equipped with deposition controller was used.
High purity metals were purchased from Kurt J. Lesker. The tungsten boats used for
evaporationwere obtained from R.D. Mathis Company. Thicknessf the coated

metals wee controlled with QCM sensors.
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2.2 Polymer Solar Cell Fabrication

ITO coated glass substrates (150hm/square) were purchased from Visiontek. They

were cut into small pieces (12.5cn2x5cm). ITO sites were protected with Scotch

tape and immersed into HCl and HN@i xt ur e at minutedJ€or f or 3
neutralization, etched ITO substrates were immersed in@OK solution and

distilled water. Tape residues were removed with tolueneer Afutting the

substrates into smaller pieces (2.45gn2.45cm), substrates were cleaned using

toluene, detergent (Hellmanek)water mixture (2 vol %), water and isopropyl

alcohol sequentially in an ultrasonic bath for 15 minutes. Subsequently, oxygen

plasma cleaning was performed in Harrick Plasma Cleaner for 5 minutes to remove

organic impurities. PEDOT:PSS (Heraeus V P Al 4083) was filtered through 0.45

Om pore sized PVDF filter. 't was spin coat e
in 40 nm thickhole transport layer usirfgpecialty Coating Systen@3P spin coater

outside the glove box. In order to remove residual water, substrates were dried on

hot plate at 1300UC for 15 minutes. Polymer F
weight ratios. Theselbe nds were filtered through 0.22 O
On top of PEDOT:PSS layer, active layer was spin coated in moisture and oxygen

free MBraun glove box (MD< 0.1ppm, @ <0.1ppm) usingSawatec SML80 spin

coater.Figure 17shows thephotograph of wygen and moisture free glove box

system.

LiF (lithium fluoride) or Ca (calcium) and Al (aluminum) metals were evaporated
with average depositionrate f 0. M /jasn/ds 1 /s, respectively.
device configuration was ITO/PEDOT:PSS/ pogm®PCBM/LIF or Ca /Al.
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Figure 17 Photograph of oxygen and moisture free glove box system

2.3 Polymer Light Emitting Diode Fabrication

For the construction of polymer light emitting diodes etching, cutting and cleaning
procedures were followed as mentioned in Section 2.2. Right after cleaning,
PEDOT:PSS was coated using G3P spin coater. Polymer solutions were dissolved in
chloroform (CHC3), toluene or teahydrofuran (THF) with a w/veoncentration in
between 1to 25% ol ymer solutions were filtered
sized PTFE filters and spin cedt on PEDOT:PSS layer. Figure $8ows the

illustration for spin coating. LiF or Ca and Al metals were evaporated with average
deposition rateo f 0. 08 jj/ s/l,s raensdpelcti vel y. Resul ti
was ITO/PEDOT:PSS/ light emitting polymer /LiF or Ca /Al.
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Figure 18 lllustration for spin coating of polymer PCBM blend or light emitting

polymer

2.4. Characterizations

2.4.1Gel permeation Chromatography (GPC)

GPC is a type of size exclusion chromatograpsgdufor molecular weight analyse

of polymers. Moleclar weight of polymers is notdiscrete value, it is a distribution

of different molecular weight chaindlumber ofchains and weight of the chains at
every distribution should be determined to estimate the number average (Mn) and
weight average (Mw) molecular weights of the polymers. Schematic diagfram
GPC is shown in Figure 1¥olymer is first dissolved in a solvent with a known
concentration and injected to flowing stream of solvent which is called mobile
phase. Column of GPiS made up of silica or polymer beads having uniform pores.
Low molecular weight polymer chains areora strongly retained in the column
than high molecular weight polymer chains. Whereas high molecular weight
polymers do not suffer from retention in the column. The time that is spent in the

column is calledheretention time.
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Figure 19 Schematic diagram of Gel Permeation Chromatograph

2.4.2 Cyclic Voltammetry (CV)

Cyclic voltammetry is a very useful tool to investigate electroactivity of the
monomers, to convert monomers into corresponding polymers aradeionine the
oxidation potential of the monomer and the redox potentials of the polymers. In this
study, electrochemistry experiments were conducted both for electrochemical
characterization and electrochemical polymerizatiBlectrochemistry experiment

set upis demonstrated in Figure 20.

Counter Electrode
Pt wire
— 5 Reference Electrode
== Ag wire

=3 Working Electrode
ITO coated glass

——> UV cuvette

Figure 20 Demonstration of electrochemistry experiment set up
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For the electrochemical synthesis of polymers, platinum (Pt) electrodes were used as
the working and counter electrodes and a silver (Ag) wire was used as the reference
electrode. Tetrabutylammonuium hexafluorophosphate was used as the supporting
electrolyte. As the solvent nitromethane was used. Potential sweep technique was

utilized and details of this experiment will be mentioned in Section 5.2.

For electrochemical characterization of chemically synthesized polymers cyclic
voltammetry experiments wesdso carried out. Polymers were dissolved in GHCI
with a weight concentration of 1 mg/ mli
PTFE filter. Then polymer solution was spray coated on ITO glass electrodes.
Counter, working and reference electrodes werenecied to theGamry
potentiostat (Reference 600)which applies a potential between working and
reference electrodeg\cetonitrile was used a$e solvent due to its inertness in a

wide range of potential.

Potential was swept with a constant réit80mV/sec or 250mV/sec) current values
were recorded. Current density vs voltage relation was obtained. From this graph,
doping anl dedoping potentials for p doping and n dopiagions and oxidation and
reduction onset values can be determirtégure 2ldemonstrates thexidation and

reduction onset valuebtained from CV.
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Figure 21 Demonstration of oxidation and reduction onset vatigainedfrom CV

2.4.3 UvVis Spectroscopy

With UV-Vis spectroscopy, absorption mansmittance of a solution in a cell with a
path length b is measured. In this study, absorption of thin films andneoly
solutions were investigated with Agilent Technologies 8453 UV-Vis

Spectrophotometer

From absorption onset values optical bandsgapthe polymers were calculated
using Equation 8 wher e “Ploues/sek $peed oftights t a n' t
is3.00x16met er/ sec and & is the cut off wave
to 1.6 x 10*° Joules.

0o Q - (8
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2.4.4Photoluminescence Spectroscopy

In photoluminescence spectroscopy, light is directed to a sample, photoexcitation
takes place. After that energy is releasedhwain emission of photowcaled
photoluminescence. Figure #2monstrates the schematic diagrdma iluorometer

or spetrofluorometer. In fluorometer, excitation source is usualtyercury (Hg)

lamp and as excitation and emission wavelength seJe@bsorption and
interference filters are used. In spectrofluorometer, excitation source is usually
xenon (Xe) lamp and as the excitation and emission wavelength sgelactor
monochromator is utilized. Sample and detector are at right angle to each other to

minimize scattering from the sample and cell wall.

Excitation S
ample
E> Wavelength E> Holder

Selector

Lamp @

Emission
Wavelength
Selector

24

Detector

Figure 22 Schematic diagram of a fluorometer / spectrofluorometer
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2.4.5 Transmission electron Microscopy (TEM)

Operation of transmission electron micrgseo(TEM) is similar to the optical
microscope. In the case of TEM electrons are useédedght source. Athe top of

the microscope there is an electron gun that produces electron beams. Column of the
microscope is in vacuum. Electrons are travelling to the condenser which is
composed of electromagnetic lenses which focuses electrons into a beam. Then the
beam focus on the sample and unscattered electrons hit the fluorescent screen. An
image with darker and lighter areas is obtained. Darker areas correspond to electron
rich areas whereas lighter areas correspond to electron poorFagess.23depicts

theschematic diagram of TEM instrument.

a > Electron Gun

> Anode
%_——_:-/‘f > Condenser Lens
| x/'
- —> Specimen
=
/\%_—t "’/1 __ Lenses
& e

> Screen

Figure 23 Schematiadiagramof TEM
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2.4.6 Atomic Force Microscopy (AFM)

Atomic Force Microscopy is a powerful technique for examining the topography of

the samples at nanoscale and dl& used for lithographic purposes.

Cantilever equipped with a tip scans the surface of the sample. When the tip is close
to the surface, attrage forces are dominant and leeahtilever to deflect towards

the surface. If the tip approaches the surfaware, repulsiveforces become
dominant and leadantilever to deflect away from the surface. A laser beam is
directed to the cantilever and cantilever deflections lead reflected beam to change its
direction. These movements are tracked by a positiontisenshotodiode and sent

to the detector.

2.4.7 Organic Solar Cell Characterization

For the characterization of OSCs, current density vs voltage characteristics of the
devices are tested under illumination of solar simulator with a power of
100mW/cn?. The Committee Internationale d'Eclaraige (CIE) and the American
Society for Testing and Materials (ASTM) declared standard testing conditions for
solar panels. Standard test conditions include intensity of light, temperature and
spectrum. Standard spectiee prefixed as AM and it is followed by a number. AM
stands for Air Mass and the number depends on the path through the atmosphere
normalizedto the shortest path. Figure®24lemonstrates the definition of various
global (G) air mass (AM) conditions.
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Figure 24 The definition of various global (G) air mass (AM) conditiéhs

Solar cells were tested under illumination of AM 1.5G solar simulafétlas
Material Testing Solutionslusing Keithley 2400 source meter controlled by
LabTracer program.-V¥ (Current density vs voltage) relations of the devices were
plotted wsingprogramOrigin.

After }V measurements, IPCE /EQE characterizations were carried out. EQE
measurements were performed to determine how efficiently a solar cell converts
sunlight into electricity. For this purpose calibrated Si photodiod&ewpor) was

used as the reference, and the | | 6 s phot oc umeasured undee s p o n ¢
illumination. IPCE measurement set up isowh in Figure 25 IPCE curve

resembles the absorption spectrum of polymer PCBM blend. From the curve it is

possible to estimat#c values of the solar cells.
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Figure 25 IPCE set up

2.4.6 Polymer Light Emitting Diode Characterization

In the characterization of PLEDs, while potential is swept, current and luminance

data are collected simultaneousurrent density vs. voltage relation is collected

by Keithley 2400 which is controlled by LabTracer. Luminance is detected by Maya
spectrophotometer equi pped by a fiber optic
processed by SpectraSuit program.
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CHAPTER 3

EFFECTS OF TERMINAL STRUCTURE AND MOLECULAR WEIGHT ON
ELECTROLUMI NESCENCEPROPERTIES OF POLYMERS

3.1 Introduction and Aim of Work

Polymer based lightemitting diodes have attracted great interest both from
academia and industry. They has@me advantagesuch as ease of fabrication,
low operating voltages, possibility of application on flexible substratda.
addition color tunning can be achieved \s&ructuralmodification in the polymer
backbone® or side chair’’°8 or blending/dopping®® with organic or inorganic
moleculs. Polyp-phenylenevinylene) (PPVY° and polyfluorene (PF$%2 have
emerged as suitable polymegHt emitting (PLED) materialsHigh photo and
thermal stability (even above their melting points), good solubility in organic
solvents, high photoluminescence (PL) efficiency, good charge transportt@®pe

of polyfluorenes made them attractive class of lghitting polymers.

