ENHANCEMENT OF THE POWER CONVERSION EFFICIENCY OF ORGANIC SOLAR
CELLS BY SURFACE PATTERNING OF AZOBENZENE THIN FILMS

AMELIORATION DE LOEFFEORGINVERSI ON D6 £ NERIGULES DE S
SOLAIRES ORGANIQUES PAR LA STRUCTURATION EN SURFACE DE COUCHES
MI NCES D6 AZOBENZCNE

A Thesis Submitted to the Division of Graduate Studies
Of the Royal Military College of Canada

by

Geneviéve Ginette Thégse Tadeson, CD
Captain

In PartialFulfillment of the Requirements for the Degree of
Master of Science

April 2019
© This thesis may be used within the Department of National Defence but
Copyright for open publication remains the property of the author.



This work is dedicated to my grandmother, Gineaiequet, for her gift of a constant quiestknowledge
mixed with a hint of stubbornness. Mammee r ¢ i do°tre | a plus belle c



ACKNOWLEDGEMENTS

I would like to thank my supervisor DRibal Georges Sabat ftie trust and encouragement he
continuouslyprovided, Dr.JeanMichel Nunzi for his advice and for the use of his solar simulator, Dr.
Olivier Lebel and Dave Twigg for providg somesolventsneeded for my experimentdy. Peter Snifor
fabricating new evaporation maskand my sponsor Maj Martin Godbout for providing the resources
needed to complete this thesiwould alsolike to thank my group membe@aptin Yevgeniy Mikhyeyev,
Captain James Leibold/r. Yazan Bdour and/r. Eoin Dawsonfor being such good sounding boards.
Finally, | would like to thank my husband Ben Tadeson and my mother MMééme Fauquet for the
countless hours spent editing this thesis, and family and friends for their continuous support.



ABSTRACT

In order for organic solar cells to take their place in the energy market and be a serious alternative
to fossil fuels, theirphotonto-electron power conversion efficiencynust be improved Efficiency
enhancemesf organic solar cells can potentially bsheeved by increasing the amount of light absorbed
by the active layer. Two solutions for increasing the light absorption in organic solar cells were explored in
this thesisThe first solution consistlin usingsurface relief gratirgion a DispersdRed 1 functionalized
glassforming azobenzene compoutadcouple the lightby surface plasmon resonance in inverted organic
solar cels. Technical difficulties in the fabrication of inverted solar cplisvented further research in this
area.The secondnethodused to increaghelight absorptiorconsisedin integratingpatterredazobenzene
thin films in organic solar cell$o scatter the lightthus ncreasing the optical path of the lighside the
active areaAzobenzene thin films were patterned with randomized nanostructures fabhbgatedona
poling orwith crossedyratingsinscribed vidaserinterferencdithography. The patterned films were then
bleached(or made transparentind thermally stabilized byan ultraviolet exposure before being
incorporated ilP3HT:PGs:BM and PTB7:PGBM solar cellsThe large size of the nanostructures created
by corona poling caude disadvantageous forwatmltotal scattering ratio, resulting in a reduction of the
solar cédlsé efficiendes However, the solar cells witthe azobenzene thin films patterned by crossed
gratings showedignificantefficiency enhancement8est resultavere achievedwith rootmeansquare
roughnessy , and maximum roughnes¥, , of theazobenzenéhin films of Y | 'Y 3.9/41 nm
andY 'Y 3.6/52nmfor P3HT:PG:BM andPTB7:PG:BM solar cells respectivelyThe patterned
azobenzene thin films resulted in marked increasehortcircuit current densjtandphotonto-eledron
conversionefficiency. Efficiency enhancemestof 133%, from 1.37% to 3.19%, were observed for
P3HT:PG:BM solar cells, whilefficiencyenhancemestof 302%, from 0.53% to 2.13%, were observed
for PTB7:PG:BM solar cells.



RESUME

Pour que les cellules solaires organiques prennent leurqlacee mar ch ® de | 60 ®ner gi
une alternative s®rieuse aux combust i Himmeusefaossi l e
électriquedoit étre améliorée. llegtot ent i el | ement possible déam®l i or

organiques en augmentant la quantité de lumiére absorbée par la couche active. Deux polutions
augmenter l'absorption de la lumiére dans les cellules solaires organiques guibéé&gxians cette thése.

La premiére solution consistait a utiliser des réseaudifftactionsurunc o mp os ® d 6 awemeb enz n e
molécukire Disperse Red 1 pour coupler la lumiere ggonance delasman de surface dans des cellules
solaires organigue inversées. Des difficultés techniques dans la fabricationedeellules solaires
inversées ont empéciet poursute des recherches dans ce domaine. La deuxiéme méthode utilisée pour
augmenter I'absorption de la lumiére consistait a intégseniteescouchesanostructuréesl'azobenage

dans des cellules solaires organiques afin de disperser la lumiére, augmentanpainsulsoptique de

la lumiére dans la couche activeDes couches minces d'azobenzéne onts#iéctur@s avec des
nanostructurealéatoirs fabriquées par effet corona ou avec des résgadiffractioncroisés inscrits via

une lithographied 6 i nt e U I@sere lres @msstructurésont ensuite été&lécoloréset stabilisés
thermiquement par une exposition aeyonsultravioletsavant d'étre incorporés dans des cellules solaires
P3HT:PG:BM et PTB7:PGBM. Les grande tailles des nanostructures cré&dgar b e f f etontc or on a
entrainé un rappodéfavorablede diffusion direct par rappoét la diffusiontotale, ce qui a entrainé une
réduction de l'efficacité des cellules solaires. Cependant, les cellules solaires avec les couches minces
d'azobenzénstructuréegpar des réseaux croisés ont montré des améliorations d'effisiggiificatives

Les meilleurs résultats ont été obtenugcavne rugosité quadratique moyenn¥,, et une rugosité
maximale,Y , des couches minces d'azobenzeng géy 3,941 nm etY 'Y 3,652

nm pourles cellules solaire®3HT:PG:BM et PTB7PG:BM, respectivement. Les couches minces
d'azobenzénstructurée®nt entrainé une augmentation marquée de la densité de courant e@rcoifrt

etde | 6 e fdé ¢ooversion te® photons en électrahse augmentation de 6 e f f de £38%, ideé ®
1,37% a3,19%, a été observée pour les cellules solaires P3BBFCtandis qu'une augmentatioe d

| 6 ef fde802%,de0®B3% a 2,13%, a été observée pour les cellules solaires P&BNWt.PC



CONTENTS

Yol g 0T [=To [o T=T 1= o £ PP iii
AADSTIACT . ...ttt e e e e s iv
RESUMIG ...ttt ettt e oo b et e e e a b bt e e e ek b et e e e s bt e e e e enbb e e e e anbn e e e e anbbeeeeannneeeaas v
LISt Of TADIES ... e e e e e e e e e e e e e e e e e e e s ix
IS Ao o TN = PP X
LISt Of ADDIEVIALIONS. ......eiiiiiie i e e e e e Xiv
LISt OF SYMDOIS. ... .. e e e e e e e e e e nb e e e e e e e nnnees XVi
ROMAN SYMDOIS. ...t e e e e e s e e e e e e e nnrees XVi
GreEK SYMDOIS. ... e s e e e e e Xvii
(@ 0= = (o] £ XVii
= Tor (o) g TToRRS )Y 1] 0T PRI Xviii

R [ 11 (0o [0 Tox i o o FO OO PP O PP PPPPPPPPPPRRPPPP 1
O R = 7= (o3 (o | (01U [T PSP P PP PPPPPPPP 1
1.1.1  Global ENErgy SIELION..........c.uueiiiieiiiiiiieee et e e e e e 1
1.1.2  Solar Cells EVOIULION.......cciiiiiiiiiiiie ettt e e 2
1.1.3 Energy Payback TimMe........cooiiii et e e 3

1.2  Recent Developments in Polymer Organic Solar CellS...........ccvvveiiiiiiiiiiiiiieeeen 5.
121 Bulk-Heterojunction Solar CellS............uuviiiiiiiiie e 5
12.2  Advancement in MAterialS..........cueiiiiiiiiiiiiiie e 5
1.2.3 Plasmonic Organic Solar CellS............cooooiiiiiiirrereeeeeeeer e e 6
1.2.4  Scattering through Surface Patterning........ccccccuuuuiiiiiiiiiiiiiieeeeee e 8
1.2.5 Photeinduced Nanostructures in Azobenzene Fims..........ccccooeiiiiiiiiiee e, 9

1.3 RESCAICH GO@L....ciiiiiiiiiiiiiie e 9
1.4 Structure Of the TNESIS.........uiiiiiie e 10

2 THEOIEUCAI OVEIVIEW.....ceiiiiiiiiiieii ettt e e e e s e e e e e e e e e ee s 12
2.1 INOrganiC SOIAr CelIIS......coiii it 12
2.1.1  SEMICOIAUCTONS. ......eeeeeeiie e ettt e e ettt e sttt e e e e et e e e e e e e bbb e e e e e e e annbbbeeeeeeean 12
2.1.2  Conversion of Solar Energy into Chemical ENergy.........cccccooveuiiiiieeeiiiiiiiiieeeeens 15
2.1.3  Conversion of Chemical Energy into Electrical Energy..........ccccccoeeeeeieeeiiiiiiiieeinns 17

2.2 Characterization Of SOlar CElIS..........oooi i 21
221 SNOMECITCUIT CUIMENT.....eiiiiiiii et 21

Vi



2.2.2  OpPERCIFCUIt VOIAGE. ......cce e e e e e e e e e e e e e aaaaaaaaeas 21
2.2.3 Rl FACION. ..ttt 22
2.2.4  Shunt and SEEB RESISIANCE. .........c.uuiiiiiiei e 23
2.25 Efficiency Of Solar CellS........ooiiiiiii e 24
2.3 0rganiC SOlar CellS.......ccccciiiiiiiiiiiie e e e e e e e e e ——————————————— 28
2.3.1  Charge Formation and Extraction in Organic Solar Cells............ccccvvvrevveeeeeeeeennnn.. 28
2.3.2  Organic Solar Cells ArChitECIUIES...........eeiiiiiiiiiiieee e 30
2.3.3  Organic Solar Cells MAterialS............uuveiieeiiiiiiiiiee e e e 32
2.4 Plasmonic OrganiC Solar CellS............oooiiiiiiiiiie e 38
2.4.1  The ElectreMagnetic EVanesCent WaNE..........ccccceiiuiirniiiiiiiiiiieeereeeereee e e e eeeaeaa e 39
2.4.2  Surface Plasmon Dispersion Relation............cccceeeeeiiii e 41
24.3 Excitation of Surface Plasmons RESONANCE...........cooouiiiiiiiiiiiieeiiiiiieee e 43
244  TWO-BEAM INTEITEIENCE. ....ciii ittt 45
245 Diffraction Grating EQUALION............coiiiiiiiiiiiiie e 47
2.46 Surface Relief Gratings on Azobenzene Thin Films..............cco oo, 49
2.5  Scattering through Surface Texturing of Azobenzene Thin Films..........ccccvvvevieeevennnn.. 53
2.5.1  Scalar SCatteriNng TNEOLY.........uuiiiiieiiiiiie it ea e 53
2.5.2  Corona Poling of Azobenzene Thin FilMS........c.oooiiiiiiiieeee e 55
253 Photobleaching of AZODENZENE............uuiiiiiiiee e 57

3 EXPerimental ProCEAUIES............ooviiii i e e e e e e e e e e e e e e e e e 60
3.1  Materials, Handling and StOrage............ooooiiiiiiiiiciirr e e e e e e e e e e e e e e e e e e 60
3.2 Substrate and SolUtIONS Preparation...............ccouiiiirieeeeiiiiiiiiee e e sibrneeeee e 60
3.2.1  SUDSHrate Preparation............oui i uiriiieieieiiieiee e e s s e e nnnened 60
3.2.2  SOlUtiONS PreparatiQn............oooiiiiiiiiieceee e e e e e e e e e e e e e e aaaeaaeaeeeeeeaeed 61
3.3 Processing and Test EQUIPMENT........oooi it e e e e e e e e e e e e e e e e e 62
3.3.1 Processing EQUIPMENL........coiiiiiiiiiiiieee st s e ee e e e 62
3.3.2 TSt EJUIPMIENT ...ttt e et e e a e 64
3.4  Fabrication of Control Solar CellS..........c..uuiiiiiiiiiiii e 69
34.1 Fabrication of IndiurTin-Oxide Solar CellS..........cccvviviiiiii e 69
3.4.2 Fabrication of Solar Cells with a BB8M OVer-layer............cccccoviiiiiiiiiiiiiiieeece e 71
3.4.3  Fabrication of PH1000 EIECtrodes...........ccocviiiiiiiiiiiiiiiciiiic e L 2
3.4.4  Fabrication of Inverted Solar Cells with Transparent Top Electrodes..................... 75
345 Fabrication of Direct Solar Cells with Transparent Bottom Electrades................... 76

vii



3.5 Incorporation of Nanostructures in Solar CellS.......vvvvviviiiiieeeeen A 7

3.5.1  Fabrication of Nanostructures on Azobenzene Thin Films..............ccccciiiieieiiiineenn 77
3.5.2 UV treatment of Azobenzene Thin Films..........ccooiii e 80

4 RESUIS QNG DISCUSSION. .....ceiiiiiiiiiiiiiiie e e e et e e e e e e e e e e e e e e e e e s s b e e e e e s aasnsrnneeeeeeaannes 86
4.1  Indium-Tin-Oxide Control Solar CellS............oocuiiiiiiiiiiiic e 86
41.1 Large Area IndiurTin-Oxide Solar CellS...........uuuiiiiiiiiiiiiiiieiiiciceecee e 86
4.1.2  Solar Cells With 8@ PCBM OVEAYEL..........ccccoiiiiiiiiiiiie et e e 88
4.1.3  Small Area IndiurATin-Oxide Solar CellS..........ccooiiiiiiiiiiiii e 89
4.2  Inverted Solar Cells with Transparent Top EIeCtrades...........cccvevvieiiiniiiiiiiieceiiieee 92
4.2.1 Metal SemiTransparent TOp EI€CtrOdES.......uvvuviiiiiiiiiiiiiieiie e, 92
4.2.2  SpinCoated Transparent TOp EIECtrOdes..........cccoccuuviiiiiiiiiiiiiiieiireeeereeee e e 95
4.3  Direct Solar Cells with PH1000 Bottom Electrodes...........cccccoviiiiiiiiiiiiiiiiiiee e 97
4.3.1 High Annealing Temperature PH1000 Bottom Electrodes Solar Cells.................... 97
4.3.2 Low Annealing Temperature PH1000 Bott&iectrode Solar Cells............cevveeveeeen.. 98
4.3.3  Effect of Surfactant on PH1000 Bottom Electrodes Solar Cells............ccccoeriinnenn 99
4.4  Scattering in Solar Cells by Nanostructures on Cofemiad Azobenzene Thin Films.....101
441 UV Treatment of Azobenzene Thin Films Patterned by Corona Poling................ 101
442  SingleSided Solar Cells with Cororfaoled Azobenzene Thin Films....................... 106
4.4.3  Thermal Stabilization of UM reated Azobenzene Nanostructures.............c.coc...... 108
4.4.4  DoubleSided Solar Cells with CororRaoled Azobenzene Thin Films...................... 110
4.5  Scattering in Solar Cells by cross gratings on Azobenzene Thin Eilms....................... 113
4.5.1 Thermal Stabilizabn of UV-Treated Azobenzene Crossed Gratings...................... 113

4.5.2  Impact of UV Lamp Distance on the Nanostructures of the Azobenzene Thin.Filtrib

453 Double Sided Solar Cells with Crossed Gratings on Azobenzene Thin Eilms.......117

4.6  Summary of the -¥ Characteristics of the Solar Cells Fabricated in this Thesis.......... 121

I O] o[« {0 o] o PP PPPPPOTPPPPRPPP 124
5.1 SUMIMIBIY . .ttt et et e e oo oot oo oo e e e oo e bbbt e et bbb e s e e e e e et e e e e e et aaeaaaas 124
5.2 FULUIE WOTK. .ttt e e e e e e e e e e s 126
521  Testing of SOlar CellS.... ..o 126

5.2.2  Surface Plasmons Resonance Excitation by Surface Reliefs Gratings in Organic Solar
Cells 126

5.2.3  Scattering by Patterned and Bleached Azobenzene Thin Films in Organic Solariélls

LY (T (=T A1 129



LIST OF TABLES

Table 3.1. Conductivity of PH1000 at a pure state, witkspiening DMSO addition angostspinning

D1 IS @ A (=T 110 1= o | PP U TR PUUUPPPPTPIRt 73

Table 3.2. Summary of processing parameters for the different solar cell designs used in this. tB8sis
Table4.1.v characteristics of two solar cells tested
by the Royal Military Colleg®f Canada SIMUIAOL..............cevveiiiiiiiiiiii e 87

Table 4.2. Comparison of the/Jcharacteristics of the ITO control solar cells and inverted solar. @#ls

Table 4.3. Parameters of the best direct structure transparent bottom electrode solar cells used as control
K0 F= Lot | PP PPPPPP 101

Table 4.4. Summary of the\dcharacteristics of the solar cells fabricated in this thesis.............. 123



LIST OF FIGURES

Fi gure 1. 1.;enGsaiongapmofedticns fGrQ020 and 2030........ccccccvvvvvvvrirririiiniieeeeeeeeeeen 1
Figure 1.2. Best research solar Cell effiCiENCIES ........couiii i 3
Figure 1.3. Energy payback time of selected Solar.CellS..........ccuuiiiiiiiiiiii e 4
Figure 1.4. Plasmonic solar Cells gEOMEIIIES .....uuuiiiiiiiiiiieiiieeiee ) 6.
Figure 1.5. Atomic Force Microscope (AFM) images of (a) a linear grating and (b) a crossed grafing.
Figure 1.6. Metal nanopatrticles acting as scattering centers in a thin film solar.cell.................... 8
Figure2.1. Pure Silicon CryStal [atliCe............uuiiiiiiiiiieieee e 13
Figure 2.2. Doping of silicon with (a) phosphorugype) and (b) boron ¢p/pe)........cccvvvvveeriiiinnnnnn. 14
Figure 2.3. Fermi levels in an (a) intrinsic semiconductor, {igpa semiconductor and (citype
semiconductor at NEADLSOIULE tEMPETAIES...........cooii i i e e e e e e e e e eaaaaaeaaeaaeas 15
Figure 2.4. Quadrermi levels for a semiconductor (a) in the dark and (b) illuminated.................. 16
Figure 2.5. (a) Radiative, (b) Auger, and (c) SRH recombination............ccccoecuveeieeeriiiiiniieeeennns 16
Figure 2.6. Diffusion current in @ SEMICONAUCLON............ccoeiiiiiiiiiie e 18
Figure 2.7. Drift current in @& SEMICONAUCTQL. .........c.oiiiiiiiiie et e e eeee s 18
Figure 2.8. QuasFermi levels in a #lype material, where @nd- (are the energy level of the
conduction band and valence shell, reSpPectiVElY.............ooo i 19
Figure 2.9. Quadrermi levels in a peterojunClion................ooooii oo cccecccccce e 20
Figure 2.10. Geometrical construction of the maximum power point of a solar.cell..................... 22
Figure 211. Equivalent circuit of a solar Cell..............oooiiiiiiiici e 23
Figure 2.12. Modeled effect of “Yariation on the-Y characteristics of a P3HT:RBM cell.............. 24
Figure 2.13. Length of the path through the atmosphere in relation to the shortest length for different solar
S 01T e 1 1] o 0PTSRS 25
Figure 2.14. Irradiance spectra for increasing air MAasS.........cccccvvvieeiieee e 26
Figure 2.15. Efficiency- of a solar cell with radiation recombination only under AM1.5 as a function of
(o7 a o [0 F=T o OO P PP PPPPPRPIN 27
Figure 2.16. Energy levels in an organic polymer/fullerene solar.cell.............cocoiiineeiiiiiiiinnnnen. 29
Figure 2.17. Charge separation in a BudRerojunction...................ccooo e 30
Figure 2.18. Architectures of buliketerojunction organic solar cells...........cccccevviiiiieeee i, 31
Figure 2.19. Schematic illustration of the vertical separatiorpofyaner:fullerene blend in an inverted
£ = g o = | 32
Figure 2.20. Effect of different ratios of P3HT:&BM blends on the-¥ characteistic curve of a solar
o | PSR 33

Figure 2.21. Efficiency as a function of P3HT M active layer thicknesg he dots represent the
reported thickness and associated efficiencies. A thickness of 90 nm produces the maximum efficiency

and has been the choice of several studies. Adapted from (Dang et al’22Q11).............c.ccueenee. 34

Figure 2.22. Schematic representation of P3HE:BKZ blends a) in norannealed solar cell and b) after
annealing at 150eC..f.0r. .. L5 ML 0 ULES . 34

Figure 2.23. Energy levels of some common components used in organic solar.cells................ 35

Figure 2.24. Effect of interfacial layers between the active layer and the cathode in a direct structure solar
o | PSR 36

Figure 2.25. Timeline of PEDOT:PSS treatment aimed at improving its conductivity.................. 38



Figure 2.26

. Surface plasmons schematic. The charge density oscillations induce an evanescent EM wave

at the interface propagating in thalixection and exponentially decaying in thdiyection.................. 39
Figure 2.27. AN eleCtFNAgNETIC WAVE............uiiiiiieiiiiiieee e e e e e e e e e s reeeee s 39
Figure 2.28. Refraction of a wave at the interface of two media with different index of refractior40
Figure 2.29. Surface plasmon excitation configurations.............cccceeeeeeeeee s 44
Figure 2.30. Diffraction of light with a reflective grating..............ccccoeveeiiiiiiiincciieeeee e 44
Figure 2.31. Two travelling plane waves interferencCe...........ccccoeeeeeeie e 45
Figure 2.32. Light diffraction by two consecutive elements of a reflective grating elements separated by a
(0 1S) =TT = O S PRSP RUUPROPR 47
Figure 2.33. Organic solar cell structures for surface plasmons.............ccccccvveeeeiiiiiiiineeeennnnn . 49
Figure 2.34. Possible mechanisms for tloenisrization of azobenzene molecules from the trans to the cis
(0] 0 PSPPSR 50
Figure 2.35. Togriew schematic of grating inscription S@...................oeo e oo i eieccicciccce e 51

Figure 2.36.
Figure 2.37.
Figure 2.38.

solar cell

Figure 2.39.