Fluorene bearing homopolymers @dly have large band gap antheir
electroluminescent devices emit blue li§hSignificant efforts and gi@ success
have been made ttune the lightemitting color of polyfluorenes to a longer
wavelength and decrease the band gaghefresultant polymefS.It is also crucial
for organic photovoltaic device apmiton to harvest more sunlighw/ith chemical
modifications like copgimerization with other subunitg is possible to obtain

different emission characteristicsasthe whole visible spectrum.

Copolymerization of fluorene monomer derivatives with different aromatic moieties

allows for color tuning through modification of the band gap. Color tuning to the

41



deepred and NIR region in conjugated polymers can be achieved by incorporating
narrowbandgap comonomer into polyfluorene backbone. Emission color of

polyfluorenes can be tuned in entire visible region by incorporating narrow band
gap comonomer into polyfluorene backbone. Most widely used narrow band gap

comonomers are a variety of aromaticenatycles with S and N atoms.

Thieno[3,2b]thiophene ¢, Phenothiazine® , 4,7-d i { 8Mjpophenyip,1,3
benzothiadiazole (SeBTf and 4,7 d i {se2ehpphenyiR,1,3benzoselenadiazole
(SeBSe) ®* naphthoselenadiazol&’ units were incorporated in polyfluorene
backbone to obtain different electroluminescence properties. Shim et.al reported
copolymers based on 2bi shrognéthiopher-yl)-1cyanovinyl}1-( 2 0
ethylhexyl}4-methoxybenzene, obtained have luminesqaoperties having the

full color range (blue to red) by controlling the feed ratf§<zigure 26shows the

structures of th copolymers based on flourene.
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Figure 26 Structures of fluorene based copolymers

Although there are numerous studies about tuning the optical and electronic
properties of polymers via structural modifications there are very few studies
pointing ou the imprtance of end capping. McCullo@nd coworkrs investigated

the effect oforomire end groups in P3HT. It was concluded that lower Jsc and EQE
values obtained in P3HBr based solar cell compared to P3HTsolar cell were

due to increased trapping of char§es.

Heeger group investigated the effect of bulky end cappers on electroluminescence
properties. Polyhedral oligomeric silsesquioxanes(POSS) anchored poly(9,9
dihexylfluorenyt2,7-diyl (PFO) and  poly(2nethoxy5-(2-ethylhexyloxy}1.4-
phenylenevinylene (MEHPPV) were synthesized. Thermal stability of the
polymers were improved with the POSS incorporation. POSS addition toREBH
improved the brightness tiie devices from 230cd/mio 1320cd/r with the same
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current passing and the same electroluminescence spectra. In the case of PFO, POSS
addition as end capper, electroluminescence at 525nm which is arising from the
formation fluorenone defects is signifity reduced. Devices based on RPOSS

showed higher luminance valu@s.

Li et.al synthesizediphenylamineend-capped oligofluorenylthiophenderivatves.
Polythiophenesusually have low photoluminescence in solid state due to
intersystemcrossing caused by the heastom effect of sulfurand nonradiative
decay via interchaininteractions. With the structrural modifications resulting
oligomers showed ettroluminescence with luminance values up to 1980Gc@/m
Structures of diphenylamirendcapped oligofluorenylthiophene derivativase

depicted in Figure27.

ooy

n=3or4

Figure 27 Structures of diphenylamirendcapped oligofluorenylthiophene

derivatives

Neher and coworkers improved the performance of polyfluofeRgbased PLEDs

via end capping. It was showed that non end capped Puffeeing from unwanted
green light emission due to excimer formation which reduces the
electroluminescence of the device, triphenylamine (TPA) end capping diminishes
the green light emissio Authors proposed that in neapped PF, hole and electron
reconbinations happen in the excimer formation sites which lead to green light
emission. However, in end capped PF recombinations may take place polymer main

chain endg? Structures of TPA end capped polyfluorenes are depicted in Figure 28.
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Figure 28 Structures of TPAend capped polyfluorenes

As can be evidenced from the literature examples, flpolgrene comprising
polymers showed electroluminescence. Band gaps and thus the emmissions of the
resulting polymers can be manipulated via structural modifications.
Electroluminescence of the devices based on polymers can be improved with end
capping. For this purpose,n this study, fluorene, benzotrizaole and thiophene
bearing polymers with different terminal ends were synthesized and their

electroluminscent devices were constructed.

3.2 Experimental

In this study, fluorene, benzotrizaole and thiophene bearing polymers with different
terminal ends were synthesized via Suzuki Coupling reaction. Molecular weights of
the polymers were determined witlgilent Gel Permeation Chromotagraphy (GPC)
using CHC4 as eluent and polystyrene as standart. For the GPC analysis, polymers
were dissolved in CHGvith 2mg/ml concentration and filtered throgh PTFE filter

to remove undissolved particlds.electrochemistry experiments 3 electrode system
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was used. SilverAg) wire was used as reference electrode, Platinum (Pt) wire was

used as the counter electrode and ITO was used as the working electrode

ITO coated glas substrates (150hm/square) weuechased from Visiontek.ITO

sites are protected with tape aminersed into HCend HNGmi xt ur e at 100U0UC f
3minutes. For neutralization, etched ITO substrates are immersed 0z K

solutionand distilled water. Tape residues are removed with tolirmstrates are

cleanedusing detergent (Hellmanex) water, wate and isopropyl alcohol

sequentially in an ultrasonic bath for 15 minutes. Subsequently, oxygen plasma

cleaning was performed in Harrick Plasma Cleaner to remove organic impurities.

PEDOT: PSS (Heraeus V P Al 4083) D filtered
filter. It is spin coated at 3500 rpm for 45 seconds resulting in 40 nm thick hole

transport layeroutside of the glove boxIn order to remove residual water,

substrags are dried on hotplateat I8¢ f or 15 minutes. Polymer P
prepared in different rati os. These bl ends
PTFE filter. On top of PEDOT:PSS layer, active layer is spin coated in moisture and

oxygen freeMBraun glove box (HO< 0.1ppm, @<0.1ppm)using Pin coater. Ca

and Al meals are evaporatedith average deposition rate of G;i2 /s and 1 j/ s,
respectivelyResulting device configuratiois ITO/PEDOT:PSS/ polymer /QAl.

(Figure 29)Current density voltage characteristics of the devices are tested under

illumination of soar simulator (A.M. 1.5Gusing Keithley 2400 and LabTracer

program. For electroluminescence characterizations 100nm diameter sized fiber

optic equipped Maya spectrophotometer was used.

ITO

Figure 29 PLED stack

46



3.3 Results andDiscussion

In this study, fluorene, benzotrizaole and thiophene bearing polymers with different
terminal ends were synthesized. While P1 has triphenylamine terminal end, P2 has
benzene end caftructures othe polymers with different end caprs are shan in

Figure 30
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Figure 30 Structures of polymers P1 and P2

Scherf and Neher et.al demonstrated that by increasing the amount of end capper
molecular weight of the resulting polymers are decreasing, drastiélly. this

study, in order to obtain polymers with similar molecular weights, same amount of
end capping reagents were uddidlecular weights of polymers were determined as
(Mn-Mw) 9kDa 14kDa and 22kD#@0kDa for P1 and P2, respectively.

Cyclic voltammetry was used to investigate the electrochemical behaviors of the
polymers.Polymers were dissolved in CHGNith a concentration of 2mg/ml and
filtered through O0.450m pore sized PTFE
spray coated on ITO coated glass electrodes. Polymer films were subjected to cyclic

voltammetry.Oxidation of polymer films were achieved AB0V and 1.28 with a
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reversible dedoping peakds 0.81V and 0.66V for P1 and® Prespectively(Figure

31) At negative potentials reversible doping and dedoping peaks were observed at
2.05V/-1.63V and-1.88V£1.45v for P1 and P2, respectively. Due teetambpolar
character of the polymers, Highest Occupied Molecular OrbHEDMO) and
Lowest Unoccupied Molecular Orbital UMO) energylevels and electronic band

gap (E¢ )values can be estimated from oxidation and reduction onset values
according to thdollowing equations(Equation 1 and 2)Oxidation and reduction

onset values are calculated from the intersection of the tangent line to the increasing
part of the current and the baseline. Electrochemical parameters are summarized in
Table 1.

HOMO =- (-4.75 +Eox,onset) (8)
LUMO = - (-4.75 +Ered,onse) 9)
-
§ 10l F
< | —— P2
£ 0.5
2 ]
2 0.0-
o
38 ]
=  -0.5-
o !
5 1.0
o J
-1.54
20 4———7—-—77———F—F—1—
25 20 15 10 05 00 05 1.0 15

Potential (V)

Figure 31 Cyclic Voltammetry of P1 and P2
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Table 1 Summary of electrochemical parameters

Polymers Eoxonset(V)  Ered,onset HOMO LUMO Ege' (EV)
(V) (EV) (EV)
P1 ‘ 1.02 -1.71 -5.77 -3.04 2.73

P2 ‘ 1.01 -1.51 -5.76 -3.34 2.42

Optical characterization of the polymers wecarried out to determine the
absorption and photoluminescence profiles of polym&bsorption spectra of the
polymers in thin film form are depicted in Figure 3he absorption maximas are
488nm and 519nm withnaintense shoulder at 489 correspondingttd e” *°

transitions for the polymers P1 and P2, respectively.
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Figure 32 Absorption spectra of polymers P1 andiR#hin film form

Photoluminescence properties of the polymersatution and inthin film form
were investigatedThe luminescence maximas are 534 nm and B®Sfor P1 and

P2, respectively. Very low broadening of the peaks takes plat¢he cases of thin
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film spectra compared to solution spectra, which shows the minority of agigreg
in thin film form. Photoluminescence spectra of the polymers in GH@d in thin

film form are depicted in Figure 33
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Figure 33 Photoluminescence spectra of polymers P1 and P2 both in solution and in

thin film form

Electroluminescence (EL) properties of the polymers were investigated with the
device structure of ITO/PEDOT:PSS/P1 or P2/CafRLEDs were constructed
following the procedure mentioned in the experimental part. Polymers were
dissolved in CHG with 15mg/ml concentration and spin coated with 2000rpm
resulting in 7685nm thick polymer layer. Calcium (20nm) and aluminum (90nm)
electrodes were evaporatedEL characteristics, luminance d@ncurrent density
versus applied voltagecharacteristis of the PLEDs were investigatdegure 34
shows electroluminescence spectra of PLEDs in orange and yellow color of
electromagneticspectrum with EL peakcentered at 589nm and 5#m with a
shoulder at 589nnprespectively. EL peakare reeshifted by 4nm and 13nnwith
respect to PL peaKor P1 and P2.
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Figure 34 Electroluminescence spectra of the PLEDs based on P1 and P2.

Orange and yellow light emission were observed with Commission Internationale de
| 6 Ecl ai r a gieateg Mmehskdred at (60.9611d 0.4361) and (0.4527, 0.5389),
for P1 and P2 incorporated PLEDs, respectivElgure 35shows the snapshot of

the PLEDs.

x: 0.5611 x: 0.4527
y: 0.4361 y: 0.5389

Figure 35 Snapshot of the PLEDs based on P1 (left) and P2 (right) withGhgir

coordinates
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In order to characterize the intensity of the emitted light luminance vs. voltage
dependence of the PLEDs were determined. While voltage is swept luminance
values and current values were recorded simultanedustyinance vs. voltage and
current density vs. voltage dependence of the P1P@hdased PLEDs are depicted

in Figure 36. P1 based PLED shows luminance value of 10411¢@hm8.5V
whereas P based PLED has the peak luminance value of 14583at/8V. This

lower performance of P1 iselieved to originate from less efficient charge carrier

recombination on aggregates which also leads to red shifte@ EL.
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Figure 36 Luminance vs. voltage and current density vs. voltage dependence of the
a) Pland b) P2ased PLEDs.
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Luminance efficacy values for P1 and P2 based PLEDs were calculadesiiad/A
at 7V luminance value 09042cd/mand 0.632cd/A at 7Muminance value of
13474cd/M.

Chen and coworkers reported high brightness and stable yellow light emitting
diodes using rubrene doped polyspirofluorenes and obtained 72080atmance
value with a luminance efficiency of 14cd/A. It is one of the highest brightness

values in literature for yellow light emmiting diodés.

Ma and coworkers constructed a multilayer yellow OLED device using

phosphorescent Ir complex and polymer. Very high luminance efficiency value of
41.7cd/A was obiaed with a lumiance value of around 2@a/nt. * To the best

of knowledge it is the highest luminance efficiency value obtained for yellow light

emitting diodes.

Although OLEDs based on dopgalymers and host guest systems show high
luminance values, they are suffering from voltage dependent electroluminescence

properties which leads to color change during operatton.

Bradley and coworkers reported PLEDs based on blend of poly(9,9
dioctylfluoreneco-benzothiadiazole) ral poly(9,9dioctylfluoreneco-N-(4-
butylphenyl)diphenylamine With this device 5.9cd/A luminanasfficiency value
was attaineat a luminance value of 100cc/m®

Lee et. al reported yellow light emitting diodes whsm superyellow' poly-(p-
phenylenevinylene) (SPPV)  with the device structure of
ITO/PEDOT:PSS/SY/LiF/Al Maximum luminance value of 33800cd/nwas
attained at 12.6V with 8.7cd/A luminous efficiency at 9.6V.

Duan and coworkers constructed multistack OLEDs based coniplexes. They
obtained high luminance efficiep of 26.2cd/fAand brightness of 58160cdm
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However, thesghosphorescentlevices were prepared with vacuum deposition
which brings high fabrication cost

Li et al reported one dhe best performance orange red light emittigeDs for
devices constructed with partially solution processable materials.9ctiAd
luminance efficiency, 6613cd/mbrightness were obtained witphosphorescent

materials.”®

As seen in literature examplgshosphorescergmall molecule based OLEDs have
higher luminance values with lumina efficiencies compared to thbose of
polymer based OLEDs. Moreover, small molecules have advantagegdgse
purification and there are no batch to batch variations for molecular weight
However, these multistack devices are usually constructed by vaevaporation
which brings high cdsIn addition to this current values passing through the small
molecule based OLEDs, operation voltages are high compared to the those of
PLEDs.Polymer based OLEDs have advantages of solution processabilityaeayd
application on flexible substrates wh is the main requirement for future OLEDSs.

For this purpose, P1 and P2 comprising PLEDs were constructed on ITO coated
PEN substrates which gives flexity to the device. Figure 38hows the snapshot

of the flexible PLEDs based on P1 and P2.

Figure 37 Snapsbt of the PLEDs based on a) Bdd b)P2 constructed on ITO
coated PEBubstrates
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Electroluminescence behaviors of the P1 and P2 aemgiflexible PLEDs were
investigated. CIE coordinates of the PLEDs were determined as x =0.6163 y =
0.3790and x =0.4527 y = 0.5389 fd?1 and P2 based PLEDB1 based PLED
exhibited highest luminance value of 8239ctlah 8V, whereas P2 based PLED
exhibited highest luminance value of 9350ctiah8V. Figure 38demonstrates the

electroluminescence spectra of the P1 and P2 compromised devices.
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Figure 38 Electroluminescence spectra of the fl#dgiPLEDs based on P1 and P2

Table 2 Summary of luminance values for P1 and P2 based PLEDs

pol ymer Lum nance (c
PL on gl a 10411 @8. 5V
P2 on gl a 14583 @8V
P1 on PEI 8239 @8V
P2 on PET 93 FB V
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To concludefor both devices on glass and flexible substrates, benzene end capped
polymer exhibited superior electroluminescence performancecdpipromised
PLEDs had lower luminance valuasd red shifted electroluminescence compared

to P2compromised PLEDs. Lower uinance valuesnay arise fronless efficient

charge carrier recombination on aggregates which also leads to red shifted EL.
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CHAPTER 4

EFFECTS OF TERMINAL STRUCTURE AND MOLECULAR WEIGHT ON
PHOTOVOLTAIC PROPERTIES OF POLYMERS

4.1 Introduction and Aim of Work

Bulk heterojunction polymer solar cells (PSCs) are promising third generation
photovoltaic technologies arapower convesion efficiency(PCEs) of 117 % has
beenachieved in single junction ceft.These progresses can be attributed to the

advances in design of p and n type materials and device processing mm&vati

Synthetic efforts have been made to improve the power conversion efficiency of the
OPV device via enlarging trebsorption spectraontrolling theenergy levels of the
donor and acceptor moietids.addition to rational design of polymersprphology
optimizations and device processing innovations werehafmto obtain high PCE

values.

In addition to these, purity, molecular weight and end group of the polymers play

important role on the performance of the PSCs.

Cao and coworkers synthesizgaly[[4,8-bis[(2-ethylhexy)oxy]benzo[1,2b:4,5

b Nj] di t-2,6dydIfuore2-[(2-ethylhexyl)cabonyl]thieno[3,4b]thiophene

diyl]] (PTB7) with different molecular weights (Mn=180, 128kDa) In this study,

effect of mdecular weight on the photovoltaic performance was investigated.
Polymers hadsimilar electronic and optical properties. Power cosioa
efficienciesof the PSCs were found as 5.41%, 6.27% and 8.50% based on PTB7
with molecular weights of 1840, 128kDa, respectively.Structure of PTB7 is
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depicted in Figure 39 he hole mobilities of the polymers were enhanced from 2.85
x10%, 4.20 x10¢, 6.30 x10* cm/V.s with theincrease imolecular weightAuthors
attributed enhancement of PCE values to improveroetight absorption and
mobility of charge carriers. Polymer with the highest molecular weight has the
lowest PDI value which facilitates more ordered structure.The relation between the
morphology of the active layer and the molecular weight proved thghTEM
images which indicates the enhanced phase seperation with the increase of

molecular weighg?

PTB7 C.Hg™ ~CuHg

Figure 39 Structure of PTB7

Kim and coworkers also stressed the effect of molecular weight on performance of
all polymer solar cells. In all polymer solar cells, mixing two polymers is a great
challenge since entropy of mixing is reduced significarffiyin addition to this
electron mobility of polymer acceptors are lower than the electrdailitres of the
fullerene derivatives. Thus, having interconnected nanophase separated morphology
becomes crucial for high performance all polymer solar &I%. It was stated that

use of high Mn polymers enhances the mixing with n type polymer and prevent the
formation of large domain®ower conversion efficienciegereenhanced from.54

to 2.39 and 3.59% along with the molecular weightt poly[(2,5bis(2
hexyldeyloxy)phenylenexlt-(5,6-difluoro-4,7-di(thiophen2-yl)benzo[c]1,2,5]
thiadiazole) (PPDT2FBT)increased from 12 to 24 and 40kBeFigure 40 shows

the structure of PPDT2FBT
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CeHy;, F

CeH1s
Figure 40 Structure of PPDT2FBT

There are also a few studies stressing the importance of terminal units. Heeger and
Bazan investigated the effect of unreacted bromine and stanyl groups at the terminal
ends of polymers. For this purpogely[(4,4didodecyldithieno[3,2b : 2d , 3 6
]silole)-2,6- diyl- alt -(2,1,3benzothiadiazole},7-diyl was synthesized with no
terminal ends and also with thiophene end capp@fgure 41) Optical and
morphological properties of the polymers were found very similar. However,
unreacted bromine and stanylds were acting as charge carrier traps which led to
lower fill factor values. Moreover unreacted end groups made the polymer more
prone to thermal degradatiéh.