Figure 2.40

Toy i ew of the LI oyd.d.s..mi.r..o.rl..i.nt.er.f.erS5bmeter
Backward and forward scattering of incident light at the interface of a rough surfaéel

Effects of the size of silver nanoparticles embedded in the PEDOT:PSS layer of an organic
Schematic of a corona poling process

AFM scan of an electrifield-induced nanoscale surface patterning in azobenzene thin film

..................................................................................................................................................... 56
Figure 2.41. Transmission at a wavelengfth43.5 nm of azobenzene illuminated by a 532 nm lagef
Figure 2.42. Model for the photodegradation process of azobenzene malecules........................ 58
Figure 2.43. Evolution of the absorption spectrum of an DR1 azobenzene thin film upon 488 nm, 20
LVAT 2o T = Vo [ = o o PSS RTSR 59
Figure 3.1. Patterned ITQ........ccooiiii e e e e e e e e e e e e e e e e e e e e e e e s e e s s e e e se s e anananaeeneeraeeeees 61
Figure 3.2. Surface relief grating StatiOn............oocuiiiiieoiiiiieee e 63
Figure 3.3. COroNBOING SEIUP ......uuuuiiiiiiiiiiiiiiie et e e e e e e e e e e e e e e e e e e e s s e e s s e e e s aaanarabrrarasresrseeeees 64
Figure 3.4. SPECIrOMELIY SEBD #L.......ccco ittt e e e e e e e e e e e aaa e e e e e e e e e e e e e s s s e s e s s sannnannneannes 65
Figure 3.5. SPECIIOMELIY SBD H2.......ooeiiiiiiiiiiie et e e e e eeaeeas 66
Figure 3.6. Normalized xenon arc lamp spectwith an AM1.5G filter.................cccccocn, 67
Figure 3.7. Solar cells characterization StatiOn.............c..ccoiiiiiiiiiiiieeii e 68
Figure 3.8. Schematic of direct structure ITO solar.Cell.............cooeeiiiiiiiiii e, 69
Figure 3.9. Siler paste pattern for ITO solar CellS.......ccooiie e 70
Figure 3.10. Effect of fast aluminium evaporation rate (200 nm/5 s) and slow evaporati@Qd@aten(
/100 s) on the-¥ plot of a PSHT:PGBM S0lar Cell..........uuuuiiiiiiiiiiiiiiiieiieiiieeeeee e 71
Figure 3.11. Schematic of an ITO solar cell with &B®1 over-layer............c.ccoceevviiiiiiiiiie s 72
Figure 3.12. Schematic of the electrodes patterning of AI/PH1000 solar.cells............................. 74
Figure 3.13. Silver paste pattern for PH1000 solar.CellS............cccoeiiiiiiiiiiieiiiiiiiieeee e 74
Figure 3.14Transparent top electrode inverted solar cell designs..............ueeevviiiiiiiiiiiiieeeeennnn. 75
Figure 3.15. Overflow of PH1000 on the edges of a sample caused lypafitgin (a) and clean edges
LI () PP P PP TP PR 76
Figure 3.16. Image of (a) a P3HT:£BM and (b) a PTB7:P&BM sample in a direct structure with
PH1000 DOttOM ElECIIOURS.........ieiieiiiieie ettt 77

Figure 3.17. AFM (a) 2D image, (b) 3D image and (c) profile of a crossed grating on an azobenzene thin

L PP OPR 78

Xi



Figure 3.18. AFM (a) 2D image, (b) 3D image and (c) profile of nanostructures fabricated by corona
poling of an azobenzene..t.hi.n. film.heat.ed.ad® 75e¢C
Figure 3.19. AFM (a) 2D image, (b) 3D image and (c) profile of a nanostructures fabricated by corona
poling of an azobenzene..t.hi.n. film. .heat.ed.ada® 80e¢C
Figure 3.20. Azobenzene thin films patterned with (a) egnaings and (b) randomized nanostructures

(o) VA olo] 0] g = W o o] 1 oo PP PP PP PPPPPPRPPRPPPI 80
Figure 3.21. Transmission of an azobenzene thin film after UV expasute...................cccceeeeee 81
Figure 3.22. Azobenzene thin film (a) before and (b) afterla20 UV eXposure...........ccccvvvvvvveeeeee. 81
Figure 3.23. (a) Singtsided and (b) doublsided solar cells with patterned and bleached azobenzene thin
1110 82
Figure 4.1. JV characteristic curve of an ITO/Al 4083/P3HT &BM/Al solar cell with an active area of
P I 1111 1 S OO RTROOURTRRURO 87
Figure 4.2. v/ characteristic curves of solar cells with and without @.BK1 overlayer..................... 89
Figure 4.3. Area dependency of the efficiency of P3HEiBKl solar cells............cccoveevieiiiiiiinnnnenn. 90
Figure 4.4. &V characteristic curves for ITO solar cells with active areas of 29.5 and?6.mm........ 91
Figure 4.5. v characteristic curve of an inverted solar cell with a 14 nm Ag top electrode.........! 93
Figure4.6. 3V characteristic curves of P3HT:R8M solar cells with and without ZnQ................... 94
Figure 4.7. Transmission of ITO, PH1000 and Ag electrodes..........cccccovvvviiiiiiiiiiiiiieeieeeeeeeeee e 95
Figure 4.8. V characteristic curve of an inverted solar cell with a PH1000 top electrode............ 96
Figure 4.9. v/ characteristic curves of dicestructure solar cells with ITO and PH1000 bottom
=TT Yo [PPSR 97
Figure 4.10. Effects of anode conductivity and solar cell area affibiency of P3HT:P&BM solar
(07 R ERPR PRI 98
Figure 4.11. 3/ characteristic curves of P3HT:R8M solar cells with low and high annealing

L0 0] 01T = LU= 99
Figure 4.12. J/ characteristic curves of P3HT:R8M solar cells fabricatedith bottom a PH1000
electrodes with and without the addition of surfactant...........cccccccveiiiee s 100
Figure 4.13. RMS roughness of corgmaled azobenzene thfilms at different exposure temperatures
................................................................................................................................................... 102
Figure 4.14. Formation of volcadixe nanostructures after UV treatment of a corpobed azobenzene
11 1 T 1 PP 103
Figure 4.15. Nanostructures formation ircast azobenzene thin films exposed to UV light......... 104
Figure 4.16. Profiles of a corommled azobenzene thin film (a) prior to and (b) after-h@@ UV

Loy 101 | = PP PP PRRPUPPPPPPPPR 105
Figure 4.17. 2D and 3D images of large nanostructures on a gootethazobenzene thin film prior, (a)
and (b), and after (c) and (d), @BOUr UV @XPOSUIE...........uueiiiiiiiiiiiiiieeee et 105
Figure 4.18. 3/ characteristic curves of singgéded solar cells with azobenzene thin films patterned by
(o] (o] = o o 11 o T OSSP 107

Figure 4.19. Damage on a gDR1 azobenzene..10Bin fil
Figure 4.20. 2D profile of a UV treated azobenzene thin film (a) before and (b) after being heated at

200 C f Or B0 U . S e 109

Figure 4.21. 2D profile of a corofmled and UV treated azobenzene thin film (a) before and (b) after
being heated at ..1.20e.C..f.0r.. 3.0..mi.0uUt.eS..... 109

Figure 4.22. 3/ characteristic curves for doubsided solar cells with azobenzene thin films patterned by

€Orona POIING ANA UV EXPOSUIE. ... ...uuuuuiuiiiiiiiiieiiieeeeeeteeeaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaannnneenresneseneeseeeeees 110

Xii



Figure 4.23. Transmission of azobenzene thin films patterned by UV exposuré&/ankt (o c@ ™m) or

a combination of corona poling and UV expostYaj(d 0 XX MO X PM)..ccoririeeeieiieieeeas 111
Figure 4.24. Average efficiencies of doulided solar cells with patterned azobenzene thin films as a
fUNCEION OF Y 1] GIDANAY Mot e et e e et e e e e b e e e e eabe e e e s enaeeeesanraeeas 112
Figure 4.25. 2D profile of a crossed grating oraaobenzene thin film (a) prior to and (b) after heating at
120 C f 00 30 i U S 114
Figure 4.26. (a) 2D, (b) 3D and (c) profile of sed grating on an azobenzene thin film after-h@ar

O V{010 1] | =T U 114
Figure 4.27. 3D Profile of a UV treated crossed grating on azeberthin film (a) before) and (b) after
being heated at ..l.2.0e¢.C..f.0r..30..mi.nut.es......... 115
Figure 4.28. Effects of sample distance from the U\plam the size of the nanostructures........... 116
Figure 4.29. Transmission of patterned azobenzene thin films aften@2@V exposure at diffent
distance from the UV [aM.........coeiiiie e e e e e 117
Figure 4.30. 2/ characteristic curves for doubdtded P3HT:P&BM solar cells with azobenzene thin
films patterned by crossed gratings and UV eXPASULE..............oooiieieceiiiiininninnirnerrreeseeseeeeeeeeees 118
Figure 4.31. Absorbance spectra of thin filoiggDR1, P3HT:P&BM and PTB7:P&GBM ................ 119
Figure 4.32. 3/ characteristics curves for doukd@led PTB7:P&BM solar cells with azobenzerthin
films patterned by crossed gratings and UV EXPASULE.........cceeeuiiiirrrrreeeesiiiiieeeeeessnnisenneeeeesaanes 120

Figure 4.33. Enhancements of the solar cells characteristics of (a) PGHBM and (b) PTB7:P&BM
solar cells after incorporation of azobenzene thin films patterned by crossed gratings and UV exposure

Figure 4.34. v characteristic curves of the best P3HT¢fBM and PTB7:P@BM solar cells with

azobenzene thin film patterned by crossed gratings and UV eXpaSULe.........ceevvveeveeeiieeieeeeeennn.. 122
Figure 5.1. Schematic representation of the structure of a direct solar cell with a metal SRGs top electrode

Xiii



LIST OF ABBREVIATION S

AFM atomic force microscope

Ag Silver

Al Aluminium

AM Air Mass

aSi amorphous silicon

BCP Bathocuproine

Ca Calcium

CB Chlorobenzene

CCD charged coupled device

CdTe cadmiumtelluride

COo carbon dioxide

CsCOs cesium carbonate

DCM Dichloromethane

DIO 1,8-diiodooctane

DMSO Dimethyl sulfoxide

DR1 Disperse Red 1

EG ethylene glycol

EM electremagnetic

EPBT energy payback time

et al et alia(and others)

ETL electrontransport layer

FF fill factor

GaAs gallium arsenide

gDR1 Disperse Red 1 Molecular Glass

H.SQy sulfuric acid

HCI hydrochloric acid

HNO; nitric acid

HOMO Highest Occupied Molecular Orbital

HTL hole-transport layer

IPCE InternalPhoton to Current Efficiency

ITO indiumtin-oxide

LED light-emitting diode

LiF lithium fluoride

LSPR localized surface plasmon resonance

LUMO Lowest Unoccupied Molecular Orbital

MDM O-PPV poly[2-methoxy5-(3,7-dimethyloxylogy)-1,4-phenylenevinylene]

MoOs molybdenum trioxide

N Nitrogen

N2 Dinitrogen

NP Nanopatrticle

o-DCB 1,2-dichlorobenzene

OLED organic lightemitted diode

P3HT poly(3-hexylthiophene)

PBDTT-C-T poly[4,8-bis-(2-ethylhexyloxy}bereo(1,2b:4,5b 6 ) d i t h2i6diy-hltd4 e
(2-ethylhexanoyhthieno[3,4b]thiophene)-2-6-diyl)]

PG:BM [6,6]-phenytC61-butyric acid methykster

PC1BM [6,6]-phenytC71-butyric acid methykster

Xiv



PCE power conversion energy

PDMS Polydimethylsiloxane

PEDOT Poly(3,4ethylenedioxythiophene)

PEG polyethylene glycol

PMMA Poly(methylmethacrylatg

PSS poly(styrene sulfonaje

PTB7 poly({4,8-bis[(2-ethylhexyl)oxy]benzo[1,D:4,5b 6 ] d i t {2,6-diyj{B € n ¢
fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3]thiophenediyl})

RMS root mean square

RPM revolutions per minute

Si Silicon

SNOM scanning optical microscopy

SP surfaceplasmons

SPR surface plasmon resonance

SRGs surface relief gratirg

SRH ShockleyReadHall

STM scanning tunneling microscope

t coal equiv. ton of coal equivalent

t coal equiv./a ton of coal equivalent per year

TIS Total Integrated Scatter

TX-100 Triton X-100

uUsD United States Dollars

uv Ultraviolet

Wit Weight

wiv weight/volume

Zn0O zinc oxide

XV



LIST OF SYMBOLS

ROMAN SYmMBOLS

;Q N,
eoNe)

@
T
F
F
N
0
7
Q
Q

two dimensions

three dimensions

area

magnetic fieldvector

the speed of light ifree spacg 3.00x10°m/s
electric displacememnector

electric fieldvector

amplitude of the electrical fieldector

probability that an electron occupies a specified energy state

Pl anckd s 6.6xxItPém’ka/a t
magnetic fieldvector

Bol t zmann 8§ $381@&m&g/skKn t ,
wavenumber

wavevector

magnitude of the wavevectuor free space
dispersion relation

current

irradiance (W/r)

maximum current

shortcircuit current

maximum current density

current density at the point of maximum power
shortcircuit current density

length

order of diffraction

refractive index of a material
momentum

power

power loss per unit area
maximuminput energy

maximum output energy

position vector

laser beam ray

resistance

theoretical reflectance

series resistance

shunt resistance

root mean squamdughness

maximum roughness

time

thickness

absolute temperature

electrical potential

voltage

XVi



w voltage at the point of maximum power
(W) opencircuit voltage
0 width

GREEK SYMBOLS

- dielectricpermittivity of a material

-9 complex dielectric permittivity of a material
- dielectric permittivity in free space,8.85x10" m*s*A%/kg
- energy level of the conduction band

- energy level of an electron

- Fermi level

- bandgap
- electronassociated quasiermi level
- hole-associated quasiermi level

- relative dielectric permittivity of a material

- real portion of the relative dielectric permittivity
- energy level of the valance shell

- efficiency

— angle

Y grating vector
wavelength
surface plasmon excitation wavelength

¥ grating spacing
: chemical potential

‘ relative magnetic permeability of a material
i resistivity of a material
conductivity of amaterial

%o phase shift between two light rays
1 angular frequency
1 plasma frequency of a metal
m Ohm
OPERATORS
0 scalar
= vector

amplitude of vector A
x-component of the vector A
y-component of the vector A
z-component of the vector A
gradient of vector A

time average of vector A
segment length from point A to B

2@ S O: O O: ”

o
Os

XVi



ELECTRONIC SYMBOLS

@
—F

-
—AW—

current source
DC voltage source

diode

resistor

XVili



1 INTRODUCTION

1.1 BACKGROUND

1.1.1 Global Energy Situation
Our consumption of fossil energy has been rising exponentially since the beginning of the
twentieth century anifl is expected to reach a peak in the next two deéaal@sint wheret will
thendecreasasourreserves are used.\hile it is possible that our reserves of fossil energy will
coninue to grow as a result of continued exploratitve, depletion of fossil energy reserves is a
lesser problem than the negative ldagting effectsesulting from its combustiohe current
global consumption of fossil energy produces 2.2 % ths ofcarbon dioxide €O;) per yeat.
Taking into consideratiom consumption growth of 1% per year, the £fncentration in the
atmosphere is expected to double within 100 ye@lss is a major issue &0, like all triatomic
molecules, is a good absorber in the infrared reghamincrease in C@n the atmosphere would
therefordead to an increase in absorption of the solar radiation, causing in turn an increase in heat
emission back to the EartfThis phenomenonis known asfiGreenhouse Effegt, wisi ¢ h
associated withegative consequenceshumarhealth and the threat of global climate ch&nge
Underthe 2009 Copenhagen Accord, Canada has pledged to reduce its 208%i€<on
levels by 17% by 2020 and under the 2015 Paris Agreementby 30% by 2033. However,
Environment Canadaprojections tabulated in 2016hown inFigurel.1 below predicts that not
only will Canada miss its committed targdiutwill be 5% above its 2014 C£@missions level by
2020 and 11% abov2014 leveby 2030 Thistrendcalls for a greater emphasis on identifying and
implementing alternative sources of energy.
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Figure 1.1. Ca n a d az@missian® projectionfor 2020 and 2030Accor di ng to Environment
projection, Canada will not only miss its committed target, but be above current emissiorAeapted from
(Hughes, 2016)



As sustainablalternatives to fossil fuels, renewable energy sources such as hydropower,
wind power, and solar energy are on the?risowever,the negative impastof t hose Tfigr een
solutiors, such as impacts on the environment, wildlife and air polluéieoften overlookd. For
example, hydroelectric reservoirs needed to generate hydropower can -@itedgyramg 102
grams)of CQ; per yearinto the atmosphefé not withstanding other effects such as habitat loss,
biodiversity lossenvironment degradation due to access roads and power lines, etc

Solar energy offers a potential solution in the quest of green erldrgyenergy of fossil
fuels is often given in ntdc tons of coal equivalent €oal equiv.), with 1 t coal equiv. = 8200
kilowatts-hour kWh)* andthe consumption of t coal equivper year(t coal equivia)amouning
t0 0.94&W. The Sun producean energy ofL..8 x 13*t coal equiv./awhich ismore than sufficient
to meet oucurrentglobal energy consumption of 13.2 X’t@oal equiv./a The increased interest
in solar energy resulted in the global expansion of solar photovoltaic capdhitycapacity to
transform solar energy to electrical eneirdyy 33% from 28 gigawats (GW) in 2015 to 303 GW
in 2016.

1.1.2 Solar Cells Evolution

Although there has been an increased interest in the scientific community in solar energy,
photovoltaic technologis not newlIn 1839, Edmund Bmuerel observed that light incident on a
silver coated electrode immedsia anelectrolyte could produce an efgc current. In 1876, using
selenium, William Adams and his student Richard Day showed for the first time that gleateic
could be produced by a solid under illuminafiddoon after, in 1883, Charles Fritts constructed
the first solar ell panel by coating selenium with a thin layer of gdldis first solar celachieed
apower conversioefficiency (PCE), whichis theability to transform solar energy into electrical
energy,in the order of 22%°. The first silicon solar cell, reported in 198¢ Russel Ohlhad an
efficiency, based onthe description of the deviceestimated at 1% Major improvements in
efficiencies occurred in the early 1950s with the development of crystal growth and junction
diffusion techniques and the refinement of cslland contact designsBell Laboratories,
researching applicatigrfor remote communication statidh$abricated a cell with 6% efficiency
in 1954, and achieved 10% efficiency within 18 mohthdowever, theseearly cells had a
production cost of around $208D per Watt, and therefore were not at that time serious
contendes for the production of energy other than for space applicationsewlaiability
outweighed costsThe next significant improvements in solar cell efficiencies occurred during the
oil crisis of the 1970s with the development of shallow junctionsaeced antireflection coatings
and surface texturiri§j A third phase began in the early 1980s with progress in surfaceaiassi
bulk lifetimes, contact passivation and light trapping in thé%&ligure 1.2 shows the history of
confirmed researckolarcell efficiencies
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Figure1.2. Best researcBolarcell efficiencies The efficiency ofconventional firsigeneration solar cell (in
blue in e graph) has plateaued aro@8@%6.Courtesy of the National Renewable Energy Laboratory, Golden,
co.

As it can be seen from thabove graph, the performance of conventional, or first
generation, solar celi@n bluein Figure1.2) such as crystalline silicon cells has now reached a
steadystate with only minor improvements in the last 20 years and a maximum efficiency for a
single crystal silicon cell withowoncentrator of 25.8%0me multjunction and gallium arsenide
cells have progresd beyond 30%, however the cost ofesb deviceds commercially not
advantagess'?. Second generation solar cells concentrated on reducing manufacturing cost, and
are mainly made of thin filmef amorphous silicon (&i) and chalcogenides such aamium
telluride (CdTe) !> 2 However,a-Si exhibitsa low effi ciency of 14%! and is almost extinct in
terrestrial applicatiorté CdTe devices, with a more @tttive conversion efficiency of 22.1%
are however unlikely to be widely commercialized due to the scarcity of telluand the high
toxicity of cadmium? Organic solar cells are considered an emerging technotogy can be
suldivided inthree main categories: dye sensitized, small molecules and polymer sofrloells
2008, Konarka Technologies attempteddmmercialized polymefullerene solar cells, with their
initial modules reaching efficiency abouts%6'°. However, they were not able to penetrate the
photovoltaic market and filed for bankruptcy a few years Yatérhile there is a lot of focus on
improving the efficiencies of organic solar cells, they have yet to reach the point of
commercialization.

1.1.3 Energy Payback Time
While sunlight is free, solar energy conversion to electricity is conventionally done using
photovoltaic cells, a process whiblas somalrawback. The environmental impact of a green



technology can be assessed using the energy payback time (EPBT) inHie&(® for a solar cell
is defined as the time it takes to generate the same amount of enerayexpended during its
life cycle, including manufacturing, usage and dispésaigure 1.3 presents a comparison of the
EPBT of different solar cells.
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Figurel.3. Energy paybek time of selected solar cell&/ithin the thirdgeneration solar cell®rocessOnare
indium-tin-oxide (ITO) based solar cells, ProcessH is-ff€®e solar cells, and ProcessSFE is metadl ITO
free solar cellsThe efficiencies of the cells are indicated in brackets. Adapted frogngéet al., 2014}2.

The lowering of the EBPT requires either a decrease in manufacturing costs, or an increase
in theefficiency of the solar celWhile inorganic solar cells have now readiefficiencies in the
25% range a 2010report pus their energy cost at $39®@WSD per megawathour (MWh)
compared to $1000USD per MWh for fossil fuel’. Organicsolar cells despie having low
efficiendes compare to their inorganic counterparthave the advantage tww manufacturing
costs as they can be solutiprocessed using techniques such aspmihkting, spray coating or spin
coating,all of which require relatively little equipmeriurthermoresolar cells require at least one
of their electrodes to be trgyerent to the visible spectrurmdium-tin-oxide (TO) has been
commonly used as an electrode in research solar cells, due to its high conductivity and transmission
in the visible region of the solar spectrudowever, cost anadjs reveas that the use ofTO is
not compatible with lowcost productiordue to its scarcity and requirements liggh preparation
temperature and vacuwbased energintensive deposition techniqués Therefore, if the
efficiency of ITOfree organic solar cells could Warther improved, theycould becomean
attractive alternative to conventional solar celfed, ultimately, to fossil fuelsAs previously
mentionedorganicsolar cells can be subdivided in dyensitized, smalnolecule and polymer



solar cells This thesisfocuses on the efficiency enhancement of ffée polymer organic solar
cells.

1.2 RECENT DEVELOPMENT SIN POLYMER ORGANIC SOLAR CELLS

Polymer @ganic solar cells, compared to their inorganic counterparts, offer many
advantages such as environmental friendliness;clust and ease of fabrication, mechanical
flexibility and versatility of chemical structuie but teir relative low efficiency still limits their
practical useHowever, withrecent developmentsommercialtation may be only a fewears
away. Some of tlese developmentsuch aghe developmenbf bulk-heterojunction solar cells
advancs in materials plasmonic solar celland scattering through surface patterningll be
discussed belowAlso, recentdevelopment®n thepatterningof azobenzerse agroup ofchemical
compound with interesting photoisomerization properties usafulrite SurfaceRelief Gratings
(SRG3, will be presented.

1.2.1 Bulk-Heterojunction Solar Cells

Photoconductivity in an organic material, anthracene,fisgtobserved by Pochettino in
1906°. The first polymer solar cells appearedti® 1980sand consisted ad single absorbing
polymer sandwiched between two electrodetowever, these simple devices had efficiencies
below 0.1%° since,asit will be further explained ilChapter 2 of this thesig, singleorganic layer
could notefficiently separate the holes and electrons generated by thettsaf the photorts
T a process essential to convert the solar energy into electrical enbagfirst pioneerig work
on polymer solar cells wake introductiorby Tangin 19860f asecond organi@ler,resulting in
a bilayer cell with adonorand acceptolayersthat brought the efficiency to around 0.9%°
While this bilayer strucire improved the separation of charges, poor charge transport within each
layer was still limiting the efficiency of theolarcell$® 2. In 1992 Sariciftci et al?? reported a
conjugated polymer/fullerene bilayer sotzll. The nextbreakthrough came with Yet al928
developmenbf abulk-heterojunction structure by mixing soluble polymers and fullerene®ate
a network of electron donor and acceptor matéfialthe norphology control of polymer:
fullerene solar cedl was then thoroughly studied and a solvent change from toluene to
chlorobenzene lead to an efficiency improvement to 225%

1.2.2 Advancement in Materials

While early solar cells used poly[2-methoxy5-(3,7-dimethyloxylogy)-1,4-
phenylenevinylene] (MDND-PPV) as a polymer, the introduction opoly(3-hexylthiophene)
(P3HT) polymerssaw an efficiency increase, when useaonjunctionwith fullerene denative
[6,6]-phenytC61-butyric acid methyester(PGs:BM), to 45% due to a better absorption of visible
light up to wavelengtls of 650 ranometers (nm). Recently, various polymers have been
developed with increasing optical range, saspoly({4,8-bis[(2-ethylhexyl)oxy]benzo[1,D:4,5
bo] di t {2bdy{B Huore-2-[(2-ethylhexyl)carbonyl]thieno[3;&b]thiophenediyl})
commonly known a$TB7, which has an absorption rangeaching750 nmand was able to
achievean efficiency of 9.2 when used with the fulleref@,6]-phenytC71-butyric acid methyl
ester(PG:BM)%.

Regardless of the choice of polymer fallerene chosen, the active material must be
sandwiched between two electrogeith one of the electrodes ndad to be transparent to allow
absorption of the light. ITO has been a popular choica foansparenbottomelectrode, but as
discussedn section 1.1.3 it is responsible for the majority of the production coBtgensive
researchshave thereforebeen carried out to find ITO alternativaéscludingnanomaterials (e.g.



carbon nanotubes, graphene, metal nanowires and metal nanogrids3, metal oxides and
solutionprocessegolymers®. While solutionprocessed polymers have been used as a bottom
electrode in organic solar cells since the beginning of the cenhayopriginally suffered from

low conductivity”® and therefore were not considegdtectivereplacements to ITO. Furthermore,
there were major difficulties in using them as top electrode due to wettability isgitieghe
electrode solution would not spread well over the active matetaavever, recent developments

in both the conductivity’® 24 and the wettability?>3 issues which will be further discussed in
Chapter 2 of this thesigre nownot only making solutiorprocessed transparent electrode an
attractive alternative to ITObut also offerghe flexibility of a transparent top electrodghis
flexibility is of particular interest for the design of plasmonic solar cells.

1.2.3 Plasmonic Organic Solar Cells

Free electrons in metals behave like a gas knovapisma Under the right conditions,
the electrons in the plasma can collectively oscillate. The quanta associated with the collective
oscillatiors of the free electron gas densiye known as plasmons If properly engineered,
metallic nanostructusecan be used to enhance light absorptionldmglized surface plasmon
resonancé€LSPR) or surface plasmoresonanc€SFR), phenomengredicted by Ritchi& and
demonstrated by Powell and SwaBoth LSAR and SIR can give rise to enhanced electrical near
fields. The enhanced electdield, through light coupling, can improve light absorptibmLSPR,
the plasmon is confined to the surfafenanoparticles, which need to b&size comparable or
smaller than the wavelength of light to excite filasmonin SFR, under the right conditionshe
light can be coupled at the interface obtaucturedmetal/absorber layeiforming awave of
electronspropagating laterally intthe celf. The later is of interest to thtkesisand the theory
behind SR is further explained iChapter 2 of this thesifigure1.4 illustrates the two types of
plasmonic solar cells.

() (b)

Figure1.4. Plasmonic solar cells geometriés (a), metallic nanparticlesact as subwavelength antennae to
creae a strong electric field near the nanopartickephenomenon known as LBRhile in (b), the structured
metal at the metal/absorber interface act as a light coupler to exéterBRh results in aelectronsvave
propagatindaterally in the cell Adapted from (Atwateand Polman2010¥€.



Plasmonsresonancéhave been used in several fields of study, including biose¥iéing
imaging®#?, integrated circuits' 4 andlight-emitting diode$*’. Several studiebave also been
publishedon the use ofLSPR** 48 4°to increasethe efficiency ofsolarcells For examplethe
incorporation of silver nanoparticles in amorphous silia8i solar ceb effectivelyimproved
the absorptiomeartheoptical wavelength d25 nm, resulting in a 10.2% higher external quantum
efficiency compareto a reference deviteIn organic solar cellgnhanced efficiencies have been
demonstrated fosolar cells doped withsilver nanoparticle¥, andan efficiency increase from
3.05% to 3.69% has been reported using electrodeposited silver nanoparticles on a transparent
electrodé®.

On the other handhe use of SR in solar cellsand particularly in organic solar celis,
relatively less exploredost studiesised SRGsto excite the SR. Soft lithography®* and laser
lithography™>>" have both been used to inscribe 8RGsused in solar cell$n the former, an
efficiency increase fror8.6% t04.1% was noted using linear gratinggh P3HT:PG1BM solar
cells while an efficiency increase th3% was observed with crassggratings®. Figurel1.5
showsan examplef linear and crogsigratings

-204.0 nm

Height Sensor Height Sensor

(@) (b)

Figurel.5. Atomic ForceMicroscope (AFM)mages of (a) a linear gragrand (b) a crogslgrating.