CioHas C4oH
&/ 12H25
| /
—Sn / \ / \ Br
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C12H2\5 /C12H25
Si N N

I N/ NN / \
S S S nS

Figure 41 Structures of polymers with no terminal ends and with thiophene ends
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Reynolds groupalso highlightedthe effect of end caps on the mobility of the
polymers and morphology. For thigpurpose, dhienogermole - 2,1,3
benzothiadiazole copolyme(®TG-BDT) were synthesized with H end caps and
tolyl end capgFigure 42)One order of magnitude higher mobility values were
obtained for the tolyl terminated polymer which may be due to entancé

stacking resulting in ordered fibrous structire.
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Figure 42 Structures of DT&DT copolymers with H and tolyerminal ends

Kanbara and coworkers investigated the effect of terminal structure, purity and
molecular weight of polymer. Experimental results showed that bromine terminal
ends led to lower hole mobility and lower PCE values. Due to the amorphous
nature of the polymereffect of molecular weight had no influence on crystallinity,
film morphology and the photovoltaic performafé&tructures of PEDOTF with

bromine terminal end and H terminal esv@ depicted in Figure 43.
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Figure 43 Structures of PEDOTF with bromine terminal end and H terminal end

In the light of these studies, it is concludidt both molecular weight and terminal
structure have an impact on photovoltaic properties of polymers. Thesesfactor
should be systematically investigated. However in literature effect of different
terminal groups has not been examined. In this stuglyaion is to figure out the
effect of different terminal ends and molecular weight on the performance of PSCs.

4.2 Experimental

In this study, fluorene, benzotrizaole and thiophene bearing polymers with different
terminal ends were synthesized via SuZD&upling reaction. Electrochemical and
optical characterizations of the polymers were carried out. Details of these

experiments were mentioned in Section 3.2.

4.3 Results and Discussion

In this study, fluorene, benzotrizaole and thiophene bearing polymers with different

terminal ends and molecular weights were synthesized, structures of the polymers
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are depicted in Figure 44Molecular weights (Mn- Mw) of polymers were
determined aSkDa-14kDa and 22kDa40kDa for P1 and P2, respectively.
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Figure 44 Structures of polymers P1 and P2.

Photovoltaic performance of the polymers were investigated with the device
structure of ITO /PEDOT:PSS (V P Al 4083) / polyniE;:BM /LiF /Al. Polymer
PCBM blends were prepared in different weight ratios. These blends were filtered
through 0.22 Om pAlpayme PCBM dlenBsTVErE diskalvédt e r .
in o-dcb. Polymer PCBM weight ratio was varied from 1:1 to 1:3. 112PEBM
ratio showed PCE of 2.10% with a¥value of 0.90 V, ast value of 5.98 mA¢n?
and a FF of 0.39. Optimizationuslies are reported in TableaBd corresponding J

V curve is shown in Figure 4Bleither thermal annealing, addition of additives nor
MeOH treatmehimprove PCE of P1 based PSCs.
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Figure 45 Current density (J) vs. voltage (V) characteristic for P1 based solar cells

Table 3 Summary ophotovoltaic parameters for P1 based PSCs

Polymer:PC7iBM  Voc (V) m A“]/ngz) FF IZ;; ;E Th?r:]l;:])e SS
P1:PCBM (1:1) 0.90 5.67 0.36 1.84 100
P1:PCBM (1:2) 0.90 5.98 039 210 102
P1:PCBM (1:3) 0.90 5.83 0.38 1.99 134

For the optimization studied P2 polymer PCBM weight ratio was varied from 1:1

to 1:3 1:2 polymer PCBM blend achieved the highest power conversion efficiency
of 2.59% with a \4c value of 0.93V, & of 5.07 mAtn? and a FF of 0.55. Upon

1% DIO (1,8diiodo octane) addition efficiey of the cell was improved to 3.55%
through mainly a rise in FF values. DIO selectively dissolves PCBM and leads to
intercalation of PCBM into polymer domains. Thus it reduces the domaiff ine.
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efficient exciton dissociation, nanophase separated interconnected network
morphology is required. MeOH treatment was also carried out to remove residual
DIO and led to further improvement of PCE values. 4.11 % PCE value was
achieved with a ¥c value of 0.99 V, ast valueof 6.59 mAtn? and a FF of 0.63.

JV curves are depicted in Figure 46d photovoltaic paragters are summarized in
Table 4

] —&— P2:PCBM (1:2)
14 D5 BCBM (1:2)1% DIQ)
i g P2:PCBM (1:2) 1% DIO MeOH treatment

v I v 1 v ) v 1 v ] v 1 v ] d 1 v ]
00 01 02 03 04 05 0.6 0.7 0.8 0. 9
Voltage (V)

Current Density (mA/cm?)

Figure 46 Current density (J) vs. voltage (V) characteristics for P2 based solar cells
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Table 4 Summary of photovoltaic parameters for P2 based PSCs

Jsc PCE Thick|
Pol ymeBMP Vy.(V FF
( mA /% ( %) ( nm)
P2: PCBM ( 0.9: 4.60 050 2.1. 108
P2: PCBM ( 0.9: 5.07 055 2.5¢ 132
P2: PCBM ( 0.9: 3.99 055 2.0. 117
P2: PCBM (: 0.9 6.19 059 3.5! 148

P2: PCBM (:

MeOH trea 0. 9! 6.59 063 4. 1: 148

P2 based PSCs showed better performance Biabased PSCs. Both effeut
molecular weight and terminal units may lead this performance improvement. In
order to figure out which factor was more dominating, benzene end capped polymer
with lower molecular weight(Mn:8kDa Mw:13kDa) was synthesized. P3
comprising polyner solarcells showed PCE d.05% with a \éc value of 0.81V,

Jsc of 6.20 mAEm? and a FF of 0.55Table 5summarizes the photovoltaic
parameters of P1l, P2 and P3 based polymer solar cells. Same polymer was
previously synthesized in our group withartd cappers ith a Mn value of 7kDa

and Mw of 17kDa0.56% PCE value was achieved with &Vf 0.60 V, FF of 0.28

and alsc value of 3.40 mAgn? 889
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Table 5 Summary of photovoltaic parameters for P1, P2, FRbased PSCs

Poly me Mwt Voo  Jsc . PCE Thi ck
(V ( mA/c (%) (nm)
P TPA)91kDaO.¢ 4.60050 2.1 108
P2 (B)22RD:0.¢ 5.07 055 2.5 132
P3 (B)813kDO.¢ 3.99055 2.0 117
P4 (X) 7-17kDa 0.60  3.40 028 056 -

EQE of the best performance PSCs based on P1, P2 and P3 were investigated. EQE
measurements were performed to determine how efficiently a solar cell converts
sunlight into electricity. Details of this experiment were mentioneSeiction 2.4.

EQE of the bst performance PSCs based on P1, P2 and P3 were gatedtand
depicted in Figure 47 The EQEfor P1 based PSC was determined as %52.29 at
470 nm. P2 incorporated PSbowed a maximunkEQE at 470 nm with 46.43%.

The maximum EQHn a cell composed d?3 was measured as 45.57 % at 4&Q
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Figure 47 EQE of P1, P2 and P3 incorporated PSCs

The effect of molecular gight on the performance of PSC morphologies of the

active layers were investigated with TEM and AFM analyses.
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Figure 48 TEM analyses of a) P1:R®M blend b) P2:P&BM blend c)
P3:PG1BM blend with a scale bar of 200nm

As seen in gure 48 for all the blends donor acceptor phase sdfmar was
observed. In Figure 48which is the TEM imge of P2:P@BM blend, phase

separation is more obvious and phases are bigger than tles phd8a and 48

For a better understanding of the active layer morphologies, TEM images were also
taken with diffeent magnifications. Figure 4@ monstrates the TEM images with
different magnifications.

Figure 49 TEM analyses of a) P1:PC71BM blend with a scale bar of 200nm b)
P2:PC71BM blend with a scale bar of 500nm ¢) P3:PC71BM blend with a scale bar
of 100nm
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In blends of P1:P&BM and P3:P@BM domain sizes are smaller than the domain
sizes of P2:P&GBM blend which is advantageous for charge separation. However
more inteconnected domains in FigurebBtfeads to enhanced charge transport thus
higher FF value€

In order to invetigate the surface topographical properties, AFM analyses were
carried out.Figure 50 demonstrates ti#d-M analyses of a) P1:R@M blend b)
P2:PG1BM blend c) P3:P&BM blend with a scale bar of 400nm

1: Height 5 1: Height 4 1: Height

Figure 50 AFM analyses ba) P1:PG:BM blend b) P2:P&BM blend c)
P3:PG1BM blend with a scale bar of 400nm

Surface roughness of P1:ABM, P2:PG:BM, P3:PG1BM blends were determined

as 2.94nm, 1.90nm, 2.54nm, respectively.

In the light of these studies, it is concluded tbabmine terminal groups are
detrimental for PSC performance. However, incorporation of different terminal
units such as TPA or benzene has almost no effect on photovoltaic properties. On
the other hand, higher molecular weight polymer showed superior voitaio
performance mainly due to high fill factor values which depends on the donor

acceptor morphology @mmobilities of charge carriers
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CHAPTER 5

SYNTHESIS, ELECTROCHEMICAL CHARACTERIZATIONS AND
PHOTOVOLTAIC STUDIES OF ELECTROCHEMICALLY
SYNTHESIZED POLYMERS

5.1 Introduction and Aim of Work

The name fApolymero is derived from Greel
Amer 6 which means part. The word $Hol ymer
Carothers clasBed polymers into two main groups according to repeating unit of

the polymer whether it has the same atoms or not. Due to formation of by products,
condensation polymers have fewer atoms, whereas addition polymers have the same
atoms. The correspondinglymerizations are called step growth (condensation)

and chain growth (addition) polymerizations which are the two main mechanisms

involved in the polymer synthesi$.

Chain growth polymerization involves three main steps. Initiation starts with
reaction between monomand initiator which can lead tradical, cation or anion.
The activated momoer reacts with another mononwerpolymer chainThe process
of addition of monomers to the growing chain contswetil monomer is depleted
or termination reactionrenders the chain ends inactive via combination or
disproportionationDuring the course of the chapolymerization molecular weight

of the polymer igonstant, as timpasses, yield of the reactiorcreases

Step growth polymerization involves stepwise reaction between the reactive groups

of bifunctional monomerdn this polymerization, multifunctional monomers react
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to form dimers, trimers and higher oligomers. Polymerization rate decreases
the functional groups are depleting. In addition to,tmsreased viscosity of the
reactionmediumreduces the niwlity of the reactive groups hencdecreases the
rate of plymerization.In contrast to chain growth polymerization, high molecular

weight polymers are formed at the high degree of polymerization.