An efficiency enhancementfrom 7.2% to 7.3% ws also demonstrated on
PTB7:PG:BM®2. In an interestingstudy using the donor poly[4;Bis-(2-ethylhexyloxy}
berro(1,2b:4,5b 6 ) d i t R2,6diy-hltg4(2ethylhexanoybthieno[3,4b]thiophene)-2-6-
diyl)] (PBDTT-C-T), both nanoparticles and gratings were incorporated to excit® b8& SR
in aPBDTT-C-T:PC1BM device While the controléscas) solarcell had an efficiency of 7.59%,
the efficiency of the device with grating only (& nanoparticles only (LS® and grating and
nanoparticle¢SFR and LSHR) were respectively 8.38m& 1%, 8.11 & 1% and8.79 1 oS,

In the case wherelaser lithographyvas used to inscribe ti#RGs photocurrent enhancements
were demonstrated witholarized incident light on a single grating structgrandenhancements
similar in magnitude but broader in optical rangere also showrwhen using aparallel



superimposed grating structéfteHowever, while the photocurrent enhancemere® promising,
the efficiencies of those solar cells under standard test conditions using unpolarized light were not
measured and reported.

1.2.4 Scattering through Surface Patterning

Another method to improve the efficiency of solar cells is to trap the lightnthe cell,
thus increasing the chance that the light would be abdarid its energy converted into electrical
energy In conventional silicon solar cells, this is often achieved by texturing the surface of the cell
which causes the light to scatt@he light then acquires an angular trajectory txigndingits
effective path within the absorber, which in turns increases the absorption protiatfilitihe
same technique cannot be used in thin film organic solar cells as the surface roughness would
exceed the film thickness.

In organic solar cellscattering is ofterusedin conjunction with LSR by dopingone of
the layeravith metallic nanopatrticles, as illustratedrigure 1.6. In this figure, the light scattered
from the nanoparticle has artendedptical path Furthermoresome of the light reflected by the
back electrode will be blocked from escaping the active layer by the nanostructure, thus effectively
trapping the light within the solar cell

WL

Figurel.6. Metal nanoparticles acting as scattering cesiter thin film solar cellThe nanoparticles also act
as top reflectors for the light reflected by the bottom electraddapted from (Atwateand Polman2010¥6.

In organic solar cells, both silver and gold nanospheres have beeasiseadtering centers
to improve light absorptiéfi®2 However, it can be difficult to separate the contribution from the
scattering and the L$Pto the efficiency enhanceméhtMetallic nanowire®, nanocube¥, and
nanoprism® have also been usetdnfortunately, due to the size and shape of the metallic
nanostructureshe efficiency enhancement is limited to a narrow spectral rayygeally around
100 nnd®.



1.2.5 Photo-induced Nanostructuresin Azobenzene Films

The photoinduced fabrication of nanostructsrin azobenzeng@olymer thin films was
first reportecby Rochoret al.®®in 1995in the form ofSRGs This report noted that the azobenzene
underwent a transis-trans photdsomerization when exposedddasetight and thaSRGscould
be inscribed in a single step using interference béamtechnique further detailed in Chapter 2
of this thesisFurthermore the process is easily controllable andltiple patterns on a single point
can be inscribed by superpositibiRandom anoscale surface patterning have also bekiewaed
on azobenzenthin films upon the application @&n electric fieldthrougha procesgalled corona
poling?”. This process created randomizednastructure, but with size controllable through
temperature and exposure time

While azobenzengare a popular materia for the optical inscription o5RGsandthe
subsequenexcitation of SR in solar cellsthis materialhasa strong absorption in the visible
spectrumbelow 600 nrff. Furthermore, azobenzene nanostructures can be collbpdeshting
above the glass transition temperature of this material, typically above 80siégde s i 's ( Ce)
% Those drawbacks limit azobenzene applications in solar cells as not onlytihetéhsmission
of light benegatively &ected,butthe nanostructure could be destdyduringhigh temperature
annealingwhich is often requiredn the manufacturing of solar cellaotably when using the
P3HT:PGiBM organic blenéf. However, it is possible to transfer the surface relief patterns
inscribed on azobenzene films to a more stable material, such as polydimethylsiloxane (PDMS),
through nanemprint lithography*>*. Furthermoresome researchers have reported an inctease
transmission of azobenzene films in the visible range alfteviolet UV) treatmerf ’* 2 One
single example was found in the literature udingtreated azobenzemanostructuret improve
the efficiency oforganic lightemitted diodes QLED9™ i howevernone vas found for the
efficiency enhancement of solar cells.

1.3 RESEARCH GOAL

In order br organic solar cells to take their place in the energy markebeaadserious
alternative to fossil fuels, their power conversion efficiency needs to be imgrgarticularlyif
using ITGfree solar cells which are more environmentally friendlyut typically have lower
efficiencies One way to enhance the efficiencytbésesolar cel§ is to increase the amount of
light absorbed by thactive layer Two possible solutiosifor efficiency enhancements in organic
solar cellsare explored in this thesis

The firstsolutionconsis$ of using azobenzene crossed gratitysoupke thelight within
the solar cell through the excitation of $® As discussed in sectioh.2.3 linear andcrosed
gratings have been successfulbed in the paso increase the efficiency of P3HT:RBM solar
cells*. This was achieved using t@ottom illuminateddirect structurgi.e. a structure with a
transparent bottom anode and metal top cathdde/ever inverted structurg i.e. with a bottom
cathode and top anod®ebeconing the dominating geometry due to advantages surh@asved
lifetime, air and moisture stability > ”® Only one example was found in the literatureSeR
usedin inverted P3HT:PGBM solar cel6®®. This studydemonstrateé an increase inthe
photocurrent ofnvertedP3HT:PG:BM solar cells®, butsolar cell efficiency measurements were
not reported because of the difficulties encountettethat timewith making a transparent top
electrode.Furthermore, linear gratings weetso used in the improvement of direct structure
PTB7:PG:BM solar cell§? but no example was found in the literature on usingettselar cells
with superimposedyratings to excite SR either in a direct or inverted structurehe work
presented in this thesis is an attempt at solving these defeséyaising inverted PTB7:RBM



solar cells witha SRGs metal bottom electrodand ultrathin metal orsolutionprocessed
transparent top electrode.

The second method to improve the efficiency of {ff€e organic solar cells explored in this
thesisusesscatteringorinciples As organic solar cells need to remasthin films with thickness
typically less than 500 nnthis can be donby scattering the light before it enters the solar. cell
The optical path of the light within theolarcell would thenbe etendedwithout increasing the
physical thickness of the cellhis thesiswill attempt to usdJV-treated azobenzene structures
integrated inboth P3HT:PG::BM and PTB7:PGBM solar cells to scatter the light and improve
the efficiency othesolarcells A literaturereview did not reveal any similar technigie enhance
the efficiency of solar cellsalthough this method has been used in the past to scatter light from
OLED:s in thin films™. Two UV-treatedazobenzen@anostructures will be explorethe first
surface patterningvill be donethrough corona polingwhile the second will consist of using
cros®dgratings This thesis will also explore the effects thie nanostructurgsphysical features
particularlysurfaceroughness and transmission, on the efficiency enhancenfahe solar cells.

1.4 STRUCTURE OF THE THESIS

This thesis is divided in five chaptels the first chapter, the global energy situation was
discussedSolar energy was offered as a viable alternative energy source to fossil fuel energy, a
source of energy with fast depleting reservesamiohportant contributor to global climate change
The early history of solar cefig@volutionwas then presentestating with Edmund Bequered s
observation that light could produce an electric curriérwas thenshown that first generation
solar cells, based on inorganic materials, have now plateaued in terms of their efficiency to convert
solar energy into electrical energy and that they not only suffer fronrmtaglufacturingosts but
also have high energy pagtk time, making them a less than ideal green techndlyxgganic solar
cells, with their easy of fabrication, low manufacturing cost and environment friendimadshe
worthwhile replacementif their efficiencies ould be further increasedRecent deglopments in
polymer organic solar cells, including the introduction of Hufterojunctionsolar cells,
advancement in materiaislasmonicsolarcells and the use of nanostructie scatter the light
within thesolarcells as well as surface patterginf azobenzenthin films were then discussed
The goal of this thesisvas then presented: teahancment ofthe power conversion efficiency of
ITO-freepolymer organic solar calby surface patterning of azobenzene thin films, eitheisinyg
superimposedratingsto excite SR in inverted PTB7:P&BM solar cellsor by usinguV-treated
nanoscale structures to scatter the light witT:PG:BM and PTB7:P&BM solarcells.

The second chapter of this thesisa theoretical overview whesmme notions introduced
in the Chapterl are further exploredrlhis chapteis divided infive sectionsThe chapterbegirs
with the theoryof first generation inorganic solar cells and explains how solar energy is
transforned first into chemical energy and then into electrical enefgythe second section,
commonparametersised in thecharacteriation ofsolar cells are presentedrganic solar cells,
including charges formation and extraction and common architectures dadaieaare then
introduced The next section is dedicated to plasmonic organic solanvagtis focus on th&FR
dispersion relation, excitationdiffraction gratingsand plasmonic solar cells architecturébe
last sectiorexploresthe possibility ofscattering light througlsurface patterningf azobenzene
thin films to improvetheabsorption probability

The experimental procedures usethis thesis are detailed @hapter3. The first section
of this chapter detailmaterialsand solutions preparationghile the second sectiaescribes
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processing and testing equipment andupat In the third sectionthe desigrs, fabrication steps
andprocessing parameteiar the controlsolar cellswithout SR are specifiedThelast section
details the fabrication procedsref azobenzene nanostructures and their integration in the solar
cells Two surface patterning techniquase explored: crossed gratings through laser beams
interference andorona poling by inducing an electridald while heating an azobenzene film
above its glaseemperatureTheUV-treatment of azobenzene f#io improve transparency is also
detailed.Finally, the processing parametéos the different layers of the solar cells used in this
thesisare summazed.

The experimental results are presente@hapter 4In the first section of this chapter, the
ITO-basedsolar cells using P3HT:P&BM as activelayer materias, are characterizk and
analyed While the goal of this thesis is to improve the efficiency of 4ff€e polymer organic
solar cells, this stepwas necessary to confirm appropriate fabrication procedures
ITO/P3HT:PG:BM-based solar cells are well studigith known efficiencyvaluesbetween2-

4%, they were chosen as control cellee next section discusses issues with fabricating a solar

cell with atransparent top eleodei a structure required for the integration of the bottom metal
structured electrode needed to excit&RSPwo transparent electrodes are investigatedultra-

thin metal electrode and a spinated electrodeResults for spircoated transparent bottom
electrode solar cells are presented in the third section and are used as references for measuring the
efficiency improvement of thgolarcells incorporating scattering nanostructufolar cellsmade

with azobemene thin films patterned by corona poling are then presented. Finally, solar cells with
azobenzene thin films patterneddrgs®dgratings, using both P3HT:RBM and PTB7:P&BM

as active organic materjare discussed.

The thesis concludes witbhapter 5, which includes consideration for future work.
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2 THEORETICAL OVERVIEW

This chaptecovers the necessary theory to understand the work contained in this thesis and
is divided infive sectionsFirst, the photovoltaic proce$sthe process in whicholar energy is
transforned into electrical energy will be exploredfrom a basic levetisingwell-studiedfirst
generation inorganic solar celland pnrheterojunctions.Common parameters used in the
characterization of solar celind limitations of enegy conversiorwill thenbe presentedThe
concepts seen in the first two sections will then be appli¢detemergingrganic solar cells in
the third section. @mmonorganic solar celarchitectures and materiaisll alsobe introducd.

The next sectio is dedicated to plasmonic organic solar cells with a focukaw diffraction
gratings can excite surface plasmam a solar cell.The last section explores the possibility of
scattering light througthe surface patterning of azobenzene thin films to improve the absorption
probability.

2.1 INORGANIC SOLAR CELLS

First generation solar cells were made of inorganic semiconductors, with silicon being a
popular choiceThis section includes a brief introductionsmiconductors before exploring how
the solar energy is transfoeatfirst into chemical energgind then into electrical energy.

2.1.1 Semiconductors

In terms of electricity, materials fall within two main categories: conductorsanthtors
A conductor is anaterial in which the electrons can move freely, i.e. if a potential difference is
applied to the conductor, the electrons can be made to drift in one direction, thus forming an electric
current On the other hand, materials in which there is no or fitle electron movements when a
potential difference is applied are cali@dulatorsor nonconductorsThese materials have their
electrons bound within their moleculdsor example, silicona common inorganic solar cell
material has a total of 14 elecins distributed on threshells Since the first and secostiellcan
only contain a maximum of two and eight electrons respectively, the outer occheibaalled
the valence shell, contains the remaining four electidost atoms need eigletectrons on their
valence shell to be stablEo remain stable, pure- or intrinsic- siliconatomformscovalent bonds
with its neighbourdy sharingts valence electrons with four more silicon atoss a resulteach
atom ha eight electrons oits valence shelhs illustrated irFigure2.1.
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Figure2.1. Pure silicon crystdattice Each silicon atom shares its valence electrons to form stable bonds with
the neighbouring atoms.

At absolute zero temperatutbere areno free electrons in pure silicon crystal lattice,
making it a good isolatoHowever at solar cell®peraing temperaturgelectrons can gain enough
energy to escape from their bonds on the valence slaelidav partially occupied new outer band,
the conduction band, witthe space left behind by the electrons called "holgs8 band gap-
of a seniconductor is the minimum energy required to excite an electron from the bound state on
the valence shell into a free state on the conduction. bditd the electrons free to move in the
crystal lattice, his potentially allows for an electric currentgdathus silicon is considered a semi
conductive material

Conductivity ina semicoductor can be increased bipping which is theintentional
introdudion of impurities ina material A n-type semiconductor is one in which impurities, called
donors, havenore valence electrons than needed for chemical bonding with neighbouring atoms
A p-type semiconductor is one which was doped with atoms, called acceptors, having less valence
electrons than is necessary for chemical bonding with neighbouring.&omslicon lattices,
phosphorus or arsenic atoms are the most common donors, whereas boron or indium are common
acceptors Figure2.2 illustrates rtype and pype doped silicon lattices.
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Figure 2.2. Doping of silicon with (a) phosphorus -{ppe) and (b) boron (pype). At nonabsolute
temperaturg theextraweaklybounded phosphorous valence elestn (a)is easily donated to the conduction
bandof a neighbouringsilicon atom, while in (b) théioles in the ldtice from the boron atom allogilicon
electrors to move in the lattice.

The distribution of electrons and holes in the conduction and valence bérals
semiconductorfollows a FermiDirac distribution For example, the probabilitiQ that in
equilibrium an electron occupies a state with energg:

Y (2.1)
Qo - jQY p

whereT is the absolute temperatufeisBo |l t z mann 6 s - & thaFermideret, whicta n d
can be defined as the work required to add an electron to a given sybeloser thé-ermi

Dirac distribution value is to 1, the higher the chance that this state is ocbymedelectronin

a pure semiconductor, therm level lies within the bandgaplowever, a illustrated inFigure

2.3, doping moves th&ermilevel towards the conduction band forn-type semiconductd(i.e.
increasing the probability that an electamtupies a conduction barat)towards the valenahell

for a ptype semiconductdj.e. increasing the probability that a hole occupies a valence. gkell)

it will be seen in the next section, the doping of semiconductor materials allows the formation of a
current when giype and ftype materials areombined.
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Figure 2.3. Fermi levels in an (a) intrinsic semiconductor, (btype semiconductor and (c)-tppe
semiconductoat na-absoluteemperaturg In (a) theFermilevel lies within the bandgap. In (b), unbonded
electrons from the valence band of the donor are being donated to the conduction band of the semiconductor,
thus there is an increase probability of electrons occupying the conductionlbday the semienductor

donated some of its valence electrons to the valence shell of an acceptor, thus leaving holes in the valence shell
of the semiconductor.

2.1.2 Conversion of ®lar Energy into Chemical Energy

The first step in a photovoltaic process is #tsorption i the semiconductor of solar
energy to produce chemical energiile amount of energy that wilk availabldor transformation
into chemical energy depends on both the generation of eldutierpairscreatedthrough the
absorption of photons and thesses caused by thecombination oBome ofthoseelectrons and
holes

Albert Einsteiri?, in his 1905 paper otine photoelectriceffect, theorized that quanta of
light, now called photonsould penetrate a material at the atomic level and, with enough energy,
eject an electrarAs mentioned earlier, of a semiconductor is the minimum energy required to
excite an electron froits bound state on the valence shell into a free state on the conduction band
As long as a photonhasanenergy , t he absorption of the photono:
to transition from the valencghell to the conduction baddThe absorption of photonisy a
semiconductocreates electrons in the conduction band and holes in the valegi¢e¢hus both
the electron andhole densities are greatar an illuminated semiconductdhan in the dark
Therefore, the electreassocatedFermilevel- |, is closer to the conduction band than in the
dark, whilethe hole-associatedrermilevel- is closer to the valence barthan in the darfk®
This means that there are twermilevels in an illuminated semiconductor, called gureimi
levels-®. Figure2.4 shows the quadtermilevels for a semiconductor in the daitk ¢quilibrium)
and under illumination (under bias).
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Figure2.4. QuasiFermilevels for a semiconductor (a) in the dark and (b) illumindtiedier illumination, the
absorption of thehotors énergy causes the electrons to transition to the conduction band, increasing both the
electron concentration in the conduction band and the hole concentration in the shkihce

The difference in the quaBiermilevels- - representthe free energy per electren
hole pair: this is the chemical potential of asolarcell*. A large difference in quagtermilevels
means that the solar cell is easily capable of

hole pairsThus, such a solar cell would have a good chemical potential.

Unfortunately, ot all electrorhole pairs created by the absorption obfams will be
available for eventual conversion to electrical enefgngre arethree basic types of recombination
in the bulk of the semiconductaradiative recombination, Auger recombination and Shoekley
ReadHall (SRH) recombinatioh These recombination mechanismsiflustrated inFigure2.5.

Conduction Band Conduction Band Conduction Band
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Figure2.5. (a) Radiative, (b) Auger, and (cRSl recombinationin (a), the energy from the recombination of
the electron and hole is emitted in the form of a phdto(b), the energy from the recombination is transferred
to another electrann (c), electrons and holes are trapped by impuriti¢simvithe band gap.
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In radiative recombination, an electron from the conduction band combines with a hole in
the valenceshelland releases a photgimis process is basically the reverse of the absorption of
the phot onos e n.énrAgger recombinatior, jus dséncadiatieercgmbination, an
electron from the conduction band combines with a hole in the valenceHiamever, the energy
set free during recombination is transferred to another eleotrbolg instead of entied in the
form of a photof. Another significant recombinatiorin solar cel$ is the recombination via
impurities, alscknown asSRH recombinatioh This recombinatiorcan be viewed as a twsiep
process First, a defect, either unintentional or introduced through doping, withggrn the
Af or bi dd with energygbetweethe conduction and valenshell traps an electrofor
hole), with dissipation of the energy to the latti€ee electrorfor hole)then moves to the valence
shell (or conduction band)once again dissipating energy to the laftieéminaing a hole (or
electron) Alternatively, if the impurities are céed to the middle of the forbidden zoreth
electrons and holes have high chance of being captured and recombining at the impurity State level
The dissipation of energy to the lattice in small multiple steps ease the recombination process, and
therefore the purity of solar cell material is critical in achieving good solar cells

The amount of energy available for transformation into chemical ettegggforedepends
on both the generation of electrbole pairs through the absorption of photons (aamd the
recombination of the electrons and holes (losses), mainly throughivadratiger,andSRH aml
recombinationThe chemical potentialf a solar cell was previoushdefined as the difference
in quasiFermi energies - . When' mtin an illuminated semiconductothe energy
from the absorbed photons, lessitaeombination losses, has been converted into chemical energy
and could potentially be harvested as electrical energy.

2.1.3 Conversion of Chemical Energy into Electrical Energy

To transform the potential chemical energy into electrical energy, structure with two
terminals whichcanproduce a charge current and an electrical voltage at its terminals is required
Given that prunctions are the most widely usettucture in the fabrication of solar ceflsthe
conversion ofchemical energyinto electrical energy will be examingdom a prjunction
perspective, though other mechanisms are possible

2.1.3.1 Transport ofElectrons and Holes
The electrons and holes produced by the absorption of the photons need to be transported
to the terminals o&n exernal circuit to produce electrical enerdis transportation is the result
of forces actingon the electrons and holeBo simplify, let 6 s f i r st assume t hat
potential is uniform, but that the concentrations of carriers is nonunifsrlustrated inFigure
2.6, the electronsvould spread outo minimize their statistical potential energiyhis movement
is sometimes referr®ed to as #fidiffusion current?o
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Figure2.6. Diffusion current in a semiconductdrhe electrons spread as a result of-onaiform concentration
of chargesAs the current is defined, by convention, as the direction of movement of a positive charge, the

diffusion current is in the opposite directiofithe movement ahe electrons.

Letds now assume spatially un.ilnfttosrcasethted ect r ons

only driving force on the particles would be an electric feld nw, wherewis the electrical
potential. As illustrated inFigure2.7, the electronsvould move to reduce their electrical potential
energy, a motion someti®mes referred to as dAdri ft

Drift current

Figure2.7. Drift current in a semiconductofhe direction of the drifcurrent depends on the polarity of the
applied electrical field.

Letds now apply tjiindisneVhénwanbicirapsnéygse andgypa p n

material, initially, the greater chemical potential of the electrons in-thipenand holes in the-p
type material would drive a fndterilfivouk temdio movetor ent 0 (

the pmaterial and holes in thermpaterial wouldend to move to the-material) This movement
wouldleadto a positive build up of charges in thenaterial and negativeharges in the-material.
The build-up of charges would create an electrical potential leadingitala i f t oppasingr e nt 0
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t he #Adi f f uustil thendriving forces not langer exéind the junction is im state of
electrochemical equilibriulnThereforethe overall currentould be considereas the sum ahe

opposite currents: a deperaing antcarrieradoncehtchtiafdfan s i o n 0
electrical cprenfé mtigaheficti teoms, while mat hemat.

Adrifto currents .Hhewcaren imot g rasulisof tiveadditiom ef &wo Dtimeg
currents, buthe result of the addition ofwo forces acting on the particlebe gradient of the
chemical potential anthe gradiat of the electrical energinto a resultant force: the gradient of

the electrochemical potenttaBut transporting electrons and holes is not sufficient to produce
electrical energy. The electrdmole pairs need to be separated since extracting them pairwise along
the same path would not provide a charge current as the ma#keatrically neutral.

2.1.3.2 Separation of Electrons and Holes

It was showrabovethat the driving forcen the electrons and holesthe gradient of the
electrochemical potential, which can be thought of as the grasfitmquasiFermilevel Figure
2.8 shows the quadtermilevels between the valenskelland conduction band of an illumindte
n-type semiconductor.

Energy level
A

n-type

Conduction Band
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Valence Shell

Figure 2.8. QuasiFermilevelsin a ntype materiglwhere- and- are the energy level of the conduction
band and valence shell, respectiv@lle gradients of the quaBermilevels- and- drive the electrons
and holes toward the surfaces. Howevertree material is symmetelt; there is no preferential path for the
carriers and therefore no current.

Inside the semiconductor, the illumination generates electrons and holes, and therefore a
chemical potentidl - - TL At the surfaces, the electrons and hglesseratedby the
illumination recombine and therefore the quasimilevels at bdt surfaces have the same value
- asin the dark. This results in gradients for the two ggeshilevels, which drive the electrons
and holes in the bulk of the semiconductor toward both the front (left on the figure) and back (right
on the figure) sdaces. As this is a-type material, there is a larger conductivity of electrons in the
conduction band, and therefore the gradient ofis smaller than the gradient-of (for a ptype
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material, the gradient of would be smalle) However, as this material is symmetrical, no
current would begeneratedas there is no preference for the transport of electrons ansl inole
opposite directiong-urthermore, the electrodes required to transport the electrical energy into an
external circuit pose a new challenge: in a metal, electrons move freely. Large losses of carriers by
surface recombination at the metal contact barefore only be avoided by allowing only one type

of carrier at the contalct

This dilemma can be resolved by usingeheterojunction, which is made of an absorbing
semiconductor sandwiched between two semiconductors with different energwigaqgshe
valence shells ancbnduction bansiof the materials are not at the same energy leivigure 2.9
shows such an arrangement.
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Figure2.9. QuasiFermilevels in a prheterojunctionThe differencein energy gaps of the material create
energy barriers allowing only one type of carriers at the electrodes

Just like inFigure 2.8, the quasFermilevels join at the surfaseElectrons are driven by
a small - gradient in the #type materialwhere they will be collected by themthode while
holes are driven by a small gradient in the fiype materialvhere they will be collected by the
anodé. While theforcesdriving the electrons to the hole contact atia holes to the electron
contact arenuch larger, the largeand gapin the materials act as barriehs the ntype material,
the energy barrier preverttge injection of holes frorthe valenceshell of the absorber into the-n
type materiglthus preventing large recombination losses at the aSaaédarly, a larger band gap
on the right causes an energy barpieventing the electrorisom reaching thearode Therefore,
a pnhetergunction satisfis the requirements to have sgmrmeable membranes to prevent
interface recombination at the metal contact, while allowing a difference of theFerasievels
in the absorbeMany materials can be doped to achieve this purpose but, for solar cielhtapps,
it is not enough to have a large band.gap seen in section 2.2.1, preventing energy gap in the
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forbidden zone to avoid SRH recombination is also imparfamaterial with this combination is
not common, but silicon and other-WM compoundssuch as those based on gallium arsenide, are
viable option&

2.2 CHARACTERIZATION OF S OLAR CELLS

The pnrheterojunctionis a structure capable of producing electrmie pairs by the
absorption of photons, separating the charges and transporting them to terminals in tte desire
direction However, collecting carriers will not by itself generate povsrpower is a functioof
both current and voltage, two specific casélsbe examinedshortcircuit current(O) and open
circuit voltage(w ). Other parameters of importance in the characterization of solar cells, namely
fill factor (FF), shunt and series resistanC¢ and’Y respectively) and PCE will also be
presented

2.2.1 Short-Circuit Current

The shorcircuit currentO is the current through the solar cell when the voltage across
the solar cell is zero and is therefore the largest current which may be drawn from the solar cell
To remove the dependence of the solar cell area, theatauiit current density is commonly
used as aolarcell parametér with:

"0 (2.2)
Dwo @) @ £ AW d &

The shorcircuit current is linked to the internal quantum efficiency ofgblarcell, that
is tothe number of photons absorbed by the material resulting in eldutterpairsand external
quantum efficiency of theolarcell, which includes the effect of reflectiGn’® Generally, a large
0 requires the absorber to be as thick as possible to nztimei absorption of photohslunction
depths of 400 to 600 m aretypical for crystaline silicon celbk.

2.2.2 Open-circuit Voltage

The opercircuit voltagew is the voltage across the solar cell when the current throug
the cell is zer@nd is therefore the maximum voltage available from a solaitoedin be defined
as the separation of qudsermi levels- - at which generation and recombinatioh
electronhole pairsis in equilibriunt and is therefore largely dependent of the bandgap of the
chosen materi&l. However, the thickness of the cell also affects the @irenit voltage As the
rate of generationf electronhole pairgper volume is greatest near the top surface, a reduction in
the thickness of the cell implies an increase in the separation Bethelevels & is therefore
maximal when the thickrss of the cell approaches zero

Sincepower is a function of both current and voltatigt is 0 "Ogboth a highshort
circuit current(thick solar cell) andhigh opencircuit voltage (tin solarcell) are desirable to
maximise the power generatéthese two requirements are competing each other. Since the gain
in the opercircuit voltage from a reduction of thickness does not compensate for theistigitt
current los§ a thicker cell generally produces more power. However, when the thickness of the
cell exceeds the diffusion length, i.e. the length after whicleldsgtrons and holes are likely to
recombine, the extra thickness does not generate photoéparehainy additional thicknesvould
therefore reduce the performance of the cell.
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2.2.3 Fill Factor

As wasseen above, the maximum curreensityavailable from a solar cell is the short
circuit currentdensityd , while the maximum voltage is the opeincuit voltagew . Sincethe
voltage is zero under shearircuit condition and the curredensityis also zero at the opaircuit
condition, the solar cell at those two points will not produce any pédweiome point before
is reached, the curremensityvoltage productis maximum This point correspond to the
maximum power pointhat is

Q0w QuLw V@ T (2.3)
and thus
Q0 0 (2.4)
Qw W

Therefore, thenaximum power point occurs when the tangent to the charactergtic J
curveof a solar cell forms the same angle with a vertical line as the line connecting the origin to
the maximum power poinFigure 2.10 illustrates the geometrical construction of the maximum
power point froma typical 3V characteristiccurve of a solar cellvhere0 andw are
respectively the current density and voltage at the point of maximum power

/mp _________________

Jsc e N

Figure2.10. Geometrical construction of the maximum power pofrd solar cellThe maximum power point
occurs when theangent to the characteristid/Jcurve of a solar cell forms the same angle with a vertical line
as the line connecting the origin to the maximum power pAitapted fronm(Wuirfel and Wiirfe] 2016

Thefill factor FFis an important parameter of the solar cell and is defined as the ratio of
the maximum power to the product®andw ! or, when using the current density parameters,
by the equation
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L W (2.5)
0 W

Graphically, it is related to the area of the largest rectangle which will fit in'theharacteristic
curve and is affected by both the shunt and series resistance of the sétar cell

2.2.4 Shunt and Series Resistance
A solar cell can be modelled by a current source in parallel with a,@dictheint resistance
'Y and a series resistandg, as illustrated ifFigure2.11.

A

ORvARY v

Figure2.11. Equivalent circuit of a solarell. A solar cell may be modelled by a current source in parallel
with a diode, a shunt resistance and a series resistance.

The efficiency of the solar cell is negatively impacted by Mw and highY . Low 'Y
is a result of manufacturing defedach as pinholewhere the two electrodes are not isolated
Such defects can cause current leakage and a lowering @f tHe cases of sheodircuits, the
solar cell may be rendered ntunctional 'Y can be esthated from the inverse of the slope at
thev pointof the 3V characteristicurve On the othehand,Y is estimated from the inverse of
the slope at the point of the 3V characteristicurve 'Y is mainly affected bpoor morphology
of the active layer, recombination at the material interfattes contact resistaneadthe sheet
resistance of the electrode$™ °A high'Y negatively impactthe efficiency of the solar cells by
reducing theFF"""°. A further increase if¥ will also decrease the current density of the solar
cells, as modeled iRigure2.12.
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Figure2.12. Modeled effect ofY variation on the-Y characteristicef a P3HT:PG@BM cell. An increase in
'Y results a decrease fF, current densityand efficiency Adapted from (Servaitest al,2010)".

2.2.5 Efficiency of Solar Cells
Whilev ,w , FF,Y andY are commonly used parameters to characterize solar cells,

the most used parameter to compare solar cells ipdiver conversiorefficiency PCE (also
written as-), which is defined as the ratio ofaximumoutput energyrom the solar celd  to
input energy from the sub . The efficiencycan be expressedsing the following known
parameters of the solaellf’:

v w0 ®w ‘000 ®w v 00 (2.6)

U O O 5 5 5 o TN ey - o
0 0 0 0wo A

Historically, the measurements of solar cells efficiencies were labodé@gndent
Today, standardgolar spectrums are usddr thed and differences between recozgd test
centres are in the oed of magnitude of less than 1%ef the PCE valueThe air mass (AM)
coefficientdefines the direct optical path length througk Earth's atmospherexpressed as a
ratio relative to the path lengththe zenitl, as illustrated ifFigure2.13.
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Figure2.13. Length of the path through the atmosphere in relation to the shortest length for different solar
spectrum AMO is typically used to test solar cells for spatial application, while AM1.5 is used to test solar
cells for terestrial applicationAdapted from (Green Rhino Energy, 20%6)

The solar spectrum outsid¢he atmosphere is designated Ay Mass 0(AMO). This
spectrum is typically used to predict the performance of solar cells in. ggmeelar radiation is
partially absorbed during its passage through the atmosphere, mainly by gases such as water vapor,
carbon dioxide, ozone amyger®, a different solar spectrum is needed for terrestrial application
The spectrum ahe equator is called AMHowever,solar panels do not generally operate under
exactly one atmosphere's thickness. Many of the world's major population centres, and hence solar
installations and industry, lie in midtitudes. The spedif value of AM1.5(solar zenith angle
4 8 . Hag been selected in the 1970s for standardization putpoles latest AM1.5standard
pertaining to photovoltaic applications is available in ASTM T3-03(2006%°. Figure2.14 shows
different AM spectra
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Figure2.14. Irradiance spectra for increasing air masee solar radiation has bepartially absorbed through
its passage through the atmosptier@M1 compared to AMO. AM1.5 shows even more absorption due to a
longer path through the atmosphekdapted from YVikipedia, 2013)26,

With the concept ofefficiengy in solar cel§ explained it is of interest to know what the
ultimate theoretical efficiency limit would b&he ShockleyQueisser limit is the maximum
theoretical efficiency limit for a pjunction cell without concentration of sunlightt was
calculated by William Shockley and Hans Queisser in ¥9&he limit isbased on the principle
of detailed balance of the fluxes (i.e. the photon flux into a device should equate to the flux
photons or electronsout of the device), assuming that each excitation produces one elegkeon
pair and that the only recombinatimechaism isaradiative recombinaticf

According to the ShockleQueisser limit, not all the energy of the inend photons will
be converted into electrical enerdys long as the energy from a photon is superior to the bandgap,
the generation of electrons and holes depends on the number of excitation events, not the amount
of energy absorbediny extra energy is lost in a process knowntteesmalization that is the
dissipation of energy in excess of equilibrium in photoexcited eleéfrartsermalization losses
account for most athe inefficiency However, theShockleyQueisser limitalso considerlosses
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from photonswith energy less than the bandgé#mat will not be able to produce electrbale
pairsand other less limiting factdfs Losses from thermalization and rahbsorption of photons
below the bandgap represent 33% and 23% respectively ofdident solar enerd$: With this
limit, a theoretical Hiciency can be calculated asfanction of the bandgap of the solar cell
material Figure 2.15 shows the efficiency as a function of bandgap for gupotion under an
AM1.5 spectrum

0.4
Si  GaAs
i —~—""N
0.3
= 0.2
0.1
0.0 ! 1 1 ! [ 1 1 1 I | I | 1 1
0 1 2 3
£g (eV)

Figure 2.15. Efficiency — of a solar cell withradiation recombination only under AM1.5 as a function of
bandgapAdapted from (Wurfeand Wirfe] 2016}.

From this graphit canbe seen that £miconductors with an energy gap between 1 and 1.5
eV, in particular silicon(Si) and gallium arsenidéGaAs) are suitable solar cell materidls
Crystalline silicon is a widely used material solar cell applicatiosf as t offers numerous
advantages: at 27.7%, it is the secaoygelitmost abut
is also nortoxic and forms an oxide layer that protects it when exposedto air

While silicon offers manyadvantagest has a weak absorpti@nd must thereforbave a
thicknessn the order ofeveral hundred pinThe developmentf thin film solar cels has been
driven by the desire to keep manufacturing €dstvn However,the absorption decreasegh
thinner materia and the performance of thin film solar cells have yet to surpass those of
conventionalsolar cells. This is therefore an intense area of research within the scientific
community with a particular focus otiin films organicsolar cells
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2.3 ORGANIC SOLAR CELLS

Organic solar cells, with their relatiVew cost and manufacturing advantages such as roll
to-roll, large areacalability andorocessability on flexible substratg are attractive alternatives
to their inorganic counter partBespite the various advantages, organic solar cells have some
limitations including lowcarrier mobility and short exciton lifigme?> 92 % This section of the
thesis is dedicated to the theory behind organic solar, getthiding darge formation and
extraction and common organic solar cell matésia

2.3.1 ChargeFormation and Extraction in Organic Solar Cells

A polymer is a macromolecule composed of repeated subunits called monomers.
Conventional polymers (e.g. plastics) are considered insulators, but there exists a peculiar class of
polymers, called conjugated polymers, that bahave as semiconductr®. At this point, it is
useful to note some specific terminolodior organicmolecules(often in solution) the terms
AHIi ghest Occupied Mol ecular Orbitalo (HOMO) and
(LUMO) are often used’. When (isro, balf)gani ¢ semi conductors al s
conduction bands, which are close to the HOMO ar

As ininorganicsolarcells, organic solar cells absorb solar energy to generate ekbctiem
pairs However, vihen electros andholes are generated, they attract each other due to Coulomb
forces Because of the large dielectric permittivity of inorganic semiconductors, the binding energy
is small at room temperature and electrons and holes are esgdramlparticlesOn the other
hand, oganic semiconductors often consist of moleculeshibae smaller dielectric permittivity
and areonly weakly bound to each othdrhis means that the binding energies are usually much
larger for organic semiconductoand the electrons and holes remain bound togetharstate
called excitoh Due to the bound state of the electimlespairs, charge separation differs in
organic solar cell from the previously studiedtgterojunction of minorganicsolar cell In early
organic polymesolarcells abilayer heterojunctiostructurewas usedo separate the chargésit
the developmenbf bulk-heterojunction greatly contributed to efficiency improvements.

A bilayer heterojunctionconsists of a stack of two materiadsdonor (often a polymer)
and an acceptofoften a fullerene)Figure 2.16 shows the energy levels im arganic bilayer
polymer/fullereneneterojunctionin the first materia({the donor)the photons generate excitons
By choosing asecond materigthe acceptoy with a LUMO level lower than theLUMO level of
the first material, the electrons in the donor material tnagel out oftheir bound statsinto the
LUMO of the acceptor materialhose electrons would nobe free electranwhile the hols
remain n thefirst material A third material on the left sidealled a holdransport layer (HTL)is
also required as ams@-permeable membrane ftreholes, ensuring electrons are not collected by
theanode.
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Figure 2.16. Energy levels in an organfolymer/fullerenesolar cell The absorption of photorgenerates
excitons in the donanaterials The electrons are then funneled into a second material with lower LUMO level.

Ideally, the distance of the exciton to the ddacceptor interface should be similar to the
exciton diffusion lengthin orderto limit recombination. In conjugategblymess, the diffusion
length is in the order of 3P0 nnt* °¢ Solar cells fabricated using bilayers can only separate
excitons that argenerated within the diffusion length. This poses a conundrum: if the active
material is to thin, thesolar cellwould suffer from low light absorption, but high recombination
losses would negatively impact thicker devidss alternate approach to thdayier is to mix the
donor and acceptor materials during processing to create-hdtagifojunction.

In a bulk-heterojunctionthe organic semiconductors form a random network of separated
fingers and islandsas illustrated ifFigure2.17. This geometry results in an enhancement of the
short circuit photocurrent of several orders of magnftisieaking it an attractive approachll -
polymer solar cells based on absorpttmmplimentary polymer donor and acceptor have also

shown promising resufts %
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Figure2.17. Charge separation in a lietheterojunctionExcitons are by the absorption of the photon energy

in the polymerDue to the reduced distance to the fullerene, the electrons can be funneled out before they
recombined A holetransport layer provides a sepgrmeable membrane, blocking the electrons from
reaching the cathode.

2.3.2 Organic Solar Cells Architectures

Two different architectures are commonly uselbutk-heterojunctiororganic solar cedl
a direct structur@nd an inverted structureln a direct structurethe bottom electrode ia high
work-function conductor such as ITO, gold or silvEhis electrode isised as an anode to collect
the holesThe top electrode is a lower weflinction conductor, such as aluminium, which collects
the electrondn aninvertedstructure, the electrodes are inverted with the |ehection electrode
being at the bottontither architecturecould be top or bottom illuminatéddhowever in both cases
the electroddoeing illuminatedshould be transparent to allow the absorption of the solar energy
by the active material of the solar c@ligure2.18shows a schematic of direct and inverted organic
solar cell structureshough due to the difficulty of processing a transparent top cathode, the direct
top illuminated architecture={gure 2.18a) is seldom usk Nonetheless, it may have a found a
niche in flexible solar celt§°,
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Figure2.18. Architectures of bulk-heterojunction organic solar cell®op illuminatedsolarcells are illustrated
in a) with a direct structure and in b) with an inverted structure, while bottom illumisatad cellsare
illustrated in ¢) with a direct structure and in d) with an inverted structure.

As seen in sectio.3.1, aHTL blocking electrons and transporting holes is sandwiched
between th@nodeand the active materitd separate the chargés a direct structure, kile not
strictly requirecto have dunctioral solar cell an ElectronTransport layer (ETL) isften added
in order toachieve good performantelt is believed that this additional layer improves the
efficiency of the solar cells yreventingexcitan quenchindoy the metal cathod® 1%

The inverted geometry{gure2.18b and d) has a few advantages over the direct geametry
With direct solar cells, the top electrode is often made of lewrk function metals, such as
aluminium, which are prone to oxidation and degradafldrs can be avoided in inverteolar
cells by using higher work function metasuch as gold or silver, as top electfdddowever, n
invertedsolarcells the ETLis not optional as it acts as a planarization layer to prepare the cell for
the deposition of the active layéra role that the HTLikewise plays in direct solar ceft$
Furthermore, it has been widely reported that polymer/fullerene blends suffer from a vertical phase
separation during film formation with the fullerene (electron acceptor) concentrating at the bottom
of the film?t: 75 104.105Thys, asllustrated inFigure2.19, invertedsolarcells with a bottom cathode
(electron collecting electrode) can advantageously exploit this phase sepambeided they
have a proper ETL to avoid exciton quenching, which would be more severe than in a direct
structure Indeed, no example of inverted solar cells without an ETL was found in the literature
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Figure2.19. Schematic illustration of the vertical separation of a polyiukgrene blend in an inverted solar

cell. The fullerene, the electron acceptor, concentrates at the bottom of the cell during film forifia¢ion
invertedcell structure, with a bottom cathode, can therefore exploit this phase separation. Adapted from (Yip
and Jen2012j°.

2.3.3 Organic Solar Cells M aterials

As discussed previouslyorganic solar cells are often made with an active material
composed of a polymdullerene blend interfacial layers and electrodesThe following
paragraphs discuss some commonly used materials fialttieation of organic solar cells.

2.3.3.1 ActiveLayer

Two frequently used polymer:fullerene blends are discussed in this section:
P3HT:PG:BM and PFB7:PC;:BM. The polymerP3HT is frequentlyusedasa donor material in
organic solar cellé 72 While soluble in organic solvents, P3HT produces long, narrow fibrils
which form paths for charge transportationce crystallizet 1% The fullerenePGs:BM is a
common acceptdn heterojunctiorsolarcells'®. It has a high electron affinity, good conductance
and istransparenin the visible rang®. For optimized performance, P3HT should be slightly in
excess in a P3HT:RBM blend? with a (1:0.8) ratioFigure 2.20 shows the effect ddifferent
ratios ofP3HT:PG:BM blends on the-¥ characteristicurve of a solar cell.
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Figure2.20. Effect of different ratios of P3HT:P&BM blends on the-¥ characteristicurve of a solar cell
Best results are achieved when P3PITBM ratio of (1:0.8) Adapted from Baeket al, 20101%4

The thickness of the active layer also plays an important role in the overall effidiency
the active layer is tthin, not enough light would be absorbed for the generation of excitons, but
if the material is to thick, the electrons and holes would recombine within the active layer before
they have time to reach tlwterfacial layersFigure2.21 showsthe relationship between active
layer thickness and efficiency based on a survey of 579 papers dealing with PaBWMPC
heterojunction solar cellBased on thigraph, the efficiency reaches a maximum when the active
layer thickness is about 90 nm
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Figure2.21. Efficiency as a function of P3HT:REBM active layer thicknes3he dots represent the reported
thickness and associated efficiencigghickness of 90 nm produces the maximum efficiency and has been
the choice of several studigsdapted from (Dangt al, 20112

P3HT:PG:BM also requires thermal annealing for best reufts 1" 1% As shown in
Figure2.22, the P3HT and P&BM form networls allowing for the passage of electrons and holes
after annealing.

(a) (b)
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Figure 2.22. Schematic representation of P3HT#HM blends a) in norannealed solar cell and b) after
annealing at 1s5Theca@nedled device Showsiamaod mercolated network allowing for the
passage of electrons and holes to the electrédiptedfirom (Chiuet al, 2008},
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In this thesis, a second polymeith low band gap andptimized absorption speamis
alsoused: PTB7PTB7is normally used with the fullerene RBM, a common acceptor for low
band gap donor polymé? as t has anextended absorption spectruhat compliments the one
from PTB7 and significantly increas¢he0 1%, The additive 1,8liiodooctane (DIO) is often
addedto the blend as it was shown to increase charge generation rate, reduce recombination and
increase the electrons mobility, resulting in a tHdd increase in eftiency though at the
expense of a decreain device stabilitf®!!2 Contrary to P3HT:P&BM solar cells where P3HT
is in excess, PTB7:P&BM solarcells are normally made with a 1:1.5 ratfo!'® 11315 While the
P3HT blend beneficiatedrdm thermal annealingPTB7 blends canlose their efficiency if
thermally annealet 114 This is because the P3HT blend typically uses &taatio of acceptor,
such as 1:0.8However, in the case of higher acceptor ratio such a%:ihg,thermal annealing
causes the accept molecules to diffuse inside the donor donsaithus preventing their
crystallizatiod** '3 Instead, PTB7:PGBM solar cells can be slowly dried under nitrogen
atmospherg?®,

2.3.3.2 Interfacial Layers

Interfacial layers, be it HTL or ETL, are inserted between the active layer and the
electrodesThe material chosen should take into consideration the elemalyalignment to ensure
charge selectivity. Figure 2.23 showsthe energy levels of some commonly used mateiial
organic solar cellsOther important requirements include, amongst others: promoting Ohmic
contact formation between electrodes and the active lageing alarge bandgap to confine
excitons in the active layer, be conductive to reduce resistive |bsadsglow absorption in the
visible range, antechemicaly and physicdy stable’>. Some common interfacial layer materials
meeting those requirements are listed discussed below.
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Figure2.23. Energy levels of some common components used in organic solaAckfsted from (Yipand
Jen 2012°.
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Poly(3,4ethylenedioxythiophene):poly(styrensulfonate) (PEDOT:PSS) is the most
commonly usedTL* 75 17due to its good filrforming properties, high transparentyermal
stability?®, and high work functiof 5.0-5.2 eV matchingthe HOMO level of PSHT and PTB7
polymerst. PEDOT is a highly conducti¥&conjugated polymer but is not soluble in comment
solvents!® PSS, an insulating and hydrophilic poly#iés added to EDOT during polymerization
to improve the solubility of PEDOT in watérHowever, as organic layers used in sakdis are
hydrophobic, care st be taken to choseformulation with a highwettability whenthis HTL is
used in an inverted structure in ordeetwsure the HTL spread well over the active I&yer

While selectingan anode is straightforward with the availability of high work function
metabk such as gold or silver, the selection of the cathode poses a challkrsgenergy leved of
low work function meta - such as aluminumor transparent oxiddssuch as ITG do not match
well with the LUMO level of the acceptdisFurthermore, when conjugated polymers come into
contact with a metatathale, it was found that the metal atoms diffuse into the polymer, creating
a layer that increases the electron injection barrier and low&irthethesolarcellst®. A properly
chosereTL can thereforémprowve the efficiency of the solar cell byot onlymatchng the energy
levels of the active layer and electrodes, but alsoppgviding a protective layer prevémg the
diffusion ofthemetal into the active layein directsolarcells, lithium fluoride (LiF), calciunfCa)
and bathocuproine (BCP) are often used as’ET42 11° 2 while zinc oxide (ZnO) is often used
in invertedsolar cells'®. Figure 2.24 shows the effect of adding a Ca or BCP ETih a direct
structure solar cell.

Current(mAiem?)

Voltage(mV)

Figure2.24. Effect of interfacial layesbetween the active layer and the cathode in a direct structure salar cell
Cell A is a reference device, Cell B, C, and D include respectively interfacial layers of Ca, BCP, ahd BCP
Ca Adapted from (Kimet al,, 2010¥%°.
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2.3.3.3 Electrodes

The active materiadnd interfacial layersre sandwiched between two electrodes: the
anode, the holeollecting electrode, and the cathode, the electrons collecting elecifagl&ont
electrode shoulthe transparent to alloabsorption othe lightby the active material, while the
back one should ideally be reflective to reflect tadnsorbed light backito the cell ITO is
commonly used as the transparent electrode in organic solaHmeilsver, asliscusseah section
1.1.3 it is responsibldor the majority of the production costs amd such, finding a lowost
replacement is crucial for the commercial feasibility of organic solar. édlernatives should be
optically transparent and have a high conductivity, two parameters which are often cohfhsting
transparency namally implies thinner material while conductivity is incredsgith material
thickness Commercially available ITO usually have @ndictivity of 4000 S/cmand a
transmittance of ) 1t B. Alternatives to ITO include nanomaterigls.g. carbon nanotubes,
graphene, metal nanowires and metal nanognidsjal, metal oxides and polym&rén thisthesis
two alternatives were considered: ulthén metal andransparenpolymer electrodes.

To use metal as an alternative, the filmstrbe ultrathin for areasonable transmittance
of the light through the metaHowever, a reduction in thickness also leads to an increase in sheet
resistanceFor thin metal films, the ideal thickness has been found to be ags@ifidm for
aluminium(Al), silver (Ag) and gld (Au)** 121122 with silver having the highest conductivity at
room temperaturéNith adeposition rate of 0.2 nm/s, a thickness of at least 10 nm is required to
achieved continuous film formation for silvea thickness known as the percolation thicktéss
Metals also exhibit a high reflectance, which was calculated to be 63% in a 10 nm thick layer of
silvert® 121 123 Ag light reflected is not available for absorption by the active materiial, th
represents a significant ksThe combination ofhe high conductivity ofa metal andthe high
transmission o# transition metal oxide such a®lybdenum trioxide NloOs) offers a promising
approachThe top layer ofa MoOs/Ag/MoQs; tri-layer anodeserves as a transparent conducting
refractive index matching layer, reducing the large amountefiation and lowering series
resistance, while the bottom layer acts as a HTL to improve hole colféétidguyenet all??
showed that optimized laysthicknesgsfor the stacks MoO3(20 nm)Ag (10 nm)MoOs3(35 nm)
This combination achieveal maximum transmittance of 86% at a wavelength of 465 nnaand
averaged transmittance of 70% in the visible range-88&0nm)

Another alternative to ITO is to use polymeric transparent conductors, which also have for
advantage that they can be solutmncessed and are therefore compatible with mass production
techniques Highly conductive grades of PEDOT:PSS can bedumea combined HTL and
transparent conductoandhavebeen used both as a bottom or top electfddeegular grade
PEDOT:PSS used as HTL$a conductivity around 1o 10 S/cmt3, three orders of magnitude
lower than that of ITQ4000 S/cm) andtherefore is not a suitable candidate for a transparent
electrodeHigher conductivity formulatiomof PEDOT:PSS, such atereeusClevios™ PH1000
are now commercially avaltde. With secondary dopinguch as the addition dimethyl sulfoxide
(DMSO) or ethylene glycol (EG)andchemical othermalposttreatment® 24 PEDOT:PS$ave
been successfulgmployedn organic solar cells as ITO replacenghg®28: 33 91, 117, 124, 1294 hjgh
conductivity of 4380 S/cmachieved bysulfuric acid H>SQs) posttreatment has also been
report&l®. Figure2.25 shows the timeline of different treatment used to improvedneuctivity
of PEDOT:PSS.

37



Fumed I, SO, post-treatment [J
4000 p=
_'/\
' E CH,SO,H post-treatment
>3
9 3000 - H,SO, post-treatment 0
) ?
S
é‘ 2000 p=
2
131 M EG addition and post-treatment
=
= 1000 - /
o L 0" DMSO addition
© ok D__———D-""D EG post-treatment
pH=0~3 DMSO addition
S T P BT PE N P | [P |

1998 2000 2002 2004 2006 2008 2010 2012 2014

Year

Figure2.25. Timeline of PEDOT:PSS treatment aimegdmproving its conductivity Adapted from (Shet al,
2015%3,

As discussed earliein section 2.3.3.2 the spincoating of an aqueous solution of
PEDOT:PSS on an hydrophobic active layer poses an additional challenge in an inverted.structure
While some formulation of PEDOT:PSS, such aderaeusClevios™ HTL Solar, include
surfactants to improve theivettability, the highly coducive PEDOT:PSS grade PH1000 cannot
be used as is on top of the active layer without additional treat®ewdral strategies have been
used to address this issagpopular one beinghe use ofdditive such as Zonyl FS0CG*23, Triton
X-100 (TX-100¥% %% methand®, polyethylene glycol (PE®) 25 EG*>?". Oxygen, nitrogen and
argon plasma treatmexitave also been used to reduce the hydrophobic rafttive actie laye?’.
Another approach has been the use of dual multiple - layers, with the first layer being a
formulation with highemvettability but lower conductive of PEDOT:PSS and PH1000 as the top
layer?* 126 RegularPEDOT:PSS and PH1000 blextthve also been successfugmployed?.