Metal catalyzed cross coupling reactions that are used for synthesis of conducting
polymers are following the stegrowth polymerization mechanism. Suzuki and
Stille cross coupling reactions are the most commamed polymerization
reactions. Synthetic routes that are followed for the synthesis of conjugated
polymers are mntioned in Table 6. Tablesiimmarizeshe eactants and catalysts

of Stille, Suzuki,Negishi / Rieke Kumada / McCulloughDirect Arylation, Heck,
oxidative coupling, Knoevenagel anwittig /Horner i Wadsworth T Emmons

polymerization reactions.
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Table 6 Syntheticroutes for the synthesis of conducting polymers

REACTIONS REACTANTS CATALYST

STILLE RsSn Ari SnR; Pd complex
Br- A r-Br

SUZUKI (ROXBT Ari B(OR) Pd complex
Br-Ar-Br

NEGISHI / RIEKE Br-Zn- Ar - Br Ni complex

KUMADA / | Br-Mg - Ar - Br Ni Complex

MCCULLOUGH

DIRECT ARYLATION Ar BriAr-&r Pd complex

HECK CH,=CHT Ari CH=CH Pd complex
BriAr-@&r

OXIDATIVE Ar FeCk -

COUPLING

KNOEVENAGEL CHO- Ar - CHO t- BUOK
EWG-CHx>- A r -&CH2- EWG

WITTIG /HORNER 1 | CHO-Ar-CHO t- BuOK

WADSWORTH -

EMMONS (ROXPOCH: - Ar i CH2PO(OR)
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One of the most important milestone in conducting polymer research was the
discovery of conductivity of polythiophen® and development of its soluble,
procesable counterpastpoly (3-alkylthiophens).®* For poly (3-alkylthiophens)
(P3AT) there arethree possible connections between the alkylthiophene units.
These ardneadto-tail (Hi T), headto-head (H H) or taitto-tail (Ti T) connections.

Possible conections & shown in Figure 51.

R R R R
8 % M +(/§—(\ i
s s \ /'n s \WAN s \ /!n
R R R
e €Yy Yy Irre

Tail Head Head - Head Tail -Tail Head - Tail

Figure 51 Overview of head to head {H), tail to tail (T-T) and head to tail (H),
connections for P3A

The polymers that followed the strict head to tail orientation are called regioregular
(RR) polymers whereas regiorandom polymers comprise a mixture of head to tail,
tail to tail and head to head orientatiom®ercentage of head to tail connections in
the polymer backbone defines the regioregularity of the resulting polymer.

Studies proved thatgioregular P3As showed superior crystallinity and electrical
conductivity compared to regiorandom counterparts. For this purpose synthetic

pathways yielding highly regioregular polymers were investigated by scientists.

McCullough and coworkers reportabe synthesis of highly regioregular poly 3
alkylthiophenes usingGrignard reagentind Ni catalyst forpolymerizatior™°®

Figure 52indicates the synthetic pathway for the syntheSiBR-P3AT.
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Figure 52 Synthetic pathway for the synthesis of RRAT.

Rieke introduced a new synthetic method which uses activated Zinc (Rieke Zinc) to
control regioregularity of the polymerization. 98.5% regioregularity wasded

with Rieke method’ Figure 3 indicates the synthetic pathway for the synthesis of
RR-P3AT.

R

R
ﬂ Zn (Rieke)
Br/\Br =Ban/\Br
S S

R

R
Ni(ll) catalyst S
Ban@—Br g /S\ \ /T
R

Figure 53 Synthetic pathway for the synthesis of RRAT.

As meitioned in Table 5, Figure 52 and Figurg Bost of the routes that are
followed in synthesis of conjugated polymers employ Pd or Ni catalysts and
bromine functionalized stting materials. Usage of heavy metal catalysts and
chlorinated solvents make these processes environmentally unfriendly and increase

the cost of polymer production. Moreover, residues of these materials are
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detrimental for the operation of organic electcodevices based on conjugated
polymers.

For commercialization of conjugated polymer based devices like PLEDs, PSCs and
OFETs, efficiency, stability, scalability and cost issues should be solved. As
mentioned in Section 1.5 versatility of organic chemikig been used to improve
efficiency and stability of the devices. However with the methods followed in
synthesis of conjugated polymers it is very hard to obtain high amounts of polymers.
At this point, we propose an environmentally friendly, cheap, esay of

producing substantial amount of polymers via electrochemical polymerization.

In literature there are enormous amount of waok the electrochemical synthesis
of conducting polymers. However, polymers produced with electrochemical ways
are usuallyinsoluble in common organic solvents. There were very few studies

reporting the synthesis of partially soluble polymers via electrochemistry.

Kaeriyama and coworkers electrochemically synthesized P3Alkyl thiophemes.

this study, ply(3-hexylthiophene)(PHT), poly(3octylthiophene) RPOT), poly(3
dodecylthiophene) (PDDT), poly(3octadecylthiophene) (PODT) and poly(3
eicosylthiophene) (PEIT) wersynthesized electrochemically. Structures of the
corresponding dgmers are depicted in Figuret5Nitrobenzere was used athe
solvent and tetraethylammonium hexafluorophosphate was us#teasipporting
electrolyte The conductivities of PHT, POT, PDDT, PODT and PEIT were
determined as 95, 78, 67, 17 andS/tmin their oxidized form.The degrees of
polymerization of PHT, POT and PDDT were calculated as 2.3x1.@x1G and
9x10. Authors concluded that polymers with shorter pendant alkyl chains had
higher degree of polymerization. Oxidized polymers were insoluble or had very
limited solubility whereas neuf polymers were partially soluble in chloroform and
benzene. PDDT had the highest solubility among the polymers due to its low

molecular weight and long alkyl chaiffs.

76



CeHi3 CgHi7 CizHazs CigHar CagHaq
14 \; [ \; [ \; { \; [ \;
] S S S S
PHT POT PDDT PODT PEIT

Figure 54 Structures of electrochemically synthesized polymers

Wei and coworkers also worked on electrochemical polymerization of thiophene
and alkyl thiophenes. It was reported that with the addition of bithiophene and
terthiophene to the polymerization medium, rate of polymerization increased and
the necessary potential for polymerization decreased. Since the oxidation of
monomer is the slowest and the rate determening step in polymerization, addition of

dimers to thesystem bypasses this step and increases the rate of polymefiZation.

Bedi and Zade reported the polymerizatminthiophene and selenophene capped
7,8didodecyloxybenzo[1;0:4,3b Nj] d i t hon ®tpdisksnvéa electrochemical
ways asdepicted in Figure & Resulting polymers were soluble in THF. Effect of
thiophene and selenophene incorparation on electronic and optical properties of
benzodithiophene bearing polymers were investigifed.

Figure 55 Electrochemicdy polymerizedbenzodithiophene derivativeghere X is
Sor Se
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These studies reported the production of partially soluble polymers via
electrochemical means. However in none of these studies electrochemically
produced potmers were used in photovoltaic applications. To the best of our
knowledge this is the first study in the literature, where polymers that are produced
by electrochemical means are used in photovoltaic studies. This study will open the

way for synthesis afonjugated polymers with high purity and low cost.

5.2 Electrochemical Synthesis of Polymers

In this study P3A¥ were synthesized via electrochemical waysuctures of the
paymers are depicted in Figuré 5

CaHs . C4Hg
CeH13 CeH17 CioHpy  CeHiz CeMis
5y B 3y at EZ/\§3
s’ ’n s” /n S 'n S S n

Figure 56 Structures of electrochemically synthesized polymers

For the synthesis of polymepatinum (Pt) electrodes were used as the working and
counter electrodes and a silver (Ag) wire was used as the reference electrode.
Tetrabutylammonuium hexafluorophosphaias used as the supporting electrolyte.

As the solvent nitromethane was used. For electrochenpoéimerization
potentiostatic, galvanostatic, or cyclic potentialeepmethods can be used. In this
study, potential sweep techniqgue was employed. Evergththis method takes a
longer time, it is more preferred due to easy control of electrochemical
characteristics of the polymets.During electrochemical polymerization some
unwanted defects like cross linking and mislinkageay form as shown iRigure

57. With potential sweep technique formation of these defects are minimized.
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Second precaution is the use of functionalized thiophenes pbdtion to prevent
crosslinking from this position.

Figure 57 Possible defets that can be formed in the course of electrochemical

polymerization

Before starting electrolysis 2Ngas purged in the cell, then potential was swept
between 0.5V to 1.7V. As polymerization proceeded, polymer film was coated on Pt
electrode. After polyrerization was completed, polymer coated Pt electrode was
immersed in hydrazine solution and polymer was peeled off. Since the polymer
obtained with electrolysis was in oxidized form, hydrazine was used as the reducing
agent and reduced the polymer into tnguform. In order to remove the excess
supporting electrolyte, polymer was washed with methanol (MeOH). Since Pd
catalysts, stanylated, brominated compounds are not used, there is no need for
Soxhlet extraction. After washing with MeOH, polymer was keptacuum oven

at 40eC for 2 days. Experi ment al set
polymers is depictediFigure B
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] Counter electrode
Working electrode

Reference electrode

Figure 58 Experimental set up for the electrochemical synthesis of polymers

5.3 Results andDiscussion

3-Hexylthiophene, &thylhexylthiophene, -8ctylthiophene, 3lecylthiopheneand
3, 4dihexylthiophene were polymerized using electrolysislectrochemical
polymerization follows E (electrochemical) C (chemical)i E mechanism. This

mechanismg stated in Figure®
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Figure 59 E-C-E mechanism of electrochemical polymerization

Electrochemical polymerization is initiated widimapplied potential which leads to

the oxidation of monomer via release of an electron. Radical cation formed at this
step is resonance stabilized. (E) Second step is a chemical reaction between either
two radical cations formed at the first step or betweemadical cation and
monomer. Formed dications lose two protons and neutral dimers are formed. At
further steps, formed dimer is preferentially oxidized due to is lower oxidation
potential compared to monomer oxidation potentiabr the electrochemical
polymerization of P3AT derivativegotential wa swept between 0.5V and 1.7V.
Electropolymerizationvia cyclic voltammdéry is depicted in Figure 60As the
electrochemical polymerizationontinues, in the successive cycles current value
increases which pwes the polymer film growth on the working electrode. In
addition to current raise, potential values are also shifted. Potential shift can be
attributed toheterogeneous electraransfer kineticsreducedmobility of counter

ions and conductivity of thdéilm. For the P3HT, P3OT and P3DecT, doping
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dedoping peaks are broad which can be attributed to the slow diffusion of dopants in
and out of the polymer film.