This sectionof the thesis focusedn the theory behind organic solar celSonjugated

polymers were shown to be able to absorb the solar ergggegratingoound electrons and holes

in the form of excitons that could be dissociated with a second material. The mixing of the two
materials into a bulketerojunction greatly improved the efficienafyorganic solar cells. Direct

and inverted structures were explored, and common mataseadtl in the fabrication of organic
solar cells were presentddespite various advantages, organic solar oelésl to remain thin due

to short exciton lifetime a limitation which negatively impasttheir efficiencies. Plasmonic
organic solar cells, with enhancement from light coupling, offers a potential solution.

2.4  PLASMONIC ORGANIC SOLAR CELLS

When exited by an oscillating electrmagnetic(EM) wave (i.e.by light) at optical
frequencies, the free electrons in a metal will oscilldieder the right conditions, the electrons
can coherently and collectively oscillatgneratinga longitudinal wave of electronas illustrated
in Figure 2.26. The wave of electron density and associated induced EM field is referred to as
surface plasmons (SP)'’
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Figure2.26. Surface plasmons schemafithe charge density oscillations induce an evanescent EM wave at
the interface propagating in tixedirection and exponentially decaying in tadirection.

While often used as an optical monitor of changes in the local environment in fields such
as eletrochemistry and biosensiA§ 12° SFR can give rise to enhanced optical nftalds which
is of interest in the study of solar cell efficiermyhancements In this section, plasmonic organic
solar cells will be studied by first examining light as an EM wéefore looking at the $P
dispersion relation and excitationwo-beam nterference theory will then be introducd&dhe end
of this section then uses the interference theory to shoveR®scan be patterned on azobenzene
thin films to excite SR in organc solar cells.

2.4.1 The Electro-Magnetic EvanescentWave

Before discussing 3®in more detail, a mathematical descriptionanfEM evanescent
wave isrequired An EM wave consists of oscillating electric and magnetic fields, denptati
5 respectively, which are orthogonal to each other and transverse to the direction of proff3gation
as illustrated irFigure2.27.

Figure2.27. An electremagnetic waveln this graph, the magnetiield 5, is denoted aﬂ . Theelectric field
r, the magnetic field|, andwavevectorare mutually perpendiculahdapted from (Pedrotgt al, 20075,
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An EM wave travelling direction can be described by its electrical figld=°

Fr RASDQ 0EO» (27

where . is the amplitude of the electrical fielst, it the angular frequency is the wavevector
andr is the position vector.

At the interface between two media with different indices of refraétiandil , thewave
will be refracted, as illustrated Figure2.28i in this case with 1

Figure2.28. Refraction of a wave at the interface of two media with different index of refrattidis case,
T 1.

Using Snel |l 6g?angobtains: r ef racti on
¢ OEF & OEL (2.8)
where— and— are the angles of incidence and transmission, respectivetya SR wave to

exist and propagate in tixedirection, onenust have:
T Ok (2.9)

The magnitude of the wavevector of a wave propagatiredirection is given by?":

Ty T~ \“‘ - 21
QQQSC—S-%)'I‘- (219
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wheret is the refractive index of the medium, is the wavelength of the waveis the
propagation velocity in vacuurh is the permeability andis the permittivity of the medium
Thus, earranging Equatiof2.10) for medium 2 and geometry

X - o ¢ L aa (2.11)
Qn Q Qp — & €& OE+
Using Equatior(2.8) in Equation(2.11):
. “ A “ 3 A 2.12
0 - ¢ ¢t O0EL & = — OEL (213

If & ¢ , such as would be the case for most dielectric/metal interfageyould be purely
imaginary fori '@¢ —. Therefore, the wave at the interface wondd onlybe parallel to the

surface in the-direction but alsexponentially decaying in thedirection.The complex fieldgn
the twomediacan be written as:

P OpfOsmA@PEQrd Qro (2.13
3 oy A GEEQre Qr® (2.14)
F Orpf0OsmA@PEQr®d Qrpd (2.15)
3 oy A BEEQr 0w Qrw (2.16)

2.4.2 Surface Plasmon Dispersion Relation

The relation between the angular frequency and the wavevector forRaaSEhe
dielectric/metalinterface of two haHnfinite media, called the dispersioalatiort?” 128 can be
derived from M¥&XxNeexl wedlsl desq ufaotuirotnhs equati on for o
blel:

9 . QF Q- FF Qg (217

with
- - - (2.18)

_ é _ 'f‘d_ _ T’Q (219)

where- and, are the permittivity and the conductivityof the medium respectively The

permittivity can be expressed as a product of a relative permittivignd the freespace

permittivity - . The complex permittivity; gcan be divided in a real and imaginary pahe real

part of the complex permittivity, , is a measure of a material déds ab
imaginary part; , is a measure of how lossy a material is tolactec field"*$. Applying equation

(2.17) to the set of equatior{2.13) to (2.16):
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QR Of 1 - Op (2.20)
Qi Op 1-05 (2.21

Solar cell materials argenerally normagnetié®?, which implies that the magnetic field is
continuous at the interfac@ is also continuous at the interfacgnce there is no boundary
orthogonal tdO . As there are no free charges, the normal component of the electric displacement
field O is also continuod. As - for a linear mediudf!, it is the discontinuity in the
relative pemittivity which forceO to changeTherefore, usinghese boundary conditions with
Equations(2.20) and(2.21):

- - (2.22)

The magnitude of the wavevectors can also be expressed in terms of the relative
permittivity of the media and thmagnitude of thdight wavevector RecallingEquation (2.10),
one can obtain

Qp 1 - Q (2.23

Q1 - Q (2.29)
Dividing Equations(2.23) by (2.24):

Q1 - @ (2.25

Q1 - Q

Using Eaiations(2.22) in (2.25) and assumingthat the relative permeability is unity for nen
magnetianaterials

C (2.26)
';'Q _l _

Therefore, the SR dispersion relatiofQ for a flat interface is:

- (2.27)
':'Q ~.'Q —|_7 h~ h
W -hr -n
where

fa ‘p (2.28

For an evanescent wave to exist at the interfRcemust have a real parfhis condition
is met, from Egation(2.27), when
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“h- R (2.29

In the case where medium 1 is a dielectric and medium 2 is a mgtal,,tand- 1
since metals contain a large number of free electrons for frequencies below the plasma frequency
of the metal which is gengally in theUV region?”. Therefore, the numerator of &ation(2.29)
is negative Consequently, the denominator of adjon (2.29) also needs to be negativEhis
implies that- j - i or, i.e., that the commonly accepted RSBondition is when the
permittivity changes sign at the dielectnietal interfac&*12% 132

2.4.3 Excitation of Surface PlasmondQesonance

With the SR condition established, the next step in understandifiS® see how it can
be excitedAccording to he electron model of an electron gas, neglecting dampinggetidepart
of relative permittivity of metaht optical frequencis given by’ 1%

1 (2.30)

wherg is the plasma frequency and is an intrinsic property of mefalsstituting Egation
(2.30) into Equation(2.27):

] (2.31)
- ﬁ p —_—
. 1 - K
0 TZ) 1 1(_:) VhW : 1 1
oD — h P
Recalling that the wavevector light is:
o | (2.32)

)

and as ; p (medium 1 being a dielectric material), the wavevector of R iISRIways larger
that that of dight. According to the de Broglie relatitti, the momentuna=sand wavevectd
related by:

¢ (2.33

whereh s the Plaok constantConsequently, a $Palways has a larger momentum than a photon
atthe same frequencyhis implies thatight shining on a flat metal cannot simultaneously provide
the correct angular frequency and waveveckberefore, dditional momentum must be proed

to excite SR. Nevertheless, coupling of photons intdRSfan be achievely using either photon
tunneling in the total internal geometry (Krets@mm and Otto configurations) or diffraction
effectg?”- 128 13} gs illustrated ifFigure2.29.
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Figure 2.29. Surface plasmon excitation configurations(a) Kretschmann geometry, (b) tdayer
Kretschmann geometry, (c) Otto geometfy) excitation with a nediield scanning optical microscopy
(SNOM) probe, (e) diffraction on a grating, and (f) diffraction on surface featAdspted from (Zayatet
al., 2005)34

Of particular interest for this thesis is the excitation by diffraction on a gr&ificgaction
gratings are made of periodic diffracting elements separated by a distance comparable to the
wavelength of incident light, often in a sinusoidal shape, and can be reflective or transiiresive.
light will be diffracted by the grating into multiple orders, with tHeo@der (m=0) being light that
is not diffracted. By convention, beams diffractedthe rightof the 0" order are considered
positive orders, while beams diffracted to the hedtze negative orderskigure 2.30 showsthe
diffraction of light using a reflective grating

incident beam

diffraction grating

Figure2.30. Diffraction of light with a reflective gratingrhe Oth order correspond to a reflection angle equal
to the incident angle- — (i.e. no diffraction).
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In this thesis, diffraction gratings will be manufactured on azobenzene thin films by laser
lithography using a Lloydl s  minterferometer An understanding of twbeam interference
theory is useful to comprehend this technique.

2.4.4 Two-Beam Interference
Letdbs consider two plane waves travelling at

illustrated inFigure2.31.
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Figure2.31. Two travelling plane waves interfereneeherei andi are the distances traveled by each
beam from their sources to point P. Adapted from (Pedro#ti, 2007},

Thewaves can be expressed in terms of their electric fi€lds

F F ATQ 1 0 % (2.39)
F FAITT@ 71 0 % (2.35
where[r is the amplitude of the electrical fief@ — is theamplitude of thavavevector, sis the

distance traveled by each beam from its respective source to pains Fhe angular frequency,
and %orepresents the phase afwave at its source at timg 7. Given the principle of
superpositiof®’, the electric field at point P is given by:

F F F (2.36)
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The irradiancégW/m?) at any point is giveby*>
0 - G O (2.37)

Therefore, using Eeption(2.36) in Equation(2.37):

O -WrO -®dF F O F O (238
O -W@rOF FOF  FOFO (239
o 60 O (240)

where'OandOare the irradiance of the individual beams @ds the interference ternThe
interference termcan provide either enhancement (constructive interference) or diminution
(destructive interference) of the irradiandsing Eqiatiors (2.34) and(2.35), the interference term

can be rewrittems:

O -dxF OF AT 710 % AT™@ 1 060 % O (2.41)

Definingl k @ 71 6 %o andf Kk @ 1 0 %o, the notation of Eaation (2.41) can be
simplified:

'O -dcF OfF ATIO 1 0AT10 1 o0 (2.42)

Using the identit¢ AT AT ®O AT ®O 6 AT & 06 1% Equation(2.42) becomes:
O -&F OF ATI0O1T g o AitO| O (2.43)
As the first term in the time average is taken over a rapidly oscillating cosine functiatjdaq
(2.43) reduces to:
"0 -oF OfF AT10 | O - o OfF GAT100 (2.44)
wherd 1 | Qi i %0 %o is defined as the phase difference betwgeand [ .

Now, using the fact that the time average of the square of a rapidly oscillating cosine fungtion is
the irradiance of the two beams can be written as:

0 - BFO -G AT O 1 00 2 do (249
. (2.46)

0 -dﬁfd-&o@&'r@qodz-ao

Using Eauatiors (2.43), (2.45) and(2.46) in (2.40), the irradiance at a point P resulting from the
interference of two travelling plamveaves can finally be written as:
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O 0 0 ¢ OCOAI10 (2.47)

From Egqiation (2.40), the interference yields a maximum irradiance (constructive interference)
whenA 170  p, which occurs when  ¢& “ whered is an integer. Recalling that

) Qi i %0 %o, the constructiventerference occurs when:
Qi i %o %o ca (2.48)
which, usingQ —, simplifies to:
i i %o %o G _ (2.49

2.4.5 Diffraction Grating Equation

The twabeam interference theory can be used to derive the diffraction grating equation
required for the fabrication @RGs Figure2.32 below illustrate two rays incident on successive
elements of the grating separated by a distan&own as the grating spacing

th .
incident light m™ order

grating element

Figure2.32. Light diffraction by two consecutive elements of a reflective grating elements separated by a
distanceQ

The optical path difference between rays from successive elements is given by:

66 60 yOE+ OEL (2.50)

As previously discussedn order for the interference to be maximum, the optical path
difference must be equal to an integer multiple of the wavelength of the incidenyikdting
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a_ vOE+ OE+L (2.51)

Rewriting Equation(2.51) in terms of thanagnitude of the wavevectand isolating the diffracted
angle,one obtains:

N Gl
WOEF OEF —CY (259

where Q0 E-F and Q0 E+ are the vector components of the incident and diffracted light

perpendiular to the grating grooveend— is themagnitude of the grating vecter Recalling

that a SR always has a larger momentum than a photon of the same freqtlengyating must
increase the-component of thencidentlight wavevector at the metdielectric interface, which

is provided by the term— of Equation(2.52), if the incident light is perpendicular to the grating

grooves (withp-polarized light for a grating oriented as [pégure2.30). Crosseefratings would
therefore allow for two polarization directions to excite surface plasmons and thus further increase
the absorption of solar cells.

Finally, using the real portion oEquatiors (2.27) in (2.52) and’Q —, and assuming a

lossless dielectric materjaan expression for the wavelength that will excitdRSP can be
derived

; (2.53)
LR e &
W -5 -5 ¥
) — (2.54)
S SRR e
I oY ==
Q “h T h
— (2.55)
“hTh P
_ OEL ¥
“h ~h

where-  is the real portion of the metadlative permittivity. This conditiorcan also be written
in terns of the refractive index of the dielectdc, using the relationship between the refractive
index and theelativepermittivitye |1 :

(2.56)
¢ ——— OE+ ¥

For solar cell applicatics) one would need to design a grating to excit® 8fthin the
absorption range of the active materfar example, PTB7:P4BM has a peak absorption around
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675 nm?%. At this wavelength, its index of refraction is 2.12, while the real portion of the
permittivity of aluminium is 60.082 A grating spacing of 342 nm would therefore be appropriate

to excite @ SPR in this solar cellAs illustrated inFigure2.33, the grating could be incorporated
either as the top electrode in a direct bottom illuminated solar cell, or as the bottom electrode in an
inverted top illuminated solar celn a direct cellstructure, the active layer would need to be
patterned prior to the ETdlepositionsince the ETL is typically to thin to be patterpathich can

be achieved by using BDMS stamp'>4 In an inverted structure, a layer of azobenzene can be
spincoated on the substrate and patterby laser ithography prior to cathode deposittérte

This technique is explored further in the next section.

light

t t d
Structured cathode ransparent anoce

HTL
_ ~— — —
" << m{ <~ —

HTL structured cathode
transparent anode
substrate substrate
light
(a) (b)

Figure2.33. Organic solar cell structures for surface plassn&or the direct structure in (a), the ETL can be
patterned using a PDMS stamp before evaporation of the cathode. For the inverted structurdagpeibifa
azobenzene can be patterned via laser lithography before deposition of the cathode.

2.4.6 Surface Relief Gratingson AzobenzeneThin Films

Azobenzene is a chemical compound composed of twabemnings linked by two nitrogen
(N) atoms sharing a doubnd It exists mainly as d@ransisomer (with the two rings oriented in
opposing directiorjsbut can be converted ta cis isomer (with the rings oriented in the same
direction)upon absorption of specific wavelength of lighhe mechanism gfhotasomerization
in azobenzene materialstill not well understood, with two possible pathways proposed: a rotation
about the N=N bond, or an inversion around the N &ras illustrated irFigure 2.34. The
molecules can als&lax backo thetransform upon irradiation owhen heated’” ®°
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Figure2.34. Possible mechanissifior the isomerization of azobenzene molecules fitoatransto the cis form.
A rotation about the N=N bond or inversion around the N atom have been profidapted from (Fujincet
al., 2002§36,

As mentioned in sectioh.2.5 photeinduced fabrication c6RGson azobenzene polymer
thin films was first reported by Rochoet al®® in 1995.This report noted that the azobenzene
underwent a transis-trans photdasomerization when illuminated bypelarizedlaser beam The
transcis-trans cycles cause a motion of thel@@wenehromophors, which draghe moleculs
to which they aregrafted®’. By using an interference pattern with illuminated and dark areas,
localized mass transparf the materiabccurswith the azobenzene molecules moving away from
the areas of high irradiance into darker arg@#ss results in the interference pattern being photo
mechanically imprinted onto tlezobenzenim. Figure2.35depicts abasicsetp wi t h a LI oy d¢
mirror interferometer that can be used to inscribe gratings on thin azobenzene films without the
use of anask This setup also includes a quartetavelength plate to circularly polarize the laser
beam as polarization of the light was found to affS&Gsformation®’, with only the azobenzene
molecules having a component dipole parallel to the light polarization direction being able to
photo-isomerizé®® Therefore, a circular polarized lightis necessary tensurethat azobenzene
molecules of any orientation within the thin film would be able to undetige trans-cistrans
isomerisation
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Figure2.35. Top-view schematic of grating inscription sap . A lens collimates the laser beam, which is then
circularly polarized before irradiating the Llo§dmirror interferometer.

A top-view of the Lloyd mirror interferometer saip is shown irfFigure2.36. The mirror
and the sample have an angul ar separ dofthoen of
laser beam is directly incident on the sample, while the other half is incident on the Afteor
striking the mirror, théaalf-beam is reflected onto the sample, interfering with the diaébeam.

y
Ry (.

C. mirror
Collimated laserbeam ' N_
R, A ]

azobenzene
film

Figure2.36. Top-view of the Lloyd sirror interferometerThe mirror and sample form and angular angle of
9 Q Hdalf of the collimated laser bean illuminatee sample directly, while the other half is first reflected by the
mirror, generatingan optical path length difference and interference pattern.
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Since the twanterferingbeamhalvesi the onereflected by the mirrofY , andthedirect
half, 'Y , comefrom the same source, the condition for constructive interferencetibn(2.49),
can be rewritten as:

(2.57)

[
Nl

where the term has been added to take into account the phase change due the mirror reflection

The left side of Egation (2.57) is the net path difference between the two beam halves, as
illustrated inFigure236. The condi ti on for constructi-upe interf
therefore becomes:

66 006 & = (2:58)
C
Using the cartesian coordinates establishddgare2.36:
c o W (2.59
°° BEI
W e v A BTy (2.60)
00 0O6GAI @ 5 EE'IA @)
Substituting Egatiors (2.59) and
(2.60) in (2.58):
W . , _ (2.61)
ceiP A9 - ¢
Using the double angle formufal @ p cOE! S
o -4 p (2.62
cOEIT c

The distance between two maxima is known as the grating sgagjrend cartherefore be given
by:

- (2.63
cORE1

With a Lloydd mirror interferometera SRGswith a sinusoidal pattercanbe imprinted
in the azobenzene filth 1* The grating spacingcan becontrolled by modifying the angle of
incidence othewavelengthof thelaserbeam while the grating depth depends on both the beam
irradiance and goosure timé&*’.
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In this section, the concept and mathematics necessary to 8€@gtapable of exciting
SR in an organic solar cell were explorésRGswritten on azobenzene thin fisrby laser
lithography can be used to pattern metal electrodes in a solar cell, which would provide the
additional momentum needed to excitdRSRs SHR can couple the light in &hsolar cell and give
rise to enhanced optical nef@glds, exciting SR has the potential for significant efficiency
improvement.

2.5 SCATTERING THROUGH SURFACE TEXTURING OF AZOBENZENE THIN FILMS

Efficiency enhancement of organic solar cells throsighittering is also explored in this
thesis. For solar cell applicationsptizal losses consist of light which has enough energy to
generateelectronhole pairs but is reflected or transmitted instead of absorbed. Surface texturing
can minimize reflectioby deflecting the photons onto the semiconductor. The pyramid or inverted
pyramid shapes are commonly used in industry, with random pyramid arrays obtained via etching
of crystalline silicon reducing reflectivity by 10'¢% However, surface texturing is mostly used to
scatter the light in the active material, which has for effectdiease the optical path length of the
light within the active layer without increasing the thickness of the belthis section, the
possibility of scattering light through surface patterning of azobenzene thin films to improve the
absorption probabitly is explored. First, the scalar scattering theory is introduced. Corona poling
is then shown as a way create randomized nanostrucimwa azobenzene thin films. Finally, the
bleaching of azobenzene films is discussed.

2.5.1 Scalar Scattering Theory

The thery of light scattering in solar cellwas initially developed for conventional cells
where the absorbing film is typically matight wavelengths thickWith a rough interface, the
light propagation directions inside the material is randothiZéis results in a much longer
propagation distance inside the material and hence a substantial absorption enhancement. That
theory demonstrated that absorption enhancement could reach a maximum factpwbeda n
is the refractive index of the active la}f&rBy roughening both the front and back layarspptical
path length enhancemaeur the order of 50 times possilte, though in practice enhancements of
about 10 times have been repoftellor thin films, some of the basic assumptions in the
conventional theory are no longer applicable, amadbsorption enhancement factor of 12%Has
been numerically demonstratétl Thus there is a potential for substantial improvement of the
efficiency of organic solar celthrough light scattering

In 1961, Bennett anBorteoucame up with the concept of Total Integrated Scatter (TIS,
the total amount of light scattered by a surface) and found a functional relationship between TIS
and surface roughnéés

(2.64)
YOY Y p Q

whereY is the theoretical reflectance of the surfa¢ejs the root mean square (RMS) roughness

of the surface;—is the angle of incidence on the surface, arig the waelength of light
According to this equation, a rougher surface would scatter the light more efficiently than a
smoother one.
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When encountering a rough surface, light can be scattered forward or backward, as
illustrated inFigure 2.37. The proportion of backward to forward scatterirgpeinds on the
reflectance of the material, its surface roughntesindices of refraction of both materialbe
wavelenght and angle of inciden&svidently, for solar cell applications, the proportion of forward
scattering should be optimized.

forward
scattering

backward
scattering

Figure2.37. Backward and forward scattering of incident light at the interface of a rough surface.

Due to the quasiandom character of the natextured surfacg the mathematical
treatment of thescattering problem is highly nerivial. However, the effect othe size of the
nanostructurean be deducted from experimental resuittone of those experiment, Baekal
8 jncorporated silver nanoparticles (AgNPs) in the PEDOT:PSS layerTB7:PG.BM inverted
solar cells. They found that, initially, increasing the AgNPs size led to an enhancement of the
efficiency due to increas® 1 a result consistent with the theory that scattered light improves the
absorption of photons by the active maakrHowever, a further increase in AgNPs size caused a
sharp reduction in the portion of forward scattering and, consequently, in the efficiency of the solar
cell. For their particular design, they found that 67 nm was an optimized size for the nanegarticl
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Figure2.38. Effects of the size of silver nanoparticles embedded in the PEDOT:PSS layer of an organic solar
cell. In (a) the blue line shows that the ratio of forward scattering to total scattering raises with particle size,
reachinga maximum around 70 nm before sharply decrea@iege, the arrows are simply an indication of

that the blue line is associated with the righthd scale, and the red line with the-tedind scale)in (b) the
enhancement of the PCE follows a similar @att Adapted from (Bae#t al., 2013¥°.

In this thesisnanoparticles are not incorporated in the solar cells. Indteadcattering
of the light is achieved by texturing azobenzene thin filbmeof the randontexturing technigue
exploral is the use of corona poling.

2.5.2 CoronaPoling of Azobenzene Thin Films

In acorona dischargea neutral fluid such as air is ionized &gurrent flowing from an
electrode with a high potentiajeneratinga plasma around the electrode. Corona poling censist
of using corona discharge to modify the eleaiptic properties of materials, often to reorient the
molecules dipoles, dustratedin Figure2.39. Poling a polymewhile heating ittlose to its glass
transition temperature increases the mobititythe molecules and allows dipole rotatidrhe
temperature is then decreased while poling is still applied to fix the molecules in their new
orientation.
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Figure2.39. Schematic of a corona polipgocessA high voltage is applied to an electrode, ionizing the
surrounding air. This causes an alignment of the dipole in the material. Adapted from (Rahmaf. 2007)

By applying voltage pulses with a scanning tunneling microscope (STM) tip, Alenhani
al.1*> showed thatzobenzenenolecules around the tip had an increased height. As this process
was reversible by applying subsequent pulses, they attributed this phenomenon to a lowering of
the isomerization barrier due to the electric field, causangto cisisomerizationTenyears later,
Umezawaet al®’ found that selective and reversible nanoscale surface patterning of azobenzene
thin films could be obtained by prolonged corona poling if the temperature was increased above
the glass temperaturender those conditionshé corona poling caused a dewetting of the film
anda surface instabilitycreating randomized spherical and irregulatiyped nanostructuseas
illustrated inFigure2.40. These nanostructures had diameters and heights ranging frek©00
nmandcould becontrolled via temperature and exposure time

0.49 pm

0.00 ym

Figure2.40. AFM scan of an electrifield-induced nanoscale surface patterning in azobenzene thiffien
film was exposedtore8 k V. cor ona vol t ag eAdapted ot UBezvatral, DB’ mi nut es
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While corona poling provides a way to texture azobenzene thig filnch textured films
cannot be used as is in solar cells due tdiilgb absorbance of abenzene in the visible spectrum
Photobleaching of the films is therefore required to allow transmission of the light through the
azobenzene film to the solar cell active layer.

2.5.3 Photobleachingof Azobenzene

As discussed above, azobenzene can undetgmscis-transisomerization cycle when
exposed to a laser lighthis exposure also causes a decrease of the optical adiliyi et al.
137 showed thathe transmittance o& thin layer ofdisperse red 1 azobenzene (DR1) doped
poly(methyl methacrylate) (PMMAgxposed to a laser beam ofadiancEO p umW/mn¥,
increased from 3@ to 50% in 2 seconds, and 95% after 40 minutes of expdatiniée they found
that the fast optical loss was reversible, the slow optical activity resulting from a prolonged
exposure was irreversibldnother study foundhatthe transmittance of azobenzdilms was
also dependent on intensity of the laser Bé&ras illustrated irFigure 2.41. Like Bellini et al,
that study found the bleachinp bereversiblewith subsequent exposure in the order oflP0
ms, as long as the intensity of the laser reradibelow 200 mW/crh A higher iradiancewas
found to produced irreversible bleaching of the azobenzeneifilmgch is the desirable outcome
in this thesis
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Figure2.41. Transmission at a wavelength®3.5 nm of aobenzendluminated by a 532 nm las€fhe
transmission increases with the laser intengiapted from (Miniewiczt al, 1998)46,

While some authors have attributed the irreversibility of the bleaching of the azobenzene
films to a balance betweenans and cis forms'®’, another possible explanation is that optical
damage from the irradiation alters the chemical structure of the molgéulasthis model,
illustratedin
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Figure2.42, the transisomer absorbthe energy from a photon and transfenm its cis
form butrelaxesto theground state of enodified moleculdrom which no back conversion to the

original moleculés possible.

Molecule 1

oy (M)
hy VWi

Absorption of
one photon

T Z Molecule 2

Non-reversible
decay path
\AB‘
1-B! . "
Species 2: N,

4
T——
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Figure2.42. Model for the photodegradation proce$szobenzene moleculdsitial molecules are raised to
thecis excited state be means of absorption of a photon, but decay to nevs spsteid of relaxing back to
theirtransground state, making the process irreversitiapted from (GalvaiGonzalezt al, 2000},

Evidence of this model can be found by close inspection of the absorption spectrum of an

irradiated azobenzene film over tinkégure2.43 shows an example of such spectrum.
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Figure2.43. Evolution of the absorptiospectrum of alDR1 azobenzene thin film upor88 nm, 20 W/cn?
irradiation to, t1, t2, t3,t4 and § correspond to irradiation times of ®minutes20 minutes60 minutes, 2 hours
and20 hoursrespectively Adapted from (GalvaiGonzalezt al., 1999)48,

As it can be seaein Figure2.43, there are two peaks in the spectrum changing over time
one near 300 nm and one near 480 GalvanGonzalezet al!*’ speculated thahe two peaks
weretheresult of two effed occurring simultaneouslg reversiblegrang cis isomerization and
an irreversible photoxidation The behsiour of the peak near 300 nm corresponad the
reversiblegrans-cisisomerization process, which first getronger and then decreases as more and
more molecules are damaged from continued pbrpmsure Similar results wherachieved by
exposure to W light, which also causes atrans to cis isomerization of the azobenzene
molecule$**12 Just as it was the case with laser irradiation, short exposure where found to be
reversible, but longer oseesulted in an irreversible process

Interestingly, Takaseet al1®% ®*andKimura et al1°?found that previously writteBRGs
could not only be bleached by UV light irradiation, but diemame thermally stake due to
photocrosslinking, even &ttt e mper at ur e of 150eC, which i s
azobenzene fils This effect § an important development for solar cell applications which often
requires annealingt high temperature$herefore azobenzenthin films, patterneeither through
laser lithographyor corona polingcan beUV treated to bleach and thermally stabiliteit
nanostructures. The incorporation of those patterned azobenzene thin films in a sslatudiéd
in this thesis foiits potential to scatter the light within thetave layerand thus increase the
efficiency of the solar cell.

This chaptercovered the theory and mathematical background to understand the work
contained in this thesis. While this thesis focuses on the efficiency enhancement-foédTO
organic solar cells through patterning of azobenzene thirs,filhe photovoltaic process wa
explained through first generation inorganic solar scelommon parameters used in the
characterization of solar cellicludingd , « , FFRY 'Y, andPCEwerepresentedParallels
where then made between inorganic solar cells agahic solar cellswith a focus on organic
materials used in solar celBinally, the theoiesof surface plasmaand light scattering through
patterning of azobenzene thin filmevedetailed, as those two techniques will be employed in this
thesisto enhancehe efficiency of solar cellExperimental procedures are detailed in the next
chapter, while results and discussions are included in Chapter 4
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3 EXPERIMENTAL PROCEDURES

This chapter outlines the experimental procedures used in this thiesikides materials, handling

and storage, substrates and solutions preparation, processing and test equipment, fabrication of
control solar cells, and incorporation of nanostructures into solar cells. A table summarizing the
processing parameters for ttiéferent solar cell designs used in this thesis is included at the end

of this chapter.

3.1 MATERIALS , HANDLING AND STORAGE

Materials used in this thesis include polymers, fullerenes, solvents, surfactants, glass
slides, metal wires, silver paste, azobenzeme, other common chemical produd®lymers
P3HT (SOL4106molecular weightiiw) 50-70kilodaltons KDa)), PTB7 (SOL470M, Mw 50-
100 KD3g and fullerene P§&BM (SOL5061) were purchased from Solaris ChemTinceegrades
of PEDOT.PSS were purchaddrom Osdla: Al 4083 a regular grade PEDOT:PSS used as an
HTL in direct structure solar ce|lBITL Solar, a PEDOT:PSS with surfactant which is used as an
HTL in aninverted structureand PH1000, a highly conductive PEDOT:PSS suitable for the
fabricationof transparent electrodelTO coated glass slides with a sudaesistivity of 1525
Y /| satg silver conductive pastsolvents chlorobenzef€B), 1,2dichlorobenzengo-DCB) and
dichloromethan€DCM), surfactard EG and PEG aluminiumand silverwires were purchase
from SigmaAldrich (now Millipore-Sigma) Soda limeglassslides (No. 2947) were purchase
from Corning Glass Workd he additive DMSO was purchased from Caleddre sirfactantT X -
100 was purchased from Rohm & Hass Compahg &obenzenenolecular glassvas fabricated
in house as per sectidi2.2 A Dowsil 184 silicon elastomer kit was usedfabricate PDMS.
Other commorthemicals usenh this thesisnclude acetone, isopropanbldrochloric aciqHCI)
and nitric acidHNO:3).

The polymers and fullererseusedin this thesisare sensitive to oxygen and lighthey
were therefore wrapped in aluminium foil artdrsd in a nitrogerfilled glovebox. All handling of
polymers and fullererseincluding opening vials, measuring quantitiesxing and filteringwere
done irside the Nitrogenfilled glovebox The PEDOTPSS was kept in the fridg&he dher
materials were stoceat room temperature in ambient ance prepared, polymer:fullerene
solutions were sealed and wrapped in aluminium foil. To prevent agglomeration, prepared
polymer:fullerene and azobenzamelecular glassolutions were kept at all tirmén a mechanical
shakerThe solutions were doubfédtered with a 0.45 pm filteprior to first useandthey weree-
filtered prior to each subsequent use.

3.2 SUBSTRATE AND SOLUTIONS PREPARATION

3.2.1 Substrate Preparation

An etching solution was prepared pattern the ITCbottom electrodesThe solution
consisted of mixin@25millimetres (nl) of HCl and 75 miof HNOz in 300 ml of distilled water
The solution was then vigorousshakenfor 15 minutes andstored at room temperature under
ambient air This solution wasbriefly renixed before each usdTO slides were patterned by
applying cellophane tape on the desired atbassoaking the slide in a small amount of etching
solution for 15 minutes under a laboratory chemical fume hdbd cellophane tape was then
removed, and the substratascleanedFigure3.1 shows the schematic of a patterd&€@® slide
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with two 6.25millimetres (nm) width stripeelectrodesOther ITO slides were also prepared with
2 mm widthstripeelectrodes.

3.4 cm

- ! 6.25 mm

Figure 3.1. Patterned ITOTwo stripeelectrodes of 6.25 mrfor 2 mn) width have been patterned from an
ITO covered slide

For the ITOfree solar cells,lgss slides wereut to dimensions 3.4 cri2.5 cm All slides
were cleaned with liquid dish soap followed by a series of ultrasonic baths of detergent wa
acetone, isopropanol and deionizedter for ten minutes each, with aeidnizedwater rinse
between each batfhe slides weréhen kept in deionizedrater until uséel. Immediately prior to
use, the sties were dried in an oven at 2@0for 15 minutes and blown with nitrogen to remove
any dust particles.

3.2.2 SolutionsPreparation

Small quantities of P3HT:R@BM solutionwere prepared by first mixing093grams(qg)
of P3HT in 2ml of CB and 0.074 of PG:iBM in 2 ml of CB insidea nitrogenifilled glovebox
Once sealedndwrappedn aluminium foil the vials were transferred to a mechanical shakdr
shakenovernight This wasfollowed by a onehour soriicationto ensure the powders were
completely dissolvedrhe vials were then transferred back to the glovetrakthe solutions were
mixed to form a P3HT:P&BM (1:0.8) 25 mg/ml in CB solutiarA P3HT:PG:BM solution in 6
DCB wasalsoprepared in a similananner ashe previous solution, using 0.0§®f PBHT, 0.064
g of PG:BM and 4ml of o-DCB to obtain a P3HT:R&BM (1:0.8) 2% weightvolume (w/v)
P3HT/oDCB solution A PGs:BM solution in DCM was prepareoly mixing 0.020 g of P&BM
in 4 ml of DCM toobtain a 0.5% wi/v solutiomhoughPTB7 is normally paired with P&BM,
PGs:1BM was used in this thesis due to its relative low cost. Upon manufacturer recommendation,
a ratio of (1:2) was used. 0.040 g of PTB7 and 0.080 g eiBRCwere mixedin 4 ml of CBto
create a PTB7: RGBM (1:2) 30 mg/ml in CB solution.

To improve the conductivity of PH1000, 0.6 g of DMSO was added to 12 g of PH1000 to
create a solution of PH10606% weight (vt) of DMSO. This solution was mixed in a mechanical
shaker for one hourefore being filtered with a 0.48n filter. The solution was stored infadge
butshakenagain in the mechanical shaker for an hour prior to eaciTasmprove the wettability
of the PH1000,several solutions with surfactants watsomade Solutionswere made wittihe
addition of 10% wt isopropanol, 2%t PEG, 0.5% wil X-100, and a mix of 7%wt EG + 0.25%
wt TX-100.
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PDMS stamps were fabricated by mixing 10 g of silicone in 1g of curing agent from a Dowsil
184 silicone elastomer kit in a patish. The dish was then put in a vacuum chamber for 30 minutes
bef ore being heated at aZntrghtk PDMBEstdBnd. mi nut es, pr oc

In 2014, a research group from Queends Uni ve
Canada developed an azobenzesteomophore with a mexylamotriazine backbone, a
combination referred to as Disperse Red 1 Molecular Glass (§®RCpmpard to its azo
polymer counterpargDR1 iseasily synthesized arslproduced at higher yield It wastherefore
selected as the azobenzene chromophore for this tBes#l quantities of azobenzene solution
were prepared by dissolvir@18 g of gDR1in 5.82 g of DCMand shakng the mixturein a
mechanical shaker for one hoareaing gDR13% wtin DCM solutiors.

3.3 PROCESSINGAND TEST EQUIPMENT

3.3.1 Processing Equipment

The following equipment was uséat the fabrication of the solar cells: an OHAUS Precis
Standard scale, a 300480 ul Hamilton pipette, a 1 nil 100 ul Hamilton pipette, a Fisher Vortex
Genie 2 mechanical shaker, a Branson PC620 ultrasonic bath, a Yamato vacuum ovgh ADP
equipped with a nitrogen bottle to anngesamples under nitrogeatmosphere, a MBraun Unilab
nitrogenfilled glovebox equipped with a spitobater,anda Key High VacuunProductsKkV-301
physical vapor evaporator controlled by a Varian Tewb801-AG vacuum controller and Sigma
InstrumentSQM-160 rate/thickness monitoalong within-house built evaporation mask&n
ORC HmMW6238 UV lamp was used to bleach the azobenzene filmpattern the azobenzene
thin films, wo setups were usk a SRGsinscriptionstation and a corona poling statidroth of
which are describeldelow.

3.3.1.1 Surface Relief Gratingnscription Station
Figure 3.2 shows the equipmeisietup used for writingSRGson azobenzene thin films
following the methodlogy explained in sectio.4.6 The beam from &oherent Verdi V5 diode
pumped continuous wave laser with an irradiating wavelength of 538etrat 416 mW/ci
irradiancewas passed through a 25 pm spatial filter to reduce its Gaussian profileedrhenas
then collimated using a collimating lens ahdiascircularly polarizedwith a quarteiwave plate.
A variable iris was used to control the diameter of the laser leeidentonalL | oydds mirror
interferometer.
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1- Verdi laser 6a- Mirror

2- Spatial filter 6b- Sample holder

3- Collimating lens 6c- Rotating mount

4- Polarizer 6d- Mount controller

5- Iris |

6- Lloyd’s mirror interferometer

Figure3.2. Surface relief grating statiohis setup was used to writSRGson azobenzene thin film$he
Lloydd s minterferometer is detailed in the inset.

The inset ofFigure3.2s hows t he LI oyd®&s A miraor and samplent er f er o
hol der wer e f ast en e dnarottatieg platforgl heaplatgormewasrentelynount e d
controlled bya LabvVIEW programand a Velmex Stepping Motor Controllervhich adjusedthe
angle of incidence of the laser beahus allowing control of the grating spacing as pasdgign
(2.63). The intersection axis between the mirror and sample holder was positioned at the center of
the | aser beam so that half of the | aser beam w
sampl eds surface.

3.3.1.2 CoronaPoling Station

Figure 3.3 shows the equipment steip used to patterthe azobenzene thin films by a
custombuilt corona poling apparatus fabricated in our laboyatdHewlett Packard 621B power
supply and Omega Benchtop Controlbennected to a temperature senseremsedto heatan
copperhot plate The copperhot plate was used as one of the poltectrodeswhile the other
electrode consisted of a thin wire sesged above the sampke.Hippotronicshigh-voltageDC
power supplyprovided the corona discharge voltage. A cooling fan was used to cool the hot plate
to room temperature after each heat cycle.
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Figure3.3. Corona poling setip. The inset shows the wire suspended above the electrical hot plate

3.3.2 Test Equipment

3.3.2.1 Spectrometry Stations

Two setups were used for threeasurementf transmission andbsorptiorof thin films.
The first setup, shown irFigure3.4 uses a Lambda LOR-12 regulatedl20-volt power supply
to powera halogenlamp. The beam of the lamp walsen passed through vertical amarizontal
slits. A neutral variablelensityfilter was used to ensure that the signal read by the spectrometer
was not saturated. A variable iris controlled the diameter of the beam. The beam was tised focus
on the sample by a converging lens, and thesimitted beam from the sample was then fesalis
again onan Edmond Optics BRC 11A4SB-VIS/NIR Charged CoupledDevice (CCD)
spectrometeby another converging lens. This-sgt can be used to measure the transmission and
absorption of thin films in the 360000 nm wavelength range.
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Figure3.4. Spectrometry saeip#1. This setup can baised to measure the transmission and alisorof thin
films in the 3061000 nm wavelength range.

The second seatp, shown irFigure3.5 also uses halogenamp (behind the cardboard in
Figure 3.5 and power supply. However, ii$ case, the light is split by Scientech 9040
monochromator cycling through different wavelengibig a LabVIEW progranThe resulting
beam passes through a mechanical choppetrolled by a Stanford Research System SR540
chopper controllebeforebeing reflectedy a mirrorinto the sampleFinally, the intensity of the
light transmited through the sample is measut®da photodetector connectetb a Stanford
Research System SR865 2MHz DISEk-in amplifier, which, in combination with the mechaal
chopper, minimizethe signal noise from the background lightHughes 3227HPC heliumneon
laserpowered by a Hughes 5000 power suptga Uniblitz SD122Bshutterdrive unitare also
included in the seatip to ensure proper alignment of the sampiler po taking measurementEhis
setup can be used to measure the transmission and absorption of thin filmsvisilthe and
infraredrange.
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1- Lamp
2- Alighment laser
3- Monochromator

9- Laser power supply

10- Mechanical chopper controller
11- Lamp power supply

12- Rotating mount motor controller
13- Laser shutter

4- Mechanical Chopper
5- Mirror

6- Rotating mount

7- Photo-detector

8- Lock-in amplifier

Figure3.5. Spectrometry saip #2. The source is provideby ahalogenlamp (behind the cardboard in the
picture). The light is then split byraonochromatobefore being reflected on the sample. A laser (also behind
the cardboard in the picture) is used for sample alignri@rt insets give a closer look at thguipment # 6

13.

3.3.2.2 Solar CellsCharacterization Station
As mentioned in sectioB.2.5 the standard spectrum for measuring terrestrial solar cells
efficiency is according to theAM1.5G, which is available in ASTM G173-03(2006§°. The
AM1.5G spectrunrepreserd the total power per unit area that is receiaedhe surface of the
Earthatss ol ar zeni t h angl e THe®teglakof thisspecaumerlthe ar s unn
entire spectrunis thed used in the calculation of solar cells efficiency and has a valli@Qsf
W/m?. This has become the standard intensity at which the efficiencies of solar cells are reported
and is often referred to as 1 Sun conditio

A solar simulator is the equipment used to simulate the solar irradiance and sgectrum
provide a controllable indoor test facility for the testing of solar c€he. classification of solar
simulatos is based on their spectral matchthie reference spectral irradiance, spatial irradiance
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uniformity and irradiance temporal stability, as specifieth®ASTM E927 standarf. For this
thesis an inrhouse solasimulator was built using a light source and common optical system
componentsThree lght sources were considered:quartz tungsten halogen langpxenon arc
lamp and light emitting diodes (LEDSDuartz tungsten halogen lamps provide a geekctral
matchto the reference spectrumthe infrared butthey area very poor match acrossethisible
rangé®’. Xenon arc lamps provida good spectral match in the visibtange buthave strong
emission lines in thaearinfra-red regio”®’. LEDs are commonly available and have longer
lifetime than arc lamps but operate at discrete waveletigtidscluster of LEDs operating at
different wavelengths would therefore be required to replicate a continuous spadtitbnthe
spectramatch being an important factor in the quality of any solar cell testingpsein Oriel
66058 xenon arc lamp poveatby an Oriel 200 W power supplyas selected o reduce the strong
emissiors of the xenon arc lamp in the infrad region and achievecioser spectral match, the
lamp was paired with a@mega Optical AM1.5G optical filteThe normalizedtransmittance
spectum of the lamp withthe AML1.5G filter, obtained from dividing the raw data of the
transmission of the lam with AM1.5G filter by thew data of the transmission of the lamp without
the filter, isshown inFigure3.6.
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Figure 3.6. Normalizedxenon arc lam spectum with an AM1.5Gfilter. The AM1.5G filter results in a
reduction of the strong peaks of the xenon lamp in the nearrgdraegion to obtain a closer match with
regards to the solar spectrum.
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The solar cell characterization sg3 was completed with variable iris to control the
illuminated area, a sample holder, a coolngl a Keithley 2601A System Source Meter to obtain
thel-V characteristicef the solar cells, as shownkigure3.7.

Figure3.7. Solarcells characterizatiostation The combination of a xenon lamp with an AM1.5G filter closely
matcheghe solar spectrum.

In order to achieve the standard 1 Sun illumination testing condition, a Scientech 362
power energy meter equipped with a Scientech 380101 silicon detector was used to determine the
required distance between the sample and the lBwgn though the PCE is measured as a ratio of
maximum output power from to solar cell to the input power, respecting the 1 Sun standard test
condition is important as, at low light levels, the effect of the shunt resistance becomes increasingly
important®® %% and therefore standardization of the input light intensity for testing and reporting
purposes is requiretHowever, due to the speakresponsivity of the silicon detectdhe 1 Sun
condition could not be used as is to calibrate the solar simulator as it would lead to overestimation
of the efficiency®® The chosen silicon detector can detect in the wavelength range -40830

nm. This range containg8.4% of the AM1.5G spectrum, or 784 WitdsingO -, whereD is

the power level read on the power energy meteidaisdhe area of the detector illuminated by the

light, the position of the detector was therefore varied @ntilx ¢ W/m? was achievedthus
ensuring that the sample actually received an illuminatfatD60 W/n%. With the lamp current

set to maximum, this was achieved at a distance of 25.4 cm. The sample holder was therefore set
at this position.The operating temperature also has an effect on the efficiency sbldrecell.

While the opercircuit vdtage decreasavith increasing temperaturéhe shorcircuit currentand

fill factor increase with increasing temperature, resulting in an overall increase of the energy
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conversion efficiency® 160 161 A cooling fan was therefore added to the solar simulatenséd
ensure that the standard test conditions of 25¢(

In additionto the two spectrometry and characterization statidhey test equipment used
include a Sloan Dektak IIA/IID profilometewhich was usetb measurghe film thicknes®s a
Bruker Dimension Edg&FM anda Fluke 89 IV True RM®ultimeter.

3.4 FABRICATION OF CONTROL SOLAR CELLS

3.4.1 Fabrication of Indium -Tin-Oxide Solar Cells

Processingand testing procedusewere verified using a webtudied designFrom
literature reviewmostbottom illuminated P3HPG:BM solarcellsin a direct structuréusing
ITO asbottom electrodePEDOT.PSSasthe HTL, anETL andlow work function metakop
electrodecombination such as Ca/Al or LiF/Ahave reported efficienes between %2 As
manufacturing ETL was not within odr a b o r aapabilitie) this layer was omittezhd
thereforea slightly lower solar cell efficiencwas expected. The design used for the ITO solar
cells is illustrated inFigure3.8.

fa ] [ar] [a]
P3HT:PCBM

PEDOT:PS5
ITO

R

glass

Light

Figure3.8. Schematic oflirect structurdTO solar cell This solarcell is a bottorlluminatedsolarcell with

an ITO layer as thanode, a PEDOT:PSHTL, an active layer of P3HT:R@BM blend and a aluminium
cathode. The patterning of the electrogeeduces six solar cslper samplewith the active areaf the solar
cell defined as the overlap of the electrodes.

In abottomilluminated solar cellthe first layer is a transparent electrodé-coated
slideswere patterned as per secti8r? to createstripe electrodeswith some samples having
electrodesf 6.25 mmwidth while otheis had electrodesf 2 mm width Silver paste was then
applied to improve the contact points whtre aluminiumelectrods would be deposited, as per
Figure39. The si |l ver past e wafer 20oninutes @he quality oftthe sikev en at 1
paste contastwas verified using a multimetea step which was critical #se silver paste contact
were sometimes found to peor. In those cases, another layer of silver paste was applied.

69



3.4 cm

——
— 1 —
25 em ! 6.25 mm
M
IL\sil'ufer paste

Figure3.9. Silver pastepatten for ITO solarcells Silver paste is deposited at the future contact location for
the top electrodes in order pootect the thin aluminum film during connection to theasuring equipment.

As PEDOT:PSS is sensitive to moisture, and the active layer is sensitive to bo#imtight
oxygen,processingnd testindgrom this point on were carried optomptly. Al 4083 was chosen
as the HTL due to its ease of processinglagbwork function Using a measured pipet@,7 mi
of solution was spitoating at 5000evolutions peminute RPM) for 60 secondsThealuminum
contacs were then exposed by cleaning them with a cleanroom swab dipped in deionized water.
The HTLfimwasanneal ed at 12 0dn@rogero(\y) atindsphere, resultingimd e r
layer thickness of o 1t v mm. For the active layei},20 ul of P3HT:P&BM werespincoated
at 1100 RPM for 30 second3he contacts were then exposed by cleaning them with
chl orobenzene, and the | ayer waamosphergesaltingd at 120
in a layer thickness of w mm.

The last layer the light encounters while going throug@lottontilluminatedsolar cell is
the top electrode. Aluminium was usdd this thesis due to its low wofflanction and high
reflectance The solar cells were completed by evaporating@0 nm thick layer of aluminium
throughanevaporation mask to forstripeelectrodes of 4.72 mm or 3 mm width. The thickness
deposition rate was closely monitorédring the evaporatioand kept between3 A/s, as a fast
aluminium deposition rate can lead to concaeftthe 3V plotdue tothe appearance t#rge void
at the interface®? as illustrated itthe inset ofFigure3.10. The overlap of the electrodessulted
in solar cells with active areas of 29.5 or 6 fdepending orthe ITO pattern and evaporation
mask chosen.
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Figure3.10. Effect of fast aluminium evaporation rate (200 nm/5 s) and slow evaporation rate (200 nm /100 s)
on the 3V plot of a P3HT:P&BM solar cell The interface morphology is shownthre inset, with the slow
evaporation at the top and the fast evaporation at the bottom. The fast evaporation creates voids at the interface,
leading to a concavity of the\ curve. Adapted from (Gup#&t al, 2010}52

3.4.2 Fabrication of Solar Cells witha PCs:BM Over-layer

While mostsolarcells were made using a single active layer aslpeve, somaere made
with a layer of P3HT:P&BM followed by athin PGs:BM overlayer, as illustrated ifrigure3.11
Spincoating sequential layers require orthogonal solvents, i.e. the organic molecules from the
underlayer must not be soluble by the solvent of dherlayerto avoid significant redissoliain
of theunderlayer. This requirement adds to the complexity of fudarcell as most conjugated
organic molecules are soluble in similar solver@®sDCB and DCM were reported to be
appropriate orthogonal solvents for the production of P3H3BNE bilayer solarcells'®® 164 For
the solarcellswith a PGi:BM over-layer, the P3HT:P&BM in 0-DCB layer was spitoated at
600 RRM for 300 secondsThe solarcells wereleft to dry uncovered in the glovebox in the dark
for 2 hours®®, resulting inanactive layetthicknessofx p v mm. A thin layer of PG:BM in DCM
was then spin coated at 4000 RPM for 10 seconds on the dried P3HBIVPI@yer. The solar
cellswerecompletedwith the evaporation of the aluminum electr@deper sectio.4.1
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Figure3.11. Schematic of an ITO solar cell with a 8BM overlayer. A thin layer of PGiBM in DCM is
deposited orop of a layer of P3HT:P&BM in o-DCB.