Monomer oxidation peaks were not obseruethe electrochemical patyerization

cyclic voltammeties as depicted in Figure 60he resaon behind the formation of
monomer oxidation peak is the depletion of the electroactive monomer in the
diffusion layer thus the current decreases and peak formation is observed. If formed
dimers, trimerdave high eletroactivity, concentration of electroactive species will

not deplete in diffusion layer thus current will not drop and peak is not observed.
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Molecular weights (Mn, Mw) of polymers were determined 48125kDa, 6-
16kDa, 1720kDa, 33104kDa and32-98kDa for P3HT, P3EHT, P30OT,P3DecT
and PDHT,respectively. In order to investigate the electronic properties of the
polymers cyclic voltammetry studies were carried out anmonomer free
environment(Figure 61)Acetonitrile was used dbe solvent, TBAPk was used as
the supporting electrolytePotential was swept between 1.7V aB@V (-2.65 V for
P3DecT) versu®\g wire reference electrod&@he first run of P3HT resulted in a
reversible redox couple at positive potentials peaked at 1.05 V and 0.74 N ig/hic
1.04- 0.72V, 1.54- 0.69, 1.11- 0.68V, 1.45-1.01 for P3EHT, P30TRP3DecTand
PDHT, respectively All polymers showed ampwolar character except P3EHT and
PDHT. Steric hindrance arising from branched alkyl chaithefP3EHTand excess
alkyl chainsof the PDHT may impeden dopingproperty Reduction of thé?3HT
was realizedat -2.22 V with a reversible dedoping peait -1.91 V. Whereas n
doping of P30T was observed-at45V with a dedopingt-1.56V. Since P3DecT
possessethe longest alkyl chainsredox for P3DecT werebserved arelatively
higher potentials-2.08 V£1.57 V) compared tthose ofother P3AT analogs.

Oxidation and reduction onsetilues wereusedto calculate theHOMOi LUMO
energy levels bthe polymers from the cyclic voltammetrxperiment. Reduction
and oxidationonset values were estimated taking the intersection betwedhe
base line and the tangemitawn to the increasing part of the current (Explained in
section 2.3 in detail.) HOM® LUMO energy levels were calculated téla to the
vacuum level, considering that the value of NHE4s75 eV vs. vacuuntf?

Electronic band gap values were calculated for the polymers showing ambipolar

property. It is basically the ergr gap between the HOMO and LUMO levels.
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UV-Vis absorbance spectra of the polymeogh in solution and thin fih forms are
shown in Figure 62°-" * transitions of the polymers in
447, 443 320hm for P3HT, P3EHT, P30T, P3DecT and PDHEspectively. For

the thin films lowest energy electronic transitions are positioned at 495, 443, 502,

476, 325 nm for P3HT, P3EHT, P30T, P3DecT and PDid3pectively. Table 7

summarizeshe optical properties of the polymers. For all polymers, red shift in thin

film absorbance spectra compared to solution spectra was observed. This is

expected and due to reduceshformational freedom, diminished polymer solvent

interactions and tendendy aggregation in thin film forn2 In the case of P3EHT

5nm shit was observed which shows the minority of aggregation in thin film form.

Branched alkyl chainattached to th@olymer backbone iP3EHT may prevent
aggregation in thin ylm form. Optical band

absorption onset valuesing Equation 8 as mentioned $ection2.4.3.

- = = P3HT solution
- - = P3EHT solution
- = = P30T solution
- - —P3DecT solution

Absorbance (a.u.)
Absorbance (a.u.)

400 500 600 700 800 900 400 500 600 700 800 900
Wavelength (nm) Wavelength (nm)

Figure 62 Absorption spectra of polymers in solution amdhin film form
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Table 7 Summary of the optical properties of the polymers

Smax Irmax
Polymer onset
solution thin film

P3HT 446 495 634
P3EHT 437 443 587

P30T 447 502 646
P3DecT 443 476 648

PDHT 320 325 430

Table 8 reviews oxidation and reduction potentials, onset values, HOMO and
LUMO energy levels and band gaps of the polymAssdepicted in table, PHT

has the deepest lying HOMO energy level which is ascribed to the bulkiness of the
alkyl chains.®® As seen in Table,8lectronic band gap values are higher than the
optical band gap values due to creation of free ions in the electrochemical synthesis
of polymers.
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Table 8 Summary of the electronic properties of the polymers

Polymers P n Eoxonset Eredonset HOMO LUMO Ege' EgeP
doped doped (V) V) (eV) (eVv) (eVv) (eVv)

P3HT 1.05 -222 0.53 -1.77 -5.28 -2.98 2.30 1.96
0.74 -191

P3EHT 1.04 0.85 -5.60 -3.49 2.11
0.72

P30T 154 -245 0.74 -1.76 -5.49 299 250 1.92
0.69 -1.56

P3DecT 1.11 -2.08 0.56 -1.63 5.31 3.12 215 1.92
0.68 -1.57

PDHT 1.45 1.14 -5.89 3.01 2.88
1.01

5.3.2 Photovoltaic studies

To the best of our knowledg¢his is the first study in literature where
electroclemically synthesized polymers are utilized in photovoltaic devices. ITO
/PEDOT:PSS / polymer:PCBM / LiF /Al device architecture was used to investigate
the photovoltaic parameters. ITO was chosen as the transparehicting oxide

due to its excellent transparency and conductivity. PEDOT:PSS was used as the
hole transport layer. It increases the work function of ITO and it also smoothes ITO
layer. Polymer PCBM was blended at several weight ratios and spin coatsdito
interconnected nanophase separatedl @mains. Insertion of thin LiF layer leads

to lowering the work function of Al metal, protection of active layer from hot Al in
the course of evaporation af@mation of a dipole moment across the activedaye

Al interface due to either chemical reactions resulting in charge transfer across the

interface or orientation of the L4
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P3HT incorporated solar cells were processed from chlorobenzene (cb) and 1,2
dicholorobenzene (dcb). P3HT:PCBM (1:1) blend dissolved in chlorobenzene
revealed \c of 0.51 V, 3c of 4.03 mAcn?, FF of 0.30 and PCE of 0.626
without any treatment Whereas P3T:PCBM (1:1) based device processed from o
dcb showed Wc of 0.60 V, dcof 7.32mA/cn?, FF of 0.33 and PCE of 1.466. As
seen,PCE values were enhanced from 0.62% to %.46roughmainly a rise in
current valueswhich depends on absorption of light. liied solubility of the
polymer in chlorobenzene may lead to lower photocurrent values. As reported in
Table 5.4, 0.51V ¥c value was obtained with chlorobenzene processed PSCs
whereas 0.6V ¥Wc was obtained with dichlorobenzene processed PSCs. Either
formation of different charge transfer stat@sand / or the dissolution of higher
molecular weight polymechains in dichlorobenzene may lead to improvement of
Voc. After solvent optimizations, polymer PCBM ratio optimizations were carried
out. Polymer PCBM ratio was varied from 1:0.8 to 1:3 and 1:1 polymer PCBM ratio
gave the best results for P3HT incorpoda®SC. Optimizationtadies are reported

in Table 9and correspondingV curves aretsown in Figure 63

] —a—P3HT:PCBM (1:0.8)

q 4 —e—pstTPcEM (1:1)
] —=—P3HT:PCBM (1:2)

0 v— P3HT:PCBM (1:3)

Current Density (mA/cm?)

. - . .
00 01 02 03 04 05 06 07

Voltage (V)

Figure 63 Current density (J) vs. voltage (V) characteristic for P3HT based solar

cells
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Table 9 Summary of photovoltaic parameters of PSC based on P3HT

P3HT:PC71BM  solvent X}’)C m /S/Zmz) FF 'Z)/CO;E
(1:0.8) dcb 0.60 538 030 0.97
(1:1) dcb 0.60 732 033 1.46
(1:1) cb 0.51 4.03 030 0.62
(1:2) dch 0.61 590 038 1.36
(1:3) dcb 0.61 504 032 0.98

Photovoltaic performance of P3EHT was examined with the device structure of ITO
/PEDOT:PSS / polymer:PCBM / LiF /Al. Primary to weight ratio optimization
studies solvent optimization studies were carried out. P3EHT:PGBénhd

processed from dichlorobenzene showed the best performance.

Polymer PCBM weight ratio was varied from 1:2 to 1:4/ durves are depicted in
Figure 64and photovoltaic paranters are summarized in Table.1D3 polymer

PCBM ratio showed PCE of 2@ with a \bc value of 0.83V, a st value of

5.10mAkn? and a FF of 0.48.
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Figure 64 Current density (J) vs. voltage (V) characteristic for P3EHT based solar

cells

Table 10 Summary of photovoltaiparameters of PSC based on P3EHT

P3EHT:PC71BM  solvent X;’)C (m AJ/SchZ) FF T(;)E
(1:2) dcb 083 405 044 147
(1:3) dcb 083 510 048 203
(1:3) cb 061 202 030 037
(1:3) tcb 060 175 041 043
(1:4) dcb 083 451 049 181
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Photovoltaicperformance of P30T was examined with the device structure of ITO
/PEDOT:PSS / polymer:PCBM / LiF /Al. Due to limited solubility of the P30T in
dicholorobenzene, with blend of polymer PCBM (1:1) photovoltaic results cannot
be obtained. Tricholorobenzene opessed PSCs showed higher performance
through mainly a rise in fill factor values which is an indication of better
morphology obtained with tricholorobenzene. Polymer PCBM ratio was varied from
1:1 to 1:3 and 1:2 polymer PCBM ratio gave the best resuitB30T incorporated
PSCs. 1.71 % PCE was achieved withcValue of 0.76V, & of 5.11 mAtn? and

FF of 0.44. Photovoltaic results of PSC basedP80T are reviewed on Table,11

corresponding-Y curves are depicted in Figure 65

14 P30T:PCBM (1:3) /
—4—P30T:PCBM (1:2) 4
5 1 —a—pP30T:PCBM (1:1)

Current Density (mA/cm?)

00 01 02 03 04 05 06 07 038
Voltage (V)

Figure 65 Current density (J) vs. voltage (V) characteristic for P30T based solar
cells
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Table 11 Summary of photovoltaic parameters of PSC based on P30T

P30OT:PC71BM solvent X;)C ?;‘;Alcmz) FF ('Z/f)E
(1:1) odcb -
(1:2) odcb 062 4.92 0.3 1.04
(1:3) odcb 062 6.23 032 1.16
(1:1) tch 0.74 298 044 0.97
(1:2) tch 0.76  5.11 044 1.71
(1:3) tch 0.76  4.26 045 1.45

Preliminary photovoltaic studies of P3DecT wasformed. Dicholorobenzene was

used as the solvent. Polymer PCBM ratio was varied from 1:1 to 1:3. With 1:2
polymer PCBM ratio 0.95% PCE was obtained with & Value of 0.65V, & of
3.40 mA/cnt and FF of 0.43. Photovoltaic results of PSC based®®becT are

reviewed on Table 1Zorresponding-¥ curves are depicted in Figure .66
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Figure 66 Current density (J) vs. voltage (V) characteristic for P3DecT based solar

cells

Table 12 Summary of photovoltaic parameters of PSC based on P3DecT

P3DecT:PC71BM X}’)‘: €;§A/cm2) FF (F:,/CO:)E
(1:1) 064 271 044 0.76
(1:2) 0.65  3.40 043 0.95
(1:3) 0.65 2.96 046 0.88

P3HT:PCBMbased OPV are called fibest sel l er
tremendous amount of papers mentioning P3HT based solar cells. Just in the year
2010, 1953 papers were published. RegioregdBfT based devices showed the
average power ry afv38r’sRemm eficiencye df eP3HT

incorporatedsolar cells belongs to P3HTCBA (indeneC60-bisadduct solar cells.
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Without any additive, PCE of 4.12% was obtained with gz ¥f 0.87V, 3c of
7.76mAEn? and a FF of 0.61. With the addition ofchloronaphtalene (CN)
solvent additive A% PCE value @as achieveavith a Voc value of 0.87V, g value

of 11.35mAtn? and FF value of 0.75.With non fullerene acceptors P3HT based

solar cells had the record PCE value of 6%4%

As a result of this studyamong P3alkylthiophenes, P3EHT revealed the highest
photovoltaic performancéhotovoltaic parameters test performance PS®Gased

on P3HT, P3EHT, P30T and P3DeE3EHT are summarized in Table.1B3EHT
incorporated PSCs had the highesicWalues which is ascribed to low lying
HOMO level of the P3EHT. Due to less electron donating nature of branched alkyl
chains, P3EHT has lower HOMO energy level than P3HT. Moreover, branched
alkyl chains lower the conjugation length of the polymers. Deep lying HOMO levels
are favorable to obtain high VOC values, since it is proportional to theretite
between the LUMO dvel of the acceptor and the HOMO level of the donor

moiety 19

Highest JSC values were obtained in the P3HT incorporated PSCs. For P3HT,
P3EHT, P3OT and P3DecT based best performance P&&£sgalles were B2
mA/cn?, 5.10mA/cn?, 5.11mA/cn? and 3.40mA/cn?, respectively. As the length

of the alkyl chain attached to th& $osition of thiophene ring increaselic values

were decreased. Due to enhanced gpace between the polymer chains as the
length of the alkyl chain increases, hole mobilities of the resulting polymers
decrease!?’1%Decreased hole mobility of the polymers having long alkyl chains
may be the reason for lower current values. However long alkyl chains improve the

solubility of the polymers in orgamisolvents.
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Table 13 Summary of photovoltaic parameters of best performance PSC based on
P3HT, P3EHT, P30T and P3DecT

P3AT:PC71BM  solvent X;’)‘: m A‘]/ngz) FF 'Z,/CO)E
P3HT(1:0.8) dcb 0.60 7.32 033 1.46
P3EHT(1:3) dcb 0.83 510 048 2.03

P30T(1:2) tch 0.76 511 044 171
P3DecT(1:2) dcb 0.65 340 043 0.95

IPCE measurements were performed to determine how efficiently a solar cell
converts sunlight into electricity. Details of this experiment were mentioned in 2.4.
After Si photodiode calibration, cell was illuminated by monochromatic light and
photocurrent@sponse of the cell was measurtge IPCE forlP3HT based PSC was

as %35.98 at 470 nm. P3EHT incorporated REG@ved a maximunPCE at 470

nm with 37.24%. The maximum EQ#& a cell composed d?30T was measured as
39.05 % at 48@Gm. The lowesmaximum IPCEvalue anong the four polymers was
acquired for P3DecTas 20.71% at 470 nm which is consistent with the lowest
photocurrent valudPCE curves of P3HT, P3EHT, P30T, and P3DecT based PSCs
are depicted in Figure 67.
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5.4. Ternary Solar Cells

In the lastpart of this chapter ternary solar cells comprising P3EHT, PTB7 and
PC;:BM solar cells were fabricate8tructures opolymers are shown in Figure.68

C,oHs . _CqHs

i\

S n
PTB7 CHg” “CoHs P3EHT

Figure 68 Structures of PTB7 and P3EHT

In ternary solar cells two polymers having complemantary absorption profiles were
used in the active layerP3EHT hasa strong absorptioin the visible region from
360to 515 nm however lower energy region of electromagnetic spectrum is wasted.
PTB7 has selected as the second donor moiety due to its high photovoltaic
performance mentioned in Section 1.1.8. In addition to this PTB7 absorbs photons
in the longer wavelenfgtpart of spectrumrhus, P3EHT, PTB7 comprising ternary
solar cells have complementaapsorption profiles Absorption spectrunof a)
P3EHT and PTB?7 in thin film form b) ternary blend in thin film foare depicted

in Figure 69
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Figure 69 Absorption spectrum of a) P3EHT and PTB7 in thin film form b) ternary

blend in thin film form

Three possible working mechasims are proposed for ternary solar cells, namely
chrage transfer, energy transfer and parallel linkagehanisms In the charge
transfermechanismpoth of the donors absorb light aagcitons are formedlhey

both have interfaces with acceptor moiety. Electrons are transported through the
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acceptor while holes first transported to one of the donor moeity and then collected
at the anode.

In the energy transfer mechanism, all the holes are formed at otte afonor
moi eties this donor i's called 1ight absorbe

Dexter transfer mechanisms.

In the parallel linkage mechanism, charge charge carriers are genereated in both of
the donorsThey aredissociatedat their respective doneracceptor interfaces and

transported to the anode and cathtfde.

In order to compare the performance of ternary solar cells with PTEd RSCs,
PTB7:PC71BM (1:1.5) incorporated solar cells were constructed. Best performance
device exhibited PCE value 6f26%with a Voc of 0.72V, 3cof 13.59mA.cn?and

a FF of 0.64P3EHT based solar cells had shown PCE value of 2.03% witt afV
0.83V, Jc of 5.10mAtn? and a FF of 0.48 as mentioned in section 5.3. Although
P3EHT based devices had high VOC values, limited PCE value was obtained due to
its limited absoption of light. To annihilate this problenternary solar cells
comprising PTB7:P3EHPC;1BM were fabricated. Due to limited solubility of the
P3EHT in chlorobenzene, ternary blends were dissolved in diclorobenzene.
PTB7:P3EHT:P&BM ratio of 1:0.2:1.5 showed the best performarR€E value

of 6.50 % were achieved with ao¥ of 0.71V, &c of 14.50 mA¢n? and a FF of
0.62.J-V relation of the correspomt device is shown in Figure 7Photovoltaic

parangers were summarized in Table.14

Further optimization studies will be conducted to improve the power conversion

efficiencies of ternargevices.
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Figure 70 J-V curve for a PTB7:P3EHT:P4BM comprising ternary device

Table 14 Summary of photovoltaic parameters for PTB7: PCBM,
P3EHT:PC71BM, PTB7:P3EHT:PC71BM comprising devices

PTB7 :P3EHT:PC71BM Voc (V) (mA‘\]/ngZ) FF IZ)S;)E
1:0:2 0.72 13.59 0.64 6.26

0:1:3 0.83 5.10 48 2.03
1:0.2:1.5 0.72 14.60 62 6.50
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CHAPTER 6

ITO FREE ORGANIC PHOTOVOLTAICS AND OLEDS

6.1 Introduction and aim of work

Liquid crystal displays (LCDs), touch panels, photovoltaics, and organic light
emitting diodes are costructed on transparent conducting films (TCFs). The LCD
industry is the leader in TCF consumption with 1.5 billion dolars in 281%he
transparent conducting filmarketthat are useth touch panels was USD 1 billion

in 2012, andt is expected to readdSD 4.8 billion by 201911

Due to its excellent conductivity andransparency indium tin oxide coated
substrates are the most commonly used anode materials. However, ITO has some
drawbacks. ITO coated substrates are usually produced by sputtering techniques
which brings hi@p production cost. Scarcity ofidium, crack tedency é ITO and

diffusion of indium into the active layer are the other problefts.

Main requirements of electrodes for PSC and PLED applications are high
transparency conductivity and flexibility. However there is a comprimise between
transparency and conductivity. ITO has sheet resistance (Rsq) valie ®f? at

90% transparency}?

As an alternative to ITO layer, in literature singlall carbon nanotubes (SWNTSs)
113 graphene''# conducting polymers®® and copper nanowire® and silver

nanowires*"2%were used as transparent conductive materials.

In this study,Ag nanowires were used as bottom and top electrodel/nker solar
cells comprising P3HT and P1 were constructed on silver nanowire transparent

electrodes. In addition to this Ag nanowires were alssd s anode materials in
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PLEDs. At the last part, Ag nanowiresere used as top electrodes in the
semitransparent OPV devices.