3.4.3 Fabrication of PH1000Electrodes

The ITObased solar cells fabricated in secthd.1lwere used to confirm appropriate
manufacturing and testing methodologi&s mentioned in sectioh.3 the goal of this thesis is
improve the efficiency of IT@ree organic solar cells through surface patterning of azobenzene
thin films 1 thus requiring an alternative for the ITO electradae of thealternativesexploral in
this thesis istteuseof a highly conductive formulation of PEDOT:PSS, namely PH1000, as-a spin
coated electrodeSeveralchallenges needed to be overcoilngproving the conductivity of the
PH1000 film, patterning theelectrodes and improving the wettability of PH1000 over a
hydrophobic active layer

To function as an electrode, the PH1000 film must have a high conductivitym&thods
were investigatedo improve the conductivity of PH100®H1000 treated with DMSOopt
spinning, and the addition of 58 DMSO in the PH1000 soluti8h'?° Silver paste was deposited
on three 3.8 cm x 3.8 cm slides, twovdfich were then spiooated with pure PH1000 solution
and the third one with a solution of PH1000 + 5% wt DMSOaak800 RPM for 60 secondsll
three slides were then an neeaultimdfinstvitha tickee€s f or
arourdx 100 nm. One of the pure PH1000 slides was then treated with DMSO by depositing 100
pl of DMSO on the ded film and letting it stand for three minutes before spating it at 4000
RPM for 60 seconds and furt hererldTheaesitaricealyg it
of the films were then measuredth a multimeter and theresistivity andconductivity were
calculatedusing:

& (3.1)

where”, & 0, ,,, U, andoare respectively the resistivity of the electrode, its length, c®ssonal
area, conductivity, width and thickne#ss shown inTable3.1, the adlition of 5% wt DMSO to
the PH1000 solutiogieldedthe highest conductivity, whiclwason par with theresistivity value
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given by the manufacturer (0.00Chmcentimeter § ¢ Jrwith the addition 05% DMSO)-¢,
Due to its higher conductivity and ease of fabrication, PH1000 + 5% wt DMSO was chdisen as
transparent electrode.

Table 3.1. Conductivity of 1000 at a pure state, with pspinning DMSO addition and pespinning DMSO
treatment

Thickness| Resistancg Resistivity | Conductivity

(nm) (a) (acm)|(Slcm)
PH1000 108.5 94000 1.0199 0.98
PH1000 + 5% wt DMSO | 105.4 140 0.0015 677.69
PH1000 + DMSO rinsing| 93.1 173 0.0016 620.88

The resistance of the film can also be decreased by using a thicker electrode. However,
this would be at the detriment of the transparency of the film.tfibkness of the PH1000 film
has already been optimized elsewhere, with fihitknesse of 80-100 nm providing good
result§™.

Patterning of the solar e | eledrddes fabricated with PH10@@s the second challenge
to overcomeThe active area of the solar cells is defined by the overlap dbghand bottom
electrodes andhe active layer. This requires the patterning of asteone of the electrodes.
However,recalling Eaation (3.1), patterning the electrodevould affecttheir resistanceas it
would change the length and/or width of the electso&nce increasinghe resistance of the
electrodes increas¢he total segs resistance @ solar cell whichasdiscussedn section2.2.4
negatively impacts the efficiency tife solar cell’°, one should aim to minimise the increase in
resistance caused by the patterning of the electrodes.

The aluminium conductivity is& x p S/m at 20°C¢%, which gives a conductivity
ratioofx v @ ecomparé to that of the PH1000+5% wt DMS@herefore, the reduction in width
caused by the patterning tife electrodeshas a lesser impact dhe resistance océluminum
electrods than on theesistance of th®H1000 electrode The in-housefabricatedevaporation
magk used to evaporate the aluminium in the ITGgélar cells createthreestripeelectrodes with
widths of 3 mmWhen used in conibation with patterne@ mmITO, this created siX6 mn¥ solar
cells per sampléAs it was decided not to pattern the PH1@0gctrode, which waeplacing the
ITO (other than a thin strip on each side of the slide to preventahmutt at the contactsp new
evaporation mask was neededelse it would result in only two laregrea solar cellper sample.

This was achieved by patterning a thin aluminium foil which was used in conjunction with the
evaporation mashkvith the resulting pattern illustraten Figure3.12. In order to further optimize

the resistance of the PH1000 electrode, the design was changed to have the PH1000 electrode
orientedalong the shorter edge of the slididis design resulted imér solar cells witlactivearea

of 8.49mn¥ per sample.
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Figure3.12. Schematic of the electrodes patterning of AI/PH1000 solar. d@lminimise the increase in the
sol ar cel |l 6s sleminuneveas theeekedtrade ehosendor pattetniag

While it waspossible to connect directly to the ITO on ITO coated glass, connecting
directly to te thin PH100Gilm risked damagng the film. Three different contact desigwere
investigated: connecting directly to the thin film, jp&terning an IT@oated glass slide to
remove all ITO but smallTO contact strips at the edgeof the slideor using silver paste for the
contact areasrThin films of PH1000 vere spincoated with identical thicknesson slides with
different contact designand the resisincemeasuredAs predicted, the conductivity was poor
when connecting directly to the thin film, but no difference was found between the ITO or silver
paste cotact designsThe silver paste desigillustrated n Figure3.13, was therefore chosen due
to its ease of fabrication

I silver paste
2.3 cm ] O

Figure3.13. Silver paste pattern for PH10606larcells The long stripswill be the PH1000 electrode contacts,
while the shortestripes will be the aluminium electrode contacts.

The final obstacle in the fabrication of PH1000 electrodes is the wettadfilibe spin-
coakdagueous solution on a hydrophobic active layer. While some formulations of PEDOT:PSS,
such adHeraeus Clevid¥' HTL Solar, include surfactants to improve thegttability, the highly
corductivePEDOT:PSS grade PH1000 cannoubed on top of the active layer without additional
treatment. Several strategies have beied in this thesisSolutions madevith the additions of
10% wt of isopropanol, 2%t of PEG, a mix of 7% wt EG + 0.25% wt FX00or by mixing Al
4083 or HTL Solar with PH1000 at a 1:3 ratffailed to provide a ufiorm film. Depositionof
layers of Al4083 @ HTL Solarfollowed byPH1000 has also been unsucces$$fifé Transferring
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aPH1000 film usindPDMSstamptransfer lamination techniguweas also tried, but withoplasma
treatmentcapabilities tatune the PDMS surface hydrophilici& 2% the film would not spread
well on the PDMS stamginally, the addition of 0.5%wvt TX-100was found to be succsal in
providing good film morphology. It was found that this addition did not change the conductivity
or transparency of the filsnand that similar thickness was obtained at the same RPM as films
spirncoated from a solution that did not contained the surfactant.

3.4.4 Fabrication of Inverted Solar Cells with Transparent Top Electrodes

To excite SR in inverted solar cellghe solar cés musthavea transparent top electrode
since the bottom electrode would be made of a metal v8iR@s Two transparent top electrale
were tried in this thesis: a thin layer of silhara layer of PH1000Control solar cell designs
without SRGsare illustrated inFigure3.14.

light light

Ag
HTL Solar PH1000

P T

substrate substrate

() (b)

Figure3.14. Transparent top electrode inverted solar dedlignsIn (a) the anode is made of a thin layer of
silver over an HTL, while in (b) PH1000 serves as both the HTL and aimdoieth caseghecathodegvisible

on the right side of the solar cell)d the anodesre perpendicular in order to creatseral small area solar
cells per sample.

For the design irigure3.14a,aluminiumstripeelectrode®f 2 mm widthwere evaporated
at a rate of 3 A/throughan evaporatiormask on slides with silver paste contactiealuminum
was kepthin, at 50 nm, to avoithemolding effect of the active layer. The thickness reduction of
the bottom electrode wagecessary, as our laboratories do not currenthye lithe capability to
fabricate HL. Without the planarization effect of the ETL, it was found that the active layer
thickness was only about 10 nm when spiated on top of 100 nm thick aluminum electrodes.
However, when the thickness of the electrodenedaced to 50 nm, the active layer thickness was
found to be similar to the ITSolarcells fabricated as per sectid@.1¢ w mm).The active layer
and HTL were spistoated and annealed as per se@idnl, however thédTL used intheinverted
solar cellsconsisted of a grade of PEDOT:PSS that is more wettable than Al 4083 on top of the
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hydrophobic active layer, namely HTL Solar. A thihrim layer of silver was then evaporated at
a rate of 3 A/s through an evaporation mask to fsiripe electrodes perperallar to the
aluminiumstripeelectrodes, thus creating six solar cells per sample with active aamef

For the design ifrigure 3.14b, 50 nmthick aluminum electrodewereevaporated using
the evaporation mask design illustrated=igure 3.12 on slides with silver pasteatternas per
Figure3.13. The active layer was spitbated and annealed as per secidgnl PH1000 + 5% wt
DMSO + 0.86wt TX-100 served as both the HTL and the top electiddimg a measured pipette,
0.7 ml of the mixture was spitpated at 2800 RPM for 60 seconds to prodace 1t mm thick
film. The PH1000 film washen patterad with a cotton swaplipped in deionized watexs per
Figure3.12 to produce far solar cells with 8.49 mfrarea per samplén order to avoid short
circuiting thesolarcells, care was taken toot onlyremovethe PH1000 film near the aluminum
contact orthetop surface of the slidebut also off the edges of the skdas illustrated ifrigure
3.15. The sampleswerethen annealedt 120eC for 10 minutes under

PH1000 PH1000

/ substrate substrate

Overflow from spin-coating

(a) (b)

Figure3.15. Overflow of PH1000 on the edges of a sample caused bycepting in (a) and clean edges in
(b). Cleaning of the edges is a critical ste@toid shorcircuiting the cell at the aluminum contact points.

3.4.5 Fabrication of Direct Solar Cells with Transparent Bottom Electrodes

The solar cells used in conjunction witteached and nastructured azobenzerikin
films to test the efficiencyenhancemenof the solar cells through light scattering required
transparent bottom electrod&€ontrol olar cells were made following a procedure similar to the
one describe in section3.4.4 The PH1000 + 5% wt DMSO was first sginated then wo
different kinds of active layers were useB3HT:PG:BM solar cells were also made with the
annealing temperature reduced to 70eC and the
active layerWhile most solar cellsvere made using P3HT:RGBM processed and annealed as
per the ITGbased solar cellother solar cedl used a solution of PTB7:RBM for the active
layer. For those solar cells, 120 pl of solutioerespin-coated at 1000 RPM for 30 seconds and
the samplsewereallowed to dry uncovered in the glovebox for 2 hours in the dark. The solar cells
were completd by evaporating the aluminium electradBise aluminum thickness was set back
to 100 nm for those solar cellsgure3.16 showssamples oP3HT:PG:BM and a PTB7:P&BM
solar cells ina direct structure with PH100ibttomelectrodes. Each sample contains four solar
cells, identified on the back side of the sangéth marker.
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(a) (b)

Figure3.16. Image of(a)aP3HT:PG:BM and(b) aPTB7:PGiBM sample in a direct structure with
PH1000bottomelectrodesEach sample contains four solar cells.

In order toprovide a direct comparison with solar cells with ITO bottom electrode, a
P3HT:PCBM solar cell was also fabricated on an ITO covered glass slide etched with the same
pattern as the PH1000 electrode.

3.5 INCORPORATION OF NANOSTRUCTURES IN SOLAR CELLS

3.5.1 Fabrication of Nanostructures on Azobenzene Thin Films

Thin films of azobenzene were prepared by smating 60 pl of solution at 1000 RPM for
20secondsT he f il ms were cured in the ovefOOamn 95eC f o
thick with a root mearsquared(rms) roughnessY 1 nm and a maximum profile height
Y ogtnm. The films were then patterned through laser lithography to doyesgratings
or corona poling to form randomized nanostrucure

Cros®dgratings were inscribed using teetup detailed in sectio8.3.1.1 with the laser
irradianceset ad16 mW/cnd and grating spacing setat T v mm for all gratingsTheexposure
timef or the first grating was set at 120 s. The s
for the second grating was set at SBesulting in grating depth vfp inm for the first grating and
x ¢ Tmm for the second gratingigure3.17 shows an example of cregsating inscribed usinthe
above arameters.
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Figure3.17. AFM (a) 2D image, (b) 3D image and (mpfile of a crosedgrating onanazobenzene thin
film. Parameters wetaserirradianceof 416mwW/cni, grating spacingjof 450 nm and exposure timef

120 sand55 s.

Randomized nanostructures were also fabricated on azobenzene thin films using the
corona poling setip described in sectid®3.1.2 The samples wererét heated above their glass
temperaturewhich is7 1 e C f &% to inpcE2&sé the molearmobility, andan 8 kV corona
discharge voltage was applied. The samples were then brought back to room temperature before
the voltage was turned of f inhplaceoNanbgructuresowitii f r ee z e 0
differentsizes were made by varying the exposure fime 150 secondfo 30 minutes, and the
hotplatet e mper at ur e fr om 75e C sandhighér ee@peratwessdulingl onger e
in larger nanostructuredrigure 3.18 and Figure 3.19 show two examples of randomized
nanostructures fabricated by corona polmgzobenzene thin films.
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Height Sensor

Figure3.18. AFM (a) 2D image, (b) 3D image and (mpfile of nanostructurefabricated by corona polinaf
an azobenzene thin fillme a t e d . Aa éxpogubedir@e of 3finutes and discharge voltage ok\8 were
used.

453.7 nm

45370m

-457.1 nm

Height Sensor

Figure3.19. AFM (a) 2D image, (b) 3D image and (@ofile of a nanostructusfabricated by corona poling
of an azobenzene .Amekposure iime of 3thnenatesarnt dischargs blea@g@kufBere
used.
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Figure 3.20 shows images of azobenzene thin filpatternedwith crosed gratings and
randomized nanostructures by corona poling.

() (b)

Figure3.20. Azobenzene thin films patterned with (a) crgsatings and (b) randomized nanostructures by
corona polig.

3.5.2 UV treatment of Azobenzene Thin Films

To serve as reference solar cells, unstructured azobetizerigms werebleached using
a UV light, with the distance between the sample and the light set aetr3ahd the voltage of the
lamp set at its maximum settifgo optical components such as filters or lenses were used between
the lamp and the samplehe transmission & treated azobenzenerifilm wastaken at different
timesusingone ofthespectrometrgetupsdetailed in sectio.3.2.1 As illustrated irFigure3.21,
the transmission satueal after 20 hours of exposure.
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Figure3.21. Transmission cinazobenzene thin film after UV exposufidne black line represents the
transmission of glass only, and the color lines are the transmission of the azobenzene film and its glass

substrate after different exposure tan€he transmission saturated after ahdQrexposure.

As discussed in sectio®.5.3 there are two peaks in the spectrum changing over time, one near
300 nm and one near 490 nwith the first peak associated with tihans' cis isomerizatiorand

the second peak with tiveeversible photalegradationThe behaviour of thiérst peakcorresponds

to the reversiblérans-cis isomerization process, which first gets stronger and then decreases as
more and more molecules are damaged from continued-pRptsureFigure3.22 shovs images

of an azobenzene thin film before and after @0@0r UV exposure.

(b)

Figure3.22. Azobenzene thin film (a) before and (b) after sh2@ir UV exposure
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Other unstructured zobenzene thin filmsand films patterned with crosgratings or
randomized nanostructwtirough corona polingere also bleacheds it was found that PH1000
washard to remove once spaonated on top of unbleached azobenzene, care was taken to clean
the spincoated overflow of azobenzene on the back side and edgesstififsewith cleanroom
swabs dipped in DCM. The azobenzene filmgre then bleacked for 20 hous. However, the
distance from the sample to the lighasvaried from 3.5 cm to 6 cnOncethe azobenzene films
werebleached, solar caliverebuilt either ortop of the azobenzenéin filmsor on the other side
of the substrate, as illustratedrigure3.23.

For the singlesided solar cellapplying the silver paste prior to poling the azobenzene thin
film was found to be critical, or else thevait paste solvent would destroy the nanostructutess. T
mixture PH1000 + 5% wt DMSO @.5% wt TX-100 was used to help spread the electrode over
the rough surfaceFurthermore, in order for the PH1000 mixture to completely cover the
nanostructures and have a similar resistance across the contacts to the ones of solar cells made
without the azobenzene layer, the spirating speed was reduced to 1500 RRNbw anneding
temperature of 70eC was also used for those sol:

For the doublesided solar cellsthe silver paste was applied after corona poling of the
azobenzene film in order for the sample to be in direct conititthe corona apparatusot plate
andnot to change the distance between the sample acdrihiea apparatugire. Theedges of the
substrate wretaped with the azobenzene film face down on another glass slide in order-to spin
coat the PH10085% wt DMSO mixtureand active layerswith the sjn-coated speed readjusted
to 2800 RPM. A high annealing tempsincgatthse of 12
point, thermal stability of UMreated azobenzene film had been observed, as will be further discuss
in section4.4.3 The additional glass slidesed for spircoatingwas then removed prior tibe
evaporation of thaluminiumelectrode.

Al Al
bt PH1000
patterned and bleached azobenzene substrate
substrate patterned and bleached azobenzene
light light
(a) (b)

Figure3.23. (a) Singlesidedand(b) doublesided solar cells with patterned and bleached azobenzene thin
films. The light is scattered by the pattedrezobenzene filsbefore entering the solar cells

This chapter detailed the experimental procedures used to obtain the results in this thesis,
including materials, substrates and solutions preparations, processing and test equipment, and the
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fabrication of solar cellsTable 3.2 summarizes the processing parameters for the different solar
cell designs used in this thesis. Results will be presented and discuSsegbiers.

Table3.2. Summary of processing parameters for the different solar cell designs used in this thesis

Processing Parameters
Direct structure ITO solar cells | As per section3.4.1, active area 29.5 mrhior 6 mm?

Etched ITO As perFigure3.1.

Silver paste As perFigure3.9,cured1 2 0 e f or ,c@nductivityn ut ¢
verified.

Al 4083 0.7 ml, 5000 RPM/60 seconds, Al contacts cleaned with deioni
water, anneal ed atjatin@spher€ f o
thickness o m v mm.

P3HT:PG.BM 120 plP3HT:PG1BM (1:0.8) 25 mg/min CB, 1100 RPM30

secondscontacts cleaadwithCB, anneal ed at
minutes under B thickness w mm.

Aluminium Evaporated througstripeelectrode mask with width of 4.72 mm
or 3 mm, deposition rate3A/s, thickness 100 nm.

Etched ITO As perFigure3.1.

Silver paste As perFigure3.9,curedl 20e for 20 mi nut ¢
verified.

Al 4083 0.7 ml, 5000 RPM/60 seconds, Al contacts cleaned with deioni
water , anneal ed atjatin@spher€ f o
thicknesg o 1 v ™Mm.

P3HT:PG,BM 120 pl P3HT:PG:BM (1.0.8)2% w/v P3HT/eDCB, 600

RPM/300 secondsontacts cleaadwith CB, dried uncovered in
the glovebox in the dark for 2 hoythickness p v mm.

PGs:BM 120 pl PGs;:BM 0.5% wiv in DCM, 4000 RPM/10 seconds,
contacts cleaned with chlorobenzene.
Aluminium Evaporated througstripeelectrode mask with width of 4.72 mm,

deposition rate & A/s, thickness 100 nm.
Inverted structure with Agtop | As per section3.4.4 active area4 mm?
electrode solar cells

Silver paste Curedl20e for 20 minutes, cond

Aluminium Evaporated througstripeelectrode mask with width of 3 mm,
deposition rate & A/s, thickness v0 nm.

P3HT:PG:BM 120 plP3HT:PG:BM (1:0.8) 25 mg/ml in CB1100 RPM/30
seconds, contacts cleaned wi
minutes under B thickness w mm.

HTL Solar 0.7 ml, 5000 RPM/60 seconds, Al contacts cleaned with deioni

water,ranneal ed at 120 examésphere,10
thicknesg o m v ™M,

Ag Evaporated througstripeelectrode mask with width of 3 mm,
deposition rate & A/s, thickness 14 nm.
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Silver paste As perFigure3.13,curedl 20e for 20 minut
verified.

Aluminium Evaporated through electrode mask askigure3.12, deposition
rate 3 per5 A/s, thickness v0 nm.

P3HT:PG:BM 120 pIP3HT:PG:1BM (1:0.8) 25 mg/ml in CB1100 RPM/30
seconds, contacts cleaned wi
minutes under B thickness w mm.

PH1000 0.7 mIPH1000 + 5% wt DMSO + 0.5% wt T-X00, 2800 RPM/60

seconds, Al contacts and edges cleaned with deionized water,
anneal ed at 120 e@mbsphere, thickness n
X p TUMmM.

Direct structure PH1000 bottom
electrode solar cells

As per section3.4.5 active area 8.49 mrh

Silver paste As perFigure3.13, curedl 20e for 20 minut
verified.
PH1000 0.7 ml PH1000 + 5% wt DMSO, 2800 RPM/60 seconds, Al

contacts and edges cleaned with deionized water, annealed a
120e C f orderiNDatmospher®, thicknessp 1T mm.

Low annealing temperature solar cells were also made by adju
the anneal i ng ,twihmapdutioawithaute t o
surfactant, 0.7 ml PH1000 + 5% wt DMSO, and with surfactant
0.7 ml PH1000 + 5% wt DMSO 6.05% wt TX100.

P3HT:PG:BM or PTB7:PG:BM

120 plP3HT:PG:1BM (1:0.8) 25 mg/ml in CB1100 RPM for 30
seconds, contacts c¢cl eaned wi
minutes under B thickness w mm, or

120 plP3HT:PG:BM (1:0.8) 25 mg/ml in CB1100 RPMfor 30
seconds, contacts cleaned wi
minutes under B thickness «w mm, or

120 puIPTB7:PG:1BM (1:2) 30 mg/ml in CB1000 RPM/30
seconds, contacts cleaned with CBieduncovered in the
glovebox for 2 hours in the dark.

Aluminium

Evaporated through electrode mask askigure3.12, deposition
rate 3 per5 A/s, thickness p i nm.

Single-sided ®lar cells on
azobenzendhin films

As per section3.5, active area 8.49 mrh

Silver paste As perFigure3.13 cured1 20¢e¢ for 20 mi nut
verified.
Azobenzene 60 pl of gDR1 3% wt in DCM, 1000 RPM/20 seconds, back sic

contacts and edges cl eaned w
minutes, thicknessp v TT¢ T mm.

Left unstructured or patterned by corona poling as per section
357, temperature v@20 ¢ daxgpsulednew
varying between 2:30 30 minutes.

Bleached for 20 hours at various distances from UV lamp.
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PH1000

0.7 ml PH1000 + 5% wt DMS® 0.5% TX100 (singlesided
solar cells) or PH1000 + 5% wt DMSO (doulsieled solar cells),
1500 RPM/60 seconds, Al contacts and edges cleaned with
deionized water, annealedd@ e C f or 10, mi ns
atmosphere.

P3HT:PG:BM 120 pIP3HT:PG:BM (1:0.8)25 mg/ml in CB 1100 RPM for 30
seconds, contacts cleaned wi
minutes under b thickness w mm, or

Aluminium Evaporated through electrode mask askigure3.12, deposition

rate 3 per5 A/s, thickness p i nm.

Double-sided solar cells on
azobenzendhin films

As per section3.5, active area 8.49 mrh

Azobenzene

60 pl of gDR1 3% wt in DCM, 1000 RPM/20 seconds, back sic
contacts and edges cl eaned w
minutes, thicknessp v TT¢ 1T mM.

Left unstructuredpatterned by corona polingith temperature
varyi ng b®t0wddexposurdtin€varying between
2:307 30 minutesor patterned with crosgratings as per section
3.5.1

Bleached for 20 hours at various distances from UV lamp.

Silver paste

As perFigure3.13 on back side of substrate, cue® 0 e f o
minutes, conductivity verified.

PH1000

0.7 ml PH1000 + 5% wt DMSO + 0.5% F200 (singlesided
solar cells) or PH1000 + 5% wt DMSO (doulsigled star cells),
2800 RPM/60 seconds, Al contacts and edges cleaned with
dei oni zed water, annealed at
atmosphere, thicknesgp 1t mm.

P3HT:PG:BM or PTB7:PG:BM

120 plP3HT:PG:BM (1:0.8) 25 mg/ml in CB1100 RPM for 30
secondsc ont acts cl eaned with CB
minutes under B thickness «w mm, or

120 puIPTB7:PG:BM (1:2) 30 mg/ml in CB 1000 RPM/30
seconds, contacts cleaned with CB, dry uncovered in the glov
for 2 hours in the dark.

Aluminium

Evaporatedhrough electrode mask as geagure3.12, deposition
rate 3 per5 A/s, thickness p fi nm.
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4  RESULTS AND DISCUSSION

The results obtained from the solar cells built following Chapter 3 procedures are discussed
in this chapterln the first section of this chaptd¥ O solar cells are characterized and analyzed to
confirm appropriate fabrication procedurkssues with falicating solar cel with transparent top
electrods’i adesigncompatible withabottom metastructurecelectrodevhich isneeded to excite
SR are then discussetiwo transparent electrodes are investigated: anthitnanetal electrode
and a spircoded electrodeThe third section of this chapter presents #wsults for spircoated
transparent bottom electrode solar galbich are used asontrol solar cell§or measuring the
efficiency enhancementsf the solar cellwith scattering nanostructigeSolar cells made with
azobenzene thin films patterned by corona poling are then presented. Next, solar cells with
azobenzene thin films patterned by crossed gratings, using both P3BNMP&hd PTB7:P&BM
as active organic materglare discussed. Thiast section of this chapter shouise 3V
characteristic curves difie solar cells with the best efficiency enhancemeninpared to control
solar cells obtained from the research done during this tHdss section also includes a table
summarizing te JV characteristics of all the solar cells presented in this chapter.

4.1 INDIUM-TIN-OXIDE CONTROL SOLAR CELLS

Fabrication and testing procedures were verified using astiedied design, as it is known
that ITOsolarcellswith a structure similar to thene illustratedn Figure3.8, butwith the addition
of an ETL, should produce an efficiency arouBd %2 As the ETL was omitted in this thesis due
to manufacturing limitationsf our laboratorya slightly lower efficiency was expected.