6.2 Experimental

Silver nanowires were synthesized with polyol method according to a previous
literature report!?! Ag nanowire dispersion in ethanol were spray coated on glass

slides. For reproducibility of the experiments, distance between the spray gun and
the samples and the pressure of the gun set¢milfhd 2atm, respectively:t®

On top of Ag nanowire electrodes PEDOT:PSS was spin coated. For full surface
coverage PEDOT:PSS was dilutediwiisoproylalcohol [PA). PEDOT:PSS IPA

ratio was varied from 1:2 to 4:1. Spin coating speeds were also optimized. 4:1
PEDOT:PSS IPA ratio and 150Ppm spin coating speed formed the best quality
PEDOT:PSS films. Throughout the study same procedure p@ied On top of
PEDOT:PSS layer, for PSC applications polymer:B®! blends were spin coated

and metal electrodes were evaporated. For PLED applications light emitting
polymer was spin coated and metal electrodes were evaporated on top of polymer
layer. Details of PSC, PLED fabrication were mentioned irct®a 2.2 and 2.3,
respectively.
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6.3 Results and Discussion

6.3.1Ag Nanowires as Anode Materials in PS€

6.3.1.1Ag Nanowires as Anode Materialsm P3HT:PC7:.BM Comprising Solar
Cells

In the first part of this chapter, P3HT comprising solar cells on Ag nanowire
transparent electrodes were constructed. Glass/ Ag nanowire/PEDOT:PSS/
P3HT:PG:BM / LiF/Al device structure wautilized as shown in Figure 71

LiF/Al

— > P3HT:PC,; BM

| ————> PEDOT: PSS

e Pﬁw Ag Nanowires

— Glass

Figure 71 Schematic representation for Glass/ Ag nanowire/PEDOT:PSS/
P3HT:PG1BM / LiF/Al device

In the construction of the PSCs, two different kinds of PEDOT:PSS were used. In
the regular manner of PSC construction before PEDOT:E&Si¢s 4083)oating,
oxygen plasma cleaning waperformed to remove organic residues and increase
hydrophilicity of the surface thus, wettability properties of the surface is improved.
However oxygen plasma cleaning results in oxidation of silver nanowires. Therefore
in this study, EDOT:PSS layers were coated without oxygen plasma cleaning.
Without oxygen plasma cleaning, quality of the PEDOT:PSS (Clevios 4083) film
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was very poor. The PSC fabricated on this film showed PCE of 0.56% witlt a V
value of 0.54V, ast value of 3.15mA/crhand a FF of 0.33. Lowsd and FF values

may arise from the pinholes. To annihilate poor film quality of PEDOT:PSS,
different PEDOT:PSS (Clevios HTL) was coated. PEDOT:PSS HTL can be coated
to surfaces that are difficutb wet with an aqueous solutiol is usually used for
inverted polymer solar cells and coated on top of active |aAh Glass/ Ag
nanowire/ PEDOT:PSS(HTL) / P3HT:P@8M / LiF/Al device architecture 1.13%
PCE value was achieved with adAalue of 0.53V, ast value of 4.99mA/crhand

a FF of 0.43. Corresponding\J curve is shown in Figure 61. Photovoltaic

paraméers are summarized in Table. 15

Table 15 Summary of photovoltaic parameters Glass/ Ag nanowire/
PEDOT:PSS(HTL) / P3HT:PGBM / LiF/Al device

Voc Jsc PCE
P3HT:PC71BM FF PEDOT:PSS
(V) (mA/cm?) (%)
(1:0.8) 0.54 3.15 033 0.56 Clevios 4083
(1:0.8) 0.53 4.99 043 1.13 Clevios HTL
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Glass /Ag nanowire /PEDOT:PSS !PB’#'PCBM LiF /Al
1

odo 01 02 03 04 05 06 o7
19 Voltage (V)

Current Density (mA/cm?)

Figure 72 J-V curve for P3HT comprising solar cell on Ag hanowire transparent

electrode

6.3.1.2.Ag nanowires as anode materials in P1:PC71BM comprising solar cells

In the second part of this chapter, P1:fB88 comprising solar cellsonstructed on
Ag nanowre transparent conducting anode @exribed. Photovoltaic parameters
were investigat with the device structure of lags/ Ag nanowire/
PEDOT:PSS(HTL) / P1:PGBM / LiF/Al. (Figure 73)
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LiF/Al

———> PI:PC;;BM

|—————— PEDOT: PSS

— > Ag Nanowires

— Glass

Figure 73 Schematic representation for Glass/ Ag nanowire/PEDOT:PSS/
P3HT:PG:1BM / LiF/Al device

As mentioned in Section 4.3, P1 incorporated PSC shd&®@if value of 2.10%6
with a Voc value of 0.90 V, ast value of 5.98 mAcn? and a FF of 0.39. TheSC
based on Ag nanowires as ti@ode material exhibited PCE value of 0%Q@vith a
Voc value of 0.34 V, ast value of 4.64 mA¢n? and a FF of 0.32. Corresponding
J-V relation is shown in Figure 7dnd photovoltaic parameters amemmarized in
Table 16

Gratas
Moy

@ onda 2
@@

CaHiz CoHyy

—e— Glass/ Ag nanowires/ P1:PCBM /}// Al

ojo 0.1 0.2 0.4 ols

Voltage (V)

Current Density (mA/cm?)
»

Figure 74 J-V curve for P1 comprising solar cell on Ag nan@atransparent

electrode
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Table 16 Summary of photovoltaic parameters for glass/ Ag nanowire/
PEDOT:PSS(HTL) / P1:PC71BM / LiF/Al

Jsc PCE
P1:PC71BM Voc (V) FF
(mA/cm?) (%)
(1:2) 0.342 4.64 0.32 0.50

6.3.2Ag Nanowires asAnode Materials in PLEDs

In the third part of this chaptét2 comprising PLEDs on Ag nanowire transparent
electrodes were constructed. Gladg nanowire/PEDOT:PSS/ P2/ (24 device
structure was utilized ahown in Figure 75PLEDs were constructed foWing the

procedure mentioned in the Section 2.3.

Ca/Al

| — > PEDOT: PSS

Ag Nanowires

S ——————— Glass

Figure 75 Schematic representation for glass/ Ag nanowire/PEDOT:PSS/ P2 / Ca
/Al device

PLEDs characterizations were performed following the procedure described in
Section2.4.6. Electroluminescence characteristics, lunmieaand current density

109



versusapplied voltage characteristics of theBEs were investigated. Figure 76
shows electroluminescence spectra of PLEDs in yellow color of electromagnetic
spectrum with EL peakcentered at 554 nm and 591nm. EL peak isstatted by

20nm and with respect to PL peak for P2. EL peaks are red shifted by 2nm and
intensity of the peak at around 550nm increased with respect to the EL peak of ITO
based PLED.

1.04 554nm 591nm
0.8+
0.6 -

0.4+

EL Intensity (a.u.)

0.2 1

0.0 -
400 450 500 550 600 650 700 750
Wavelength (nm)

Figure 76 Electroluminescence spectrum for Ag nanowire based PLED

JV relation for the tass/ Ag nanowire/PBOT:PSS/ P2 / Ca /Al device was
investigated. Upon applied potential current valese recorded and thielation is

shown in Figure 65.
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Figure 77 J-V relation for a glass/ Ag nanowire/PEDOT:PSS/ P2 / Ca /Al device

Turn on voltage of the Ag nanowire based PLED was determined as 2.8V which
was 3.0V for ITO based PLED. During storage and handénidpin layer of oxde

was formed and the work function of the oxide layer ¢8 is around-5.1e\#?2

which is 0.4eV lower than the work function of ITO©4.7eV). Since the energy
barrier between the anode and the polymer decreases, charge injection process
become easier, thus turn on voltage of the PLED decr&dses.

Maximum luminance value was determined as 2625tdtn8V for PLED devices
fabricated using Ag nanowire networks #e anode Luminance and turn on

voltage values are summarized in Tabfe
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Table 17 Summary of PLED performances fabricated using Ag nanowires and ITO

as anode materials

Turn on

Anode Luminance (cd/nv)
voltage (V)

ITO based device 14583@8 V 3

Ag nanowire basel

_ 2625 @8V 2.8
device
Yell ow I'ight emission was observed with Comr

(CIE) coordinates measured atx4527 and y: 0.5389, for P2 incorporated PLEDs.
Figure 78shows the snapshot of the PLED.

Figure 78 Snapshot of thglass/ Ag nanowire/PEDOT:PSS/ P2 / Ca /Al device

Lower luminance values of Ag nanowire based PLEDs and lower performance of
PSCs are believed to originate from high roughness of Ag nanowires and non

contnuwrs yl ms of Ag nano\'wySEBs&nageh SEMhmagesr e pr ov e
of Ag nanowire thinflms are depicted in Figure # As seen in the figure full
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surfacecoverage cannot be established leadmgerformance loss of PSC and
PLED devices. Cross sectional SEM image of P1iBK incorporated PSC is seen
in Figure 79. Cathode metals can mitgahraigh the pinhole¢marked and may

lead to shorts or lower performance.

b)

1 pm
METE-METU

Figure 79 a) SEM image of Ag nanowire thin films b) Cross sectional SEM image

of the device

6.3.3Ag Nanowires as Top Electrode in PSE

In the fourth part of this study, Ag nanowires were used as the top electrode material
in polymer solar cells in order to fabricate semitransparent organic photovoltaic
devices (SOPVs). In the regular and the inverted device architecture usually
aluminum ad silver or gold metals are used Hwe top electrode material,
respectively. However these metals are forming opaque films and it is not feasible
coat the windows obuildings. To annihilate this problem semitransparent top

electrode materials are liged in PSCs.
For this purpose, devices with the structure of ITO/ZnO /P3HABNT /

PEDOT:PSS /Ag nanowire were fabricated. For device fabrication experimental

procedure mentioned in Section 2.2 were followed tifstop electrode material,
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Ag nanowire were spray coated through a shadow mask in order to define device

area. Resulting semitranspareetiices were shown in Figure.80

Figure 80 Snapshot of the semitransparent polymer solar cells

Photovoltaic performances tiie devices were investigated under illumination of
AM1.5G. Semitransparent P3HT:R8M devices exhibited PCE value of 0.20%
with a Voc value of 0.29 V, a st value of 2.34 mAdn? and a FF of 0.29.
Corresponding -¥ curve is shwn in Figure 81 photovoltat param&rs were
summarized in Table 18 These are the preliminarresults, studieson

semitransparent photovoltaic devices will continue.
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