4.1.1 Large Area Indium-Tin-Oxide Solar Cells

The first solarcells produced were made using ITO patterned slidesstiffeelectrodes of 6.25

mm width Al 4083 as HTL, P3HT:PG:BM and4.72 mm widthaluminiumtop electrodess per

the processing parameters detailed @ble 3.2. The overlap of the layerseatd six solarcells

with an active areaf 29.5 mm per sampleThe active areas of the solar cells produced in this
section are relative large, as most sakgts produced for research purposes have an active area
between 5 and 15 nfiff. Thecharacteristic-¥/ curve for the bessolar cell obtaiadwith thelarge

area ITO solar celldesignis given inFigure4.1. The largearea ITOsolarcells exhibited a low
average efficiency of 0.2 0.1%, with the bessolarcell having a0 of 2.76 mA/cm, aw of

0.56 V, aFFof 0.18 and an efficiency of 0.27%
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Figure4.1. JV characteristiccurve of an IT@AI 4083/P3HT:PGBM/AI solar cell with an active area of
29.5mn3. This solarcell exhibited a good , butpoory , FFand efficiency.

Before troubleshooting the issues with this design, the calibration of tHeirse built
solar simulator was verified. Solar cells were made with the same procedures as detailed above.

tKS8& ¢SNBE (KSyYy 0 NP dzark destad dith\a daosatesblar Siyilla@S ThE A G &

same solar cells were then tested at the Royal Military College of Canada in our laboratory. As
there was a twehour gap between the measurementakenl i v dzS §hé @éasureyidhts
takenour laboratoryduring whichthe solar cells, which were not encapsulated, were exposed to
light, oxygen and moisture, a small decrease in efficiency was expectedVTtiedacteristics of

the best two solar cells tested with both solar simulators are presentdalinie4.1.

Table41l.}V characteristics of two sol ar c e lfollogredbyettetReydl wi t h
Military College of Canada simulator

Queends University Royal Military College of Canada
0 @ FF PCE 0 (W) FF PCE
(mA/cn?) M) (%0) (mA/cnv) V) (%0)
Sample 1 -3.44 0.50 0.22 0.37 -2.74 0.55 0.22 0.32
Sample 2 -3.39 0.48 0.22 0.35 -2.63 0.54 0.23 0.33
Average -3.41 0.49 0.22 0.36 -2.69 0.55 0.23 0.33

87

Quee



As expected, the i and consequently the PGCEalues are slightly lower for the second
testing, a sign of redudeabsorption due to degradation of the solar cells after illumination from
the first testing and ambient conditions exposure. Nevertheless, the results between tlsofwo set
dataare sufficiently similar tcstate that the poor performance of the solalsdslnot due to a
calibration issue of the solar simulator built in our laboratory.

Typical valuesfor solar cells with atructuresimilar to those fabricated in this sectiane
al of 812 mA/cnt, w * @V and aFF of 0.50-0.652 Therefore both thed and FFare of
conceris. Furthermore, the-Y characteristiccurve shown inFigure 4.1 exhibits a concavity

— 1 inthe fourth quadran©nly a ew papersvestigaing the origin of this concavitwere

found in the literature, but they seem to be pointimga poor contact between the RBM
component of the active layer and the catA@d¥€* The esults from a attempt tdmprovethis
contactare presented in the next section.

4.1.2 Solar Cells with aPCBM Over-layer

As discussed i2.3.2 it has been widely reported that P3HTsEM blends suffer from
a vertical phase separation during film formation with the/B\@, the electrons acceptor material,
concentrating at the bottom of the fifh® 194 105 This phase separaticaugsa hinderance for
the electrons extraction in direct structure solar ¥ékisncethe cathode, the electrons collecting
electrode, is the top electrode. Tremadetall’t proposed that the poor contact between the
PG:BM and the cathode could be improvey inserting a thin layer of RBM on the
P3HT:PG:BM layer, a solution which was tried in this theSslar cells were made in@rdance
with the processing parameters detailed able 3.2. Orthogonal solvestwere required for the
P3HT:PG:BM layer and the PGBM overlayerto avoid redissolution of the active laydhe
active layer consisted of P3HT:RB8M in 0-DCB (1:0.8, 2%w/v P3HT/ADCB) while the over
layer was spircoated from a solution &fGs:BM 0.5% w/v in DCM The resulting solacellswere
visually flaky in appearance, and some of the active layer seemed to have been washed out as a
result of the deposition of the B8M overlayer. This was confirmed by measuring the total
thickness of the PEDOT:PSB3HT:PGiBM andPG:BM which wasonly 105 nm compared to
anothesolarcell made without the ovéayer but otherwise identical parametersichithad a total
thickness of 196im for the PEDOT:PSS arfeiBHT:PG:BM. The efficiency of the solar cells
produced with the ovdayer was nevertheless meashrehe 3V characteristicurve for he best
solarcell obtained witha PG;:BM overlayeris shown n Figure4.2.
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Figure4.2. JV characteristicurves of solacellswith and withouta PG:1BM over-layer. The PGs1BM over
layer partially destroyed thenderlayer, thus reducing the efficienof the solar cell.

The efficiency of tle bestsolar cellwith a PG:BM overlayerwas 0.03%, a net reduction
from the solar cells presented in sectibh.1 While other groups successfuteportedbilayers
solar cells using-®CB and DCM as orthogonal solvéfit'’t a PG:BM overlayer following the
processing parameters detailed able3.2 was deemed not to be the solution to improve the solar
cells efficiency in this thesisas the undelayer was partly washed out by the olayer.

Another option to improve the fullerene/cathode contact is to use a properly chosen ETL.
As discussed in sectich3.3.2 an ETL can improve theF of solarcells by providing a protective
layer preventing the diffusion of the metal from the cathode into the activealagitie subsequent
electron quenchingAs previouslyshown inFigure2.24, asolar cell with an aluminium electrode
but no ETL show aconcavity of the - curve similar to the one found in this thesis, while th
concavity disappearand thed improves whena Caor BCP ETLis used®. As manufacturing
ETLisnot within our | aboratoryos amunapoidablelosst i es, t he

4.1.3 Small Area Indium-Tin-Oxide Solar Celb

The focusof the workwas then shiftetb theimprovement ofthe low0 of the solar cells
fabricated in sectiod.1.1 As mentioned in sectiof.1.1 mostsolar cells produced for research
purposes have an active area between 5 and Zsamurad of 8-12 mA/cnt 2. In comparison,
the bestsolar cellfabricated in sectiod.1.1 had an active area of 29.5 niand a0 of 2.76
mA/cn?. Similar results were obtained l§yuptaet al!®?with a solar celivith an active area of 25
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mn?, which hada0 of 3.08 mA/cm. Several studiebave been carried oundhe effect ofthe
solarcellsactivearea on their efficiency? ’® 17274 with large areaolar cellgesuling in a sharp

reduction of the efficiencyFigure 4.3 shows theefficiency of P3HT:P&BM solar cel§ as a
function oftheir active area.
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Figure 4.3. Area dependency of the efficiency of P3HTsBM solar cels. Large area results in a sharp
reduction of the efficiency. Adapted from (Trindade and Pereira, 2017)

Sdar cells with smaller active areasere therefore fabricated as per the processing
parameters detailed Trable3.2. The patterning of the electrodessulted in solar cells with active
areas of 6 miand improved , asshown inFigure4.4.
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Figure4.4. }V characteristicurves forlTO solar celf with active areas of 29.5 and 6 fnffihe solar cell
with a smaller active area shows a marked increase.in

The0 drastically improved with the reduction of thetive area of theolarcell. The
solar cells with an active area ®fmnt exhibited an average efficiency of 1.70.7% with the
best cell having & of 14.85 mA/cm, aw of 0.63 V, aFF of 0.27 and an efficiency of 2.48%,
up from 0.27% for the 29.5 nfreolarcells. This increase in efficiency can be explained by looking
at the effect of the series resistaiteof a solar cellwhich would be higher fdarger area of the
active material and electrod&s discussed i.2.4 an increase itY leads to a decrease in FF and
current densit{/’°. From Figure 4.4, one can see that, which is given bythe inverse of the
slope at thev point of the dV characteristicurve, is much higher for the solar cell witielarge
active ared473.47q )than for the solar cell witthe small active area3@.04q ) thus negatively
impacting the FF and current densiBurthermore, knowing that th@ower loss per unit area
is given by’

YO YO 0 e (4.1)
= = Y ou
0 0

C

whereO ,0 , ando are respectively the maximum current, the maximum current density and
the active area dd solar cel) it can be deduced thtte effect of series resistance plays a more
prominent role in solar cells with a larger dfed 173

The small area solar cells fabricated in this section confitiregéppropriate fabrication
proceduresvereused The best solar cell with this design had an efficiency d8%.4nd serves
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as the ITO referencmlarcell for the remainder of this thesWith a best cell efficiency of 2895,
the efficiency is slightly lower than the-44? reported in the literature. However, thiss
expected as the solar cells produced for this thesis do not have aimEfé& .next two sections,
thelTO electrods arereplaced by PH1008lectrods to fabricae ITO-free solar cells and allow
theeventuaintegration of patterned azobenzehmm films within the solar cells.

4.2 INVERTED SOLAR CELLS WITH TRANSPARENT TOP ELECTRODE S

One of the goals of this thesis wasuge azobenzene crossed gratings to excike 3@
couple the light within an inverted solar cell. As discussed in sett@®f linear and crossed
gratings have been successfully used in the past to increase the efficiency of direct structure
P3HT:PG:BM solar cell§*. However, inverted structures are becoming the dominating geometry
due to advantages such as impublifetime, air and moisture stability > 72 Only one example
was found in the literature of ®Pused in inverted P3HT:R@GBM solar cell§®. This study
demonstrated an increase in photocurrent of inverted P3HBNCsolar cell§®, but solar cell
efficiency measurements were not reported because of the difficulties encountered at that time with
making a transparent top electrode. Two transparent top elextrede tried in this thesis:na
ultra-thin metal electrodand a spircoated solutioiprocessed electrode.

4.2.1 Metal SemiTransparent Top Electrodes

Inverted solar cells with metaémitransparent top electroslevere fabricated witb0nm
thick, 2 mm width stripe aluminium electrald®3HT:PG:BM, HTL Solar, and 14 nm thick, 2
mm width stripe silve(Ag) electrodes, as per the processing parameters detailathlieB.2. The
overlap of the layers created six solar cells with an active aréanof® per sampleThese solar
cells exhibited a low average efficiencya® p m 18 % with the bessolarcell having a
0 ofud @ p T MA/c?, aw of 0.27 V, aFFof 0.19 and an efficiency af® p 1 %.The
characteristic-¥ curve for tle best solacell obtairedwith this desigris given inFigure4.5. For
this figure, the scale of the vertical axis has been changed from prewopi®t3 reported in this
chapter due to thiew 0 .
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Figure4.5. J}V characteristicurve of an invertedolarcell with a 14 nm Ag top electrod&his solarcell
exhibitedlow'Y ,0 ,® , and FF.

The origin of the kink in the-Y characteristic curve is unknown. One possible explanation
is that it is due to the charging of a capacitor, as the voltage swipe was done only once on the solar
cell. While this is the technique used throughout this thegiging back and forth several times
should be done infutureworkn anal ysi s of t hetrevealare isssihet hi cknes:
total thickness of the solar cell warasured to b&06 nm. With the bottom aluminium electrode
having been reduced to 50 nm, the combined thickness of the active layer and HTL was therefore
x 250 nm 71 a thickness whiclshouldnot cause issueglowever, while théy - which can be
estimated by the inversd the slope at the point- is low, as desired, ti¥ - which can be
estimated by the inverse of the slope atith@ointi is also low, an indication of manufacturing
defecs. The total esistances of each solar cells on that sampled/aoen 0.94.0Mq. Combi ned
with the active layer thickness of the solar cells, it is unlikely that the solar cerésshort
circuited. One possibkexplanatiorfor the low'Y could be the lack of an ETIn a study on ZnO
deposition technique, Nad al. 15 fabricated inverted solar cells with a similar structure as the one
built in this section, though theirs had a transparent bottom electtdle the solar cedlbuilt in
this thesis were made of Al/P3HT:RBM/PEDOT:PSS/AG, the solar cells fabricatedNbyh et
al. had a ITO/optional ZnO/P3HT:PEBM/PEDOT:PSS/AG structure. The\J characteristic
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curvesof the solar cell§abricated by Nolet al.are illustrated irfFigure4.6, with the characteristics
shown in the first quadrant for this figure, instead of the fourth quadrant.

— — Without ZnO —— ZnO0 by sol-gel
-~ —— ZnO by SP at 150°C — ZnO by SP at 250°C
10H _—— ZnOby SP at 350°C

Current density (mA/cm?)

01 00 01 02 03 04 05 06 0.7
Voltage (V)

Figure4.6. }V characteristicurvesof P3HT:PGiBM solar cells with and without ZnQ'he solar cell without
a ZnO ETL displayed lowr ,0 , ® , andFF. Adapted from Klohet al,, 201375,

Some similarities betweelrigure 4.5 and the I/ characteristis curve of the solar cell
without the ZnO ETL irFigure4.6 can be observedn both cases, the solar cells exhibw Y
0 ,® , and FF, and thus low efficiencipelamination and dewettify lack of a planarization
layer over the bottom electrodgand exciton quenching: > 194 103 which is more severe in an
inverted solar cells due to vertical phase separation of the polymer/fullerend l@emdome of
the reasons why and ETL is particularly important in an inverted structure.

Compounding the issue in thise#is is the use of an ultthin silver electrode without an
antireflective coating. As discussed in sectib8.3.3 ultrathin layers of silver havieeen used as
electrodes when combined with M@ a MoQy/Ag/MoOs stack While the top layer of the stack
serves as a transparent conducting refractive index matching layer, reducing the large amount of
reflection and loweringhe series resistance, thmttom layer acts as a HTL to improtieles
collection?X, As manufacturing Mo@is not within our current laboratory capabilities, the layer
of the stack was omitted, while the bottom layer was replaced by PEDOT:PSS. The omission of
the antireflective coating resulted in poor transmission of the light through the silver electrode, as
illustrated inFigure4.7.
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Figure 4.7. Transmission of ITO, PH1000 and Ag electrodé#ile a« p T mm PH1000 electrode is an
acceptable alternative to ITO, a thin 14 nm layer of Ag witlaoantireflective coating has a significantly
lower transmission in the visible range.

The combination of a lack of ETL and of argflective coating for the uk-thin metal
electrode in the inverted solar cells structure resiitteshlar cells with efficiency in the order of
p 1 T an efficiencyfar too low to serve as contrgblarcells. However, vhile Figure4.7 shows
that a 14 nm thick Ag electrode withcam antireflective coating has poor transmission, it also
shows that a 100 nthick PH1000 electrode can be a suitable alternative to ITO. Furthermore, the
addition of 0.5% wt of the surfactant T@00, which was found essential to obtain good film
morphology of the PH1000 electrode over the hydrophobic active layer, did not signifadtertly
the transmission of the film. Resistance measurements of PH1000 film with and without the
addition of the surfactant also shoasivial effect on the conductivity. Therefore, other attempts
at fabricaing top illuminated inverted solar cells wereade, this time using PH1000 as the top
electrode.

4.2.2 Spin-Coated Transparent Top Electrodes

Inverted solar cells with spicoated transparent top electrodes were fabricated with 50 nm
thick aluminiumbottomelectrods, P3HT:PG:BM, HTL Solar, and PH1000 + 5%t DMSO +
0.5% wt TX-100 top electrodg as per the processing parameters detail@dlhe3.2. The overlap
of the layers createfdur solar cells with an active area&#9mny per sampleThe bessolarcell
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obtained with this design had) of u® v p ™ mA/cn?, a®w of 050V, aFFof 0.24and an
efficiency of@8 p 11 %. The characteristic\ curve for his solar cells given inFigure4.8.
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Figure 4.8. JV characteristiccurve of an invertedolar cell with a PH1000 top electrod&his solar cell
displayed lowY ando .

The replacement of thiop thin silver electrode by the PH1000 electrode resulted in
improvedw andFF with values closer to thenes obtaiad with the ITO control solar cell, as
shown inTable4.2. However, the) and PCE of the inverted/PH1000 solar cells remained very
low.

Table4.2. Comparisorof the 3V characteristics of the ITO control solar cells and inverted solar cells

Solar Cell Design 0 W FF PCE
(mA/cn?) () (%)
Direct/ITO p L 0.63 0.27 < 3]
(area 6 mrf)
Inverted/Ag Vp @ pTt 0.27 0.19 ¢ pm
(area 8.49 mA)
InvertedPH1000 VB UL pTT 0.50 0.24 o pTm
(area 8.49 mA)
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As PH1000electrodes with similar resistance, thickness and transmission were successfully
employed in this thesis in direct structure solar cells, as will be discussed in gke8tignis
believed that thenainissue with thenvertedPH1000 top electrodis the lack of an ETL rather
than choice and processing of tiog electode. Since inverted control solar cells could not be
made with an acceptable efficiency, no attempts were made to int&gréisin inverted solar
cells to excite SR.

4.3 DIRECT SOLAR CELL SWITH PH1000BOTTOM ELECTRODES

While the smalarea ITO solar cells from sectiod.1.3 confirmed appropriate
manufacturing and testing procedures, it does not aftmwthe incorporation of a transparent
nanostructure under the transparent electrode. Solar cells with PH1000 bottom electrodes were
therefore fabricated to be used as control solar felimeasuring the efficienagnhancementsf
solar cells with scattering nastructures.

4.3.1 High Annealing Temperature PH1000 Bottom Electrods Solar Cells

Solar cells were fabricated with PH1000 + 5% wt DMSgottom electrodes
P3HT:PG:BM, and 100 nm thickop aluminium electrodg as per the processing parameters
detailed inTable3.2. The overlap of the layers created four solar cells with an active area of 8.49
mn? per sample These solar cells exhibited an average efficienofy0.9 0.4%. The
characteristid-V curve for tte best solacell obtairedwith this designs illustrated inFigure4.9.
This solar cellhad 0 of 13.62 mA/cm, aw of 0.54 V, aFFof 0.18 and an efficiency of 1.37%.
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Figure4.9. JV characteristicurves of direct structarsolar cells with ITO and®H1000bottom electrodes
Though he PH1000based solacell shows alower FF and current density?H100 electroderemainsan
acceptable alternative to ITO.

97



With a best valuefol.37%, he PH1000solarc e | | 6 s ef fi ci encthe i s
2.48%obtainedfor the ITO solarcell, but remains on par with results obtained by offieThe
lower efficiency was expectedid tobothalower conductivityof the PH1000electrods leading
to ahigher’Y and, consequently, low&F and current densitgnd aslightincrease irthe solar
cells activeared” "® The combined effect of the anodenductivity and solar cell active area on
the performance of a P3HT:R8M solar cell ismodeledn Figure4.10 below.
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Figure4.10. Effects of anode conductivity arsblarcell area orthe efficiencyof P3HT:PGiBM solar cels.
The efficiency of the cell decreases with lower conductivity and higttgrearea.Adapted from (Servaites
et al, 2010J".

4.3.2 Low Annealing Temperature PH1000 Bottom Electrode Solar Cedl

To scatter the lighta patternedhin layer of the azobenzene chromophore gDR1 will be
incorporated in the solar cell¥he glasstransitiontemperatureof gDR1 is7 1 &%CAlthough
photobleachindy UV light exposuréhas shown to increase the glass transit@mperature of
some azobenzene c h % aogréposwersfoursd mmnereasing e gass
transition temperaturirough photobleachingf gDR1,theazobenzenehromophore used in this
thesis. Therefore, solar cells were fabricated usirigva 7 0 eaifhealing temperatute serve as
low annealing temperatuntrol solar @lls, in case the glass transition of gDR1 could not be
increased.

The effect of a low annealing temperature onRRE.000electrods was first investigated.
A 100 nm layer of PH1000 + 5% wt DMSO was spoated on a glass slidéhe film was then
anneal ed thdaresigtdhee @as maasuwted at 0, 15, 30, 45 and 60 minutes miéwab
found thatongerannealing timéadno effect on the resistanoé the film, and that the film had
similar conductivityat annealing tenrgpr at ur es o f
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thermal annealing of P3HT:RBM is responsible for the formation of networks allowing for a
better movement of electrons and holes in the active matetiaP” 1% A lower PCE was therefore
expected for solar cells annedlat lowetemperature.

Solar celk were built with identical methodology as the one in secto8.1, but with
annealingt e mper at ur e | ower e dimetobthe7abtigeCayeadjudtedta B0n e al i ng
minutes as detailed iffable3.2. The 3V curve for tte best solacell obtairedwith a low annealing
temperaturés illustrated inFigure4.11.
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Figure4.11. JV characteristicurves of P3HT:P&BM solar cells with low and high annealing temperatures
The low annealing solar cadkhibits a reduced .

The solarcells made with a low annealing temperatexéibited an average efficiency of
0.69 0.03% with the bestolarcell having & of 6.17 mA/cm, a® of 0.54 V, aFF of 0.22
and an efficiency of 0.72%\s expected, the change in the annealing temperature mainly affected
the0 . a sign of poor percolation path for the electrons and Rleie the efficiency of this solar
cell islower than the 1.37% fdhe high annebing temperaturethis solar ck can still function as
a control solar cell shall the need arise to lower the annealing temperature due to the glass transition
temperature of gDR1.

4.3.3 Effect of Surfactant onPH1000 Bottom Electrode Solar Cells
In order to spread th®H1000electrods over structured azobenzene thin finhe
surfactant TX100 was added to tHeH1000+ DMSO solution. Low annealing temperature solar
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cells were made with the FX00 surfactanas per the procedures detailed able3.1, with the J
V characteristicurve for the best solar cell obtainedh this designllustrated inFigure4.12.
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Figure4.12. 3V characteristicurves of P3HT:P&BM solar celsfabricated with bottoraPH1000electrods
with and without the addition of surfactafihe addition of 0.5% wt TXL00 to thePH1000solution had
minimal impact o the parameters of the solar.

The solarcells with the addition of theurfactaniTX-100exhibited an average efficiency
of 0.4 0.2% with the bestolarcell having & of 5.87 mA/cm, @ of 0.57 V, aFFof 0.17 and
an efficiency of 0.6%Thus, the addition of 0.5% wt FX00 to thePH1000solution had minimal
impact on the parameters of the solar céltsdiscussed earlier in sectidi?.], the small kinks in
the 3V characteristic curve is unknown could be due to the charging of a capacitor, adabe v
swipe was done only once on the solar cEdble 4.3 summarizes the parameters of theect
structure transparent bottagtectrods controlsolarcells used in this thesis.
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Table4.3. Parameters of the best direct structure transparent bottom electrode solar cells used as coceils solar

Solar Cell Design 0 @ FF PCE
(mA/cn¥) (V) (%)
ITO pRIU 0.63 0.27 8 Y
(area 6 mrf)
PH1000+ DMSO/ high p@q 0.54 0.18 P& X

annealingemperature
(area 8.49 mA)
PH1000+ DMSO/ low oD X 0.54 0.22 ™ C
annealingemperature
(area 8.49 mA)
PH1000+ DMSO + TR 0.57 0.17 ™ T
TX-100/ low annealing
temperature
(area 8.49 mA)

4.4  SCATTERING IN SOLAR CELLS BY NANOSTRUCTURES ON CORONA-POLED

AZOBENZENE THIN FILMS

With control solar cells characterized, focus was stitfh patterning azobenzene thin films
in order to scatter the light in the solar cells to enhance their efficiency. This section presents the
results of solar cells made with azobenzene thin films patterned by corona poling.

4.4.1 UV Treatment of Azobenzene ThinFilms Patterned by Corona Poling

Randomized nanostructures were created on azobenzene thibyiloasona polingas
detailed in sectio3.5.1, with Figure 3.18 and Figure 3.19 showing examples of nartosctures
createdollowing thoseproceduresThe RMSroughnessy , could be controlled by varying the
exposurdemperature andxposurdime. Figure4.13 shows theY obtained for azobenzene thin

films poled at different temperatures with a constant exposureairB® minutesand constant
corona discharge voltagd 8 kV, with averagéY ranging from 86 nm to 420 nnihough only

one sample was done at a temper atAnaveraggff 90e C,

Tmm was also achieved for azobenzene thin f
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Figure 4.13. RMS roughness of corofaoled azobenzene thin films at different exposure temperatiires
higher exposure temperature resulted in an increa¥e with average values 6f @im,’Y p Tam

andY 1t¢mm for exposure temperat ur e withfacohfapt@xpos8r®d e C and 9
time of 30 minutes and corona discharge voltage of 8 kV.

The corongpoled azobenzene thin films were then bleached by UV exposure as per the
procedure detailed insection3.5.2 It was observed that the bleaching of the thin films had two
effects on the shape of the nanostructures. The
nancstructures, as illustrated Figure4.14.
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Figure4.14. Formation of volcandike nanostructures after UV treatment of a corpoied azobenzene thin
film. The 2D and 3D images of thiatreated film are shown in (a) and (b) respectively, while (¢) and (d) show
the 2D and 3D images of the same film after &n@0r UV exposure.

The formation of the volcanlike nanostructures also happenstien an amophous
azobenzenéhin film was exposed to UV ligheas shown irFigure4.15. The RMS roughness of
the unbleached film was measuredvat 1@ nm with the maximum roughness onm.

After a 2Ghour UV exposure, the roughness was increaset to ¢® nm andY T ™mm.
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Figure 4.15. Nanostructures formation @scastazobenzen¢hin films expose to UV light. Volcanclike
nanostructurg are shownin (a) 2D and (b) ® with the profileshown in (c)The RMS roughness of the
unbleached film was measured¥t 1@ nmwith the maximum roughne$g o nm. After UV light

exposure, the roughness was increaséd to ¢® nmand’Y T mm.

The other effect of the UV exposure on the nanostructures of the quotethazobenzene
thin films is their partial destructiofrigure4.16 shows the profile of a corof@oled azobenzene
thin film prior to and after UV exposure. The height of the nanostructures created from the corona

poling were reduced fromy mm to¢ T mm.
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Figure4.16. Profiles of a corongoled azobenzene thin film (a) prior to and (b) after-f&d UV exposure
The UV exposure reduced the height of the nanostructures created by mpolinga

The partial destruction of the nanostructures after UV exposure was even more evident on
larger structures created by corona poling at an elevated tempgesusbowrby the scale
differencein Figure4.17.

Figure4.17. 2D and 3D images dérge nanostructuson a corongpoled azobenzene thin film prida) and
(b), and after (c) an¢d), a20-hour UV exposureThe difference in the scales indicate a significpattid
destruction of the nanostructsiater UV exposure
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